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J. MACROMOL. SCI. -- CIEEM., A6(5), 863-918 (1972) 

NEW PHENOMENA I N  RADICAL POLYMERIZATION 

Chairman: G. Smets, Louvain, Belgium 
Speaker: V. Zubov, Moscow, U.S.S.R. 

G.  Smets, Louvain, Belqium: Gentlemen, as Professor  Vogl a l ready  

sa id ,  Professor  Zubov w i l l  p r e sen t  today the paper which should 

have been presented  by our co l league ,  Professor  Kabanov. Each 

of u s  knows very  w e l l  t h e  very  a c t i v e  r e sea rch  d i r e c t e d  by 

Professor  Kabanov a t  t h e  Lomonosov Univers i ty  of Moscow. W e  

do r e g r e t  very  s i n c e r e l y  h i s  absence. May I now ask ,  p l ease ,  

Professor  Zubov t o  take t h e  chair. 

V. Zubov, Moscow, U.S.S.R: The purpose of t oday ' s  t a l k  i s  t o  

d i s c u s s  some of t he  new developments i n  t h e  f i e l d  of r a d i c a l  

polymerizat ion.  The p r o p e r t i e s  of t h e  free r a d i c a l s  and t h e  

r a t e s  of t h e  r a d i c a l  r e a c t i o n s ,  i f  n o t  c o n t r o l l e d  by d i f f u s i o n ,  

are r e l a t i v e l y  n o t  much dependent on t h e  characteristic of t h e  

r e a c t i o n  medium, f o r  example, of i t s  p o l a r i t y .  I n  t h e  case of 

r a d i c a l  polymerizat ion a t  c e r t a i n  temperatures ,  t he  se t  of t h e  

s a t e  cons t an t s  of the elementary s t e p s  i s  mainly determined by 

t h e  na tu re  of t h e  monomer. One of the d isadvantages  of common 

r a d i c a l  polymerizat ion arises from t h i s  f a c t ,  namely from t h e  

d i f f i c u l t i e s  t o  c o n t r o l  t h e  cha in  propagat ion s t e p  which affects 

t n e  t o t a l  r a t e  of t h e  r e a c t i o n  and determines t h e  m i c r o t a c t i c i t y  

of t h e  macromolecules a s  w e l l  as the  composition and sequence 

d i s t r i b u t i o n  i n  t h e  copolymerizat ion products .  A t  t h e  p re sen t  
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864 REW PEENOMRiA IN WIW POLYMWIZATION 

t i m e ,  a number of n o x a d i c a l  po lymer iza t ions  are known i n  which 

the  propagat ion s t e p  can be c o n t r o l l e d  r a t h e r  success fu l ly .  It 

should be stressed t h a t  i n  a l l  cases such c o n t r o l  i s  brought  about  

by t h e  i n t e r a c t i o n  of t h e  propagat ing  cha in  ends w i t h  the comple- 

mentary s p e c i e s  such as counter ions  o r  components of the coordi-  

na t ion  complexes and so on. I n  common radical polymerizat ion 

systems there are no s i m i l a r  p a r t i c l e s  p re sen t  i n  t h e  v i c i n i t y  

of t h e  a c t i v e  cen te r .  There are free propagat ing  r a d i c a l s  and 

cha in  propagat ion occurs  dur ing  t h e  independent success ive  addi- 

t i o n  of t h e  monomer molecules t o  t h e  radical.  

The  basic i d e a s  of t h e  mentioned "classicalqq mechanism of 

r a d i c a l  polymerizat ion had been formulated on systems where t h e  

k i n e t i c  parameters  of t h e  cha in  propagat ion are r u l e d  mostly by 

the in t e rmolecu la r  i n t e r a c t i o n  of the  unpaired e l e c t r o n  of t h e  

radical o r  double  bond of the monomer w i t h  a s u b s t i t u e n t  i n  the 

radical and t h e  monomer. Thus t h e  n a t u r e  of r a d i c a l  and the cor- 

responding monomer determines a l l  t h e  k i n e t i c  behavior  of  t h e  

system, and v a r i a t i o n  of  t h e  so lven t s  and o the r  r e a c t i o n  condi- 

t i o n s  have ve ry  l i t t l e  effect on t h e  process .  But a t  the  same 

t i m e ,  du r ing  the last  f e w  y e a r s  it has been shown t h a t  a s i t u a t i o n  

which i s  rather s i m i l a r  t o  t h e  i o n i c  o r  coord ina t ion  i o n i c  poly- 

meriza t ion  could a l s o  be achieved i n  t h e  free r a d i c a l  polymeri- 

za t ions .  Two k inds  of the  r a d i c a l  polymerizat ions where s i m i l a r  

effects can be success fu l ly  used w i l l  be d iscussed .  T h e  f irst  is  

t h e  polymerizat ion of  the  i o n i z a b l e  monomers, which have a s a l t -  

l i k e  o r  a c i d i c  f u n c t i o n a l  group. T h e  second group i s  m a d e  up of 

the  systems where v a r i o u s  complexing agents  are in t roduced  i n  the 

r e a c t i o n  medium which, i n  f ac t ,  may produce s i m i l a r  r e s u l t s .  
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NEW PHENOMENA M RADICAL POLYMWIZATION 865 

L e t  us start with the polymerizat ion of t h e  i o n i z a b l e  

monomers. As it  i s  w e l l  known from t h e  phys ica l  chemistry,  t h e  

s t a t e  of t h e  ion-pa i rs  and ion  a s s o c i a t e s  could be e a s i l y  regu- 

l a t e d  by vary ing  of t h e  r e a c t i o n  media, i t s  p o l a r i t y ,  s o l v a t i o n  

power, i o n i c  s t r e n g t h  and s o  on. Usual ly ,  i n  t h e  case of con- 

ven t iona l  i o n i c  o r  coord ina t ion  i o n i c  polymerizat ion,  one of t h e  

ions  i s  i n  fact  t h e  t e rmina l  atom of t h e  propagat ing chain, and 

t h e  a c t i v e  c e n t e r  i s  e a s i l y  des t royed  by t h e  in t roduc t ion  of pro- 

t ons  o r  hydroxyl groups i n t o  t h e  system. But i n  t h e  case of t h e  

r a d i c a l  polymerizat ion,  t h e  a c t i v e  c e n t e r  (free r a d i c a l )  i t s e l f  

is i n e r t  t o  the  so lven t s  l i k e  water,  a l coho l s  and so  on. There- 

f o r e ,  it i s  p o s s i b l e  t o  vary  t h e  n a t u r e  of t h e  r e a c t i o n  media t o  

a very  wide e x t e n t  s t a r t i n g  from non-polar s o l v e n t s  and coming t o  

t h e  aqueous media without  des t roy ing  t h e  a c t i v e  cen te r s .  Thus 

one can vary  t h e  mode of i n t e r a c t i b n  of t h e  ion  and counter ions  

which are n o t  by themselves the  r e a c t i n g  spec ie s  as i n  i o n i c  

polymerizat ion b u t  are s i t u a t e d  i n  c l o s e  v i c i n i t y  t o  t h e  r e a c t i v e  

si tes such as unpaired e l e c t r o n  o r  double bond. Thus one can in -  

duce a t  l e a s t  two k inds  of e f f e c t s .  The f i r s t  one i s  the  v a r i a -  

t i o n  of t h e  e l e c t r o n i c  s t r u c t u r e  of t h e  r e a c t i v e  spec ie s ,  e.g., 

change of t h e  p o l a r i z a t i o n  i n  t h e  monomer and i n  t h e  radical by 

changing of t h e  i o n i c  s t a t e  of t h e  s u b s t i t u e n t .  The second may 

be c a l l e d  an in t e rmolecu la r  e f f e c t  of t h e  i o n i c  s u b s t i t u e n t  t h a t  

i s  a v a r i a t i o n  of t h e  in te rmolecular  i n t e r a c t i o n  between t h e  

monomer and t h e  r a d i c a l  due t o  e l e c t r o s t a t i c  r e p u l s i o n s  a t  v a r i -  

a t i o n  of t h e  i o n i c  s t a t e  of the  ion  p a i r s .  I want t o  demonstrate 

some of these effects  by means of t h e  f e w  r a t h e r  a r b i t r a r i l y  

chosen examples, most of them based on t h e  r e s u l t s  obtained i n  
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the  Moscow State University and i n  t h e  Topchiev Petrochemical 

I n s t i t u t e  (Moscow). 

m F-HmoMEnA m RADICAL WL”MERIZATI0B 

Let  u s  consider t he  polymerization of methylacrylic and 

a c r y l i c  acid i n  aqueous medium. 

polymerization rate of a c r y l i c  o r  methacrylic acids a t  d i f -  

f e r e n t  pH, the  t y p i c a l  p i c t u r e  i s  l i k e  t h i s .  A t  f i r s t  t h e  in- 

crease of pH from 2 t o  7 is  accompanied by a sharp decrease of 

polymerization rate which i s  due t o  the  appearance of t he  mole- 

cu le s  of ionized a c r y l i c  o r  methacrylic acids. Then fur ther  

increase of pH up t o  1 0  br ings about a r a t h e r  sharp inc rease  

of polymerization rate. The detailed ana lys i s  of t h e  phenomenon 

showed t h a t  t h e  increased polymerization rate i s  due t o  t h e  

r i s i n g  of ion aggregates i n  t h e  t r a n s i t i o n  state. A t  t h e  be- 

ginning of t h i s  region (pH 7-61, t h e  propagating r a d i c a l  and 

t h e  monomer are both ionized, and the  increase of the  polymeri- 

za t ion  rate w i t h  f u r t h e r  increase of pH value i s  due t o  t h e  

formation of t he  ion aggregates on the end of t h e  propagating 

radicals which release the e l e c t r o s t a t i c  repuls ion i n  t h e  tran- 

s i t i o n  s t a t e  so t he  propagation r eac t ion  proceeds i n  a much 

e a s i e r  way. The proof of t h i s  mechanism comes from t h e  effects 

of n e u t r a l  sa l ts  l i k e  NaC1. Addition of N a C l  increases the rate 

i n  the  a l k a l i n e  region and does not  affect it i n  the  pH range 1-7. 

The ac tua l  measurements of t h e  propagation and termination con- 

s t a n t  a t  d i f f e r e n t  pH values and t h e  data on copolymerization of 

the  methacrylic and a c r y l i c  acids w i t h  var ious monomers l i k e  N- 

v i n y l  pyrrolidone o r  acrylamide a t  various pH values  quant i ta-  

t i v e l y  confirm t h e  proposed mechanism. Actually,  i f  methacrylic 

acid i s  MI, rl values  increased t o  the  same ex ten t  as t h e  value 

If one p lo t5  t h e  r e l a t i v e  
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NEW PHENOMENA IN RADICAL POLYMERIZATION 867 

of the  homopropagation cons t an t  k (V.A. Zubov, Lec ture  a t  Boston 

Congress of IUPAC,  1971. Pure and Applied Chem., 8 ,  69, 1971) .  

So it seems t o  be q u i t e  c e r t a i n  t h a t  formation of t h e  ion  p a i r s  

a t  t h e  end of t h e  propagat ing r a d i c a l  could be used a s  a means 

of t h e  r e g u l a t i o n  of t h e  propagat ion i n  polymerizat ion of t h e  

i o n i z a b l e  monomers. Another example i s  polymerizat ion of t h e  

sa l t  of t h e  v iny lpyr id ine  ( 1 , 2  dimethyl((5-viny1pyridine))methyl). 

I n  polymerizat ion of t h i s  monomer, t h e  r e a c t i o n  media 

( a c t u a l l y  t h e  p o l a r i t y  of the r e a c t i o n  media) ,  shows a very  high 

e f f e c t  on t h e  polymerizat ion behavior .  When coming from abso lu te  

methanol as a so lven t  t o  i t s  mixtures  with water ,  t h e  t o t a l  poly- 

mer iza t ion  r a t e  s l i g h t l y  decreases  (by about  2 t i m e s )  a t t a i n i n g  

a l i m i t i n g  va lue  a t  a 50 p e r  c e n t  mixture.  Much more d r a s t i c  

e f fec ts  are observed i n  t h e  case of copolymerizat ion of t h i s  

s a l t  monomer wi th  i t s  s t a r t i n g  analog 2-methyl-5 v iny lpyr id ine .  

I n  t h i s  case, when coming from pure methanol t o  t h e  aqueous 

methanol, there i s  a very  drast ic  change i n  t h e  copolymerizat ion 

behavior .  Ac tua l ly ,  t h e r e  i s  n e a r l y  complete a l t e r n a t i o n  of t h e  

monomer u n i t s  i n  copolymer obtained i n  aqueous methanol i n s t e a d  

of the u n i l a t e r a l  enrichment of t h e  copolymer wi th  t h e  v i n y l  

pyridinium and the sa l t  monomer u n i t s  i n  methanol. I n  o rde r  t o  

f i n d  o u t  what are t h e  a c t u a l  r easons  for such behavior ,  t h e  r a t e  

cons t an t s  had been determined and t h e  main r e s u l t s  are a s  follows, 

which I th ink  are q u i t e  c h a r a c t e r i s t i c :  I f  coming from methanol 

to t h e  aqueous methanol,  the  propagat ion cons t an t  is  somewhat de- 

creased (about 5 t i m e s ) .  The  te rmina t ion  i s  decreased even more, 

b u t  s t i l l  t h e  decrease  of propagat ion overwhelms the  decrease  of 

t e rmina t ion ,  and t h e r e  i s  reason  for t h e  two-fold decrease  of 
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868 NEW PHEnOMENA I N  RADICAL WLYMERIWITION 

t h e  t o t a l  po lymer iza t ion  r a t e .  But, a t  t h e  same t i m e ,  t r an -  

s i t i o n  t o  t h e  more i o n i z i n g  medium causes  a sharp  i n c r e a s e  of 

t h e  cross-propagat ion cons t an t  i n  copolymerizat ion wi th  2-methyl- 

5-vinylpyridine.  

are n e a r l y  equal ,  and t h e  corresponding copolymerizat ion cons t an t  

(rl) i s  c l o s e  t o  1. 

i n  p a r a l l e l  wi th  dec rease  of t h e  homopropagation c o n s t a n t ,  t h e  

cross-propagat ion a d d i t i o n a l l y  inc reased  by about  20 t i m e s .  It 

means t h a t  p o l a r i z a t i o n  i n  t h e  propagat ing r a d i c a l  is  d r a s t i c a l l y  

changed by v a r i a t i o n  of t h e  r e a c t i o n  media, so t h e  c h a r a c t e r  of 

t h e  i n t e r a c t i o n  of t h e  ion  and t h e  counter ion  i n  t h e  propagat ing  

r a d i c a l  a c t u a l l y  governs t h e  p o l a r i t y ,  or e c h a r a c t e r ,  of t h e  

propagat ing  r a d i c a l .  There are a l s o  q u i t e  a number of o t h e r  

examples of s t r o n g  e f f e c t s  of t h e  n a t u r e  of t h e  i o n s  i n  t h e  ion  

a s s o c i a t e s ,  g iv ing  wide p o s s i b i l i t i e s  t o  r e g u l a t e  r a d i c a l  poly- 

mer iza t ion  which I d o n ' t  have t i m e  t o  develop on f u r t h e r .  

I n  pure methanol, bo th  cons t an t s  (kll and k12) 

But when w e  are coming t o  t h e  i o n i z i n g  media, 

I a l s o  w a n t  t o  d i s c u s s  some p o s s i b i l i t i e s  of s te reochemica l  

c o n t r o l  i n  t h e  r a d i c a l  polymerizat ion of t h e  i o n i z a b l e  monomers. 

L e t  u s  cons ider  one example. If one uses  d i f f e r e n t  k inds  of 

n e u t r a l i z i n g  agen t s  i n  the polymerizat ion of methacry l ic  a c i d s ,  

for example, ammonia or  sodium hydroxide,  it t u r n s  o u t  t h a t  t h e  

con ten t  of t r i a d s  i n  the polymethacry l ic  a c i d  formed i n  polymeri- 

za t ion  w i l l  be cons iderably  changed with pH i n  t h e  way s p e c i f i c  

t o  t h e  n a t u r e  and amount of t h e  n e u t r a l i z i n g  agent  o r  t h e  cor-  

responding counter ion .  Ac tua l ly ,  i n  the case of ammonia neu- 

t r a l i z e d  methacry l ic  a c i d ,  p r a c t i c a l l y  pure s y n d i o t a c t i c  polymer 

i s  formed a t  room o r  lower temperarures .  A very  high con ten t  

of s y n d i o t a c t i c i t y  was achieved i n  polymerizat ion of a c r y l i c  
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NEW PHENOMENA IN RADICAL POLYMERIZATION 869 

acid as  w e l l ,  and it a l s o  i n c r e a s e d  w i t h  t h e  pH v a l u e  of t h e  

r e a c t i o n  medium. So there are q u i t e  wide p o s s i b i l i t i e s  of  

s t e r e o r e g u l a t i o n  and it i s  c h a r a c t e r i s t i c  t h a t  t h i s  e f fec t  

seems t o  be q u i t e  s p e c i f i c  and v e r y  selective.  

I n  c o n c l u s i o n ,  I b r i e f l y  d w e l l  upon t h e  o t h e r  approaches 

i n  t h e  f i e l d  -of r e g u l a t i o n  of r a d i c a l  p o l y m e r i z a t i o n ,  namely 

on t h e  r e g u l a t i o n  of r a d i c a l  po lymer iza t ion  by i n t r o d u c i n g  

d i f f e r e n t  complexing a g e n t s  i n t o  polymer izable  systems.  As I 

s a i d  i n  my l e c t u r e  i n  t h e  Boston Symposium, by i n t r o d u c i n g  t h e  

complexing a g e n t s  l i k e  h a l i d e s  o r  a l k y l h a l i d e s  of m e t a l s  of 

1-111 groups,  it i s  p o s s i b l e  t o  v a r y  t o  a v e r y  wide e x t e n t  

t h e  behavior  of the r a d i c a l l y  polymer izable  systems.  It re- 

la tes  t o  t h e  homopolymerization of t h e  p o l a r  v i n y l  monomers 

and t o  copolymer iza t ion  of p o l a r  v i n y l  monomers wi th  v a r i o u s  

o t h e r  monomers. I n  fac t ,  depending on the n a t u r e  of t h e  monomer 

o r  comonomer and t h e  c o o r d i n a t i n g  complexing a g e n t ,  it i s  p o s s i b l e  

t o  p r e p a r e  d i f f e r e n t  k i n d s  of copolymers and t o  r e g u l a t e  t h e  

ra tes  of t h e  polymer iza t ion  and molecular  weights  of t h e  polymers.  

Not dwel l ing  upon t h e  mechanism of t h e  effects  of t h e  complexing 

a g e n t s  on t h e  p r o p a g a t i o n  r e a c t i o n s ,  I o n l y  want t o  draw a t t e n -  

t i o n  t o  t h e  f a c t ,  which i s  v e r y  unusual  f o r  radical  polymeriza-  

t i o n ,  and i s  c l o s e l y  connected w i t h  the mechanism of polymer iza t ion  

i n  t h e  p r e s e n c e  of t h e  complexing agent .  W e  found t h a t  i n t r o d u c -  

t i o n  of t h e  complexing a g e n t s  can d e c r e a s e  t e r m i n a t i o n  r a t e  

c o n s t a n t  t o  a v e r y  h i g h  e x t e n t  even i f  t h e  system remains homo- 

geneous. Binding of t h e  p r o p a g a t i n g  r a d i c a l  c o n t a i n i n g  t h e  

f u n c t i o n a l  groups i n  t he  monomer u n i t s  w i t h  the complexin9 

a g e n t s  c a u s e s  changes i n  the conformat iona l  behavior  of t h e  
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propagat ing r a d i c a l  i n  such a way t h a t  i n  some cases w e  ob- 

served no bimolecular  te rmina t ion  of t h e  system. Using p o s t  

polymerizat ion techniques,  namely the p o s t  polymerizat ion 

p r i o r l y  gamma i r r a d i a t e d  ( a t  -196OC) samples, it i s  p o s s i b l e  

t o  c a r r y  o u t  polymerizat ion by t h e  mechanism of " l iv ing"  chains .  

The t y p i c a l  example i s  polymerizat ion of complexes of meth- 

a c r y l i c  esters with ZnC12. 

e x a c t  c o r r e l a t i o n  between molecular weight c a l c u l a t e d  by 

d i v i d i n g  amount of t h e  polymerized monomers on t h e  concen- 

t r a t i o n  of t h e  radicals determined by E$R and the  experimental  

va lue  of molecular weight holds. The molecular weight of the 

polymer i s  so determined by the i n i t i a l  dose and conversion. 

T h e  polymers t h u s  obtained have a molecular weight d i s t r i b u t i o n  

which i s  a c t u a l l y  very  narrow, e.g., f o r  polymers w i t h  molecular 

weight some s e v e r a l  m i l l i o n s  the r a t i o  of t h e  MZ average we$ght 

and Mw average molecular weights would be l i k e  1.03. As fa r  as 

I know, polymerizat ion by the  " l iv ing"  cha in  mechanism w a s  

h i t h e r t o  known only i n  t h e  i o n i c  polymerizat ion.  Appl ica t ion  

of the complexing agents  i n t o  r a d i c a l l y  polymerizable  systems 

can widen t o  a l a r g e  e x t e n t  t he  scope of t he  " l iv ing"  cha in  

mechanism i n  t h e  polymerizat ion processes .  

AS a r e s u l t ,  one can observe t ha t  

Panel Discussion 

Discussion Leader: C. H. Bamford, Liverpool ,  U.K. 

P a n e l i s t s :  J. Furukawa, Kyoto; N .  G. Gaylord, N e w a r k ,  
G. Manecke, Be r l in ;  N. P l a t & ,  Moscow; 
B. Ranby, Stockholm; PI. Szwarc, Syracuse; 
F. Tudos, Budapest 

G. S m e t s :  I shal l  ROW ask  Professor  Bamford, who i s  t h e  

d i scuss ion  leader of t h i s  morning's s e s s ion ,  t o  take the  
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c h a i r .  I w i l l  on ly  add t h a t  I t h i n k  t h e  cnoice of t h e  

871 

Colloquium chairman today was excep t iona l ly  good, and t h a t  

Professor Bamford's a u t h o r i t y  i n  polymerizat ion k i n e t i c s  i s  

t h e  best guarantee of t h e  success  of our  d i scuss ions  today. 

C. H. Bamford, Liverpool ,  U.K: Ladies  and gentlemen. It i s  

a g r e a t  p l easu re  f o r  m e  t o  be he re  today. May I f irst  say how 

much I apprec ia t e  Professor  Smets' generous remarks. I now 

have t o  p re sen t  our d i s t ingu i shed  p a n e l i s t s ;  it is  no t  neces- 

s a r y  t o  in t roduce  them because they  w i l l  a l l  be w e l l  known t o  

you, so I w i l l  j u s t  mention t h e i r  names: P ro fes so r  Furukawa 

(Kyoto),  Professor  Ranby (Stockholm), P ro fes so r  Tudos (Budapest) ,  

D r .  Gaylord (Newark ,  N . J . ) ,  P ro fes so r  Manecke ( B e r l i n ) ,  Pro- 

f e s s o r  Szwarc (Syracuse,  N . Y . ) ,  and P ro fes so r  P l a t e  (Moscow). 

Unfortunateoy, Dr. Lazar ( B r a t i s l a v a )  i s  n o t  able t o  be wi th  

us today. 

A f t e r  l i s t e n i n g  t o  Professor  Zubov's i n t e r e s t i n g  t a l k  and 

r e c a l l i n g  l a s t  w e e k ' s  IUPAC meetings and t h e  volume of r e c e n t  

pub l i ca t ions ,  I t h i n k  t h e r e  i s  l i t t l e  doubt t h a t  i n t e r e s t  i n  

po lymer iza t ions  involv ing  complexed r a d i c a l s  and/or monomers 

w i l l  p e r s i s t  for a cons ide rab le  t i m e  i n  t h e  f u t u r e .  The concept 

of such complexes i s  by no means new; indeed t h e  formation of 

complexes between p o l y a c r y l o n i t r i t e  r a d i c a l s  and ions  was in -  

voked by Jenkins ,  Johnston and myself i n  1957 t o  account f o r  

some k i n e t i c  phenomena observed i n  t h e  polymerizat ion of 

a c r y l o n i t r i t e  i n  t h e  presence of l i t h ium ch lo r ide .  However, 

t h e  concept has  l a i n  dormant u n t i l  r e c e n t  y e a r s .  I w a s  i n -  

t e r e s t e d  i n  Professor  Overberger 's r e f e r e n c e  t o  t h e  s ta tements  

one hear5 from t i m e  t o  c i m e  t h a t  c e r t a i n  a r e a s  of macromoiecular 
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sc i ence  are completely worked out .  I w e l l  remember hear ing  re- 

marks of t h i s  kind (about  polymerizat ion mechanisms) j u s t  be fo re  

the  p o s s i b i l i t y  of s t e r e o r e g u l a t i o n  broke upon us .  It i s  only  

t o  be expected t h a t  a c t i v i t y  i n  any given f i e l d  w i l l  show 

phases of s t a g n a t i o n  and r a p i d  growth; w e  are probably now 

wi tness ing  t h e  l a t t e r  a spec t  i n  f r e e - r a d i c a l  polymerizat ion 

invo lv ing  complexed spec ie s .  A g r e a t  d e a l  of new informat ion  

i s  appearing and it i s  o f t e n  d i f f i c u l t  t o  see t h e  wood f o r  t h e  

trees. 

Our main t a s k  t h i s  morning i s  to look a t  t h e  s u b j e c t  

broadly  i n  o rde r  t o  e s t a b l i s h  impor tan t  gene ra l  features, and 

t o  i d e n t i f y  and encourage what appear  t o  be p r o f i t a b l e  l i n e s  

of development r a t h e r  than  t o  deba te  a t  l e n g t h  over  d e t a i l s .  

I know no one better able t o  s e p a r a t e  o u t  dormant from l i v i n g  

s p e c i e s  than  P ro fes so r  Michael Szwarc, so I am going t o  ask him 

t o  start our  d i scuss ion  by making some gene ra l  remarks &out 

t h e  p r o p e r t i e s  of f r e e - r a d i c a l s .  Before ask ing  him t o  t a k e  t h e  

f l o o r ,  may I p o i n t  o u t  t h a t  our  t i m e  i s  probably l i m i t e d  t o  80 

minutes,  so  t h a t  i f  on ly  t h e  p a n e l i s t s  speak (and I hope t h i s  

w i l l  n o t  be t h e  c a s e ) ,  w e  have an average t i m e  of less than  

f i f t e e n  minutes  pe r  speaker .  I hope, t h e r e f o r e ,  t h a t  everyone 

w i l l  keep t he i r  remarks as b r i e f  as is c o n s i s t e n t  wi th  i n t e l -  

l i g i b i l i t y .  Michael,  t h i s  i s  i n  no way d i r e c t e d  a t  your 

s p e c i f i c a l l y !  

M. Szwarc, Syracuse: Recent ly  numerous s t r a n g e  observa t ions  

have been r epor t ed ,  and cont inue  t o  be r e p o r t e d ,  i n  the f i e l d  

of radical chemistry.  Hence, fo l lowing  Dean Appley, who d r e w  

our a t t e n t i o n  t o  s t r a n g e  s t u d e n t s ,  1 wish t o  focus  your a t t e n t i o n  

on t h e s e  s t r a n g e  phenomena. 
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It would be i n t e r e s t i n g  t o  summarize f i r s t  our  p a s t  

a c t i v i t i e s  i n  r a d i c a l  chemistry be fo re  d i scuss ing  t h e  new 

problems. I n  t h e  p a s t  w e  w e r e  mainly concerned w i t h  three 

types  of r a d i c a l  r e a c t i o n s :  (1) t h e  add i t ion  of f r e e  r a d i c a l s  

t o  s u i t a b i e  r e a c t i v e  c e n t e r s ,  mostly t o  CFC double  bonds. Such 

a r e a c t i o n  i s  exemplif ied by i n i t i a t i o n  o r  propagat ion s t e p  of 

v i n y l ,  or v iny l idene ,  polymerizat ion;  ( 2 )  the  a b s t r a c t i o n  of 

an atom, or even a group of atoms by a f r e e  r a d i c a l .  These 

r e a c t i o n s  involve  u s u a l l y  hydrogen atoms and they  are exem- 

p l i f i e d  i n  polymerizat ion processes  by cha in  t r a n s f e r ;  ( 3 )  

f i n a l l y ,  t h e  d e s t r u c t i o n  of f r e e  r a d i c a l s  r e s u l t i n g  from t h e i r  

combination or d i sp ropor t iona t ion ;  t h e  te rmina t ion  of r a d i c a l  

polymerizat ion i l l u s t r a t e s  t h i s  process .  Hence, whenever w e  

d e a l t  w i t h  t h e  concept  of r e a c t i v i t y  of f r e e  r a d i c a l s ,  w e  kep t  

i n  mind one o r  t h e  o t h e r  of t h e s e  t h r e e  elementary processes .  

I would l i k e  t o  stress now two c h a r a c t e r i s t i c  p r o p e r t i e s  

of free r a d i c a l s  which become important  when w e  t r y  t o  under- 

s tand  some of t h e  r e c e n t  observa t ions  d i sc losed  i n  the  polymer 

l i t e r a t u r e .  F ree  r a d i c a l s  have l o w  i o n i z a t i o n  p o t e n t i a l s  and 

high e l e c t r o n  a f f i n i t i e s ,  and these p r o p e r t i e s  come i n t o  p l ay  

when they  react w i t h  s u i t a b l e  e l e c t r o n  donors o r  e l e c t r o n  ac- 

cep to r s .  Such i n t e r a c t i o n s  may lead  t o  t h e  formation of 

v a r i o u s  complexes and t h a t  a f f e c t s  t h e  r e a c t i v i t y  of free 

r a d i c a l  i n  every meaning of t h i s  word. It modif ies  the  r a t e s  

of t h e i r  r e a c t i o n s ,  t h e  s te reochemis t ry  of t h e i r  a d d i t i o n ,  

t h e i r  pe r fe rence  f o r  a s u b s t r a t e  when two or more s u b s t r a t e s  

compete f o r  a r a d i c a l ,  e tc .  Thus, t h e  formation of such com- 

p l exes  may a f f e c t  t h e  r a t e  of propagat ion and te rmina t ion  and, 

t h e r e f o r e ,  the  molecular weight of t h e  r e s u l t i n g  polymer, t h e  
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modif ica t ion  of s te reochemis t ry  of add i t ion  a f f e c t s  the tac- 

t i c i t y  of the r e s u l t i n g  product ,  and by changing the p re fe rence  

for a s u b s t r a t e ,  one may modify the  composition of  copolymers 

through formation of s u i t a b l e  complexes. 

HEW PHEaOMENA IN RADICAL POLYMERIZATION 

Therefore ,  w e  have t o  keep i n  mind how t h e  modi f ica t ion  

of s t r u c t u r e  of r a d i c a l s ,  and a l s o  of monomer, affects t h e i r  

i o n i z a t i o n  p o t e n t i a l  and e l e c t r o n  a f f i n i t y .  

The  a b i l i t y  of a r a d i c a l  t o  ga in  o r  t o  l o s e  e l e c t r o n s  

al lows us t o  conver t  it i n t o  an ion ,  carbanion or  carbonium 

ion.  Thus, by us ing  a s u i t a b l e  e l e c t r o n  donor o r  acceptor ,  

w e  may conver t  a r a d i c a l  polymerizat ion i n t o  an i o n i c  poly- 

mer iza t ion  and, hence, the  border  l i n e  between r a d i c a l  and 

i o n i c  polymerizat ion becomes fuzzy when a r a d i c a l  polymeri- 

za t ion  proceeds i n  presence of such agents .  

The t r a n s i t i o n  from r a d i c a l  t o  i o n i c  polymerizat ion can 

be gradual  because t h e  complexing of a radical w i t h  a donor o r  

acceptor  need n o t  l ead  t o  a complete e l e c t r o n - t r a n s f e r  b u t  

may involve  a p a r t i a l  t r a n s f e r  on ly  a s ,  e.g., i n  the forma- 

t i o n  of a charge- t ransfer  complex. Thus, w e  may observe a 

whole spectrum of behaviors  and c a t i o n i c  and an ion ic  poly- 

mer iza t ions  are then the  extreme cases. The choice of t h e  

complexing agent  permi ts  us,  t h e r e f o r e ,  t o  s h i f t  t h e  char- 

acter of r a d i c a l  polymerizat ion i n  e i t h e r  d i r e c t i o n  and t o  

any desired degree. 

What I said i s  n o t  r e a l l y  new. Waters, who w a s  the  

f i r s t  t o  f u l l y  recognize  the s i g n i f i c a n c e  of f ree  radicals 

i n  va r ious  s o l u t i o n  r e a c t i o n s ,  po in ted  o u t  many y e a r s  ago 

t h a t  free r a d i c a l s  can be oxid ized  t o  carbonium i o n s  or re- 

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



NEW PHENOMENA IN RADICAL POLYMERIWLTION 

duced t o  cclrbanions and thus  br idged t h e  chemistry of f ree  

r a d i c a l s  w i t h  the  chemistry of i o n i c  r e a c t i o n s .  

875 

Any t ransformat ion  of a f r e e  r a d i c a l  i n t o  an i o n i c  

spec ie s  i s  accompanied by t h e  formation of an  oppos i t e ly  

charged spec ie s ,  namely a counter-ion. I n  l o w  d i e l e c t r i c  

cons t an t  so lven t s ,  t h e  two oppos i t e ly  charged spec ie s  com- 

b ine  and form a u n i t  which, on one extreme, may be t r e a t e d  

a s  an e l e c t r o s t a t i c a l l y  bonded ion-pair  o r ,  i n  t h e  o t h e r ,  a s  

a covalen t ly  bonded molecule. It has been shown r e c e n t l y  by 

Kochi t h a t  a change from one extreme t o  t h e  o t h e r  may be a t -  

t a ined  i n  oxida t ion  of r a d i c a l s  by c u p r i c  salts .  

F i n a l l y ,  l e t  u s  r e c a l l  t h a t  i n  t h e  chemistry of i o n i c  

spec ie s ,  a chemistry t h a t  was developed long before  w e  

s t a r t e d  t o  explore  the  chemistry of free r a d i c a l s ,  w e  are 

used t o  the concept of s o l v a t i o n  and s o l v a t i o n  s h e l l .  The 

v a r i a t i o n  of t h e  so lva t ion  s h e l l  affects t h e  r e a c t i v i t i e s ,  

and gene ra l ly  a l l  t h e  p r o p e r t i e s ,  of t he  r e s p e c t i v e  ions.  

It i s  no t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  being acquainted with 

these concepts w e  t r i e d  t o  apply them t o  free r a d i c a l s .  Thus, 

w e  t r i e d  t o  r a t i o n a l i z e  some observa t ions  i n  t h e  chemistry of 

f ree  r a d i c a l s  by p o s t u l a t i n g  a variable degree of t h e i r  solva- 

t i o n  by the molecules of the surrounding medium. S tud ie s  of 

Russe l l  provide a good example of such s t ra tegems.  Hence, w e  

may t r e a t  t h e  complexes between r a d i c a l s  and some complexing 

spec ie s  a s  so lva t ion  complexes i n  which a r a d i c a l  i s  "solvated" 

by t h e  o the r  molecule.  It may be t h a t  t h i s  is only a p lay  of 

words ,  but I would p r e f e r  t o  t h ink  about such a complex as an 

aggregare i n  wnich t h e  complexing molecule i s  so lva ted  by a 
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r a d i c a l .  This  i s  r e a l l y  a p l a y  of words because whenever A 

i n t e r a c t s  w i t h  B, B i n t e r a c t s  wi th  A. Nevertheless, it seems 

t o  m e  t h a t  it i s  easier t o  t r e a t  a r a d i c a l  as a s o l v a t i n g  agent  

than  t h e  o t h e r  way around. 

NEW PHENOMElVA IN RADICAL P O L ~ I Z A T I O N  

P. Schleyer ,  Pr ince ton:  I wonder i f  you'd c l a r i f y  your remark 

about  t h e  i o n i z a t i o n  of r a d i c a l s .  What you have s a i d  i s  t r u e  

i n  a re la t ive  sense ,  b u t  n o t  i n  an abso lu te  sense.  The ion i -  

za t ion  p o t e n t i a l s  of r a d i c a l s  i n  t h e  gas  on t h e  o rde r  of 1 0  

e l e c t r o n  v o l t s ,  are p r o h i b i t i v e l y  h igh  and are c e r t a i n l y  n o t  

apprec iab ly  d i f f e r e n t  from t h a t  of o l e f i n s ,  f o r  example. The 

i o n i z a t i o n  p rocess  is f a c i l i t a t e d  i n  a complex by provid ing  

some p lace  f o r  t h e  r a d i c a l  t o  go, b u t  then you c a n ' t  r e a l l y  

c a l l  t h e  r e s u l t i n g  product  a carbonium ion  anymore. The spe- 

cies so produced i s  a complex and I ' m  n o t  e x a c t l y  clear what 

kind of complex you meant. 

Szwarc: Y e s ,  t h e  i o n i z a t i o n  p o t e n t i a l  of r a d i c a l s  i s  lower 

than i o n i z a t i o n  p o t e n t i a l  of o l e f i n s .  For example, i o n i z a t i o n  

p o t e n t i a l  of e t h y l  r a d i c a l  i s  8.8 V w h i l e  of e thy lene  10.5 V ,  

of a l l y 1  r a d i c a l  8 .2  V ,  whereas of bu tad iene  9.1 V,  of benzyl  

r a d i c a l  7.8 V as compared wi th  8.5 of s ty rene .  Thus, t h e  d i f -  

f e r e n c e s  are u s u a l l y  more than  20 kcal/mole.  Moreover, t h e  

energy requirement  f o r  an e l e c t r o n  t r a n s f e r  i s  reduced by t h e  

e l e c t r o n  a f f i n i t y  of the  acceptor  and f u r t h e r  reduced by t h e  

apprec i ab le  s o l v a t i o n  energy of t h e  r e s u l t i n g  i o n s  when the 

r e a c t i o n  takes p l ace  i n  a polar so lvent .  

However, you are p e r f e c t l y  r i g h t  t h a t  a complete e l e c t r o n  

t r a n s f e r  w i t h  t h e  formation of proper  carbonium ion  i s  an ex- 
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treme case. Indeed,  I p o i n t e d  o u t  t h a t  w e  observe  a whole 

spectrum of complexes v a r y i n g  from t h o s e  i n  which the  e l e c t r o n s  

are shared  t o  t h o s e  l e a d i n g  t o  t h e  format ion  of i o n - p a i r s .  

Schleyer :  The p o i n t  I ' m  t r y i n g  t o  make i s  t h a t  t h e  i o n i z a t i o n  

p o t e n t i a l s ,  on the o r d e r  of 200 k i l o c a l o r i e s ,  are way o u t  of 

s i g h t .  What I ' m  r e a l l y  q u e s t i o n i n g  i s  t h e  a c t u a l  n a t u r e  of 

t h e  s p e c i e s  produced when you 've  t r a n s f e r r e d  an e l e c t r o n  from 

o r  t o  a f ree  r a d i c a l  under  the r e a c t i o n  c o n d i t i o n s .  I d o n ' t  

b e l i e v e  t h a t  you r e a l l y  should  c a l l  t h e s e  s p e c i e s  "carbonium 

i o n s "  o r  "carbanions"  because t h e y  r e a l l y  are t i g h t  complexes-- 

new s p e c i e s  i n  themselves .  They have t o  be i n  o r d e r  t o  be able 

t o  c a r r y  o u t  t h e  e l e c t r o n  t r a n s f e r .  I n  o t h e r  words, t h e  o r b i t a l  

e n e r g i e s  have t o  be more or less e q u a l  i n  o r d e r  t o  have t h e  i n t e r -  

a c t i o n s  t o  p e r m i t  t h i s  k ind  of t r a n s f e r .  T h e  a b s o l u t e  t r a n s f e r  

( a b s o l u t e  i o n i z a t i o n )  of an e l e c t r o n  f r o m  a radical i s  j u s t  

u n o b t a i n a b l e  under  normal c i rcumstances .  I ' m  t r y i n g  t o  

es tabl ish by t h i s  l i n e  of q u e s t i o n i n g  what you r e a l l y  mean 

by t h e  complexes p o s t u l a t e d .  

Szwarc: I d o n ' t  know whether I should  answer t h i s  q u e s t i o n  

and c o n t i n u e  t h i s  d i s c u s s i o n .  W e  are t a l k i n g  about  the same 

t h i n g ,  Paul .  All t h a t  I a m  t r y i n g  t o  s a y  i s  t h a t  r a d i c a l  can 

be reduced o r  o x i d i z e d  and t h a t  these p r o c e s s e s  are r e l a t i v e l y  

f a c i l e  because t h e  i o n i z a t i o n  p o t e n t i a l  of a r a d i c a l  i s  rela- 

t i v e l y  low and i t s  e l e c t r o n  a f f i n i t y  r e l a t i v e l y  high.  It may 

be t h a t  I confused the audience  by g i v i n g  the v a l u e s  i n  V o l t s  

i n s t e a d  of kcal/rnole. The figures are t h e r e f o r e  low -- 1 V o l t  

i s ,  af ter  a l l ,  23 kca l /mole .  But  a l l  t h a t  matters is  t h a t  t h e  
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i o n i z a t i o n  p o t e n t i a l  of  r a d i c a l s  i s  lower than t h a t  of  t h e  

corresponding o l e f i n .  

Bamford: It seems t o  m e  t h a t  P ro fes so r  Szwarc has been 

d i scuss ing  complex formation involv ing  t h e  a c t u a l  radical 

cen te r s .  However, complexation of radicals and monomers may 

a l s o  involve  s u b s t i t u e n t  groups i f  t h e s e  are s u f f i c i e n t l y  

po la r  (e.g., -C.N), and I believe t h e r e  i s  evidence t ha t  

complexes formed i n  t h i s  way p l a y  an important  p a r t  i n  the  

polymer iza t ions  w e  are cons ider ing .  Szwarc's cons ide ra t ions  

are probably r e l e v a n t  t o  d i f f e r e n c e s  i n  complexing power 

shown by monomers and the i r  derived radicals. 

F. W i l l i a m s ,  Univ. of Tenn: I should l i k e  t o  m a k e  a brief 

comment on t h e  subject of radical complexes. Recent ly  w e  ob- 

served i n  t h e  s o l i d  s t a t e  the  product  of e l e c t r o n  cap tu re  by 

methyl bromide (J. Chem. Phys., 54,  5425 (1971)). The ESR 

spectrum can be i n t e r p r e t e d  i n  terms of a methyl r a d i c a l  com- 

plexed t o  a bromide anion. 

s p l i t t i n g 5  sugges ts  t h a t  there  i s  a t r a n s f e r  of about  10% 

of the  s p i n  d e n s i t y  from t h e  methyl r a d i c a l  t o  a 4p o r b i t a l  

of t h e  bromide ion.  T h i s  complex w a s  produced by y - i r r a d i a t i o n  

of methyl bromide i n  a c r y s t a l l i n e  a c e t o n i t r i l e  mat r ix  a t  low 

temperature. When the sample w a s  w a r m e d ,  the  complex d i s so -  

ciated i r r e v e r s i b l y ,  and w e  w e r e  then able t o  observe the  ESR 

spectrum of the  free methyl radical. Therefore ,  t h e  b inding  

energy of t h e  methyl radical-bromide ion  pair  must be s m a l l ,  

and i t  would seem u n l i k e l y  t h a t  a complex of t h i s  type  could 

e x i s t  i n  so lu t ion .  However, t h i s  experiment does show t h a t  
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even weak complexing can reduce t h e  sp in  dens i ty  i n  t h e  p- 

o r b i t a l  of t h e  r a d i c a l .  

Bamford: What temperature  was t h a t  done a t ,  p lease?  

Williams: 

thermally a t  E. 175'K. 
The complex was produced a t  77OK and it  d i s s o c i a t e d  

Bamford: Perhaps w e  should leave  t h i s  s u b j e c t  a t  t h i s  po in t  

because w e  have q u i t e  a l o t  of work t o  do. I ' d  l i k e  t o  a s k  

Professor  Furukawa i f  he would make some remarks. I know he 

has q u i t e  a f e w  i deas  on t h i s  sub jec t .  

J. Furukawa, Kyoto: I have two comments on so-ca l led  a l t e r n a t i n g  

copolymerization which seems to be very  i n t e r e s t i n g  i n  t h e  f i e l d  

of polymerizat ion.  It a f f o r d s  polymers of high degree of 

a l t e r n a t i o n ,  which enables  c r y s t a l l i z a t i o n  of polymers on 

s t r e t c h i n g .  These comments concern with t h e  mechanism pro- 

posed by Kabanov and Zubov. I n  gene ra l ,  t h e  a l t e r n a t i n g  co- 

polymerizat ion i s  explained i n  two ways; one i s  the  so-ca l led  

Markovian model and the  o the r  i s  t h e  Bernoul l ian  one. Acry l i c  

monomers can undergo a l t e r n a t i n g  copolymerization w i t h  o l e f i n s  

and d i o l e f i n s  i n  t h e  presence of L e w i s  ac id ,  such as E t A 1 C 1 2  

found by.Dr. Hirooka, T h i s  is accounted f o r  by the formation 

of a donor-acceptor monomer complex p r i o r  t o  or i n  s i t u  poly- 

mer iza t ion ,  b u t  it i s  a l s o  exp la inab le  i n  t e r m s  of the alter- 

na t ing  add i t ion  of monomers witn enhanced p o l a r i t y  by t h e  

complexing agent .  The d i s t i n c t i o n  b e t w e e n  t h e m  i s  under 

ques t ion ,  and I propose two methods. 
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One is the investigation of the effect of monomer composi- 

tion on the polymerization rate. In ordinary case, a maximum 

rate is achieved at the 1:l-monomer composition. This fact is 

compatible with a mechanism involving a donor-acceptor monomer 

complex but is not generally valid for the alternating addition 

mechanism, since in the latter case the monomer ratio M1/M2 for 

a maximum rate is given by (kl2/kZ1) 'I2, kI2 and k21 being rate 

constants for the additions of MI to M2 and M2 to M1, respec- 

tively (J. Furukawa, Chemistry (Japanese), 25, 133 (1970)). 
Figure 1 illustrates the existence of a maximum rate at the 1:l 

monomer composition for the alternating copolymerization of 

butadiene and acrylonitrile in the presence of E M U 2  and V O U 3  

(J. E'urukawa, E. Kobayashi, K. Haga and Y. Iseda, Polymer J., 2, 
475 (19711)- 

1 .2  

1 .o 

0.8 

0.6 

0.4 

0.2 

;/lo 2/0 4/6 6/4 812 10/0 

W A N ,  (mol  r a t i o )  

Figure 1 (Furukawa). Effects of butadiene-acry- 
lonitrile ratio in the monomer feed on the rate 
of the alternating copolymerization. 
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T h e  second method f o r  d i s t i n c t i o n  i s  made by a h igh  

r e s o l u t i o n  NMR a n a l y s i s ,  which g ives  information not  on ly  

about t h e  polymer composition b u t  a l s o  t h e  d i s t r i b u t i o n  of 

d i ads  or t r i a d s .  I n  a Markovian mode, t h e r e  e x i s t s  t h e  

fo l lowing  r e l a t i o n  among d iad  f r a c t i o n s ,  

(19 

I n  f a c t ,  equat ion (1) was found t o  be v a l i d  f o r  t h e  o rd ina ry  

r a d i c a l  copolymerization of bu tad iene  and a c r y l o n i t r i l e ,  b u t  

i s  no t  f o r  t h e  a l t e r n a t i n g  copolymerization of t hose  i n  t h e  

presence of EtA1C12 and V 0 C l 3  as shown i n  F igure  2 (Furukawa, 

loc .  c i t . ) .  

The second comment is  concerned with t h e  a c t i v a t e d  s t a t e  

f o r  donor-acceptor complex polymerizat ions.  According t o  a 

simple molecular o r b i t a l  cons ide ra t ion ,  a donor-acceptor com- 

p lex  is formed by t h e  e l e c t r o n  t r a n s f e r  from t h e  h i g h e s t  oc- 

cupied l e v e l  of bu tad iene  t o  t h e  lowest  vacant  l e v e l  of 

a c r y l o n i t r i l e ,  where t h e  o r b i t a l  symmetry of t h e  former 

i s  ( + , + , - , - I  a n d . t h a t  of t h e  l a t t e r  is  ( + , - I  and these 

Figure 2 (Furukawa). A no-proport ional  r e l a t i o n -  
s h i p  between 2F12 and J F l l  F22 for t h e  convention- 
a l  r a d i c a l  copolymerizat ion of bu tad iene  and acry-  
l o n i t r i l e .  
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symmetries are favorable to the formation of a six-membered 

ring or the Diels-Alder reaction. I found that the alter- 

nating copolymerization takes place when the complex is acti- 

vated by a co-catalyst such as VOC13 or by W-irradiation 

(J. Furukawa, Report from Japan Chemical Fiber Institute 

(Japanese), 27, 83 (1970)). The trans-structure of butadiene 

unit in the alternating copolymer suggests that the complex 

is activated to the excited state whose orbital symmetry of 

butadiene is ( + , - , - , + I  (Figure 3) (Furukawa, loc. cit.) 

Figure 4 shows the Arrhenius plots for the W-irradiated 

alternating copolymerization and for the Diels-Alder reaction 

(Furukawa, loc. cit.). The former requires no activation 

energy in contrast to a large one for the latter reaction. We 

also attempted a terpolymerization of butadiene, acrylonitrile 

and methyl methacrylate (MMA) (J. Furukawa, E. Aobayashi, 

Y. Iseda and Y. Arai, J. Polymer Sci., 2, 179 (1971)). It 

was observed that there exists some difference in polymer 

composition influenced by photoirradiation.* 

Bamford: Professor Furukawa, before you leave, just to make 

specific what you’re talking about, could you tell us what 

systems give this behavior? 

*However, the further study done after the colloquium showed 
that there occurs the formation of a considerable amount of 
Diels-Alder reaction product in the dark especially at ele- 
vated temperature. Therefore, there is some possibility 
that the difference in the copolymer composition will come 
from the different rate of Diels-Alder reaction in the dark 
and in W-light. we only point out the effect of W-light 
on the activated state of the monomer. 

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



NEW PHENOMENA IN RADICAL POLYMERIZATION 883 

CN 

Figure 3 (Furukawa). Different activated states 
proposed for the Diels-Alder reaction and the 
alternating copolymerization of butadiene and 
acrylonitrile. 

- 7  - 
Y 

c -8 - - 
-9  - 

-10 - 
-11 . 
-12 

3.0 3.1 3.2 3 . 3  3.4  3.5 
'h x 10' 

Figure 4 (Furukawa). Arrhenius plots for Diels- 
Alder reaction (1) accompanied by alternating 
copolymerization ( 2 )  in the dark and the alter- 
nating copolymerization in the W light ( 3 ) .  
Zinc chloride is used as a complexation agent 
for both cases. 
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0*41-+8-i3L~ V- irrodiotlon 

-0.4L I 1 I 
3.0 3.2 3.4 3.6 

l /T x lo3 (d#g4) 

Figure  5 (Furukawa). Terpolymerizat ion 
of BD, MMA and AN by E t A l C l  

BD: 0 .12  mole, MMA: 0.64 mole 
AN: 0.04 mole, E tA1C12:  4 m mole 

Furukawa: The copolymerizat ion of s tyrene-male ic  anhydride 

(Maleic anhydride-thiophen system: A. Cardon and E .  J. Goethals ,  

XXIII IUPAC, Macromolecular P r e p r i n t ,  V o l .  1, 359 (197111, o r  

t h a t  of b u t a d i e n e - a c r y l o n i t r i l e  t oge the r  with E M 1 C 1 2  is  t h e  

case, i n  which t h e  maximum r a t e  i s  achieved a t  the 1:l monomer 

composition. 

Bamford: Profes so r  Furukawa has  r a i s e d  some very i n t e r e s t i n g  

p o i n t s .  D o  we have any comments now, p l ease ,  and I d o n ' t  w i s h  

t o  exclude the  p a n e l i s t s .  

N.  G. Gaylord,  N e w a r k :  B a s i c a l l y ,  t h e  r e a l  ques t ion  a s  I see 

it, i s  whether t h e  three p a r t i c u l a r  i t e m s  t h a t  P ro fes so r  Szwarc 

mentioned have r e a l l y  exhausted t h e  p o s s i b i l i t i e s  a s  t o  t h e  

na tu re  of the  r e a c t i o n s  of f ree  r a d i c a l s .  When you look a t  

t h e  systems in t h e  presence of cornplexing agen t s ,  or in t h e  
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case of monomers which t e n d  t o  form a l t e r n a t i n g  copolymers i n  

t h e  absence of complcxing a g e n t s ,  such as s tyrene-male ic  anhy- 

d r i d e ,  v i n y l  e t h e r - m a l e i c  anhydr ide ,  etc., w e  f i n d  a number of 

v e r y  unusual  c h a r a c t e r i s t i c s .  Although much of our d i s c u s s i o n s  

have t o  do w i t h  p r o p a g a t i o n  s t e p s ,  t h e  i n i t i a t i o n  s t e p  has n o t  

been given enough examinat ion.  I n  a l l  of t h e s e  sys tems,  t h e r e  

is one i n t e r e s t i n g  c h a r a c t e r i s t i c ,  t h a t  is ,  on polymer iz ing  a 

system such  as s tyrene-male ic  anhydr ide  or v i n y l  ether-maleic 

anhydr ide  i n  t h e  p r e s e n c e  of a r a d i c a l  c a t a l y s t ,  no c a t a l y s t  

r e s i d u e s  a r e  found i n  the polymer a l though a r a d i c a l  c a t a l y s t  

i s  used.  F u r t h e r ,  when t h e s e  sys tems are r u n  i n  t h e  p r e s e n c e  

of  h a l o c a r b o n s ,  such as chloroform and carbon t e t r a c h l o r i d e ,  

it i s  d iscovered  t h a t  t h e r e  i s  no c h a i n  t r a n s f e r ,  as f a r  as 

i n f l u e n c i n g  t h e  molecular  weight  i s  concerned,  and t h e r e  is  

no halogen i n  t h e  polymer. You might r e p l y  t h a t  it i s  obvious 

t h a t  a good e l e c t r o n  a c c e p t o r  monomer such as maleic anhydr ide  

may n o t  have a tendency t o  p u l l  hydrogen o r  c h l o r i n e  from 

chloroform o r  carbon t e t r a c h l o r i d e ,  r e s p e c t i v e l y .  However, 

a n o t h e r  problem t h a t  arises i s  t h a t  when t h i s  i s  done i n  t h e  

p r e s e n c e  of a f ree  r a d i c a l  c a t a l y s t  of t h e  c o n v e n t i o n a l  t y p e ,  

such as a p e r o x i d e ,  which c e r t a i n l y  should  p u l l  hydrogen f r o m  

chloroform and carbon t e t r a c h l o r i d e ,  t h e  r e s u l t i n g  p r o d u c t s  

should be i n i t i a t i n g  s p e c i e s .  They should  become i n c o r p o r a t e d  

i n t o  t h e  polymer. N e v e r t h e l e s s ,  t h e y  do n o t  become p a r t  of t h e  

polymer as a t e r m i n a l  group. T h e r e f o r e ,  w e  must conclude n o t  

o n l y  t h a t  t h e  growing c h a i n  end i s  n o t  c a p a b l e  of undergoing 

c h a i n  t r a n s f e r  r e a c t i o n s  i n  t he  c o n v e n t i o n a l  sense  b u t  a l s o  

t h a t ,  whatever t h e  n a t u r e  of t h e  i n i t i a t i o n  s t e p ,  it does  n o t  

i n v o l v e  a n y t h i n g  of the c o n v e n t i o n a l  a d d i t i o n  type. Tsuchida 
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i n  Japan has  found t h a t  i n  t h e  s tyrene-maleic  anhydride system, 

there i s  one c a t a l y s t  r e s i d u e  f o r  every 90 polymer chains .  H e  

assumes tremendous cha in  t r a n s f e r  t o  maleic anhydride which i s  

i n c o n s i s t e n t  w i t h  t h e  5-10,000,000 molecular weight t h a t  can 

be obta ined  i n  t h i s  system. S imi l a r ly ,  he f i n d s  t h a t  the 

c h l o r i n e  conten t  of a copolymer produced i n  chloroform o r  

carbon t e t r a c h l o r i d e  i s  one c h l o r i n e  f o r  every 300 polymer 

cha ins ,  i n d i c a t i n g  t h a t  t h e s e  are no t  major p a r t i c i p a n t s  i n  

t h e  r e a c t i o n  scheme. Thus, w e  have t o  cons ider  the  fact  t h a t  

i n  these r a d i c a l  i n i t i a t e d  systems the  propagat ing cha ins  par-  

t i c i p a t e  i n  r e a c t i o n s  o t h e r  than those  with which w e  are 

accustomed. 

A new aspec t  has  r e c e n t l y  en te red  radical chemistry.  Over 

t h e  l a s t  f e w  yea r s  a number of r e a c t i o n s  have been found which 

are carried o u t  by r a d i c a l  c a t a l y s t s  under unusual condi t ions .  

One r e a c t i o n  involves  the now r e a d i l y  polymerizable  maleic 

anhydride. Up u n t i l  a f e w  years  ago, maleic anhydride could 

n o t  be polymerized ve ry  r e a d i l y .  W e  now f i n d  t h a t  it i s  one 

of the  easiest monomers t o  polymerize and it can be polymerized 

bv any r a d i c a l  c a t a l y s t  under t h e  r i g h t  condi t ions .  Although 

much of t he  polymerizat ion work has involved r a d i a t i o n ,  r a d i c a l  

c a t a l y s t s  are a l s o  effective a t  concen t r a t ions  of 5% or  h igher .  

However, t h i s  i s  no t  the only  f a c t o r  because you can a l s o  poly- 

merize maleic anhydride us ing  radical c a t a l y s t s  a t  concentra-  

t i o n s  of 0.1% if the  r e a c t i o n  is c a r r i e d  o u t  under cond i t ions  

where t h e  c a t a l y s t  h a l f - l i f e  i s  about 1 0  minutes o r  less. 

T h i s  raises the ques t ion  whether w e  have changed t h e  

na tu re  of t h e  spec ie s  which arises from t h e  r a d i c a l  p recursor  

simply by changing the temperature  of decomposition. T h i s  
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887 NEW PHENOPIENA I N  RADICAL POLYMERIZATION 

shows up very  c l e a r l y  i n  t h e  polymerizat ion of bu tad iene  and 

maleic anhydride wherein r a d i c a l  c a t a l y s t s  under normal condi- 

t i o n s  y i e l d s  t h e  Diels-Alder adduct r a t h e r  than t h e  copolymer. 

When t h e  c a t a l y s t  i s  used under s h o r t  h a l f - l i f e  cond i t ions ,  

t h e  copolymer i s  obta ined .  

This  l eads  t o  another  very  i n t e r e s t i n g  ques t ion ,  namely, 

t h e  polymerizat ion of e thylene  under high p res su re  and high 

temperatures .  Those who are f a m i l i a r  w i t h  t h e  f i e l d  are 

aware t h a t  (1) e thy lene  polymerizat ion can be i n i t i a t e d  w i t h  

oxygen and ( 2 )  c a t a l y s t s  t h a t  would normally be used a t  30-50°C 

are used a t  t empera tures  of 20C°C. I n  R a f f ' s  book on "Crystal-  

l i n e  Ole f in  Polymers", there  i s  a table  from a Monsanto p a t e n t  

showing u s e f u l  c a t a l y s t s  and t h e  tempera tures  a t  which they  

have a ha l f  l i f e  of 1 minute. W e  are obviously d e a l i n g  w i t h  

spec ie s  from t h i s  t ype  of decomposition which w i l l  i n i t i a t e  

r e a c t i o n s  which o therwise  could n o t  be i n i t i a t e d .  

Th i s  b r ings  u s  t o  t h e  p o i n t  t h a t  Professor  Furukawa has  

just mentioned, namely, t h e  ques t ion  whether t h e  spec ie s  which 

i s  polymerizing i s  an a c t i v a t e d  o r  e x c i t e d  s p e c i e s  ve r sus  a 

ground s t a t e  spec ies .  I n  o t h e r  words, even if you g e t  donor- 

acceptor  i n t e r a c t i o n ,  i s  t h i s  a l l  t h a t  i s  r equ i r ed?  Recent ly ,  

w e  found on t h e  polymer horizon t h e  concept of chemical ly  in-  

duced dynamic nuc lea r  p o l a r i z a t i o n  which i n d i c a t e d  t h a t  r a d i -  

cals are n o t  n e c e s s a r i l y  r a d i c a l s  - tha t  they  are exc i t ed  

spec ie s  under many circumstances.  They have emission s p e c t r a  

as w e l l  a s  absorp t ion  s p e c t r a  and they  are exc i t ed  spec ie s  

which &re capable  of t r a n s f e r r i n g  t h e i r  e x c i t a t i o n  energy t o  

o t h e r  spec ie s  i n  t h e  system. Working w i t h  the  butadiene-  

maleic  anhydride system, which up t o  a f e w  yea r s  ago w a s  no t  
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known t o  polymerize a t  a l l ,  it has  been p o s s i b l e  t o  produce 

polymers by r a d i c a l  p recu r so r s  as w e l l  a s  under u l t r a v i o l e t  

l i g h t .  Severa l  yea r s  ago a paper w a s  e n t i t l e d  "Photochemistry 

Without Light"  and descr ibed  r e a c t i o n s  r e s u l t i n g  from t h e  

genera t ion  of a c t i v e  spec ie s  from r a d i c a l  p recu r so r s  - I do 

no t  call  them r a d i c a l  spec ie s  - which s p e c i e s  behave i n  a 

manner which w e  normally a s s o c i a t e  on ly  wi th  exc i t ed  s t a t e s .  

NlW W O W A  IN RADICAL POLYMERIZATION 

What Professor Furukawa has  poin ted  o u t  and t o  which I 

would l i k e  t o  add some d a t a ,  i s  t h a t  i n  t h e  butadiene-acrylo-  

n i t r i l e -me thy l  methacry la te  system it would be a n t i c i p a t e d  

t h a t  t h e  two comonomer complexes, i.e., bu tad iene -ac ry lon i t r i l e  

and butadiene-methyl methacry la te ,  i n  t h e  organoaluminum ha l ide -  

conta in ing  system, would be p r e s e n t  i n  relative concen t r a t ions  

depending upon t h e  temperature  due t o  t h e  d i f f e r e n c e s  i n  t h e i r  

equi l ibr ium cons tan ts .  Ac tua l ly ,  a l though t h e  butadiene-  

a c r y l o n i t r i l e  system has  a h igher  rate of polymerizat ion,  t h e r e  

is less a c r y l o n i t r i l e  and more methyl methacry la te  i n  t h e  

terpolymer. A s  t h e  temperature  i s  changed, one would expec t  

d i f f e r e n c e s  i n  complex concent ra t ions  and, i f  t h a t  was t h e  

only  f a c t o r  involved,  d i f f e r e n c e s  i n  terpolymer composition 

with temperature  would be expected. This  is  a c t u a l l y  ob- 

served as a func t ion  of temperature .  However, when t h e  

system i s  exposed a t  va r ious  temperatures  t o  l i g h t ,  the  ter- 

polymer has t h e  same composition independent of temperature ,  

d e s p i t e  t h e  f a c t  t h a t  w e  have n o t  changed t h e  dependence of 

complex concent ra t ion  on temperature .  If t h e  only polymer- 

i i z a b l e  s p e c i e s  w a s  t h e  compleq then the composition should 

vary. T h e  only cons t an t  f a c t o r  i n  t h i s  t e r n a r y  system when 

you change the temperature  is t h e  i n i t i a l  monomer concen- 
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NEW PHENOMENA IN RADICAL POLYMERIZATION 889 

t r a t i o n .  T h e  complex concent ra t ion  per  se i s  vary ing  w i t h  

temperature.  It must be concluded t h a t  l i g h t  is  e x c i t i n g  

monomers, no t  j u s t  complexes, t o  genera te  a c e r t a i n  r e l a t i v e  

concent ra t ion  of polymerizable  spec ie s  independent of 

temperature.  

I n  our own work w e  have examined the  s t y r e n e - a c r y l o n i t r i l e -  

methyl methacry la te  system which has  some unusual charac te r -  

i s t i c s .  The copolymer composition from s t y r e n e - a c r y l o n i t r i l e  

i n  t h e  presence of e t h y l  aluminum sesqu ich lo r ide  changes from 

an a l t e r n a t i n g  copolymer t o  a f ree  r a d i c a l  copolymer above 6OoC, 

ovbiously a temperature  dependent system. The  styrene-methyl 

methacrylate  system does no t  change u n t i l  12OoC. Therefore ,  

when temperature  effects  are s tud ied ,  changes i n  composition 

r e l a t i n g  t o  t h i s  break would be expected. When these r e a c t i o n s  

are c a r r i e d  ou t  spontaneously,  i.e., i f  t h e r e  is a high enough 

EASC con ten t ,  t h e  r e a c t i o n s  proceed without  any c a t a l y s t  and 

there is  a v a r i a t i o n  i n  terpolymer composition with temperature ,  

s i m i l a r  t o  t h e  case  r epor t ed  by Professor  Furukawa. If t h e  

r e a c t i o n s  are conducted under l i g h t ,  t h e  r a t e s  of polymerizat ion 

are f ive  t i m e s  h igher  and t h e  terpolymer compositions become 

much c l o s e r  t oge the r .  The most i n t e r e s t i n g  phenomena occur when 

a r a d i c a l  c a t a l y s t  i s  added t o  t h e  dark systems, namely, t h e  

products  obtained from the  r a d i c a l  system are more s i m i l a r  t o  

t hose  produced under l i g h t  than  t o  those  produced i n  the dark.  

The r a d i c a l s ,  apparent ly ,  under t h e  r i g h t  condi t ions  are capable  

t o  e x c i t i n g  monomers t o  change t h e i r  r e a c t i v i t y  or r a t h e r  t h e i r  

na tu re .  

I have propounded t h e  view t h a t  complexes do n o t  copolymerize 

w i t h  monomers b u t  t h a t  e x c i t e d  s p e c i e s  can copolymerize. Conse- 
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quently,  when non-equimolar compositions are obtained, these are 

the  r e s u l t s  of t h e  r eac t ion  of exci ted species.  

A well-known r e a c t i o n  of charge t r a n s f e r  systems is t h e  

deact ivat ion of an exci ted donor-acceptor p a i r  t o  generate a 

ground state donor and an exci ted acceptor. The exci ted ac- 

ceptor is capable of copolymerizing with an exci ted complex. 

This i s  the basis f o r  t h e  formation of terpolymer compositions 

i n  which t h e  concentration of one component i n  the terpolymer 

i s  dependent upon the concentration of another component in 

t h e  charge without t h e  concentration of the  l a t t e r  i n  t h e  ter- 

polymer changing. Thus, Iwatsuki has reported i n  t h e  anethole- 

maleic anhydride-acryloni t r i le  system t h a t  the anethole-maleic 

anhydride r a t i o  i n  the terpolymer i s  always 1:l but  t h e  more 

anethole i n  t h e  charge t h e  more a c r y l o n i t r i l e  i n  t h e  terpolymer. 

The ane tho le -ac ry lon i t r i l e  complex apparently generates exci ted 

a c r y l o n i t r i l e  which can copolymerize with t h e  exci ted anethole- 

maleic anhydride complex. Exci ta t ion i s  obviously a new f a c t o r  

appearing i n  radical  chemistry. 

Another new f a c t o r  involves the  question of whether 

hydrogen t r a n s f e r  i s  necessa r i ly  a chain t r a n s f e r  react ion.  

It now appears that  hydrogen transfer may be an intermediate  

s t e p  i n  t h e  propagation stage i n  a number of monomer systems. 

A s p e c i f i c  example i s  the  cyclopolymerization r eac t ions  re- 

ported by Professor Butler wherein the products are now recog- 

nized as possessing five-membered r i n g s  r a t h e r  than six-membered 

r ings .  Un t i l  now, t h e  dr iving fo rce  of the  r eac t ion  w a s  con- 

sidered t o  be t h e  s t rong tendency t o  form a six-membered r ing .  

Actually,  it would appear t h a t  the  d r iv ing  fo rce  is t he  tend- 
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ency t o  form a six-membered t r a n s i t i o n  s ta te  which y i e l d s  a 

five-membered r i n g  a s  a r e s u l t  of hydrogen transfer. 

Bamford: Can w e  d i s c u s s  these po in t s?  F i r s t  of a l l ,  does 

anyone wish t o  d i s p u t e  any of t h e s e  f ind ings?  

Audience: I ' d  l i k e  t o  make a comment. When you t a l k  about  

e x c i t e d  spec ie s ,  would you p l ease  c l a r i f y  what you mean by 

exc i t ed  spec ie s?  

Gaylord: Due t o  t h e  c h a r a c t e r  of t h e s e  r e a c t i o n s ,  w e  feel  

t h a t  t h e  exc i t ed  spec ie s  are s i n g l e t s  because they  are n o t  

i n h i b i t e d  by oxygen and do n o t  have the o the r  c h a r a c t e r i s t i c s  

of t r i p l e t s .  Also,  t hey  do n o t  add t o  excess monomers which 

are p resen t  i n  the system, which a t r i p l e t  would do t o  y i e l d  

a cyclopropane r i n g .  Therefore ,  w e  t h ink  they  are e x c i t e d  

s i n g l e t s .  

Audience: So t hey  have a very  s h o r t  lifetime. 

Gaylord: Thei r  l i f e t i m e  only has  t o  be t h e  t i m e  of con tac t .  

According t o  Mil l ikan,  t h e  charge t r a n s f e r  complex and t h e  

exc i t ed  charge t r a n s f e r  complex need no t  have any longer 

ex i s t ence .  

Audience: Most of the charge t r a n s f e r  complexes i n  t h e  exc i t ed  

s ta te  have a l i f e t i m e  between nonaseconds and less. Would t h a t  

be s u f f i c i e n t  l i f e t i m e ?  

Gavlord: 5 th ink  so according t o  the  mechanism i n  which I 

propose t h a t  the complexes are a l igned  i n  a matr ix .  They do 

not have t o  have a very  long l i f e t i m e .  They can become ex- 
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c i t e d  and then  immediately react w i t h  the next  m e m b e r  of the  

matr ix .  Once t h e  complexes are pre-al igned i n  t h e  ground s ta te ,  

they  do no t  have t o  have t o o  much e x c i t e d  state lifetime t o  

r e a c t .  They do n o t  wander around looking f o r  a cha in  end as 

an exc i t ed  spec ies .  

KEW PHENOMENA I N  RADICAL POLYMERIZATION 

Audience: Why should they  be a l igned?  

Gaylord: Due t o  the  changes i n  p o l a r i t y  of t h e  donor and 

acceptor  a s  a r e s u l t  of complexation and i n t e r a c t i o n ,  the  

complexes are a l igned  due t o  e l e c t r o s t a t i c  i n t e r a c t i o n :  
+-+-+-+-+-+- ............ 
Audience: T h i s  might be the  case i n  some s i t u a t i o n s .  

Gaylord: P ro fes so r  Zubov's d a t a  i n d i c a t e s  t h a t  t h e  propagat ion 

rate may be reduced as a r e s u l t  of i n t e r a c t i o n  b u t  the a l t e r n a t i n g  

tendency i s  increased .  It is very  d i f f i c u l t  t o  exp la in  why 

so many of these r e a c t i o n s  have ene rg ie s  of a c t i v a t i o n  of 1 

and 2 ,  a s  compared t o  t h e  normal energy of  a c t i v a t i o n  of be- 

t w e e n  15 and 2 2  for a radical  r e a c t i o n .  These r e a c t i o n s  are 

explos ive  and i f  w e  cons ider  a s e l e c t i v e  r e a c t i o n  i n  which 

only a monomer of t h e  oppos i te  p o l a r i t y  reacts, t h i s  cannot  

exp la in  the  tremendous r a t e s  of these r eac t ions .  I n  Zieg ler -  

Nat ta  polymerizat ions when you p u t  i n  an a d d i t i v e  t o  c o n t r o l  

t h e  s t e r e o r e g u l a r i t y ,  t h e  non-se lec t ive ,  more reactive si tes 

are removed and the r e a c t i o n s  are slowed. Y e t ,  i n  t h e  complex 

cases  w e  w e  speeding up t h e  r e a c t i o n s  explos ive ly .  

Audience: Are you s u r e  t ha t  you are  r a d i a t i n g  c e r t a i n  spec ie s  

o r  t h e  complex i t se l f ,  o r  are you r a d i a t i n g  the  monomer? 
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893 NEW PHENOMENA IIV RADICAL POLYMERIZATION 

Gaylord: W e  do no t  know. W e  f ee l ,  however, t h a t  you may be  

e x c i t i n g  one monomer. T h e  p o i n t  i s  w e l l  taken. 

Audience: Because you are us ing  broad W l i g h t .  

Gaylord: N o .  While some of these e f f e c t s  are noted under 

ambient l i g h t ,  t hey  are p a r t i c u l a r l y  no tab le  a t  s p e c i f i c  wave 

lengths .  I n  add i t ion ,  you cannot polymerize butadiene-maleic 

anhydride i n  t h e  presence of  a p h o t o s e n s i t i z e r  t h a t  has a 

t r i p l e t  energy below t h a t  of maleic  anhydride.  J u s t  a s  you 

prepare  t h e  benzene-maleic anhydride photochemical adduct with 

a s e n s i t i z e r  wi th  a t r i p l e t  energy above 70, t h e  same occurs  i n  

t h e  copolymerizat ion.  T h e  copolymer cannot be prepared i n  the  

presence of acetonaphthone which has  a t r i p l e t  energy of 60. 

Therefore ,  it is p o s s i b l e  t h a t  you are e x c i t i n g  male ic  

anhydride whi'ch then c o l l a p s e s  i n t o  the exc i t ed  butadiene-  

maleic anhydride complex, o r  e x c i t e s  a butadiene-maleic  

anhydride complex. W e  do n o t  know anymore about t h e  a c t u a l  

pa th  than  i s  known about t h e  benzene-maleic anhydride system. 

Zubov: I want t o  make some comments on t h e  s ta tements  made 

by P ro fes so r  Furukawa and D r .  Gaylord. I th ink  t h a t  be fo re  

d i scuss ing  t h e  d e t a i l  mechanism exp la in ing  these unusual  

phenomena t o  r a d i c a l  po lymer iza t ion ,  t h e  first b a s i c  p r i n c i p a l  

has t o  be t o  f i n d  out  what t h e  a c t u a l  propagat ion is .  A s  can 

be seen and was shown by P ro fes so r  Furukawa and D r .  Gaylord, 

there  i s  no basic d i f f e r e n c e  i n  a l t e r n a t i o n  r a d i c a l  copolymer- 

i z a t i o n  i n  t h e  systems l i k e  maleic anhydride and vinyl -e ther  

o r  l i k e  systems, and i n  systems a c r y l o n i k r i l e ,  aluminum a l k y l  

h a l i d e s  p l u s  hydrocarbon monomers. I n  o t h e r  words, the ac- 
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c e p t a b i l i t y  of t he  po la r  monomer, l i k e  a c r y l o n i t r i l e  or 

methylmethacrylate, i s  increased  by in t roducing  t h e  complexing 

agent  t o  an e x t e n t  which i s  s u f f i c i e n t  t o  produce t h e  same ef- 

fect  as i s  achieved by t h e  maleic anhydride by i t se l f .  

The a c t u a l  s t e p s  of the cha in  propagat ion can be observed 

The first, and very  n i c e  works d i r e c t l y  by the ESR technique.  

i n  t h i s  way, has  been done by P ro fes so r  Ranby. 

technique f o r  ESR measurements, he managed t o  observe t h e  suc- 

c e s s i v e  s t e p s  of propagat ion i n  t h e  a l t e r n a t i n g  copolymerizat ion 

of t h e  maleic and fumaric  a c i d s  w i t h  v iny lace ta t e .  It w a s  

shown that normal monoradicals appeared one after another  i n  

an a l t e r n a t i v e  way. I n i t i a t i o n  starts with an OH radical, then  

the a d d i t i o n  of the double  bonds occurs  i n  propor t ion  t o  the  

a c t i v i t i e s  of t h e  monomers ( v i n y l a c e t a t e  i s  more active), etc. 

W e  managed t o  observe s i m i l a r  phenomena i n  copolymerizat ion of  

t h e  complex s p e c i e s  as w e l l  as i n  copolymerizat ion of  male ic  

anhydride by applying low temperature  technique i n  .combination 

wi th  ESR measurements. So, i f  w e  take these r e s u l t s  a s  a 

proof of t h e  success ion  of t h e  elementary acts of t h e  cha in  

propagat ion,  w e  can see tha t  there is  t'normaltl radical propa- 

ga t ion  s t a r t i n g  w i t h  monoradicals of i n i t i a t o r  and f u r t h e r  

proceding by add i t ion  of s i n g l e  monomer molecules i n  an a l t e r -  

n a t i v e  way, and n o t  by add i t ion  of  the b ina ry  monomer complexes. 

Now there are  a number of ques t ions  t o  answer. Why t h e  r e a c t i o n  

proceeds i n  such a way, unusual  t o  t he  random copolymerizat ion? 

One has  a l s o  t o  answer some of the ques t ions  which  had been 

suggested by D r .  Gaylord and Professor  Furukawa, such as the 

maximum copolymerizat ion rate a t  1:l monomeric r a t i o  and some 

o the r  phenomena. As can be e a s i l y  seen,  t h a t  maximum copoly- 

By us ing  a f low 
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meriza t ion  r a t e  a t  t h i s  r a t i o  can be achieved i f  t h e  c r o s s  

propagat ion cons t an t s  kI2 and k 21 are heightened no t  much 

d i f f e r e n t  from each o the r .  So, cons ider ing  tha t  t h e  propa- 

ga t ion  proceeds as the "normal" a d d i t i o n  of monomer molecules,  

w e  can e a s i l y  observe t h i s  r a t e  dependence. Then, t h e r e  i s  no 

or very  l i t t l e  cha in  t r a n s f e r  t o  ca rbon te t r ach lo r ide .  I f  t h e  

r a d i c a l  i s  a very  s t rong  acceptor ,  l i k e  male ic  anhydride o r  

complexed a c r y l i c  r a d i c a l ,  i t  could be complexed wi th  t h e  donor 

spec ie s ,  e.g. ,  donor molecules of t h e  o the r  monomer. It i s  a 

well-known f a c t  t h a t  t h e  a c t i v i t y  of t h e  r a d i c a l  is v e r y  much 

decreased by formation of thew-complexes.  I n  t h i s  case, w e  

can expec t  p r a c t i c a l l y  no cha in  t r a n s f e r  because r a d i c a l s  are 

a c t u a l l y  complexed wi th  t h e  u n l i k e  monomer. I f  they  are com- 

plexed,  they  can add t h e  u n l i k e  monomer and n o t  t h e  l i k e  

monomer. I t h i n k  I might f i n i s h  l i k e  t h i s .  Actua l ly ,  t h e r e  

are no facts i n  cons ide ra t ion  which could n o t  be expla ined  by 

applying normal r a d i c a l  scheme. 

Gaylord: How about  t h e  rates of r e a c t i o n  and t h e  ene rg ie s  of 

a c t i v a t i o n ?  

Zubov: I f  the ra te  of t h e  c r o s s  propagat ion i s  very  high,  

t h e  t o t a l  ra te  has  a l s o  t o  be ve ry  high. 

Gaylord: Even when t h e r e  i s  a n ine fo ld  excess of t h e  o the r  

monomer? 

Zubov: Yes. It's easy t o  show by quantochemical c a l c u l a t i o n s  

t h a t  if t h e  donor-acceptor i n t e r a c t i o n  i s  strong enough, e.g., 

t h e  lower vacant  energy l e v e l  of r e a c t i n g  p a r t i c l e ,  e.g., 

r a d i c a l ,  i s  c l o s e  i n  va lue  t o  t h e  upper occupied energy l e v e l  
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of t h e  o t h e r  p a r t i c l e  (monomer), t h e  a c t i v a t i o n  energy of t h e  

r e a c t i o n  could be c l o s e  t o  zero.  This ,  i n  fac t ,  had been 

shown by t h e  s imple molecular o r b i t a l  c a l c u l a t i o n s  of t h e  

complexed a c r y l i c  and hydrocarbon monomers. I n i t i a t i o n  i n  

t h e s e  systems can a l s o  proceed without  any s u f f i c i e n t  act i -  

v a t i o n  energy o r  by i r r a d i a t i o n  wi th  d i f f u s e d  l i g h t ,  which 

w a s  observed by us .  These phenomena may account  f o r  fas t  

Ilspontaneous” r e a c t i o n s  r e s u l t i n g  i n  a l t e r n a t i n g  copolymers. 

Bamford: Thank you, Professor  Zubov. I th ink  w e  must be very  

c a r e f u l  h e r e  about  gene ra l i z ing ;  we’re d e a l i n g  w i t h  a w i d e  

v a r i e t y  of systems. The common f a c t o r ,  t o  m e ,  seems t o  be 

t h e  formula t ion  of an a l t e r n a t i n g  polymer. There may w e l l  

be many d i f f e r e n t  r e a c t i o n s  and w e  sha l l  g e t  ou r se lves  i n t o  a 

t e r r i b l e  t a n g l e ,  I th ink ,  i f  w e  t r y  t o  push every th ing  i n t o  

one mechanism. 

Szwarc: W e  are t a l k i n g  he re  about  three d i f f e r e n t  problems. 

One i s  concerned wi th  the  modi f ica t ion  of the monomer. Com- 

p lex ing  of a monomer o r  conver t ing  a monomeric a c i d  l i k e  

a c r y l i c  acid i n t o  i t s  s a l t  produces a new spec ies .  Su re ly  

i t s  chemistry i s  expected t o  be d i f f e r e n t  from t h a t  of t h e  

unmodified monomer. T o  m a k e  my p o i n t  s t rong ,  cons ider  HC1 

and NaC1. Su re ly  they  behave d i f f e r e n t l y .  Why, t h e r e f o r e ,  

should anybody expec t  t h e  polymerizat ion of a c r y l i c  a c i d  t o  

be s i m i l a r  t o  polymerizat ion of sodium a c r y l a t e ?  

Another problem i s  encountered i n  a copolymerizing 

system when t h e  t w o  copolymerizing monomers, say A and B ,  

may form a complex, say AB. I n  such a system, a new monomer 

AB i s  p r e s e n t  and t h i s  may exc lus ive ly  polymerize g iv ing  an 
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NEW PfIEHOMWA IlV RADICAL F'OLYMERIWION 897 

a l t e r n a t i n g  copolymer o r  copolymerize w i t h  one or both of 

t h e  o r i g i n a l  monomers. A s  f a r  as I know, t h i s  i d e a  was f i r s t  

suggested by Barb. 

Bamford: I th ink  t h a t ' s  d i sputed ,  i s  it not?  I th ink  t h a t ' s  

n o t  t he  only exp la ina t ion  of Barb ' s  r e s u l t s .  

Szwarc: It i s  p o s s i b l e  t h a t  Barb ' s  explana t ion  i s  i n c o r r e c t l y  

account ing f o r  h i s  own f ind ings .  But t h i s  i s  no t  important  as 

f a r  a s  our p re sen t  d i scuss ion  i s  concerned. People can i n t r o -  

duce i n t e r e s t i n g  and b a s i c a l l y  u s e f u l  i d e a s  t o  account f o r  some 

observa t ions .  L a t e r  it t u r n s  ou t  t h a t  these i d e a s  do n o t  apply 

t o  the  observa t ions  f o r  which they  w e r e  invented b u t ,  neverthe-  

less, they  are i n  p r i n c i p l e  v a l i d  and, subsequent ly ,  observa- 

t i o n s  which confirm them are found. This  happens no t  seldom 

and Barb ' s  i d e a s  c e r t a i n l y  are an example of such a s i t u a t i o n .  

I do not  doubt t h a t  complexes between two monomers are important  

i n  some copolymerizing systems. 

Now, t h e  t h i r d  problem arises when w e  modify the  growing 

r a d i c a l  by complexing. Hence, what w e  need i s  t o  examine care- 

f u l l y  each case and t o  see which of t h e s e  f a c t o r s  are r e a l l y  

important ,  and we may m a k e  p rogress  by choosing systems i n  

which only one of these f a c t o r s  i s  dominant and by s tudying  

them t o  prepare  ground f o r  understanding of systems i n  which 

two o r  more of t hese  phenomena s imultaneously p a r t i c i p a t e .  

A .  Chapiro,  Bellevue, France: I would l i k e  t o  comment on some 

of t h e  p o i n t s  which were r a i s e d  by the  las t  f e w  speakers .  I 

b e l i e v e  t h a t  many of t h e  c o n f l i c t i n g  views on t h e  subject arise 

because we are dea l ing  with very  complicated phenomena which 

cannot be expla ined  by convent ional  concepts.  Therefore ,  va r ious  
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assumptions are proposed concerning "complexed" systems i n  which 

t h e  ?'complexingI' ac t ion  either involves growing chains,  or t h e  

ac t iva t ed  state or t h e  monomer or  monomer pa i r s .  W e  should be 

a w a r e  of the fact  t ha t  merely the  word v'complex" i s  a sign of 

our ignorance and s ince  w e  do not  know what s o r t  of complexes 

w e  are deal ing w i t h  i n  most systems, w e  should not be s a t i s f i e d  

by explaining t h e  observed e f f e c t s  w i t h  t h e  word "complex". I 

would l i k e  t o  introduce another concept which is based on re- 

cen t  experimental evidence and which has not  been r e f e r r e d  t o  

so far ,  except perhaps by Norman Gaylord i n  h i s  l e c t u r e  a t  t h e  

IUPAC Meeting i n  Boston. The po in t  I would l i k e  t o  make con- 

cerns t h e  bulk s t r u c t u r e  of t he  l i q u i d  i tself .  W e  have recen t ly  

studied a number of very simple polymerizing systems without 

t he  presence of any so-called "complexing agent" and found a 

number of e f f e c t s  which are r e l a t e d  t o  the  points  r a i s e d  i n  

t h i s  discussion. 

EE3f W O W A  I19 RADICAL F O L ~ I W I O H  

T h e  first system on which I would l i k e  t o  comment i s  

a c r y l i c  acid. The polymerization of t h i s  monomer i n  bulk a t  

room temperature proceeds w i t h  an extremely high ra te  and leads 

t o  a synd io tac t i c  polymer which r e a d i l y  c r y s t a l l i z e s  ( A .  Chapiro 

and T. Sommerlatte i n  Europ. Polym. J., 1969, 5, 705-745). O u r  

present  explanation f o r  t h i s  unusual behavior i s  tha t  t h e  mole- 

cules  of a c r y l i c  acid are aggregated by hydrogen bonds and do 

not only form t h e  well-known dimers as a l l  carboxylic acid b u t  

a l s o  form l i n e a r  s t r u c t u r e s  of s i g n i f i c a n t  length: 

C H  = CH2 CH = CH2 C H  = CH2 CH = CH2 

I i 1 I 
C c C C 

/ v  / %  / *  / \  ...... HO 0 ....... HO 0 ....... HO 0 ....... HO 0 ..... 
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The b e s t  experimental  evidence w e  have so f a r  f o r  t h e  e x i s t e n c e  

of such aggrega tes  i s  the  high v i s c o s i t y  of a c r y l i c  a c i d  monomer 

which cannot be caused by dimers. W e  a l s o  found t h a t  t h e  add i t ion  

of po la r  s o l v e n t s  (methanol,  water ,  dioxane)  t o  t h e  monomer does 

n o t  al ter t h e  h igh  v i s c o s i t y  nor  t h e  unusual  k i n e t i c  f e a t u r e s  of 

i t s  polymer iza t ion ,  whereas to luene ,  n-hexane o r  chloroform re- 

duce a t  t h e  same t i m e  t h e  v i s c o s i t y  of a c r y l i c  a c i d  and i t s  r a t e  

of polymerizat ion and lead  t o  a t a c t i c  polymer. High v i s c o s i t y  

i s  also observed when z i n c  c h l o r i d e  i s  d i s so lved  i n  s ty rene  plus 

methyl methacry la te  s o l u t i o n s  and here ,  aga in ,  t h i s  i n c r e a s e  i n  

v i s c o s i t y  cannot be accounted f o r  by a molecular complex involv ing  

one monomer molecule and, t h e r e f o r e ,  sugges t s  the  formation of 

p lur imolecular  aggregates .  T h i s  i d e a  of " S w a r m s "  o r  l i n e a r  or -  

ganized s t r u c t u r e s  has  a l s o  been proposed by Gaylord, and t h i s  

could indeed account for some of t h e  observa t ions .  If an i n i -  

t i a t i o n  process  occurs  somewhere along such s t r u c t u r e s ,  a ' lz ipff  

propagat ion  can be envisaged,  involv ing  a l a r g e  number of monomer 

molecules of t h e  aggregate, and such a r e a c t i o n  would indeed 

s c a r c e l y  be a f f ec t ed  by t h e  presence of free r a d i c a l  i n h i b i t o r s  

o r  t r a n s f e r  agents .  

899 

Another s imple system i n  w h i c h  w e  have m e t  unusual  r e s u l t s  

i s  t h e  s o l u t i o n  of s t y r e n e  plus methyl methacry la te  i n  dimethyl- 

formamide. H e r e  w e  have obta ined  wi thout  any f u r t h e r  a d d i t i v e  

an a i t e r n a t i n g  copoiymer a t  room temperature .  A t  l o w e r  tempera- 

t u r e s  (-78OC), s t y r e n e  o r  methyl methacry la te  r e a d i l y  polymerize 

i n  dimethylformamide s o l u t i o n  by a f r e e  r a d i c a l  mechanism, b u t  

t h e  add i t ion  of a f e w  per  cen r s  of one monomer t c  t he  o t h e r  

produces complete i n h i b i t i o n .  I n  a n i l i n e  s o l u t i o n  t h e  same 

monomer p a i r  r e a d i l y  copolymerizes a t  -78OC giv ing  an a l t e r -  
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nat ing copolymer. The rate of copolymerization e x h i b i t s  a 

minimum a t  t h e  s toichiometr ic  composition of both monomers. 

When the temperature i s  raised t o  2 @ C ,  a normal random co- 

polymer i s  formed i n  t h e  same mixtures. This behavior i nd i -  

c a t e s  t he  formation of a "complex" between s tyrene,  methyl 

methacrylate and the solvent.  W i t h  dimethylformamide, t h i s  

complex i s  s t i l l  stable a t  room temperature, whereas i n  

a n i l i n e  it only p e r s i s t s  a t  low temperatures. It should be 

noted t h a t  these mixtures do not  c r y s t a l l i z e  bu t  form g la s ses  

when cooled t o  very low temperatures, which again i n d i c a t e s  

a high v i s c o s i t y  and, consequently, t h e  formation of p l u r i -  

molecular aggregates. 

To conclude, I would l i k e  t o  stress t h a t  Professor Bamford 

w a s  r i g h t  i n  saying t h a t  w e  are probably deal ing w i t h  a l a rge  

number of d i f f e r e n t  systems which cannot be confined i n t o  a 

s i n g l e  framework. A number of f a c t o r s  are responsible  f o r  the 

"complex" behavior, bu t  t h e  s t r u c t u r e  of t h e  bulk l i q u i d  un- 

doubtedly plays a r o l e  i n  c e r t a i n  cases. T h i s  can, fo r tuna te ly ,  

be s tudied w i t h  conventional physical  chemical techniques. 

Bamford: Thank you, Professor Chapiro. I think it is 

gradual ly  becoming clear (as emphasized by t h e  remarks of 

t h e  l a s t  three speakers)  t h a t  w h a t  w e  need is  more p r e c i s e  

physical  chemical i nves t iga t ion ;  f o r  example, observation of 

t h e  effects of i n i t i a t i o n  by monochromatic r a d i a t i o n  f o r  a 

range of wavelengths, or physio-chemical evidence f o r  the 

exis tence of complexes. 

I believe some workers assume the  exis tence during 

polymerization of complexes i n  r e l a t i v e l y  high concentration; 
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i f  t h i s  i s  c o r r e c t ,  it should be p o s s i b l e  t o  d e t e c t  such 

s p e c i e s  by a v a i l a b l e  techniques.  D r .  Hirooka, i n  h i s  IUPAC 

lecture, presented  evidence which appeared t o  show t h a t  i n  

some systems forming a l t e r n a t i n g  copolymers monomer-monomer 

complexes are n o t  formed. 

Furukawa: I th ink  t h a t  D r .  Hirooka w i l l  propose a new i d e a  

i n  which he claimed tha t  t h e  donor-acceptor monomer complex 

w i l l  no t  e x i s t  under t h e  normal cond i t ion ,  b u t  t h e  complex may 

be formed i n  t h e  presence of f r e e  r a d i c a l s  of t h e  growing 

polymer cha ins .  It i s  a very  i n t e r e s t i n g  idea  t o  so lve  many 

problems under d i scuss ion .  But w e  need t h e  evidence f o r  the 

complex formation enhanced by f r e e  r a d i c a l s .  

Bamford: Y e s ,  w e  need experimental  evidence. W e  have a theory  

and experimental  evidence which seems t o  r e f u t e  it. 

Gaylord: Is t h i s  n o t  r e a l l y  a ques t ion  of t h e  v a l i d i t y  of 

nega t ive  evidence? I n  one of my papers ,  I quoted t h e  fac t  

t h a t  complexes had no t  been de tec t ed  b u t  I proposed t h a t  t hey  

were the re .  I later had t o  add a no te  i n  proof t h a t  they  w e r e  

detected w h i l e  t he  paper was i n  p re s s .  I do n o t  r e a l l y  th ink  

t h a t  nega t ive  evidence has t o o  much s i g n i f i c a n c e  u n l e s s  one 

can d e t e c t  t h e  presence of another  ma te r i a l .  The f ac t  t h a t  

you cannot d e t e c t  something does n o t  mean tha t  much. 

Bamford: I cannot  agree  wi th  t h a t .  You assume the  presence 

of a r e l a t i v e l y  l a r g e  concen t r a t ion  of an o r i e n t e d  phase i n  

t h e  form of micelles o r  l i q u i d  c r y s t a l s  which s u r e l y  should 

in f luence  the phys ica l  p r o p e r t i e s  of t h e  system. I f  you 

have t o  assume f u r t h e r  t h a t  these aggrega tes  have no ob- 
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servable p rope r t i e s  except t h a t  they give r ise  t o  a l t e r n a t i n g  

polymers, your argument i s  g r e a t l y  weakened. 

Gaylord: I think t h a t  l i q u i d  c r y s t a l s  or ma te r i a l s  of t ha t  

type a r e  r e l evan t .  We might be able t o  detect them, f o r  

example, by magnetic f i e l d  o r  e l e c t r i c  f i e l d  e f f e c t s .  

are the methods tha t  are r e a l l y  necessary t o  break up such 

aggregates. 

These 

Overberqer: J u s t  a remark and a question. I f  you d o n ' t  

consider any exci ted states, I ' v e  wr i t t en  down seven mech- 

anisms. I f  you consider exci ted states, then there are a t  

least seven more. Now a question r e l a t e d  t o  monomer com- 

plexing with Lewis acids tha t  have been used i n  most of 

t h i s  work--what da t a  i s  ava i l ab le  i n  the  l i t e r a t u r e  a t  the 

present  t i m e  t h a t  these Lewis  ac ids  complex w i t h  t h e  monomer 

tha t  they do not  homopolymerize--for example, i n  t h e  copoly- 

merization of a c r y l o n i t r i l e  and styrene? 

Gaylord: There is  one such piece of evidence. One group of 

Japanese workers has found t h a t  the t a c t i c i t y  of the  styrene- 

methyl methacrylate copolymer i s  dependent upon t h e  nature  of 

t h e  m e t a l  hal ide.  T h e i r  i n t e r p r e t a t i o n  i s  t h a t  t i n  can  com- 

plex w i t h  t h e  carbonyl group of methyl methacrylate as w e l l  

as the  benzene r i n g  of styrene,  thereby modifying t h e  t a c t i c i t y ,  

whereas aluminum complexes only w i t h  t he  methyl methacrylate. 

A t  high concentrat ions of t he  m e t a l  compound, you are a p t  t o  

g e t  c a t i o n i c  polymerization of t he  donor as w e l l  a s  copoly- 

merization w i t h  t h e  acceptor. We have demonstrated t h a t  a t  

l o w  concentrations of the  metal hal ide radical, polymers are 

obtained. 
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Dverberger: If you t ake  t h e  monomer tha t  doesn ' t  g ive  you a 

c a t i o n i c  polymerizat ion,  l e t  us say ,  a c r y l o n i t r i l e ,  can you 

measure t h e  e x t e n t  of t h e  complexing? 

903 

Gaylord: Hirooka 's  d a t a  demonstrates  100% complexation. It 

is  n o t  an equi l ibr ium. The metal  complexes 100% w i t h  t h e  ac- 

ceptor  monomer t o  t h e  e x t e n t  t h a t  t h e  metal i s  present .  

Overberger: It i s  complexed loo%? 

Gaylord: Y e s ,  and Furukawa's cryoscopic  d a t a  i n d i c a t e s  

s i m i l a r  r e s u l t s .  The complex concent ra t ion  i s  i n  d i r e c t  

p ropor t ion  t o  t h e  amount of m e t a l  added. There is  a change 

i n  t h e  number of molecules. 

Overberger: It i s  a 1:l complex? 

Gaylord: Right ,  a l though there are a l s o  2:l complexes. Both 

complexed molecules are acceptors ,  such as i n  t h e  case  of 

a c r y l o n i t r i l e .  There i s  an acrylonitrile-acrylonitrile- 

aluminum complex al though there i s  gene ra l ly  a 1:l methyl 

methacrylate-aluminum complex. 

Overberger: So t he  donors c a n ' t  be s tud ied  because they  

polymerize. You only  know t h a t  you have one monomer complexed. 

Gaylord: Professor  Furukawa has  found by NMR t h a t  t h e r e  is an 

i n d i c a t i o n  t h a t  benzene can complex with methyl methacrylate-  

aluminum. By cryoscopy, he says  t h a t  he can detect three 

component complexes. 

F. Tudos, Budapest, Hungarv: I want t o  add a f e w  words about 

t h e  charge- t ransfer  complexes i n  s o l u t i o n  which are very  d i f -  
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f e r e n t  from those  i n  t h e  s o l i d  state. I n  s o l u t i o n ,  there i s  

the p o s s i b i l i t y  of formation of n o t  on ly  t h e  1:l complexes 

b u t  a l s o  2 : l  and 1 : 2  complexes, e s p e c i a l l y  i n  t he  case of t h e  

i n h i b i t e d  polymerizat ion of s t y r e n e  w i t h  chloroquinones. We 

can demonstrate  t ha t  i n  t h i s  case  there are numerous complexes 

of two s ty rene  molecules and one acceptor  molecule. Another 

characteristic of charge- t ransfer  complexes i n  s o l u t i o n  i s  t h a t  

t he re  are complexes f o r  which t h e  f o r c e  of i n t e r a c t i o n  i s  i n  

t he  order  of two t o  three k c a l  o r  a l i t t l e  more, so t ha t  these 

complexes are very  loose  and their  equi l ibr ium d i s t a n c e  w i l l  

vary  wi th  temperature. 

W PIIElJOMENA IN RADICAL POLYMERIZA!TIO~ 

B. Ranby, Stockholm, Sweden: I would f irst  l i k e  t o  comment on 

t h e  previous d iscuss ion .  I th ink  there are good p o s s i b i l i t i e s  

t o  es tabl ish,  us ing  ESR measurements, whether s i n g l e t  states 

do o c w  i n  t h e  monomer complex formation.  It i s  even p o s s i b l e  

t ha t  ESR s t u d i e s  can c o n t r i b u t e  t o  the problems of charge 

t r a n s f e r  complexes, w e  p rev ious ly  discussed.  S i n g l e t  oxygen 

absorp t ions  t o  double bonds g ive  very  clear sh i f t s  i n  t h e  W 

s p e c t r a  as r e c e n t l y  shown by T s u j i  e t  a l .  i n  Japan. A t  t h i s  

t i m e ,  I would l i k e  t o  r e p o r t  on our r e c e n t  ESR work on a l l y l  

monomer r e a c t i o n s ,  w h i c h  has no t  been presented  and d iscussed  

before .  If  i t  i s  a l l  r i g h t  w i t h  t h e  chairman, I w i l l  p r e sen t  

our new data on a l l y l  monomer i n i t i a t i o n  i n  free r a d i c a l  poly- 

mer iza t ion ,  obtained i n  cooperat ion w i t h  D r .  2. Izumi, a 

v i s i t i n g  s c i e n t i s t  i n  OUT l a b o r a t o r i e s .  

It i s  c o r r e c t  a s  mentioned by Professor Zubov, t ha t  j u s t  

before  t h e  meeting w e  publ ished d a t a  from our l a b o r a t o r i e s  

desc r ib ing  ESR s p e c t r a  of va r ious  r a d i c a l s  consecut ive ly  
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formed dur ing  i n i t i a t i o n ,  propagat ion,  and copolymerizat ion 

(Takakura, K. and Ranby, B., J. Polymer Sci . ,  C, 939 (1969) 

905 

and E, 8, 77 (1970) 1. These s t u d i e s  should have been brought  

up a t  the  IUPAC Meeting i n B o s t o n ,  bu t  t hey  w e r e  no t  known i n  

t i m e .  The papers  w e r e  publ i shed  r a t h e r  l a t e .  What w e  are 

working on now is  a l l y l  monomers, p r e f e r e n t i a l l y  because t h e i r  

r e a c t i o n  o f f e r  many i n t e r e s t i n g  problems which are p a r t i c u l a r l y  

s u i t a b l e  f o r  ESR s t u d i e s  (Doi, Y. and Ranby, B.,  J. Polymer Sci. ,  

- C 31, 231 (1970)). W e  have s tud ied  i n i t i a t i o n  of a l l y l  a lcohol ,  

a l l y l  amine, a l l y l  a c e t a t e ,  a l l y l  s u l f o n a t e ,  and t h e i r  copoly- 

mer iza t ion  with o t h e r  monomers. W e  have a l s o  s tud ied  t h e  cor- 

responding methyl-al ly1 compounds, e.g., a c e t a t e ,  a l coho l ,  

s u l f o n a t e ,  and amine and t h e i r  copolymerizat ion w i t h  o t h e r  

monomers. There are some d a t a  I ‘ d  l i k e  t o  p r e s e n t  he re  t o  

show t h e  use fu lness  of t h e s e  physico-chemical measurements as 

a basis f o r  d i scuss ion  of t h e  r e a c t i o n s .  The i n i t i a t i o n  has  

been made with three redox systems, g iv ing  hydroxyl r a d i c a l s ,  

m i n e  r a d i c a l s  and methyl r a d i c a l s ,  r e s p e c t i v e l y ,  which are 

b a s i c a l l y  ve ry  d i f f e r e n t  i n  t h e i r  a f f i n i t y  t o  these monomers. 

A good monomer t o  use  a s  a r e f e r e n c e  is  a c r y l o n i t r i l e  

( A N )  because it g ives  a b e a u t i f u l  and w e l l  r e so lved  ESR spec- 

trum (Figure  1). Every main l i n e  i s  s p l i t  i n t o  twee equal  

components due t o  t h e  coupl ing t o  the n i t rogen  n u c l e i  w i t h  t h e  

sp in  (-l,O, +l). A c r y l o n i t r i l e  i s  of i n t e r e s t  a l s o  because 

some of t h e  a l l y l  monomers a r e  now being used as comonomers 

w i t h  AN. T h i s  i s  the ESR spectrum of t h e  monomer r a d i c a l  of 

a c r y l o n i t r i l e  i n  aqueous s o l u t i o n  (Figure 1) obta ined  us ing  

the flow t echnique ,  which I presume most of you know. F igure  2 

shows t h e  ESR spectrum of  a l l y l  a lcohol  i n i t i a t e d  by HO. r a d i c a l s  
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Lu p -  
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L-u 

AN POLYMER L a t i  RADl C AL 

L-t-‘ Ly 

Figure  1 (Ranby). ESR spectrum of a c r y l o n i t r i l e  ( A N )  
monomer r a d i c a l s ,  i n i t i a t e d  with HO- r a d i c a l s  from t h e  
redox system T i C 1 3  + H202 i n  aqueous so lu t ion .  

It can be observed d i r e c t l y  i n  t h e  spectrum t h a t  three d i f f e r e n t  

r a d i c a l  components are formed i n  t h e  i n i t i a t i o n  r e a c t i o n .  The 

main spectrum (about  90% of  t h e  i n t e n s i t y )  i s  due t o  a s p e c i e s  

which w e  cal l  head r a d i c a l s  (I), formed by add i t ion  of HO. 

r a d i c a l s  t o  t h e  t a i l  end of  t h e  monomer. The s t i c k  spectrum 

a t  t h e  t o p  i n d i c a t e s  where the  l i n e s  of (I) occur ,  and it i s  

clear t h a t  they  are t h e  s t r o n g e s t  l i n e s  i n  t h e  recorded spec- 

trum. The s e x l e t  spectrum of (1) i s  i n t e r p r e t e d  a s  due t o  

coupl ing t o  t h e  f i v e  a andehydrogens  which are s u f f i c i e n t l y  

equ iva len t  t o  g ive  j u s t  one set  of l i n e s  i n  t h i s  r e s o l u t i o n .  

A w e a k e r  s p e c t r a l  component ( 5  t o  7%) is due t o  r a a i c a l  (11) 

which w e  cal l  t a i l  r a d i c a l s .  They are formed by HO-  r a d i c a l  

add i t ion  a t  t h e  head of the  monomer. There i s  f i n a l l y  a 

t h i r d  very  w e a k  s p e c t r a l  component due t o  a l l v l i c  r a d i c a l s  

(1111, formed by a b s t r a c t i o n  of a hydrogen from t h e  o r i g i n a l  

a l l y 1  a lcohol .  As shown i n  F igure  2 ,  one ESR spectrum can 
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I I , ,;=a! , 

I I  I t  :a: AA- I i a: j AA-E 
Figure  2 (Ranby). ESR spectrum of a l l y l  a lcohol  (AAT 

monomer radicals, i n i t i a t e d  wi th  HC. r a d i c a l s .  [AA? = 

5.5 x [H2O23 = 1.1 x 10-1 and [T iC131  = 7 x mole/ l .  

g ive  information of t he  s t r u c t u r e  and t h e  amount of t h r e e  d i f -  

f e r e n t  r a d i c a l s  formed, i n  t h i s  ca se  a f t e r  i n i t i a t i o n  with HO- 

r a d i c a l s  i n  a f low system with aqueous so lu t ions .  Turning t o  

another  a l l y l  monomer l i k e  a l l y l  a c e t a t e ,  the  ESR spectrum 

looks more complex b u t  can be r e so lved  i n  an analogous way 

(Figure 3). Head r a d i c a l s  (I) are t he  main part of the  

spectrum. The  t a i l  r a d i c a l  spectrum (11) shown a t  t h e  top ,  

i s  much weaker. The a l l y l  r a d i c a l  spectrum (111) i s  ve ry  

weak i n d e e d ,  and t h e  loca t ion  of its l i n e s  is  ind ica t ed  by t h e  

arrows. T h e  p o s i t i o n  of t h e  s p e c t r a l  l i n e s  are known from 

previous work. O t h e r w i s e ,  the  spectrum (111) would probabiy 

have been overlooKed. A l i y l i c  r a d i c a l s  are formed i n  much 

iower amounts from a l l y l  a c e t a t e  than  with a l l y l  a lcohol .  The 

ESR spectrum of a l l y l  a c e t a t e  i n  a system i n i t i a t e d  w i t h  m i n e  

r a d i c a l s  from hydroxyl m i n e  is q u i t e  d i f f e r e n t  (F igure  4 ) .  It 
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- I- - !%l 
AAc-1 

Figure 3 (Ranby). ESR spectrum of a l l y l  acetate 
monomer r a d i c a l s ,  i n i t i a t e d  as i n  F i g u r e  2 .  

- 1 OG I '  

Figure  4 (Ranby). ESR spectrum of allyl a c e t a t e  monomer 

r a d i c a l s ,  i n i t i a t e d  with H N -  r a d i c a l s  from t h e  redox 2 
system NH20H - T i C 1 3 .  

[NH20H1 = 2.5 x and r T i C 1 3 1  = 7 x mole/ l .  

[AAc! = 5.5 x 

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



NEW PHEXOMWA IN RADICAL W L Y M E R I ~ I O B  

shows only one r a d i c a l  (I), i n t e r p r e t e d  a s  a head r a d i c a l ,  formed 

by add i t ion  of an amine r a d i c a l  a t  t h e  t a i l  of the monomer. No 

o the r  r a d i c a l  can be i d e n t i f i e d  i n  t h i s  spectrum. Amine r a d i c a l s  

add apparent ly  very  p r e f e r e n t i a l l y  t o  t h e  t a i l  end of AAc. 

909 

Figure  5 shows an ESR spectrum obtained from copolymerizat ion 

of a l l y l  a lcohol  with AN. The spectrum can be reso lved  i n t o  

f i v e  d i f f e r e n t  components. That is what D r .  Zubov ind ica t ed  

i n  t h e  d i scuss ion .  W e  see t h e  allyl a lcohol  s p e c t r a  (I), (1x1, 

and (111) given a t  t h e  t o p  of F igure  5. I n  add i t ion ,  the acrylo-  

n i t r i l e  spectrum wi th  its t r i p l e t s  i s  i n d i c a t e d  as AN* and t h e  . 
I I ' AA- 1 

I AA-; - 
1 1  I 1  AA- 

Figure 5 (Ranby). ESR spectrum of copolymerizing system 

of AA and AN i n  aqueous s o l u t i o n ,  i n i t i a t e d  as i n  Figure 2 .  
-2 [A41 = 5 . 5  x 1 0  and [AN] = 2.0 x mole/l. 
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910 ITEW PHENOMENA IN RADICAL POLYMERIZATION 

copolymer r a d i c a l  AA - AN- ( a l l y l  a lcohol  p l u s  a c r y l o n i t r i l e )  

which are i d e n t i f i e d  wi th  good evidence. The AA - AN* spectrum 

resembles t h e  AN r a d i c a l  spectrum, b u t  it i s  more narrow ( lower 

coupl ing cons t an t  f o r  p-hydrogen) due t o  t h e  steric hindrance 

i n  t h e  r o t a t i o n  between t h e  AA and t h e  AN monomer u n i t s  i n  t he  

dimer . 
The i n t e r p r e t a t i o n  of F igure  5 is an example t h a t  w e  can 

handle  d i r e c t l y  an ESR spectrum of f i v e  d i f f e r e n t  r a d i c a l s ,  

i d e n t i f y  them, and measure t h e i r  concent ra t ion .  I t h i n k  these  

r e s u l t s  w i l l  p l e a s e  our chairman, Professor  Bamford, who w a s  a 

p ioneer  i n  t h i s  f i e l d  some 15 yea r s  ago (Bamford, C.H. e t  a l . ,  

Nature 175 ,  894 (1955) ) .  I n  one s tudy ,  he measured t h e  ESR 

s p e c t r a  f o r  a c r y l i c  r a d i c a l s  dur ing  polymerizat ion i n  g e l  phase 

where t h e  r a d i c a l s  b u i l d  up t o  r a t h e r  h igh  concen t r a t ions  due 

t o  low te rmina t ion  rates. 

-9 - 

The c h a r t  i n  F igure  6 shows t h e  r a d i c a l  concen t r a t ions  

when a l l y l  a lcohol  i s  copolymerized wi th  inc reas ing  amounts of 

a c r y l o n i t r i l e  a s  comonomer after i n i t i a t i o n  wi th  HO* r a d i c a l s .  

The a l l y l  a lcohol  concent ra t ion  i s  cons tan t .  Addit ion of acrylo-  

n i t r i l e  i n  inc reas ing  amounts f irst  of a l l  decreases  t h e  concen- 

t r a t i o n  of a l l y l  a lcohol  (I) r a d i c a l s  (head r a d i c a l s ) .  It a l s o  

dec reases  t h e  concent ra t ion  of a l l y l  a l coho l  (11) r a d i c a l s  

( t a i l  r a d i c a l s ) .  Both (I) and (11) seem t o  r e a c t  with AN 

monomer. But t h e  amount of a l l y l i c  r a d i c a l s  (AA 111) a c t u a l l y  

i n c r e a s e s  a l i t t l e  when AN i s  added, which could mean t h a t  they 

do no t  take p a r t  i n  t h e  r e a c t i o n  with AN. A l s o  a c r y l o n i t r i l e  

r a d i c a l s  ( A N - )  are inc reas ing  a t  h igher  AN monomer concent ra t ion  
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1 2 3 4 5 6  
[ Acrylonitrile] mole/l. x 10' 

Figure 6 (Ranby). Concentrat ion of d i f f e r e n t  r a d i c a l s  

( a r b i t r a r y  u n i t s )  measured from ESR s p e c t r a  du r ing  

copolymerization of AA with AN a t  d i f f e r e n t  molar 

concent ra t ions  of AN i n  t h e  AA-AN system, i n i t i a t e d  

wi th  HO- r a d i c a l s .  

(AA-1.) ; head r a d i c a l  
(AA-11-1 ; t a i l  r a d i c a l  

(AA-III*); a l l y l i c  r a d i c a l  

( A N - )  ; AN monomer r a d i c a l  

(AA-AN.1 ; AA-AN copolymer r a d i c a l  

[ A A ~  = 5.5 x lo-* mole/ l ,  

as expected. The copolymer r a d i c a l  AA - AN- shows a maximum 

concent ra t ion  a t  ( A N ) %  3 x mole / l i t .  From another  type  

of graph (F igure  7 )  you can d i r e c t l y  d e r i v e  t h e  r e a c t i v i t y  of 

a l l y l  a lcohol  and a l l y l  acetate r a d i c a l s  towards a c e r t a i n  
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[Acrylonitrile) mole / lx  1 O2 
Figure  7 (Ranby). 

ve r sus  concent ra t ion  of AN f o r  t h e  systems: 

P l o t s  of concent ra t ion  r a t i o  M1-AN* / MI- 

(I) VAC-AN; (11) AAc-AN; (111) SVS-AN; (IV) AA-AN; 

(vi)SMAS-AN; ( V I )  MA-AN; i n i t i a t e d  wi th  HO. r a d i c a l s .  

r M l l  = 5.5 x mole/l ( cons t an t ) .  

monomer, a c r y l o n i t r i l e  i n  t h i s  case. For comparison, d a t a  f o r  

v i n y l  a c e t a t e  ( V A c ) ,  sodium v i n y l  s u l f o n a t e  (SVS), sodium 

metha l ly l  s u l f o n a t e  (SMAS) and maleic anhydride ( M A ) ,  are 

p l o t t e d  i n  t h e  same graph (Figure 71, t h e  VAc r a d i c a l s ,  be ing  

very reactive, show a very  high s lope.  Maleic anhydride 

r a d i c a l s  having a rather low r e a c t i v i t y ,  show the  lowest  

s lope.  T h e  o t h e r  monomer r a d i c a l s  have in te rmedia te  reac-  

t i v i t y ,  decreas ing  i n  t h e  order  AAc, SVS, AA and SMAS. Due 

t o  the t i m e  l i m i t ,  I cannot cont inue  f u r t h e r .  I hope these 

r e s u l t s  have shown t h a t  ESR measurements are a very  u s e f u l  

technique f o r  r a d i c a l  polymerizat ion s tud ie s .  And I w i l l  j u s t  

sum up by p resen t ing  a f e w  genera l  r e s u l t s  from our  work. 
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A l l y l i c  r a d i c a l s  i n  measurable amounts are formed only  

from a l l y l  a lcohol  and a l l y l  ethers and no t  from a l l y l  esters. 

T h i s  means t h a t  there should be some o the r  explana t ion  than 

formation of a l l y l i c  r a d i c a l s  f o r  the t r a n s f e r  r e a c t i o n s  and 

t h e  te rmina t ion  of polymerizat ion w i t h  the  a l l y l  monomers 

mentioned. 

Methal lyl  a c e t a t e  g ives  onlya-methylene r a d i c a l s  wi th  

t h e  double bond r e t a ined .  N o  o the r  r a d i c a l s  are found. 

Al ly1  monomers need very  active i n i t i a t i o n  spec ie s  because 

they are no t  r e a c t i v e  as monomers. Hydroxyl r a d i c a l s  can g ive  

both  head and t a i l  radicals, b u t  with m i n e  r a d i c a l s ,  w e  can 

only g e t  t a i l  add i t ion ,  i.e., head r a d i c a l s  o f  a l l y l  monomers. 

Bamford: Thank you very  much, Professor  Ranby f o r  your very  

i n t e r e s t i n g  r e s u l t s .  

he w i l l  speak t o  us. 

Now, I'd l i k e  t o  ask Professor  P la t6  i f  

N. Plate', Moscow, U.S.S.R: I would l i k e  to emphasize t h a t  our 

t o p i c  today i s  new phenomena i n  r a d i c a l  polymerization. I n  my 

viewpoint, t h i s  area is  n o t  l i m i t e d  t o  t he  problem of complex 

formation during t h e  radical polymerizat ion although t h i s  p a r t i -  

c u l a r  f i e ld ,  of course,  i s  of g r e a t  i n t e r e s t  and of g r e a t  prac- 

t i c a l  importance and can r e a l l y  i n s p i r e  new l i f e  i n t o  classical 

ar-a .  

Usual ly ,  and our p re sen t  d i scuss ion  confirms t h i s ,  people 

are paying q u i t e  a b i t  of a t t e n t i o n  t o  the p a r t i c u l a r  chemical 

mechanism of t h e  propagat ion s t ep .  T h e  na tu re  of  a c t i v e  spec ie s ,  

t h e  s t r u c t u r e  of t h e  t r a n s i t i o n  state,  etc., axe being s tud ied  

i n  d e t a i l  and sometimes e l egan t  hypothes is  are proposed. But 

w e  f o r g e t  very  o f t en  t h a t  macroradicals  i n  the  polymerization 
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system are material subs tances  and n o t  i d e a l  s p i r i t u a l  spec ie s  

and t h e i r  conformation and perhaps supermolecular c h a r a c t e r i s t i c s  

may p lay  a very  important  r o l e  i n  t h e  k i n e t i c s  and mechanism of  

t h e  r eac t ion .  To look on radicals as real phys ica l  p a r t i c l e s  is 

now a tendency i n  t h e  f i e l d  of r a d i c a l  polymerizat ion,  and t h i s  

approach is one of t h e  new s i d e s  of t h e  o l d  f i e l d .  

NEW PHENOMENA IN RADICAL POLYMERIZATIO~ 

Two examples of t h e  r o l e  of  t h e  phys ics  of t h e  macroradicals  

follow. One i s  t h e  system of r a d i c a l  photopolymerization of 

methyl methacrylate  s tud ied  by Professor  N. Enikolopyan i n  t h e  

I n s t i t u t e  of Chemical Phys ics  i n  Moscow. Polymerizat ion of MMA 

i n  bulk is i n i t i a t e d  by f l a sh -pho to lys i s  with t he  UV-source 

dur ing  a t i m e  of  sec. This  t i m e  i s  enough t o  produce a 

very  l o w  concent ra t ion  of r a d i c a l s  of t h e  order  of 10'' mole/ l .  

A f t e r  t h e  r e a c t i o n  with impur i t i e s ,  t h i s  concent ra t ion  is  decreased 

t e n  t i m e s  and t h e  concent ra t ion  of r a d i c a l s ,  10-l' mole/ l ,  is 

a s t a t i o n a r y  concent ra t ion  p r a c t i c a l l y  without  recombination. 

This  system is  very  convenient  f o r  s tudying  t h e  k i n e t i c s  of 

t h e  propagat ion rate because t h e  l ifetime of t h e  growing r a d i -  

c a l s  i s  high enough, such as i n  t h e  ** l iv ing* '  polymerizat ion 

sys  terns. 

, 

Using t h e  technique of l i g h t  s c a t t e r i n g ,  t h e  polymerizat ion 

r a t e  and t h e  molecular weight were followed and it was found 

t h a t  t h e  degree of polymerizat ion i s  a func t ion  of  r e a c t i o n  

t i m e .  A t  f i r s t  it is  a l i n e a r  r e l a t i o n s h i p  bu t ,  f i n a l l y ,  

there e x i s t s  an acce le ra t ion  phenomenon. T h e  apparent  m o l e c -  

u l a r  weight of PMMA measured by l i g h t  s c a t t e r i n g  reaches some 

mi l l i ons .  Taking i n t o  cons ide ra t ion  tha t  t h i s  cannot e x i s t  i n  

r e a l i t y  (cha in  t r a n s f e r  t o  t he  monomer l i m i t s  t h e  h ighes t  pos- 

s ib le  molecular weight of MMA), t h e  reason of t h e  phenomena ob- 
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NEW PHENOMEXA IN RADICAL WLYMERIZATION 915 

served i s  n o t  t h e  change of Kp on t h e  course  of polymerizat ion.  

The  explana t ion  i s  t h a t  growing macroradica ls  p e n e t r a t e  one 

i n t o  another  o r  i n t o  t h e  dead chain i n  such a way t h a t  you 

have f i n a l l y  t h e  b i g  c o i l  cons i s t ed  of i n t e r p e n e t r a t e d  cha ins  

of PMMA. What i s i n t e r e s t i n g  i s  t h e  fact  t h a t  you cannot suc- 

ceed t o  achieve such dense i n t e r p e n e t r a t i o n  by mixing of i nd i -  

v idua l  dead PMMA s x r o m o l e c u l e s .  On t h e  con t r a ry ,  t hey  are 

separa ted  e a s i l y  from t h e  system produced dur ing  t h e  r e a c t i o n .  

It means t h a t  you have a very  s p e c i f i c  i n t e r a c t i o n  of growing 

macroradicals  and t h a t  they p o s s e s a  h igh  in t e rpe rmeab i l i t y  

which depends on t h e  p a r t i c u l a r  conformational  behavior  of the 

growing spec ies .  

The o t h e r  example i s  t h e  polymerizat ion of a c r y l a t e s  and 

methacry la tes  w i t h  long a l i p h a t i c  ester groups,  c e t y l  methac- 

r y l a t e ,  oc tadecyl  a c r y l a t e ,  etc., s tud ied  i n  our l abo ra to ry  i n  

t h e  Moscow S t a t e  Univers i ty .  Polymerizat ion i n  bulk o r  i n  

so lu t ion  e a s i l y  produces high molecular weight samples ap- 

proximately 1 0  . The presence of classical cha in  t r a n s f e r  

agents  l i k e  chloroform and carbon t e t r a c h l o r i d e  p r a c t i c a l l y  

does no t  change t h e  polymerizat ion degree.  T h i s  system i s  

close t o  emulsion polymerizat ion i n  m i c e l l e s  when the  side 

branchings i n  growing macroradical  can form a s e p a r a t e  phase. 

The propagat ion proceeds i n  t h e  s t e r i c a l l y  hindered condi t ions  

i n  t h e  se l f -organized  system. The te rmina t ion  s t e p  f o r  such 

macroradicals  becomes d i f f i c u l t  and the  r e a c t i o n  medium i s  

nothing else than a set of microphases. It should be added 

t h a t  the e l e c t r o n  microscopic  photos show the  ex i s t ence  of 

i nd iv idua l  g lobu la r  s t r u c t u r e s ,  t h e  s i z e s  of which correspond 

t o  t h e  molecular weight of the  i n d i v i d u a l  macromolecule with 

6 
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916 NEW PHENObEWA IN RADICAL POLYMWIZATIOIV 

the  X-ray d i f f r a c t i o n  order  with i n t e r p l a n a r  d i s t a n c e  of 4 , 2  61-- 
typical f o r  the  l i q u i d  c r y s t a l l i n e  packing of side cha ins  i n  

t h e  comb-like polymer. 

Bamford: Thank you, Professor P l a t & .  I would l i k e  t o  ask 

P ro fes so r  Manecke t o  speak now. 

G. Manedce, Be r l in ,  Germany: W e  i n v e s t i g a t e d  the  in f luence  of  

s u b s t i t u e n t s  on t h e  po lymer i zab i l i t y  of  d i f f e r e n t  s ty rene  and 

o t h e r  v i n y l  derivatives. W e  have synthes ized  q u i t e  a number 

of  such d i f f e r e n t  s u b s t i t u t e d  d e r i v a t i v e s  and found t h a t  very  

s l i g h t  d i f f e r e n c e s  i n  t h e  c o n s t i t u t i o n  effect d rama t i ca l ly  t h e  

polymerizat ion a b i l i t y  of t h e s e  monomers. W e  thought  t h a t  maybe 

the  d i f f e r e n c e s  i n  polymer izabi l i ty  can be explained by "MR 

s p e c t r a ,  as w e  had a suspic ion  tha t  some of t h e  s u b s t i t u e n t s  

have p u l l e d  t h e  v i n y l  group o u t  of  the  p l a i n  of t he  benzene 

r i n g .  Actua l ly ,  most of these derivatives have shown t h e  same 

chemical s h i f t s  f o r  the  v i n y l  group and a l s o  t h e  same coupl ing 

cons t an t s ,  so t h a t  t he  d i f f e r e n t  polymerizat ion abi l i t ies  cannot  

be explained by NMR spec t ra .  It i s  known t h a t  many s u b s t i t u t i o n  

r e a c t i o n s  i n  o rgan ic  chemistry can be predicted by es t ima t ing  

t h e  a c t i v a t i o n  en tha lpy  of a r eac t ion .  H. LUssi has  t r i ed  t o  

m a k e  p r ed ic t ions  f o r  t he  r e a c t i o n  of copolymerization couples  

by means of a model, which enables  t h e  c a l c u l a t i o n  of t h e  a c t i -  

va t ion  enthalpy for t h e  radical cha in  propagat ion r e a c t i o n  of 

s ty rene  and o t h e r  v i n y l  de r iva t ives .  

I n  t h i s  m o d e l ,  the  a c t i v a t i o n  energy i s  proposed t o  be 

p ropor t iona l  t o  the  sum of  t h e p e r t u r b a t i o n e n e r g i e s  of  t he  

radical on t h e  monomer, which arise dur ing  t h e  approach of  

these two r e a c t i n g  spec ies .  T h i s ,  a c t u a l l y ,  i s  t h e  model of 
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NEW PHENOMENA IN RADICAL WLYMERIZATION 917 

i s o l a t e d  molecules,  and i n  many cases i n  organic  chemistry one 

is  able t o  p r e d i c t  by means of t h i s  model t h e  p o s s i b i l i t y  of 

some r e a c t i o n s  (e.g. ,  s u b s t i t u t i o n  r e a c t i o n s ) .  

Therefore ,  w e  (E. Anders a t  our I n s t i t u t e )  have appl ied  

t h e  LUssi-model t o  c a l c u l a t e  t h e  a c t i v a t i o n  en tha lpy  of t h e  

r a d i c a l  cha in  propagat ion r e a c t i o n  i n  order  t o  g e t  a n  explana- 

t i o n  f o r  our experimental  r e s u l t s .  One has t o  c a l c u l a t e  

(LCAO-HMO-method) t h e  pe r tu rba t ion  ene rg ie s  i n  terms of bond 

o rde r s  and'iT-electron charges of t h e  a t tached  cen te r s .  

one g e t s  by t h i s  method f o r  nea r ly  a l l  s ty rene  d e r i v a t i v e s  t h e  

same va lues  f o r  the a c t i v a t i o n  enthalpy.  Maybe t h e  LCAO-HMO- 

method and/or t h e  LGssi-model are too  rough f o r  t hese  ca l cu la -  

t i o n s .  Therefore ,  t h e r e  should be found a way t o  consider  i n  

these c a l c u l a t i o n s  a l s o  t h e  r e c i p r o c a l  i n t e r a c t i o n  of t h e  not  

n e a r e s t  neighbors.  A l s o  t h e  s tereochemistry,  t he  chain t r a n s f e r ,  

and o the r  p o s s i b l e  r e a c t i o n s  should be considered.  A l l  t h i s  

would be a f u r t h e r  ref inement .  

Actua l ly ,  

Bamford: Professor  Tudos, may w e  have your remarks,  please.  

Tudos: I w i l l  t r y  i n  two minutes t o  say something about ho t  

r a d i c a l s .  There i s  a ve ry  genera l  phenomena of t h e  s to ich iometry  

i n  r a d i c a l  polymerizat ion.  I f  w e  t ake  a classic i n h i b i t o r  f o r  

r a d i c a l  polymerizat ion as, f o r  example, a quinone, w e  do no t  

observe a simple s to ich iometry  f o r  i n h i b i t i o n ,  t h a t  i s  two 

r a d i c a l s  being deac t iva t ed  by one i n h i b i t o r  molecule. In s t ead ,  

f o r  example, f o r  t h e  parabenzoquinone i n h i b i t o r  i n  t h e  poly- 

merizat ion of s ty rene ,  t h e  s to ich iometry  is  1 . 2 3 ,  and f o r  v i n y l  

a c e t a t e  polymerizat ion i s  0.33. This  means tha t  only a po r t ion  

of t he  i n h i b i t o r  i s  consumed a s  such and some side r e a c t i o n  a l s o  
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918 NEW PHmoMR?A I N  RADICAL POLYMERIZATION 

t akes  place.  W e  can exp la in  t h i s  s to i ch iomet r i c  a n a l y s i s  i f  w e  

assume t h a t  when t h e  growing r a d i c a l  reacts wi th  t h e  i n h i b i t o r  

molecule and t h e  h e a t  of r e a c t i o n  is l i b e r a t e d ,  w e  g e t  exc i t ed  

r a d i c a l s  a s  products .  This  spec ie s  can then r e a c t ,  wi thout  sub- 

s t a n t i a l  a c t i v a t i o n  energy with monomer, and i n  t h i s  way w e  g e t  

back a growing polymer r a d i c a l .  

i n h i b i t o r  consumption. I n  o t h e r  cases, w e  can have d e a c t i v a t i o n  

of t h e  i n h i b i t o r  r a d i c a l  by c o l l i s i o n  with t h e  monomer o r  with 

so lven t  molecules, and i n  t h i s  way w e  would g e t  co ld  r a d i c a l s  

t h a t  are able t o  react f u r t h e r  i n  t h e i r  combination wi th  o t h e r  

growing cha ins  t o  form i n a c t i v e  products .  This  then i s  a real 

i n h i b i t i o n  s t e p  i n  which two r a d i c a l s  are deac t iva t ed  by one 

i n h i b i t o r  molecule. I n  t h i s  case ,  t h e  experimental  s to ich iometry  

would be a va lue  of two, b u t  gene ra l ly  it is  much lower than  t h e  

t h e o r e t i c a l  one. An analogous cons ide ra t ion  can a l s o  be appl ied  

t o  chain propagation. 

So w e  g e t  no i n h i b i t i o n  b u t  on ly  

Bamford: Thank you, Professor  TGdb's. Ladies  and gentlemen, w e  

s h a l l  now have t o  c l o s e  t h i s  sess ion .  I do no t  t h ink  w e  could 

hope t o  r each  many very  s p e c i f i c  conclusions t h i s  morning about 

t h e  w i d e  range of complicated phenomena which w e  have heard about. 

Nevertheless ,  I be l i eve  the  d iscuss ion  has served a u s e f u l  purpose, 

no t  only by i n d i c a t i n g  t h e  kind of information which i s  requ i r ed  

f o r  an understanding of the mechanisms of the polymerizat ions w e  

have been cons ider ing ,  b u t  a l s o  by suggest ing poss ib l e  techniques 

f o r  ob ta in ing  such da ta .  Observations which  f a l l  i n t o  Professor  

Overgerger 's  ca tegory  of r e f i n e d  measurements are c l e a r l y  neces- 

s a r y  before  much progress  can be made. May I conclude by thanking 

a l l  t h e  p a n e l i s t s  and a l l  t h e  members of the audience who 

cont r ibu ted .  
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