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TO MY PARENTS 





The e l e c t r o i n i t i a t e d  polymerizat ion of te t rahydrofuran  

w a s  c a r r i e d  out i n  t h e  bulk.  Polymerizations were performed 

i n  divided e l e c t r o l y t i c  c e l l s .  The tetrabutylammonium s a l t s  

were used a s  t h e  e l e c t r o l y t e s .  

The polymerizations were i n i t i a t e d  a t  a  platinum 

anode by t h e  passage of e l e c t r i c a l  cur rent  through t h e  c e l l .  

The r e a c t i o n  mechanism was shown t o  be c a t i o n i c .  Polymer w a s  

not  i s o l a t e d  from t h e  system till 7 or  8 hours a f t e r  i n i t i a l  

cu r ren t  passage. The polymer was charac ter ized  by I R  and 

NMR measurements . 
The polymerizations requi red  h ighly  p u r i f i e d  monomer 

and e l e c t r o l y t e ,  involving t h e  use of high vacuum techniques.  

Polymerizations were attempted i n  d i l u t e  s o l u t i o n s  of var ious  

so lven t s  but  no polymer was i s o l a t e d  i n  such cases .  S tudies  
1 

of the e f f e c t s  of cur rent  r e v e r s a l  demonstrated t h a t  t h e  polymer- 

i z a t i o n  r a t e  could be e i t h e r  slowed or  stopped. 

Kine t i c  s t u d i e s  showed t h a t  t h e  r a t e  of polymerizat ion 

was f i r s t  order wi th  r e spec t  t o  monomer, f i r s t  order  wi th  

r e spec t  t o  e l e c t r o l y t e  concentrat ion,  and one-half order  wi th  

r e spec t  t o  cu r ren t .  A t y p i c a l  r a t e  determined was 9.34 x 

moles/l .-sec.  

A mechanism f o r  t h e  e l e c t r o i n i t i a t e d  c a t i o n i c  

polymerization i s  a l s o  proposed. 
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INTRODUCTI  

GENERAL CONSIDERATIONS 

A polymer i s  a h igh  molecular  weight  compound b u i l t  

up by t h e  r e p e t i t i o n  of small chemical  u n i t s  jo ined  by 

cova l en t  bonds. The r e p e a t  u n i t s  of t h e  polymer, t h e  monomer, 

may be combined l i n e a r l y  o r  i n  a branched o r  i n t e r connec t ed  

network.  The l eng th  of t h e  polymer c h a i n  i s  s p e c i f i e d  by 

t h e  number of r e p e a t i n g  u n i t s  i n  t h e  cha in ,  u s u a l l y  r e f e r r e d  

t o  as t h e  degree  of po lymer iza t ion .  The molecular  weight  

of t h e  polymer t hen  i s  t h e  product  of t h e  weight of the 

r e p e a t  u n i t  and t h e  degree  of po lymer iza t ion .  The l eng th  

of a c h a i n  i s  determined by v a r i o u s  e v e n t s  i n  t h e  polymeriza-  

t i o n  r e a c t i o n .  The polymer may c o n t a i n  molecules of ve ry  

many d i f f e r e n t  c h a i n  l eng ths ,  r e s u l t i n g  i n  a molecular  

weight  d i s t r i b u t i o n .  The most remarkable f e a t u r e s  of h igh  

polymers a r e  t h e i r  mechanical  p r o p e r t i e s  - e l a s t i c i t y ,  t e n s i l e  

s t r e n g t h ,  de fo rmab i l i t y ,ha rdnes s ,  e t c .  which d i f f e r e n t i a t e s  

them from o t h e r  o rgan ic  molecu les .  

The processes  of po lymer iza t ion  have been d iv ided  i n t o  

two c a t e g o r i e s  known a s  condensat ion ( s t e p - r e a c t i o n )  and 

a d d i t i o n  ( c h a i n  r e a c t i o n )  . 
A condensat ion polymer i s  one i n  which t h e  polymer 

does no t  have t h e  same composit ion a s  t h e  monomer o r  monomers 

from which i t  was formed, o r  t o  which i t  may be degraded 

by chemical  means. These polymers a r e  formed from b i -  or  
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po ly func t iona l  monomers w i th  t h e  e l i m i n a t i o n  of a by-product 

i n  a s tep-wise  i n t e rmolecu la r  manner. 

An a d d i t i o n  polymer i s  one i n  which the  molecular  

formula of t h e  s t r u c t u a l  u n i t  i s  i d e n t i c a l  wi th  t h a t  of t h e  

monomer from which t h e  polymer i s  d e r i v e d .  Addi t ion  polymer- 

i z a t i o n s  u s u a l l y  proceed by a c h a i n  mechanism invo lv ing  a c t i v e  

c e n t e r s  on t h e  end of a growing polymer c h a i n .  The a c t i v e  

c e n t e r s  may be e i t h e r  f r e e  r a d i c a l ,  an ion ic ,  o r  c a t i o n i c  

i n  n a t u r e .  Some i n i t i a t i n g  s p e c i e s  i s  u s u a l l y  r equ i r ed  b e f o r e  

t h e  polymerizat ion w i l l  proceed.  

I n  our work, we have p r i m a r i l y  i n t e r e s t e d  ou r se lves  

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

such po lymer iza t ions .  Both of t h e s e  t o p i c s  w i l l  be d i scussed  

more e x t e n s i v e l y  l a t e r .  

The molecular  weight and t h e  molecular  weight 

d i s t r i b u t i o n  a r e  impor tan t  q u a n t i t i e s  t o  be determined, i n  

cons ide r ing  t h e  p r o p e r t i e s  of a polymer. I n  gene ra l ,  t h e r e  

a r e  two types  of molecular  weight d i s t r i b u t i o n  which a r e  

of importance, t h e  number average  (M, ) and t h e  weight 

average molecular  weight (M, ) . The former i s  de f ined  as t h e  

t o t a l  weight of polymer d iv ided  by t h e  number of moles which 

i t  c o n t a i n s .  I t  i s  r e a l l y  a measurement of t h e  number of 

molecules p re sen t  wi th  no regard  t o  s i z e ,  and thus  i s  very  

s e n s i t i v e  t o  low molecular  weight s p e c i e s ,  and may be w r i t t e n  as  



where Ni i s  t h e  number of ith bpec ies  and M, i s  t h e  molecular  

t h  weight of t h e  i s p e c i e s .  The weight average  molecular  

weight ( M ~ )  depends no t  on ly  on t h e  concen t r a t i on  b u t  a l s o  

on t h e  weight of t h e  p a r t i c l e ,  where t h i s  i s  w r i t t e n  as 

where t h e  symbols have same meaning as b e f o r e .  

V i s c o s i t y  measurments of a polymer g i v e  a measure 

of s i z e  of t he  polymer, and may be e m p i r i c a l l y  r e l a t e d  t o  t h e  

molecular  weight of a l i n e a r  polymer by t h e  r e l a t i o n  [q] = KMa 

where K and a a r e  empi r i ca l  cons t an t s ,  bo th  being dependent 

on t h e  n a t u r e  of t h e  polymer, and t h e  s o l v e n t ;  M i s  t he  

molecular  weight,  and [TI i s  t h e  i n t r i n s i c  v i s c o s i t y  obta ined 

from a p l o t  of ( q , , / c )  ve r sus  t h e  concen t r a t i on  ( c )  . The 

nomenclature f o r  i n t r i n s i c  v i s c o s i t y  measurements i s  given i n  

Table  I .  

C A T I O N I C  POLYMERIZATION 

I 

Chain r e a c t i o n  ( a d d i t i o n )  polymerizat ions  occur by 

s e v e r a l  mechanisms. The p r i n c i p a l  t ypes  a r e :  

1. f r e e  r a d i c a l  

2 .  a n i o n i c  

3.  c a t i o n i c  

4 .  coo rd ina t ion  



Table 1. Nomenclature of s o l u t i o n  v i s c o s i t y  (1). 

Common name Recommended name Symbol and equa t ion  

- - 

R e l a t i v e  v i s c o s i t y  Vi scos i ty  r a t i o  

S p e c i f i c  v i s c o s i t y  . . . . . . . . 
Reduced v i s c o s i t y  V i s c o s i t y  number q r e d  = Tlsp/C 

Inhe ren t  v i s c o s i t y  Logarithmic v i s c o s i t y  q in  = ( I n ,  q r /  c )  

number 

I n t r i n s i c  v i s c o s i t y  Limit ing v i s c o s i t y  . 

numb e  r 



The s t e p s  of a n  a d d i t i o n  polymerizat ion can be b r i e f l y  

desc r ibed  as fo l lows:  

1. I n i t i a t i o n :  t h e  a c t i v a t i o n  of monomer molecules 

by a n  i n i t i a t o r  i n t o  growing s i t e s .  

2 .  Propagation:  a d d i t i o n  of monomer t o  a c t i v a t e d  s p e c i e s ,  

-a 
i n c r e a s i n g  t h e  cha in  l e n g t h .  

I M$ 

3. Chain t r a n s f e r :  

+ M - I M ~ + ~  

r e a c t i o n  of t h e  polymeric a c t i v e  

c e n t e r  wi th  monomer o r  ano the r  

subs tance  t o  produce a terminated 

polymer cha in  and ano the r  a c t i v e  

s p e c i e s .  

Sie + M - SM+e 

4 .  Termination:  a c t i v e  c e n t e r  i s  des t royed .  

IM; I M ~  

Broadly speaking,  a c a t i o n i c  po lymer iza t ion  i s  one i n  

which t h e  a c t i v e  end of t h e  growing polymer molecule i s  a 

p o s i t i v e  i o n .  The i o n  may be a carbonium i o n  o r  i t  may be a n  

oxonium i o n .  Other p o s s i b i l i t i e s  may be t h e  sulfonium or  

qua t e rna ry  ammonium i o n s .  The carbonium i o n  cha in  c a r r i e r  i s  

t h e  b e s t  known a t  t h i s  t ime .  

The most important  group of monomers t h a t  a r e  polymer- 

i zed  by carbonium i o n  processes  a r e  t h e  o l e f i n s .  I n  gene ra l ,  



any  monomer whose double bond i s  n o t  d e a c t i v a t e d  by s t r o n g l y  

e l e c t r o p h i l i c  ( e l e c t r o n  wi thdrawing)  s u b s t i t u e n t s  i s  capab le  

of i n i t i a t i o n  by c a t i o n i c  r e a g e n t s ,  provided i t s  s t r u c t u r e  

imposes no g r o s s  s t e r i c  h ind rance .  But because of t h e  g r e a t  

a c t i v i t y  of many monomer carbonium i o n s ,  v a r i o u s  s i d e  r e a c t i o n s  

( 5 )  may predominate over l i n e a r  a d d i t i o n ,  and so  h igh  polymers 

have on ly  been ob ta ined  f o r  a few systems under narrowly 

def ined  c o n d i t i o n s  of temperature  and c a t a l y s t .  I t  i s  

u s u a l l y  neces sa ry  t o  work a t  low tempera tures  ( - 1 0 0 ~ ~ )  u s i n g  

F r i e d e l - C r a f t s  type c a t a l y s t s  ( eg  . ~ 1 ~ 1 3  ), and us ing  o l e f i n s  

such as  i sobu ty l ene ,  t h a t  c o n t a i n s  a t e r m i n a l  methylene group 

and t h a t  y i e l d s  a  t e r t i a r y  carbonium i o n  upon pro tona t ion :  

The v i n y l  e t h e r s  a l s o  form a n  impor tan t  group of 

monomers f o r  c a t i o n i c  po lymer iza t ion .  The v i n y l  e t h e r s  a r e  

very  r e a c t i v e ,  and s o  t he  po lymer iza t ions  a r e  u s u a l l y  c a r r i e d  

ou t  u s ing  mi lder  c o n d i t i o n s  i n  o rder  t o  avoid  c r o s s l i n k i n g  

and c h a r r i n g .  

One of' t h e  few examples i n  which t h e  oxonium i o n  i s  

t h e  a c t i v e  p ropaga t ing  s p e c i e s  i s  t h e  po lymer iza t ion  of 

t e t r a h y d r o f u r a n  d i scovered  by Meerwein around 1940 ( 6 )  . The 

po lymer iza t ion  of oxacyclobutane a l s o  proceeds v i a  a n  oxonium 

i o n  ( 7 ) .  
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A .  General  Fea tu re s  of t h e  ~ e a b t i o n  

The n a t u r e  of t h e  carbonium i o n  o r  oxonium i o n  l a r g e l y  

determines  t he  c h a r a c t e r  of t h e  c a t i o n i c  polymerizat ion,  i .e . 
t h e  ea se  of fo rmat ion  and d e s t r u c t i o n  of t h e  i on ,  i t s  r e a c t i o n s  

and rea r rangements .  The a b i l i t y  of a n  i o n  t o  propagate  a 

cha in  i s  determined by i t s  energy - t h e  g r e a t e r  t h e  energy,  

t h e  l e s s  s t a b l e  t h e  i o n .  I f  t h e  i o n  i s  of ve ry  h i g h  s t a b i l i t y  

(low energy)  t h e  i o n  w i l l  form e a s i l y ,  b u t  may n o t  be of 

s u f f i c i e n t  energy t o  r e a c t  w i th  a c e r t a i n  monomer. Conversely,  

i f  t h e  i o n  i s  of low s t a b i l i t y  ( h i g h  energy)  i t  w i l l  be 

d i f f i c u l t  t o  form, w i l l  be e a s i l y  des t royed ,  and may y i e l d  

unwanted s i d e  r e a c t i o n s .  The t e r t i a r y  a l k y l  and s t y r y l  

carbonium ions ,  and t h e  t e r t i a r y  a l k y l  oxonium i o n s  ach i eve  

a reasonable  ba lance  of t h e  two extremes.  The impor tan t  

q u a n t i t y  t o  be considered i s  t h e  energy of fo rmat ion  of t h e  

so lva t ed  c a t i o n  which i nvo lves  t h e  energy of d i s s o c i a t i o n  

of a po lymer-ca ta lys t  complex and t h e  energy of s o l v a t i o n  

of t h e  r e s u l t i n g  i o n s .  

When a carbonium i o n  i s  involved i n  t h e  r e a c t i o n ,  i t  

i s  assumed t h a t  i t s  c o n c e n t r a t i o n  i s  minute,  because such 

i o n s  a r e  ve ry  r e a c t i v e  s p e c i e s  and few have been d e t e c t e d .  

The evidence f o r  a carbonium i o n  propagat ing s p e c i e s  i n  

c a t i o n i c  po lymer iza t ions  may be seen  from t h e  fo l l owing  

g e n e r a l  c h a r a c t e r i s t i c s  of t h e  r e a c t i o n :  

i )  i n c r e a s i n g  s o l v e n t  p o l a r i t y  i n c r e a s e s  r a t e  of 

r e a c t i o n .  
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i i)  F r i e d e l - C r a f t s  c i t a l y s t s  ( a r e  c a t i o n i c  i n  n a t u r e )  

a r e  e f f e c t i v e  i n i t i a t o r s .  

iii ) t h e  monomers have a n u c l e o p h i l i c  c h a r a c t e r .  

i v )  i n h i b i t i o n  by amines and a n i o n s .  

v )  c e r t a i n  monomers which do n o t  polymerize by f r e e  

r a d i c a l  p rocesses  do polymerize i n  t h e s e  sys tems.  

I n  gene ra l ,  oxonium i o n s  a r e  more s t a b l e  than  carbonium 

i o n s ,  and thus  oxonium i o n s  a r e  much more e a s i l y  d e t e c t e d .  

The cho ice  of s o l v e n t  f o r  c a r r y i n g  o u t  a carbonium i o n  

po lymer iza t ion  i s  r e s t r i c t e d  by t h e  fo l l owing  requirements :  

i )  i t  must n o t  r e a c t  w i t h  t h e  i o n i c  s p e c i e s  involved 

i n  t h e  po lymer iza t ion .  

i i)  i t  must d i s s o l v e  t h e  r e a c t a n t s ,  o f t e n  a t  low 

tempera tures .  

iii) i t  should no t  complex o r  r e a c t  wi th  t h e  c a t a l y s t  

s u f f i c i e n t l y  t o  r e t a r d  t h e  r e a c t i o n .  

i v )  i t  must remain f l u i d  a t  low tempera tures  o f t e n  

below -100 O C .  

The most s u i t a b l e  s o l v e n t s  t hen  a r e  low p o l a r i t y  s o l v e n t s .  

Normally, however, i o n i c  r e a c t i o n s  a r e  favoured by h igh  

p o l a r i t y  s o l v e n t s .  But some ba lance  must be ach ieved ,  and 

u s u a l l y  low p o l a r i t y  s o l v e n t s  such as methyl  c h l o r i d e  and 

methylene c h l o r i d e  a r e  used .  

Carbonium i o n  po lymer iza t ions  a r e  u s u a l l y  favoured 

by low tempera tures ,  t h e  main reasons  be ing  k i n e t i c ,  b u t  a l s o  
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because a dec rease  i n  temperatu>e can i n c r e a s e  t h e  d i e l e c t r i c  

c o n s t a n t .  I t  has  u s u a l l y  been found t h a t  as  the  d i e l e c t r i c  

c o n s t a n t  of t h e  s o l v e n t  i s  i nc rea sed ,  t h e  r a t e  of po lymer iza t ion  

i s  i n c r e a s e d  markedly, b u t  t h e  molecular  weight  on ly  moderately,  

t h u s  showing t h a t  t h e  i n i t i a t i o n  process  i s  t h e  most a f f e c t e d .  

B .  Mechanism of Ca t ion ic  Po lymer iza t ions  

1. I n i t i a t i o n  - The common methods of i n i t i a t i n g  a 

carbonium i o n  po lymer iza t ion  can be c l a s s i f i e d  as fo l lows:  

a )  F ro tona t ion  of monomer 

i )  by simple a c i d s  

i i )  by complex a c i d s  

b )  Reac t ions  y i e l d i n g  carbonium i o n s  

i )  r e a c t i o n  of a l k y l  h a l i d e s  w i th  F r i e d e l -  

Crafts r eagen t  

ii) r e a c t i o n  of i o d i n e  w i t h  monomer, and o t h e r  

examples 

c )  Rad ia t i on  

These a r e  now d i scus sed  i n  more d e t a i l .  

a )  p ro tona t ion  of monomer 

The requ i rements  f o r  t h i s  t o  occur a r e  t h  .at t h e  a c i d  

be of s u f f i c i e n t  s t r e n g t h  t o  produce t h e  equ i l i b r ium concent ra -  

t i o n  of i o n s  r equ i r ed  t o  ma in t a in  a reasonable  r a t e  of polymer- 

i z a t i o n ,  and t h a t  t h e  a c i d  a n i o n  be of s u f f i c i e n t l y  low 

n u c l e o p h i l i c  c h a r a c t e r  t h a t  t e rmina t ion  by recombination of 

i o n s  i s  n o t  impor t an t .  



i )  by simple a c i d s  ' 

I n i t i a t i o n  of t he  more r e a c t i v e  monomers can sometimes 

be accomplished wi th  t h e  simple p ro ton ic  a c i d s .  A po lymer iza t ion  

mechanism wi th  a high r a t e  of t e rmina t ion  i s  expected.  

Thus t h e  polymerizat ion of o l e f i n s  by simple a c i d s  l eads  a lmos t  

i n v a r i a b l y  t o  low molecular  weight polymer. A s  r epo r t ed  by 

Tauber i n  1960 (8), anhydrous p e r c h l o r i c  a c i d  i n  e thy lene  

c h l o r i d e  s o l u t i o n  w i l l  no t  polymerize 2-butene because of 

appa ren t  e s t e r  fo rma t ion .  S tyrene  has  been polymerized wi th  

s u l f u r i c  o r  p e r c h l o r i c  a c i d  i n  e thy lene  c h l o r i d e  t o  a 

molecular  weight of on ly  a few thousands (9 ,10)  . 
i i)  complex a c i d s  - Lewis a c i d s  

The most impor tan t  of a l l  c a t i o n i c  i n i t i a t o r s  a r e  t h e  

F r i e d e l - C r a f t s  c a t a l y s t s .  The fo rmula t ion  of a mechanism 

was hampered by t h e  d i f f i c u l t y  of env isag ing  how a n  i o n i c  

r e a c t i o n  could be i n i t i a t e d  by a F r i e d e l - C r a f t s  h a l i d e  l i k e  

A l C 1 3 .  Various t h e o r i e s  were proposed (11 ,12 ) ,  b u t  i t  wasnf t 

u n t i l  1950 t h a t  Evans and Polanyi e s t a b l i s h e d  t h a t  water  co- 

c a t a l y s i s  was involved i n  t h e  polymerizat ion of i sobutene  by 

boron t r i f l u o r i d e  ( 1 3 ) .  No po lymer iza t ion  occurred when t h e  

components were pure and d r y .  The need f o r  a pro ton  source ,  

des igna ted  t h e  c o - c a t a l y s t ,  i n  t h e  polymerizat ion of s t y r e n e  

wi th  aluminum c h l o r i d e  has  been demonstrated ( 1 4 ~ 1 5 ) .  The 

pro ton  necessary  f o r  i n i t i a t i o n  i s  fu rn i shed  by a n  i o n i c  hydra t e  



or  some c a t a l y s t - c o - c a t a l y s t  cbmplex: 
H - 

BF3 + ROH + F,B+O( F3BOR + H' 
The mechanism, then ,  of hydroggn co-ca ta lyzed  systems i s  as  

fo l l ows ,  u s i n g  i sobu tene  as a n  example: 

'333 
i n i t i a t i o n :  * + CH2=C( ( c H ~ ) ~ c +  

C H 3  

b )  r e a c t i o n s  y i e l d i n g  carbonium i o n s  

i )  r e a c t i o n  of a l k y l  h a l i d e  wi th  F r i e d e l - C r a f t s  

r eagen t  

Po lymer iza t ion  may b e  i n i t i a t e d  by carbonium ions ,  

as shown by t h e  po lymer iza t ion  of o c t y l  v i n y l  e t h e r  by t r i p h e n y l -  

methyl  c h l o r i d e  i n  i on i z , i ng  s o l v e n t s  ( 1 6 ) ,  and by t h e  

i n c o r p o r a t i o n  of a l k y l a n d  groups  i n t o  polymers prepared i n  

s o l u t i o n s  of a l k y l  bromides (17). Reac t ion  of a n  a p p r o p r i a t e  

a l k y l  h a l i d e  wi th  a ~ r i e d e l - c r a f t s  r eagen t  should lead  t o  

t h e  same carbonium i o n  p a i r  as does p r o t o n a t i o n  of t h e  c o r r e s -  

ponding o l e f i n .  I n t e r a c t i o n s  of t h i s  type ,  " s o l v e n t  co- 

c a t a l y s i s " ,  have been used t o  e x p l a i n  t h e  non-necess i ty  of 

wdter c o - c a t a l y s i s  i n  c h l o r i n a t e d  hydrocarbons .  

The process  f o r  F r i ede l -Cra . f t s  c a t a l y s i s  can be 

g e n e r a l l y  wri - t ten  a s :  



where MX, i s  t h e  ~ r i e d e l - c r a f t s  c a t a l y s t  and AB r e p r e s e n t s  t h e  

c o - c a t a l y s t ,  a n  i o n i z a b l e  compound whose d i s s o c i a t i o n  may be 

enhanced by complexing wi th  t h e  c a t a l y s t .  

ii ) i o d i n e  and o t h e r  examples 

Iod ine  (18) and i o d i n e  c h l o r i d e  (19) and bromide have 

been used t o  i n i t i a t e  c a t i o n i c  po lymer iza t ion .  I t  i s  p o s t -  

u l a t e d  t h a t  i n  v i n y l  e t h e r  po lymer iza t ion ,  p a r t  of t h e  i o d i n e  

i s  taken  up a s  a  c a t a l y t i c a l l y  i n a c t i v e  IT complex and t h a t  

on ly  t he  1' i s  involved i n  t h e  a c t u a l  i n i t i a t i o n :  

Other i n i t i a t o r s  r e p o r t e d  i n  t h e  l i t e r a t u r e  a r e  i o n i c  
+ 

compounds such as ( C ~ H , ) ~ '  BF4-, ~ 0 ~ '  BF*-, and C H ~ C = O C ~ O ~ ' ( ~ O ) .  

Oxonium i o n s ,  which a r e  prepared by a l k y l a t i o n  o f '  

a n  e t h e r  a c i d  complex wi th  some ve ry  a c t i v e  a l k y l a t i n g  agen t  

such as epoxide, diazomethane, o r  ke tene ,  a r e  a l s o  used as 

i n i t i a t o r s :  

R 
>O + HX+CHzNz - 0-CH3 X- + N2 
R' R': 

The oxonium i o n s  have been used i n  t h e  po lymer iza t ion  of THF, 

oxacylobutane (7), and v i n y l  e t h e r s  ( 2 1 )  . 
c )  h igh  energy r a d i a t i o n  

Polymerizat ions  can be  i n i t i a t e d  by h igh  energy r a d i a -  

t i o n s  such as gamma r a y s  and f a s t  e l e c t r o n s .  Most i n i t i a t o r s  

t h u s  produced a r e  f r e e  r a d i c a l .  A few c a t i o n i c  c a s e s  have been 

observed,  a n  example be ing  t h e  po lymer iza t ion  of i sobu ty l ene  ( 2 2 )  

which was i n i t i a t e d  by a vacuum u l t r a - v i o l e t  sou rce .  
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2 .  Propagat ion 

The propagat ion i n  o l e f i n s  may be regarded as a n  

e l e c t r o p h i l i c  a t t a c k  by t h e  i o n  a t  t h e  i-r e l e c t r o n s ,  and t h e  e a s e  

wi th  which t h i s  occurs  i s  governed by t h e  s t a b i l i t y  of t h e  i o n  

and t h e  b a s i c i t y  of t h e  o l e f i n .  

The monomer molecule w i l l  be h i g h l y  p o l a r i z e d  i n  t h e  t r a n s i t i o n  

s t a t e ,  and hence t h e  s i t e  of a d d i t i o n  w i l l  be determined by 

t h e  c h a r a c t e r  of i t s  s u b s t i t u e n t s .  S ince  t h e s e  a r e  u s u a l l y  

e l e c t r o p o s i t i v e  groups,  we should expect  c a t i o n i c  a d d i t i o n  t o  

occur a t  t h e  l e a s t  s u b s t i t u t e d  end of t h e  double bond (more 

s t a b l e  carbonium i o n )  g i v i n g  a r e g u l a r  head t o  t a i l  s t r u c t u r e ,  

as  shown by po ly i sobutene  ( 2 3 )  . The coulombic energy of 

i n t e r a c t i o n  between t h e  i o n  and t h e  d i p o l e  ind.uced i n  t he  

monomer double  bond. reduces  t h e  a c t i v a t i o n  energy f o r  propa- 

g a t i o n  below t h a t  f o r  f r e e  r a d i c a l  p rocesses ,  g i v i n g ,  i n  

gene ra l ,  low o v e r a l l  a c t i v a t i o n  e n e r g i e s  f o r  i o n i c  polymeriza-  

t i o n s  ( 2 4 ) .  The n a t u r e  of t h e  r e a c t i o n  i m p l i e s  t h a t  i t  would 

be ve ry  s u s c e p t i b l e  t o  t h e  n a t u r e  of t h e  groups a t t a c h e d  t o  

t h e  double bond, de te rmin ing  n o t  on ly  t h e  s t r u c t u r e  a s  men- 

t i oned  above, b u t  a l s o  t h e  r a t e  a t  which t h e  propagat ion 

proceeds .  

The r e v e r s e  of propagat ion,  depolymer iza t ion ,  i s  n o t  

t o o  impor tan t  i n  carbonium i o n  po lymer iza t ions  because t h e  

r e a c t i o n s  a r e  c a r r i e d  ou t  w e l l  below t h e  c e i l i n g  tempera tures .  

I n  t h e  oxonium i o n  po lymer iza t ion  of T H F , a  t r u e  equ i l i b r ium 

between polymer and monomer i s  observed.  



3.  T rans fe r  r e a c t i o n s  ' 

Monomer t r a n s f e r  appea r s  t o  be t h e  dominant f a c t o r  

i n  de te rmin ing  t h e  molecular  weight  a t  room tempera tures .  

Reac t ion  between a carbonium i o n  and monomer can lead  t o  e i t h e r  

t o  t h e  t r a n s f e r  of t h e  c a t i o n  from polymer t o  monomer 

i n i t i a t i o n  of one chain ,  and t e r m i n a t i o n  of t h e  o t h e r  

c h a i n  growth o r  t o  cha in  t r a n s f e r  t o  t h e  monomer, t h a t  i s ,  

w i t h  t h e  

. The 

process  may be v i s u a l i z e d  as  fo l l ows :  
I 

\ I 

H-f-H C: k t ,  
+ II 

H-k-H 
I 

Y-C-H + C Y- C Y-C-IT 
f k Y' H + 

Here t h e r e  i s  a t r a n s f e r  of a pro ton  from t h e  polymer carbonium 

i o n  t o  a monomer molecule, l e av ing  a "dead" polymer w i t h  a 

t e r m i n a l  double bond. 

Another type  of t r a n s f e r  i n  which t h e  carbonium , i o n  

c a p t u r e s  a hydr ide  i o n  from a dead polymer molecule o r  from 

ano the r  polymer carbonium i o n  i s  c a l l e d  hydr ide  t r a n s f e r .  + 
-MM- C+ + -AwCH~WG- --+ +CH + *C+ + + 
~ c +  + +cH+&c+ - -s\~\/+cH + *c-c~\nrl~ 

Th i s  b r i n g s  about  fo rmat ion  of h i g h l y  branched polymers.  

4 .  Termination Reac t ions  

When t h e  growth of a polymer c h a i n  i s  stopped wi thou t  

s imul taneous  i n i t i a t i o n  of a new cha in ,  t h e  p rocess  i s  known 

as t e r m i n a t i o n .  S e v e r a l  p rocesses  by which t e rmina t ion  may 

proceed a r e :  
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i )  proton expuls ion  
+ 

-AVWCH~-CHY +CH=CHY + 
MX, B ' 

i i )  combination with  a n  a n i o n  
+ Y 

+CH2-CHY I N V L ~ - C H ~ - C - H  + 
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H+ MX, B - 

iii) resonance s t a b i l i z a t i o n  of m u l t i v a l e n t  carbonium 

i o n s  

A s  a r e s u l t  of hydr ide  t r a n s f e r ,  doubly charged carbonium 

i o n s  a r e  formed, which then r e a c t  wi th  monomer t o  form a l l y l i c  - 

type  carbonium ions, which a r e  s o  s t a b i l i z e d  by resonance as  

t o  be i ncapab le  of f u r t h e r  p ropaga t ion .  

C .  K i n e t i c s  

K i n e t i c  a n a l y s e s  f r e q u e n t l y  i nvo lve  the  s t eady  s t a t e  

assumption,  tha , t  t h e  concen t r a t i on  of a c t i v e  c e n t e r s  i s  

c o n s t a n t .  This assumption i s  v a l i d  f o r  many c a t i o n i c  polymer- 

i z a t i o n s ,  bu t  on t h e  o t h e r  hand, i s  no t  v a l i d  f o r  some systems.  
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Let t h e  c a t a l y s t  be A ,  and t h e  c o - c a t a l y s t  R H .  

A + RH A-RH 1 > 
A-RH + M ki > HP AR- 2 )  

HM,' AR' + M 
k, 

> HI$+, AR- 3) 

HMC AR- 
kt > Mx + A-RH 4 

H@ AR' + M kt  r > Mx + H@ AR' 5) 

I f  2 )  i s  t h e  r a t e  de te rmin ing  s t e p ,  t hen  t h e  r a t e  of 

i n i t i a t i o n  i s  v, =k, [c][M], where C i s  t h e  c a t a l y s t  

c o n c e n t r a t i o n .  S ince  t e rmina t ion  i s  f i r s t  order ,  then 

vt  =kt [i@] . (M' i s  t h e  c o n c e n t r a t i o n  of a l l  a c t i v e  c e n t e r s  . )  

By s t e a d y  s t a t e  assumption,  

There fore ,  t h e  o v e r a l l  r a t e  i s  g iven  by 

ELECTROINITIATED POLYMERIZATIONS 

A . Scope of E l e c t r o i n i t i a t i o n  

The gene ra t i on  of v a r i o u s  s p e c i e s  a t  a n  e l e c t r o d e  may 

be  u t i l i z e d  t o  i n i t i a t e  po lymer i za t i on .  The s p e c i e s  produced 

may be such s o  a s  t o  i n i t i a t e  f r e e  r a d i c a l ,  a n i o n i c ,  

c a t i o n i c ,  l i v i n g ,  and condensat ion po lymer iza t ion ,  depending 

on t h e i r  n a t u r e .  The e l e c t r o l y t i c  i n i t i a t i o n  p r e s e n t s  a  

means of c o n t r o l l i n g  t h e  amount of i n i t i a t o r .  The p o t e n t i a l  
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of t h e  e l e c t r o d e  may be  regarded a s  t h e  f a c t o r  de te rmin ing  

t h e  k inds  of subs tances  e l e c t r o l y z e d  and t h e  c u r r e n t  may 

be regarded as  a n  i n i t i a t o r  r e g u l a t o r .  The p rog re s s  of t h e  

polymeriza. t ion a f t e r  t h e  i n i t i a t i o n  s t a g e  should be s i m i l a r  

t o  convent iona l  po lymer iza t ion .  E l e c t r o i n i t i a t i o n ,  then,  i s  

a means 

i z a t i o n  

s p e c i e s  

of p rov id ing  some degree  of c o n t r o l  over t h e  polymer- 

r e a c t i o n .  

D i r e c t  i n i t i a t i o n ,  i n  which t h e  a c t i v e  i n i t i a t i n g  

(be  i t  from monomer o r  a d d i t i v e )  i s  formed by a n  

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

r a d i c a l  i n i t i a t o r s :  

CH31 + e' -----+ CH; + I- ca thod ic  

( ~ ~ ~ 5 0 ~ 0 )  3 ~ -  ----+ ( ~ ~ ~ 5 0 ~ 0 )  3~ ' + e' anodic  

The e l e c t r o d e  may a l s o  be considered as  a Lewis a c i d  o r  base  

of v a r i a b l e  s t r e n g t h  which might i n i t i a t e  i o n i c  po lymer iza t ion :  

X + e' -----+ X- 

X- + M XM- a n i o n i c  

XW + M X W  . . .  e t c .  

c a t i o n i c  

EM+ +M A RMJYI' . . .  e t c .  

I n d i r e c t  e l e c t r o i n i t i a t i o n  r e f e r s  t o  t h e  e l e c t r o l y t i c  

fo rmat ion  of a s p e c i e s  of a n  e s s e n t i a l l y  chemical  i n i t i a t i n g  

system, t h a t  i s ,  where t h e  c a t a l y t i c  s p e c i e s  genera ted  a t  

t h e  e l e c t r o d e  r e a c t s  wi th  a second s p e c i e s  i n  t h e  bu lk  of 



t h e  po lymer iza t ion .  This  i s  i l l u s t r a t e d  by t h e  fo l l owing  

redox system ( 2 5 ) :  

~ e + ~  + e' ~ e + ~  

Fe+ + H202 ------+ ~ e + ~  + OHT + HO. 

where t h e  HO r a d i c a l s  may i n i t i a t e  po lymer iza t ion .  The 

e l e c t r o l y t i c  r e d u c t i o n  of oxygen t o  hydrogen peroxide ,  which 

t hen  polymerizes methyl  me thac ry l a t e  i s  ano the r  example of 

i n d i r e c t  i n i t i a t i o n  ( 2 6 ) :  

O 2  + e- + H+ - H02. 

H02. + e- + H+ A H202 

where H02 could i n i t i a t e  t h e  polymeriza , t ion.  

B.  E l e c t r o i n i t i a t e d .  Free Rad ica l  Polymeriza. t ion 

1. Cathodic 

One of t h e  f i r s t  po lymer iza t ions  a t  t h e  cathode was 

r epo r t ed  by Wilson i n  1949 (27), i n  which methyl  me thac ry l a t e  

was polymerized i n  aqueous o r  methanol ic  s u l f u r i c  a c i d  s o l u -  

t i o n s  u s i n g  v a r i o u s  cathode m a t e r i a l s .  I t  was proposed 

t h a t  f r e e  r a d i c a l  c e n t e r s  were produced by the  a d d i t i o n  of 

hyd.rogen atoms, formed a t  t he  cathod.e, t o  t h e  monomer double  

bond . 
I t  was l a t e r  shown by Parravano ( 2 8 )  i n  1951 t h a t  

t h e  po lymer iza t ion  of methyl  me thac ry l a t e  indeed was due t o  

hydrogen atoms produced a t  t h e  ca.thode. 

Tsvetkov ( 2 9 )  found t h a t  s t i r r i n g  of t h e  e l e c t r o l y s i s  

s o l u t i o n  decreased t h e  e f f i c i e n c y  of t h e  po lymer iza t ion  of 

methyl  methacry la te ,  as  compared t o  a n  u n s t i r r e d  s o l u t i o n .  He 



e x p l a i n s  t h i s  by p i c t u r i n g  t h e  po lymer iza t ion  c e n t e r s  as  

i n d i v i d u a l  d r o p l e t s  whose number i s  decreased  upon s t i r r i n g ,  

w i th  a consequent i n c r e a s e  i n  r a t e  of t e r m i n a t i o n .  He a l s o  

s t u d i e d  t h e  e f f e c t s  of c u r r e n t  d e n s i t y ,  temperature ,  and 

e l e c t r o d e  dimensions on t h e  y i e l d  of t h e  polymer. 

Mentioned p rev ious ly  were ' t he  s t u d i e s  of Federova ( 2 6 )  

and Kolthof f ( 2 5 )  who, r e s p e c t i v e l y ,  polymerized methyl  

me thac ry l a t e  and a c r y l o n i t r i l e  e l e c t r o l y t i c a l l y .  

2 .  Anodic 

Repor ts  of anodic  f r e e  r a d i c a l  po lymer iza t ions  a r e  

indeed few.  The c l a s s i c a l  method of producing f r e e  r a d i c a l s  

a t  t h e  anode i s  t h e  Kolbe e l e c t r o l y s i s .  The f i r s t  success  

was t h e  po lymer iza t ion  of s t y r e n e  a t  t h e  anode repor ted  by 

Goldschmidt and S t o c k e l  i n  1952 (30) . Polymer iza t ions  of 

v i n y l  a c e t a t e ,  v i n y l  c h l o r i d e ,  and methyl  methacry la te  were 

s tud i ed  i n  aqueous s o l u t i o n s  w i th  potassium a c e t a t e  a s  

e l e c t r o l y t e  by Smith and Gi lde  (31). 

Brei tenbach i n  1962 ( 3 2 )  r e p o r t e d  t h e  po lymer iza t ion  

of methyl  me thac ry l a t e  i n  a c e t i c  a c i d / a c e t i c  anhydr ide  

s o l u t i o n  s a t u r a t e d  w i t h  l i t h i u m  a c e t a t e .  A more d e t a i l e d  

s tudy  on methyl  me thac ry l a t e  was done by Funt and Yu (33) 

u s i n g  d imethy l  s u l f  oxide,  a non-aqueous s o l v e n t ,  i n  which 

bo th  monomer and polymer a r e  s o l u b l e .  The f r e e  r a d i c a l  

c h a r a c t e r  was demonstrated,  a s  w e l l  as t h e  degree  of c o n t r o l  

which could be exe r t ed  on t h e  po lymer iza t ion  by t h e  c u r r e n t .  

The i n i t i a t i o n  of methyl  me thac ry l a t e  po lymer iza t ion  
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by the  Kolbe e l e c t r o l y s i s  of spdium a c e t a t e  i n  water ,  aqueous 

e thano l ,  and methanol has  been s t u d i e d  by Tsvetkov ( 3 4 , 3 5 ) .  

A 50% convers ion  was ob ta ined  i n  two h o u r s .  

C . E l e c t r o i n i t i a t e d  Anionic Pol.yrnerization 

I n  c o n t r a s t  t o  f r e e  r a d i c a l  po lymer iza t ions ,  a n i o n i c  

po lymer iza t ions  a r e  n o t  s u b j e c t  t o  b imolecu la r  t e r m i n a t i o n  

by t h e  i n t e r a c t i o n  of f r e e  r a d i c a l s .  Thus i t  i s  t o  be 

expected t h a t  t h e  molecular  weight  of t h e  polymer w i l l  be 

much h i g h e r ,  and t h e  e l e c t r i c a l  e f f i c i e n c i e s  ( t h e  number of 

monomer u n i t s  added per f a r a d a y )  wj.1.l a l s o  be i n c r e a s e d .  

I n  1957, Yang, McEwan, and Kleinberg (36), us ing  

magnesium e l e c t r o d e s  i n  anhydrous py r id ine ,  polymerized s t y r e n e  

by a n  a n i o n i c  mechanism. 

Brei tenbach ( 3 7 )  showed t h a t  t h e  po lymer iza t ion  of 

a c r y l o n i t r i l e  u s i n g  a qua t e rna ry  ammonium sa l t  was a n i o n i c ,  

and no t  f r e e  r a d i c a l  as he had p r e v i o u s l y  thought ( 38 ) .  

Funt and coworkers have a l s o  c a r r i e d  ou t  some a n i o n i c  

po lymer iza t ions .  The po lymer iza t ions  of a c r y l o n i t r i l e  ( 3 9 )  

showed a f i r s t  o rde r  r a t e  dependence on c u r r e n t  and monomer 

c o n c e n t r a t i o n .  The po lymer iza t ion  of s t y r e n e  i n  dimethyl-  

formamide ( 4 0 )  w a s  done u s i n g  v a r i o u s  a l k a l i  me ta l  n i t r a t e s  

as t h e  e l e c t r o l y t e .  More r e c e n t l y ,  tetramethylammonium c h l o r i d e  

i n  dimethylformamide was used a s  a conduct ing medium f o r  t h e  

a n i o n i c  po lymer iza t ion  of s t y r e n e  ( 4 1 )  and of methyl  methacry- 

l a t e  ( 4 2 ) ,  t h e  former be ing  a f i r s t  order  wi th  r e s p e c t  t o  

c u r r e n t ,  t h e  l a t t e r  h a l f  o rder  w i th  r e s p e c t  t o  c u r r e n t .  
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A r e c e n t  p u b l i c a t i o n  by; Laur in  and Parra,vano (43) 

invo lves  a d e t a i l e d  s tudy  of t h e  e l e c t r o c h e m i c a l  polyrneriza- 

t i o n  of 4 -v iny lpyr id ine  i n  l i q u i d  ammonia. The consequence 

of t h e  e l e c t r o n  t r a n s f e r  t o  monomer i s  t h e  fo rmat ion  of 

r a d i c a l  an ions ,  wi th  subsequent c h a i n  growth occu r r ing  through 

a n  a n i  oni  c  mechani s m  . 
e' + M F .Ivy i n i t i a t i o n  

2 w 'M-IT 2  M > - M - M - M - K  p ropaga t ion  

The e l e c t r o l y t i c  po lymer iza t ion  of caprolactam has  

beeri r e c e n t l y  c a r r i e d  ou t  by Gi lch and Michael ( 4 4 )  . Though 

t h e  r e a c t i o n  proceeds v i a  a n i o n i c  i n t e r m e d i a t e s ,  t h e  product  

appea r s  as a condensat ion polymer. 

D . E l e c t r o i n i t i a t e d  Ca t ion i c  Po lymer iza t ion  

The f i r s t  r e p o r t  of a n  e l e c t r o i n i t i a t e d  c a t i o n i c  

po lymer iza t ion  came from Brei tenbach ( 3 2 ) .  He s t u d i e d  t h e  
, 

polymer iza t ion  of s t y r e n e ,  i s o b u t y l  v i n y l  e t h e r ,  and N-vinyl- 11 

ca rbazo le  i n  n i t robenzene  u s ing  mos t ly  p e r c h l o r a t e  s a l t s ,  li 

tetraethylammonium p e r c h l o r a t e  and s i l v e r  p e r c h l o r a t e .  The 

fo l l owing  mechanism a t  t h e  anode was proposed: 

C1O4' -!- M C1O4' + M: 

Funt  and Bla.in, i n  a t t e m p t i n g  t o  r e p e a t  some of 

Bre i tenbach!  s exper iments ,  found s e v e r a l  d i s c r e p a n c i e s .  

Th is  l e d  t o  a more d e t a i l e d  and e x t e n s i v e  s tudy  of t h e  above 

monomers u s i n g  v a r i o u s  q u a t e r n a r y  ammonium s a l t s ,  i n  methylene 

c h l o r i d e  s o l - ~ t i o n s  ( 4 5 ) .  The work showed t h a t  t h e  degree  of 
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c o n t r o l  over  t h e  r e a c t i o n s  by t h e  c u r r e c t  v a r i e s  g r e a t l y  w i t h  

b o t h  t h e  monomer and s a l - t .  Pu l sed  c u r r e n t  exper iments  - 

c u r r e n t  ON, c u r r e n t  OFF, c u r r e n t  ON - showed t h a t  a l a r g e  

d e g r e e  of c o n t r p l  could  be  o b t a i n e d  e s p e c i a l l y  f o r  t h e  polymer- 

i z a t i o n  of s t y r e n e  and i s o b u t y l  v i n y l  e t h e r  u s i n g  t e t r a b u t y l -  

ammonium p e r c h l o r a t e .  Cons tan t  c u r r e n t  exper iments  gave 

r e p r o d u c i b l e  k i n e t i c  r e s u l t s .  

E  . Other  E l e c t r o i n i t i a t e d  P o l y m e r i z a t i o n s  

1. L i v i n g  polymers 
.- 

Yamazaki, Nakahama, and Kanbara ( 4 6 )  provided t h e  

f i r s t  r e p o r t  of e l e c t r o i n i t i a t e d  l i v i n g  p o l y m e r i z a t i o n s  

( p o l y m e r i z a t i o n  w i t h  no t e r m i n a t i o n )  u s i n g  THF as  s o l v e n t ,  

l i t h i u m  aluminum h y d r i d e  o r  sodium te t raa lky la luminum s a l t s ,  

and a -methy l s ty rene  as monomer. A t  low t e m p e r a t u r e s ,  t h e  

c h a r a c t e r i s t i c  c o l o u r  of l i v i n g  a n i o n s  was o b t a i n e d ,  and 

t h e  polymer molecu la r  we igh t  c l o s e l y  obeyed. t h e  c o n v e n t i o n a l  

e q u a t i o n  f o r  l i v i n g  polymers 

Gn = grams of polymer 

+ x f a r a d a y s  p a s s e d  

T h i s  work has  been extended by Funt  and coworkers  u s i n g  

s t y r e n e  and i s o p r e n e  monomers ( 4 7 , 4 8 )  . 

A c a s e  where a n  e a s i l y  polymerized i n t e r m e d i a t e  was 

produced by e l e c t r o l y s i s  h a s  been found by Gi lch  ( 4 9 ) ,  t h e  

r e d u c t i o n  of p-xylene compounds . Though t h e .  o v e r a l l  p r o c e s s  

a p p e a r s  as  a condensa t ion  p o l y m e r i z a t i o n ,  k i n e t i c  r e s u l t s  
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a r e  i n  f a c t  c o n s i s t e n t  w i th  a f r e e  r a d i c a l  a d d i t i o n  polymer- 

i z a t i o n  of a r e a c t i v e  i n t e rmed ia t e  formed by r e d u c t i o n .  The 

key s t e p  i n  t h e  r e a c t i o n  i s  n o t  t h e  fo rma t ion  of a n  i n t e r -  

mediate  between t h e  reducing a g e n t s  and t h e  ha loxylenes ,  

b u t  r a t h e r  t h e  p rocess  of e l e c t r o n  t r a n s f e r :  

xy ly l ene  i n t e r m e d i a t e  

I t  should be p o s s i b l e  t o  c a r r y  ou t  t h e  r e d u c t i o n  e l e c t r o -  

l y t i c a l l y .  The mechanism f o r  t h e  e l e c t r o l y t i c  po lymer iza t ion  

of a,a '-dihalo-p-xylenes a t  t h e  cathode i s  proposed. t o  be 

as fo l l ows :  
XY2C o c y 2 X  + 2e- + XY,C - -  + IT 

X Y c - Y 2 -  Y 2 C - c Y 2  x -  

n Y 2 C ~ * ~ ,  + ~ 2 c - o - c y 2  +n 

Various  p-xylene compounds polymerized by Gi lch a r e  summarized 

i n  Table 2 .  

Covitz (50)  more r e c e n t l y  has  done s t u d i e s  on t he  

r e d u c t i o n  of a,af-dihalo-p-xylenes u s i n g  t h e  t echniques  of 

polarography,  c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s ,  coulometry, 

and c y c l i c  voltammetry, t o  c l e a r l y  e s t a b l i s h  t h e  presence 

of t h e  p-xylylene i n t e r m e d i a t e .  Two mechanisms f o r  t h e  pro-  

d u c t i o n  of t h e  i n t e r m e d i a t e  a r e  proposed wi th  t h e  fo l l owing  

concerted. mechanism be ing  favoured, on a b a s i s  of polarogra.phic 
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Ross and Kel ley  (51) r e p o r t  t h e  p r e p a r a t i o n  of a d -  

h e r e n t  f i l m s  of poly-p-xylylenes on aluminum by t h e  e l e c t r o l y s i s  

of s o l u t i o n s  of p-methylbenzyltrimethylammonium sa l t s  i n  

p o l a r  s o l v e n t  such as dimethylformamide and dimethyl-  

s u l f o x i d e .  An adhe ren t  c o a t i n g  of polymer appea r s  on t h e  

aluminum ca thode .  

The poly-p-xylylenes promise t o  b r i n g  a new dimension 

t o  d i e l e c t r i c  and e l e c t r i c  i n s u l a t i o n ,  t o  p r o t e c t i v e  and 

b a r r i e r  c o a t i n g s ,  and s o  on .  The polymers a r e  l i n e a r  and 

h i g h l y  c r y s t a l l i n e .  S e v e r a l  good reviews on t h e  chemist ry ,  

t h e  p h y s i c a l  p r o p e r t i e s ,  and t h e  a p p l i c a t i o n s  of t h e  poly-p- 

xy ly l enes  have been w r i t t e n  (52 ,53 ,54) .  The added dimension 

of producing t h e s e  polymers by a n  e l e c t r i c a l  p rocess  where 

some degree  of c o n t r o l  may be  a p p l i e d ,  promises t o  be ve ry  

impor tan t  i n d u s t r i a l l y .  

THE POLYMERIZATION OF TETRAHYDROFURA W 

A . I n t r o d u c t i o n  

The po lymer iza t ion  of t e t r a h y d r o f u r a n  (THF) was 

f i r s t  r epo r t ed  by Meerwein ( 6 )  around 1939, and l a t e r  reviewed 

by him i n  1960 ( 5 5 ) .  The po lymer iza t ion  proceeds v i a  a 

c a t i o n i c  mechanism, wi th  t he  c a t a l y s t s  be ing  of t h e  s t r o n g  

a c i d  o r  Lewis a c i d  type,  o r  t h e i r  de r ived  s a l t s .  

Poly  (THF)  i s  a c r y s t a l l i n e  polymer, and has  been 

prepared e i t h e r  as very  low molecular  weight  polymer ( s t i c k y  

v i s cous  o i l s ) ,  medium molecular  weight  (waxes) o r  h igh 

molecular  weight  polymer ( tough,  rubbery,  i n t r a c t a b l e  m a t e r i a l s  ) . 
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The polymer i s  s o l u b l e  i n  s o l v e n t s  l i k e  to luene ,  benzene, 

e t h y l  a c e t a t e ,  and chloroform, and from i n t r i n s i c  v i s c o s i t y  

measurements one may o b t a i n  molecular  weigh ts .  X-ray 

s t u d i e s  ( 5 6 )  have i n d i c a t e d  t h a t  t h e  c r y s t a l l i n e  polymer 

h a s  a p l a n a r  z i g  zag conformat ion.  The i n f r a - r e d ,  Raman, 

and NMR s p e c t r a  have a l s o  been r epo r t ed  (56,57,58) . The 

degree  of c r y s t a l l i n i t y  has  v a r i e d  from about  30% t o  80% 

depending on method of p r e p a r a t i o n  and molecular  weigh t .  (59). 

The c e i l i n g  temperature ,  above which no po lymer iza t ion  w i l l  

occur i n  t h e  bulk ,  has  been r epo r t ed  t o  be about  8 3 " ~ .  ( 6 0 ) .  

I n  c o n s i d e r a t i o n s  of t h e  thermodynamics of r i n g  opening 

po lymer iza t ions  of c y c l i c  e t h e r s ,  t h e  h e a t  of po lymer iza t ion  

(AH, ) i s  t h e  main c o n t r i b u t o r  t o  t h e  f r e e  energy of polymer- 

i z a t i o n  (AF, ) .  The h e a t  of po lymer iza t ion  i s  dependent 

on r i n g  s t r a i n  and on t h e  amount of crowding of t h e  e c l i p s e d  

a d j a c e n t  hydrogen atoms ( 6 1 ) .  Table  3 shows some of t h e  

h e a t s  of po lymer iza t ion  f o r  s e v e r a l  c y c l i c  e t h e r s .  For 

po lymer iza t ion  t o  occur,  AF, must be nega t ive ,  and a l l  

polymerize except  t e t r ahydropyran .  However, upon s u b s t i t u t i o n  

of t h e  THF r i n g ,  AF, becomes p o s i t i v e ,  and i n  f a c t ,  s u b s t i t u t e d  

t e t r a h y d r o f u r a n s  have n o t  y e t  been r e p o r t e d  t o  polymerize .  

B .  Mechanism of Polymerizat ion 

1. I n i t i a t i o n  

I t  i s  g e n e r a l l y  accep ted  t h a t  t h e  propogat ing s p e c i e s  

i n  c a t i o n i c  THF polymer iza t ion  i s  a t e r t i a r y  oxonium i o n ,  

and so  i n i t i a t i o n  must i nvo lve  t h e  fo rmat ion  of such a 



Table 3 .  Heats of polymerization of some cyclic ethers (62). 

Compound -AH, (kcal mole) Polymerized when 
substituted 

ethylene oxide 

oxetane 

tetrahydrofuran 

tetrahydropyran 
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s p e c i e s  ( 6 3 ) .  S e v e r a l  ways a r e  p o s s i b l e ,  and they  can be 

grouped as  fo l l ows :  

i )  r e a c t i o n  wi th  preformed t r i a l k y l  oxonium sa l t s  

ii) " i n  s i t u "  fo rmat ion  of oxonium i o n  

iii) a d d i t i o n  of carbonium i o n  

i v )  hydrogen a b s t r a c t i o n  

i ) React ion wi th  preformed t r i a l k y l  oxonium s a l t s  

The i n i t i a t i o n  i nvo lves  a t r a n s f e r  of a n  a l k y l  group 

from a preformed t r i a l k y l  oxonium i o n  s a l t  t o  a THF molecule:  

This  probably  occurs  by a n u c l e o p h i l i c  a t t a c k  of t h e  THF 

oxygen atom on a carbon a l p h a  t o  t h e  oxygen of t h e  t r i a l k y l  

oxonium i.on s a l t .  I t  has  been shown t h a t  each mole of 

i n i t i a t o r  w i l l  i n i t i a t e  one mole of polymer cha ins  ( 6 4 ) .  The 

d i sadvantages  l i e  i n  t h e  exper imenta l  problems of p u r i f i c a t i o n  

and handl ing  t h e  m a t e r i a l s ,  and i n  t h e  l a b i l i t y  of t h e  s a l t  

s o l u t i o n s  ( 6 5 ) .  

i i)  " i n  s i t u "  fo rmat ion  of oxonium i o n  

a )  i n  presence of added promotor 

The r e a c t i o n  of a me ta l  h a l i d e  l i k e  BF3 or  BF3 e t h e r a t e  

w i t h  a n  epoxide,  l i k e  ep i ch lo rohydr in  (ECH) or  e thy l ene  

oxide,  i s  used as  a n  " i n  s i t u "  method of p rov id ing  t h e  oxonium 

ion ,  where t he  Lewis a c i d  component i s  r e f e r r e d  t o  as  t h e  

" c a t a l y s t " ,  and t h e  epoxides  as t h e  "promoter" ( 6 6 ) .  I n  a 



b u l k  THF system, t h e  Lewis a c i d  would b e  i n  t h e  form of 

a complex w i t h  t h e  THF, and t h i s  complex t h e n  would i n t e r a c t  

w i t h  t h e  promoter t o  i n i t i a t e  p o l y m e r i z a t i o n ,  as f o l l o w s :  

C H 2 C 1  
I 

BF3 + CH2-CH-CH2C1 + THF BF 

'0' 

b )  i n  a b s e n c e  of added promoter  

For  v e r y  r e a c t i v e  Lewis a c i d s  l i k e  PF5 t h e  THF 

i t s e l f  c o u l d  f u n c t i o n  as a promoter:  

T h i s  h a s  been s t u d i e d  by Sims ( 6 8 )  f o r  PF5, by Lyudvig and 

coworkers  f o r  SbC15 ( 6 9 ) ,  and by Burrows f o r  BF3 (70), and 

i t  h a s  been found t h a t  i n i t i a t i o n  of t h i s  t y p e  i s  a slow 

p r o c e s s .  



iii) a d d i t i o n  of carbbnium i o n  

E+X- + 0 R-Q) 

x- 
This  type of i n i t i a t i o n  i s  n o t  t o o  common because 

of t h e  i n s t a b i l i t y  of t h e  carbonium i o n  s a l t s .  The polymer- 

i z a t i o n  u s i n g  CH3COSbClG as i n i t i a t o r  ha s  been c a r r i e d  ou t  

r e c e n t l y  by Lyudvig e t  a l .  ( 6 9 ) .  

i v )  hydrogen a b s t r a c t i o n  

The use of t h e  i n i t i a t o r  P ~ ~ C + S ~ C ~ ~ -  was f i r s t  r epo r t ed  

by Bawn, B e l l ,  and Ledwith (TI), and prompted a s tudy  by 

Kuntz (58) i n t o  t h e  mechanism. The p o s s i b i l i t i e s  were 

e i t h e r  t h e  a d d i t i o n  of t h e  ph3cccat ion t o  THF ( i n  which c a s e  
k 

one would expect  Ph3Cd endgroups)  o r  t h e  fo rmat ion  of t r i p h e n y l  
I 

methane by hydr ide- ion  a b s t r a c t i o n ,  w i th  t h e  f u r t h e r  r e a c t i o n  I 

of t h e  c a t i o n i c  i n t e r m e d i a t e  w i th  THF. By mea,ns of a n  NMR 

s tudy,  t h e y  showed t h a t  t h e  l a t t e r  was i n  f a , c t  t h e  c o r r e c t  

mechanism: 

S t u d i e s  on ano the r  s a l t ,  p-chlorophenyldiazonium hexaf luoro-  

phosphate have confirmed t h e  above hydr ide- ion  a b s t r a c t i o n  

mechanism ( 6 3 ) .  



2 .  P ropaga t ion  , -- 

The p ropaga t ing  s p e c i e s  i n  t h e  c a t i o n i c  p o l y m e r i z a t i o n  

of THF i s  t h e  t e r t i a r y  oxonium i o n .  The p r o p a g a t i o n  r e -  

a c t i o n  i s  cons ide red  t o  be a n u c l e o p h i l i c  a t t a c k  by t h e  

oxygen on t h e  monomer w i t h  a ca rbon  a l p h a  t o  t h e  p o s i t i v e  oxygen 

on t h e  oxonium i o n .  

Some s u g g e s t i o n  of t h e  propaga . t ion  s t e p  i n v o l v i n g  

t h e  p r e l i m i n a r y  opening of t h e  THF r i n g  t o  produce a  carbonium 

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

were t o  occur ,  t h e n  one would e x p e c t  me thy l  b ranches  on 

t h e  c h a i n  due t o  a n  i s o m e r i z a t i o n  from u n s t a b l e  pr imary  

carbonium i o n s  t o  more s t a b l e  t e r t i a r y  carbonium i o n s  (72). 

T h i s  h a s  n o t  been obse rved .  

3.  Terminat ion  and T r a n s f e r  

I n  r e c e n t  l i t e r a t u r e  ( 6 0 , 7 1 , 7 2 )  ev idence  f o r  t h e  

" l i v i n g  po lymer iza t ion"  of THF h a s  been g i v e n ,  t h a t  i s ,  

po lymer iza t i  on w i t h o u t  t e r m i n a t i o n .  Exper imenta l ly ,  t h e  

molecu la r  weight  i n c r e a s e s  w i t h  i n c r e a s e  i n  t h e  d e g r e e  of 

c o n v e r s i o n ,  and t h e  molecu la r  weight  i s i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  c a t a l y s t  c o n c e n t r a t i o n .  Molecular  weight  d  i str i  b u t i  on 

d a t a  g i v e s  M,/M, -2, which conf i rms  t h a t  t h e  p o l y m e r i z a t i o n  
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i s  of t h e  " l i v i n g "  type ( 7 3 ) .  To ach i eve  po lymer iza t ion  

wi thout  t e rmina t ion  a very  h igh  degree  of p u r i t y  would be 

r equ i r ed ,  o therwise ,  termina. t ion can occur . S e v e r a l  

t e rmina t ion  p o s s i b i l i t i e s  a r e  as  fo l lows:  

a )  wi th  i m p u r i t i e s  

Anything which could r e a c t  w i th  t h e  c a t i o n  complex 

could t e rmina t e  t h e  r e a c t i o n ,  subs tances  l i k e  amines, oxygen, 

a c i d s ,  and wa te r .  There fore  h igh  vacuum work i s  u s u a l l y  

r e q u i r e d ,  a l t hough  some po lymer iza t ions  do occur under a 

n i t r o g e n  atmosphere.  

b )  wi th  a n i o n i c  " l i v i n g "  polymer 

With t he  d i s cove ry  of " l i v i n g "  c a t i o n i c  po lymer iza t ion  

of THF, t h e  p o s s i b l i t y  of t e rmina t ion  w i th  a n  a n i o n i c  

" l i v i n g "  polymer e x i s t e d .  Eerger  i n  1966 ( 7 4 )  s u c c e s s f u l l y  

performed a mutual  t e rmina t ion  of two l i v i n g  systems,  i n  t h e  

fo rmat ion  of a p o l y ~ t y r e n e  - p o l y ( ~ 1 H ~ )  b lock  copolymer, w i t h  

p r o p e r t i e s  q u i t e  d i f f e r e n t  than  t h e  homopolymers . The 

mechanism of t h i s  " ta i lor-made"  copolymer fo rmat ion  was 

g iven  as: 

Na' + BF4-@-R2 ---r R 1 ~ ~ ~ 2 - ~ ~ -  ( CH*) 4 - ~ ~ R 2  

+ NaBF4 

c  ) wi th  gegenion 

The na. ture of t h e  gegenion determines  t o  a l a r g e  e x t e n t  

t h e  degree  of convers ion and t h e  molecular  weight of a 

polymer, and thus  t h e  p r o p e r t i e s  of t h e  oxonium i o n  - 
gegenion complex a r e  ve ry  impor t an t .  Meerwein (55) has  



sugges ted  t h a t  above room temp&ra t u r e  t h e  f o l l o w i n g  t e rmin-  
- 

a t i o n  r e a c t i o n  could occur  w i t h  t h e  PF4 gegenion:  

t W -  CH2CH2- - ~ c H ~ c H ~ - o "  ( C H ~  ) 4-F + BF3 

Chain t r a n s f e r  o c c u r s  when a growing c e n t e r  r e a c t s  

such t h a t  a new r e a c t i v e  c e n t e r  i s . p r o d u c e d  and t h e  old one 

i s  d e s t r o y e d  by t h e  c h a i n  t r a n s f e r  a g e n t .  Again, t h e  

t r a n s f e r  r e a c t i o n s  may be  grouped a s  f o l l o w s :  

a )  w i t h  a c y c l i c  e t h e r s  
R 

+ I 
R 

m - C H ~ C H ~ - 0 -  ( C H ~  ) 4 - ~ ,  
THF - 

'p, R' 

The t r a . n s f e r  does  n o t  a f f e c t  t h e  f i n a l  d e g r e e  of 

c o n v e r s i o n  t o  t h e  polymer, b u t  does  a f f e c t  t h e  i n t r i n s i c  

v i s c o s i t y .  Tha t  i s ,  a n  o v e r a l l  d e c r e a s e  i n  molecu la r  weight  

i s  noted ( 6 3 ) .  

c )  w i t h  wa te r  ( 7 2 )  
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d ) with  polymer oxygen (75)  

A f t e r  most of t h e  THF monomer has  polymerized, a 

l a r g e  i n c r e a s e  i n  v i s c o s i t y  of t h e  r e a c t i o n  mixture  was 

noted,  which was expla ined by a c h a i n  t r a n s f e r  t o  polymer: 

e  ) with  gegeni  on 

-mv-CH2 - 0 + M X  - A W - C H Z - 0 - ( c H ~ ) ~ - c H ~ x  + MXn 

C .  K i n e t i c s  

Although the  k i n e t i c s  of t h e  po lymer iza t ion  of THF 

vary  somewhat f o r  d i f f e r e n t  c a t a l y s t  systems, the  fo l l owing  

d i s c u s s i o n  i s  a p p l i c a b l e  t o  t h e  m a j o r i t y  of systems s tud i ed  

s o  f a r .  

The process  of THF polymer iza t ion  i s  a r e v e r s i b l e ,  

monomer-polymer equ i l i b r ium system. The po lymer iza t ion  r a t e  

i s  p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  monomer concen t r a t i on ,  and 

t akes  pla,ce as  a  stea.dy s t a t e  p rocess  of t h e  " l i v i n g "  

polymer t y p e .  A lowering of t h e  molecular  weight wi th  a 

r i s e  i n  temperature  i s  expla ined by a n  i n c r e a s e  of t h e  e q u i l i -  

brium monomer c o n c e n t r a t i o n  w i th  i n c r e a s e  i n  t empera ture .  . , 
The r a t e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c a t a l y s t  c o n c e n t r a t i o n .  

The r e a c t i o n  scheme can then be represen ted  by: 



M1 3e i n i t i a t i o n  

M2 " propaga t ion  

WIT 1 

where C, i s  t he  i n i t i a t o r ,  M i s  t h e  monomer, and M':' i s  t he  

a c t i v a t e d  monomer. 

I f  i t  i s  assumed t h a t  t h e  i n i t i a t i o n  r a t e  i s  equa l  

t o  t h e  growth r a t e ,  then t h e  c o n c e n t r a t i o n  of a c t i v e  

growing polymers i s  equa l  t o  t h e  c o n c e n t r a t i o n  of i n i t i a t o r  

o r i g i n a l l y  t h e r e ,  t h a t  i s  [M++] = L C ,  1 . 
Then t h e  r a t e  i s  

-d[M] = kp[MIICol - k , [ M " ]  = [ c o ] ( ~ , [ M ]  - k, ) 
dt 

A t  equ i l ib r ium,  K = & = [M"] = 1 
kd C C O l I M l e q  CRles 

Numerous systems have been found t o  a g r e e  expe r imen ta l l y  w i t h  

t h e  above k i n e t i c s  (64,65,72,76)  . 
Saegusa and coworkers (67 ,77 ,78)  have determined 

t h e  concen t r a t i on  of t h e  p ropaga t ing  s p e c i e s  by u l t r a v i o l e t  

spect roscopy,  and thus  have been a b l e  t o  c a l c u l a t e  a propa- 

g a t i o n  c o n s t a n t .  I n  a  po lymer iza t ion  wi thout  t e rmina t ion  o r  

cha in  t r a n s f e r ,  t h e  c o n c e n t r a t i o n  of p ropaga t ing  s p e c i e s  

[P3" can be determined by: 



[P3t]  = grams of polymer x 1 

molecular  weight  volume of system 

However f o r  systems invo lv ing  some c h a i n  t r a n s f e r  o r  termin-  

a t i o n ,  t h i s  r e l a . t i o n  i s  no t  v a l i d ,  and t h e  a l t e r n a t e  U.V. 

method i s  used .  The va lues  of k, t h u s  determined a r e  of 

t h e  o rder  of 1 . 2  x l o d 2  t o  7 .8  x l i t e r / m o l e - s e e .  

D . E l e c t r o i n i t i a t i o n  of THF polymer iza t ion  

The e l e c t r o i n i t i a t i o n  po lymer iza t ion  of THF has  n o t  

p r e v i o u s l y  been r e p o r t e d .  The q u e s t i o n  then i s  whether a  

po lymer iza t ion  c a t a l y s t  f o r  t h e  po lymer iza t ion  of THF can be  

genera ted  by an  e l e c t r i c a l  p roces s .  Prev ious  work by 

o t h e r s  (45)  i n  t h i s  l a b  has  r e s u l t e d  i n  t h e  s u c c e s s f u l  

e l e c t r o i n i t i a t e d  ca t i o n i c  po lymer iza t ion  of v i n y l  e t h e r s  

u s i n g  a tetrabutylammonium sa l t  e l e c t r o l y t e  . This  prompted 

exper iments  t o  polymerize THF c a t i o n i c a l l y ,  by a n  e l e c t r o -  

i n i t i a t i o n  process ,  u s ing  tetrabutylammonium s a l t s  as  t h e  

e l e c t r o l y t e .  The an ions  of t h e  s a l t s  would be r equ i r ed  n o t  

t o  r e a c t  w i th  t h e  p o s i t i v e  growing s i t e ,  a s  t h i s  r e s u l t s  i n  

a h igh  r a t e  of t e rmina t ion  and low molecular  weight polymers.  

There fore  i t  was thought t h a t  a n i o n s  which a r e  used i n  

conven t iona l  polymerizat ions ,  such as  BF4-, SbC16-, and 
- 

p o s s i b l y  C104 , should be good e l e c t r o l y t e  an ions  f o r  t h e  

e l e c t r o i n i t i a t i o n  of THF polymer iza t ion .  



A .  Monomers, s a , l t s ,  s o l v e n t s  

T e t r a h y d r o f u r a n  ( F i s c h e r  c e r t i f i e d  ) was s t i r r e d  

f o r  24 h o u r s  over  f r e s h  ca lc ium h y d r i d e  u s i n g  a t e f l o n  coa ted  

magnet ic  s t i r r i n g  b a r .  The t e t r a h y d r o f u r a n  (THF)  was then  

t r a n s f e r r e d  o n t o  a vacuum l i n e ,  where a g a i n  i t  was s t i r r e d  

f o r  s e v e r a l  h o u r s ,  opening t h e  f l a s k  t o  t h e  vacuum system 

a t  v a r i o u s  i n t e r v a l s .  A sodium m i r r o r  was p r e p a r e d .  A 

f l a s k  w i t h  sodium m e t a l  was evacua ted  f o r  a n  hour  o r  two. 

With t h e  f l a s k  open t o  t h e  vacuum, t h e  sodium w a s  h e a t e d  

g e n t l y  u n t i l  t h e  b o i l i n g  p o i n t  was reached ,  and a  b r i g h t  s h i n y  

m i r r o r  of sodium was produced on t h e  walls of t h e  f l a s k .  

The THF w a s  t h e n  d i s t i l l e d  from t h e  ca lc ium h y d r i d e  o n t o  

t h e  sodium m i r r o r ,  w i t h  which i t  remained i n  c o n t a c t  f o r  a t  

l e a s t  4 o r  5 h o u r s  b e f o r e  u s e .  S u c c e s s i v e  d i s t i l l a t i o n s  

were done o n t o  f r e s h  sodium m i r r o r s  i f  , t h e  m i r r o r  d i s a p p e a r e d .  

The sa l t s  used f o r  THF p o l y m e r i z a t i o n  were t e t r a b u t y l -  

ammonium p e r c h l o r a t e  and tetrabutylammonium borof  l u o r i d e  . 
Tetrabutylammonium p e r c h l o r a t e  (Southwes t e r n  A n a l y t i c a l  

Chemicals,  p o l a r o g r a p h i c  g rade ,  wet w i t h  w a t e r )  was used 

w i t h o u t  f u r t h e r  p u r i f i c a t i o n ,  e x c e p t  f o r  d r y i n g  i n  a vacuum 

oven o v e r n i g h t .  The s a l t  was p laced i n  t h e  p o l y m e r i z a t i o n  

c e l l  and pumped o u t  under  vacuum f o r  a minimum of 6 h o u r s ,  w i t h  

g e n t l e  i n t e r m i t t e n t  h e a t i n g .  

Tetrabutylammonium b o r o f l u o r i d e  was prepared  by 

,' ,, 
//'" 

4 
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t i t r a t i n g  a 25$ methanolic s o h t i o n  of tetrabutylammonium 

hydroxide  ( ~ a s t m a n  Organic chemica l s )  wi th  a 48% aqueous 

s o l u t i o n  of f l uo robor i c  a c i d   athe he son, Coleman, and   ell) 

( 7 9 ) .  Cold water  was added t o  e f f e c t  b e t t e r  p r e c i p i t a t i o n  

of p roduc t .  The p r e c i p i t a t e  w a s  c o l l e c t e d  on a Buchner 

f u n n e l .  The s a l t  was r e c r y s t a l l i z e d  twice  by d i s s o l v i n g  i t  

f i r s t  i n  w a r m  methanol, and then  p r e c i p i t a t e d  i n t o  l a r g e  

volumes of cold wa te r .  I t  w a s  t hen  d r i e d  under vacuum a t  

about  7 0 ' ~ .  The me l t i ng  p o i n t  w a s  1 6 1 ' ~ .  When placed i n  

a po lymer iza t ion  c e l l ,  i t  was t r e a t e d  t h e  same as  t e t r a b u t y l -  

ammonium perch lora  t e  . 
Attempts were made t o  polymerize THF i n  va r ious  

s o l v e n t s  - methylene c h l o r i d e   a at he son, Coleman, and B e l l  - 

s p e c t r o q u a l i t y ) ,  n i t robenzene   a at he son, Coleman, and  ell) , 

chlorobenzene  i is her c e r t i f i e d  ), and dioxane  a at he son, 

Coleman, and   ell). These s o l v e n t s  were p u r i f i e d  by 

s t i r r i n g  over C a H 2  f o r  s e v e r a l  hours  and degass ing  2 or 3 

t imes ,  a f t e r  which t h e  s o l v e n t s  were d i s t i l l e d  i n t o  t h e  

po lymer iza t ion  c e l l .  

The experi-mknts performed wi th  t h e  p-xylenes involved 

no p u r i f i c a t i o n  procedures .  The monomers, a,a '-dibromo-p- 

xylene (A ld r i ch  Chemical co .), a , a , a , a j a : a j  - hexachloro-p- 

xylene (A ld r i ch  Chemica,l C O . ) ,  and a,a,a:a:2,3,5,6 - 
octachloro-p-xylene ( ~ l d r i c h  Chemical C O . )  were a l l  used as 

r e c e i v e d .  The sa l t s ,  tetramethylammonium bromide  athe he son, 
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Organic chemicals  ) , tetrabutyl&mmonium i o d i d e  ( ~ a  theson,  

Coleman, and t ell), and tetrabutylammonium p e r c h l o r a t e  

( sou thwes te rn  ~ n a l y t i c a l ) ,  were a l l  used as  r e c e i v e d .  The 

s o l v e n t ,  d imethylf  ormamide t ath he son, Coleman, and   ell) 

w a s  used wi thout  f u r t h e r  p u r i f i c a t i o n .  

B . Polymer iza t ion  C e l l s  

The c e l l s  used i n  t h e  i n i t i a l  bulk  po lymer iza t ion  

exper iments  of THF were of t h e  type shown i n  F igure  1. The 

volume of t h e  anode s o l u t i o n  w a s  approx imate ly  60 - 65 m l .  

and t h e  cathode s o l u t i o n  was approx imate ly  40 - 35 m l .  The 

e l e c t r o d e s  cons i s t ed  of 2 .6  cm. x  2 .6  cm. square  s h e e t s  of 

p la t inum sepa ra t ed  by about  8.0 cm. The e l e c t r o d e s  were 

suspended by plat inum wire  from a graded lead g l a s s  vacuum 

s e a l .  (on some c e l l s ,  t h e  pla t inum wi re  was s i l v e r  so lde red  

t o  a tungs t en  w i r e  s ea l ed  i n  g l a s s ) .  The f r i t t e d  g l a s s  

d i s c  w a s  of medium p o r o s i t y .  

A mod i f i ca t i on  of t h e  c e l l  i n  F igu re  1 a l l owing  

samples t o  be withdrawn was made by p u t t i n g  a sidearm g l a s s  

tube on t h e  anode compartment. A s i l i c o n e  rubber  septum 

was glued on to  t h e  end of t h e  g l a s s  tub ing ,  s o  t h a t  samples 

could be removed by s y r i n g e .  

A l a t e r  de s ign  f o r  a c e l l  i n  which v i s cous  polymer 

w a s  more e a s i l y  removed i s  shown i n  F igu re  2 .  The volumes 

of anode and cathode s o l u t i o n  were bo th  50 m l .  The e l e c t r o d e s  

were 1 i n .  square  pla t inum s h e e t s ,  suspended by pla t inum 

wi re s  s i l v e r  so lde red  t o  tungs ten  w i r e s  vacuum s e a l e d  i n  





Figu re  5 .  The vacuum l i n e .  

A - t o  t h e  vacuum pumps. 

B - s e c t i o n  of l i n e  f o r  s o l v e n t  p u r i f i c a t i o n .  

C - ground g l a s s  s topcock t o  remove c e l l s .  
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a  vacuum l i n e  shown i n  F i g u r e  5 .  A mechanical  pump and a  

mercu-ry d i f f u s i o n  pump i n  s e r i e s  provided a  vacuum of < lo -4  

rnm. of mercury, as measured on a Macleod gauge. A l l  s topcocks  

were ground g l a s s  and s i l i c o n e  g r e a s e  (Dow co rn ing )  w a s  used .  

One s e c t i o n  of t h e  l i n e  w a s  used f o r  THF p u r i f i c a t i o n  

( c a H 2 , N a  m i r r o r s ) .  The remaining s e c t i o n s  of t h e  l i n e  were 

used t o  evacuate  t h e  c e l l s  and t o  d r y  t h e  s a l t s .  THF was 

d i s t i l l e d  i n t o  measuring c y l i n d e r s ,  and from measuring c y l i n d e r s  

i n t o  po lymer iza t ion  c e l l s .  Both l i q u i d  n i t r o g e n  and acetone/  

d r y  i c e  b a t h s  were used i n  t h e  d i s t i l l a t i o n s .  By c l o s i n g  

s topcock C, t h e  c e l l s  could be  removed from t h e  vacuum l i n e  wi th-  

o u t  r e l e a s i n g  t h e  vacuum. 

D.  E l e c t r o l y s i s  Apparatus 

The po lymer iza t ion  c e l l s  f o r  THF were p l aced  i n  a 

thermos ta ted  b a t h  a t  2 5 & 0 . 5 " ~ .  Ro ta t i ng  magnets below t h e  

b a t h s  allowed t h e  s o l u t i o n s  t o  be s t i r r e d  by means of t e f l o n  

coated magnetic b a r s .  

Most THF polymer iza t ions  were c a r r i e d  o u t  u s ing  a 

Kepco ( ~ o d e l  ARC 1 0 0 0 ~ )  power supply .  A c i r c u i t  w a s  p repared  

s o  t h a t  cons t an t  c u r r e n t  e l e c t r o l y s e s  could be  performed.  

The c u r r e n t  could be con t inuous ly  v a r i e d  from 0  - 20 m a .  An 

au tomat ic  ON-OFF t imer  was used f o r  e l e c t r o l y s e s  begun o r  

ended dur ing  t h e  n i g h t .  

I n i t i a l  experiments on THF were performed w i t h  a n  

Ambitrol 4005 power supply .  However, t h e  ou tpu t  w a s  l i m i t e d  
I 

t o  40 v o l t s ,  and because of t h e  h igh  r e s i s t a n c e  of our 

s o l u t i o n s  (-100 K ) ,  t h i s  l i m i t e d  t h e  c u r r e n t s  t o  about  0 .6  m a .  
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g l a s s .  The s e p a r a t i o n  of t h e  e l e c t r o d e s  w a s  9 . 5  cm. and t h e  

f r i t t e d  g l a s s  d i s c s  were of medium p o r o s i t y .  

The c e l l s  were a t t a c h e d  t o  t h e  vacuum l i n e  u s i n g  a 

~ 2 4  socket-Bl9 cone a d a p t o r ,  w i th  a s topcock i n  between. 

Two v i s c o s i t y  c e l l s ,  as shown i n  F igure  3 were used,  

one wi th  a 0.5 mm. bore c a p i l l i a r y ,  and t h e  o t h e r  w i t h  a 1.5 

bore  c a p i l l i a r y .  The 0 . 5  mm.  bore  v i s c o s i t y  c e l l  h a s  anode 

pla t inum e l e c t r o d e  dimensions of 2 .3  cm. x 2.3 cm, and ca thode  

plat inum e1ectrod.e dimensions of 2 . 3  cm. x 2 .3  cm, and 

volumes of 55 m l .  each .  The e l e c t r o d e s  were separa ted  by 

10.5  cm, and were suspended from plat inum wi re s  i n  graded 

l ead  g l a s s  s e a l s .  The 1 . 5  mm. bore  v i s c o s i t y  c e l l  h a s  anode 

and cathode dimensions of 2.6 cm. x 2 .5  cm., w i th  a n  anode 

volume of 65 m l .  and cathode volume of 60 m l .  The e l e c t r o d e s  

were s epa ra t ed  by 11.0 cm. The des ign  of t h e  c e l l  a.llowed 

r o t a t i o n  t o  f i l l  t h e  b u l b s  of t h e  viscometer  w i thou t  mixing 

t h e  s o l u t i o n s  of t h e  anode and cathode compartments. 

The c e l l  used f o r  t h e  po lymer iza t ion  of t h e  p-xylenes 

i s  shown i n  F igure  4 .  The cathode cons i s t ed  of a mercury pool ,  

and t h e  a,node of a pla t inum d i s c  separa ted  from t h e  ca thode  

by a f r i t t e d  g l a s s  d i s c .  A ca lomel  r e f e r e n c e  e l e c t r o d e  was 

placed wi th  t h e  measuring t i p  nea r  t h e  mercury s u r f a c e .  

Tn t h i s  way, a c o n t r o l l e d - p o t e n t i a l  e l e c t r o l y s i s  could be 

conducted.  

C .  Vacuum l i n e  and d i s t i l l a t i o n s  

F i n a l  p u r i f i c a t i o n s  ahd d i s t i l l a t i o n s  were done on 





Figure 3. Viscos i ty  Cel l  f o r  THF polymerization. 

A - c a p i l l a r y  t o  measure v i s c o s i t y .  

B - g l a s s  extension t o  allow r o t a t i o n  of 

c e l l  without mixing of t h e  so lu t ions  i n  

t h e  anode and cathode compartments. 

Figure 4 .  Polymerization c e l l  f o r  p-xylene experiments. 

A - calomel re ference  e lec t rode .  

B - mercury working e lec t rode .  

C - platinum counter e l ec t rode .  





Figure 1. 

Figure 2. 

Polymerization cell for THF polymerization. 

A - platinum anode. 
B - platinum cathode. 
C - sintered glass disc. 
D - magnetic stirrer. 
E - ground glass joint to vacuum line B 19. 

Polymerization cell for THF polymerization. 

A - platinum anode. 
B - platinum cathode. 
C - sintered glass disc. I 

c ID - magnetic stirrer. ,;I 

E - ground glass joint to vacuum line B 19. 
F - ground glass joint for removing electrodes B 34. 



al?d l e s s  . B 

The power sou-rce f o r  t h e  p-xylene e l e c t r o l y s e s  was 

a Wenking 61 RH p o t e n t i o s t a t .  With t h e  p o t e n t i o s t a t  i t  i s  

p o s s i b l e  t o  e x a c t l y  c o n t r o l  t h e  p o t e n t i a l  of t h e  working 

e l e c t r o d e  ( ca thode )  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e  - a 

c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s e s  . Applied v o l t a g e s  were 

of t h e  o rde r  of 1000 mv ., w i t h  t h e  c u r r e n t s  be ing  of t h e  

o rde r  of 20 - 100 m a .  

E . Polymer Charac te r izah ions  

The polymers of THF were i s o l a t e d  from t h e  polymer- 
I/ 

I 
i z a t i o n  c e l l  by p r e c i p i t a t i o n  i n t o  l a r g e  volumes of methanol .  

I, 

The polymer was t hen  d r i e d  under vacuum f o r  about  24 hours  , 

t o  remove a l l  t r a c e s  of methanol and unpolymerized THF monomer. I 

I 

The measurement of t h e  molecular  weight of THF was 
I 

done by d i l u t i o n  v i s c o s i t y ,  u s i n g  a Ubbqlohde type viscometer  . 
\ I, 

The v i s c o s i t y  measurements a r e  independent  of t h e  amount of 

s o l u t i o n  used i n  t h e  viscometer ,  and succes s ive  d i l u t i o n s  

a r e  made e a s i l y .  Measurements were done i n  a thermosta ted 

ba th  a t  2 5 k . 0 5 ~ ~ .  Using s o l u t i o n s  of +$ t o  1% polymer i n  

benzene, t h e  reduced v i s c o s i t y  was ob ta ined ,  and by e x t r a -  

p o l a t i o n  t o  i n f i n i t e  d i l u t i o n ,  t h e  i n t r i n s i c  v i s c o s i t y  [ ? ]  
a 

w a s  ob t a ined .  The r e l a t i o n  = KM was used t o  o b t a i n  

t h e  molecular  weight ,  where K = 2.98 x  and a = 0.79 a t  

2 5 ' ~ .  ( 8 0 ) .  These va lues  of K and a a r e  t hose  used i n  a 

molecular  weight  de t e rmina t ion  of a n  equ i l i b r ium polymer 

conven t iona l ly  prepared a t  2 5 " ~ ,  whose d i s t r i b u t i o n  may o r  



may no t  be s i m i l a r  t o  a polymer p repared  by e l e c t r o i n i t i a t i o n .  

However, t h e  n o l e c u l a r  weights  determined w i l l  be u s e f u l  

f o r  e s t a b l i s h i n g  molecular  weight  t r e n d s  and f o r  comparative 

purposes .  i 

The i n f r a - r e d  s p e c t r a  and NMR s p e c t r a  of p o l y ( ~ ~ ~ )  

were a l s o  ob ta ined ,  u s ing  a Beckman I R  12  spec t rophotometer ,  

and a Var ian  A-56 6 0 ~  NMR machine. 

Some experiments involved t h e  use  of a Micro Tek 

1 DSS 1 6 1  gas  chromatograph. The column used w a s  i n c h  copper 

t ub ing ,  10 f e e t  long ,  ,and f i l l e d  w i t h  15% carbowax on Chroma- 
I 

s o r b  G DMCS, and was kep t  a t  8 5 " ~ .  The d e t e c t o r ,  a thermal  I 

c o n d u c t i v i t y  u n i t ,  w a s  used a t  1 3 5 " ~ .  The i n j e c t i o n  p o r t  

w a s  a t  115"C., I n j e c t i o n s  of 1 - 5 micro l i t e r s  were used.  

A s e r i e s  of polymers were s e n t  t o  Waters Assoc i a t e s ,  

Framingham, Mass. f o r  molecular \weight  d i s t r i b u t i o n  a n a l y s i s .  
I' 

The poly-p-xylenes p r e c i p i t a t e  ou t  of s o l u t i o n  upon 

II polymer iza t ion .  The p r e c i p i t a t e  w a s  c o l l e c t e d  and d r i e d  under 

vacuum a t  1 1 0 " ~ .  V i s c o s i t y  measurements were performed on 

a poly-p-xylylene polymer i n  a-chloronaphthlene a t  247•‹C. 

The i n t r i n s i c  v i s c o s i t y  w a s  found a s  b e f o r e ,  b u t  no K and a 

cons t an t s  a r e  a v a i l a b l e  t o  determine t h e  molecular  weight of 

t h e  polymer. 



EXPERIMENTAL RESULTS 

A . I n i t i a l  Experiments 

Constant  v o l t a g e s  of 40 v o l t s  were app l i ed  t o  c e l l s  

of t h e  type  shown i n  F igure  1, c o n t a i n i n g  a s o l u t i o n  of 

1 .0  x  10 '~  moles t o  6 .0  x moles of tetrabutylammonium 

p e r c h l o r a t e  ( T B A C ~ O ~ )  d i s s o l v e d  i n  100 m l s .  of THF. The 

i n i t i a l  c u r r e n t s  were i n  t h e  o rde r  of 0 .5  m a .  t o  6 . 0  m a .  

A f t e r  2  o r  3 hours  a  brown c o l o r a t i o n  was no t i ced  i n  t h e  

s t i r r e d  anodic  compartment. The c u r r e n t  w a s  passed f o r  pe r iods  

of about  24 hours ,  du r ing  which t ime t h e  c u r r e n t  decreased 
P 

due t o  a marked i n c r e a s e  i n  t h e  r e k i s t a n c e  of t h e  s o l u t i o n .  

I n  18 hours ,  t h e  c u r r e n t  decreased from 6 . 0  m a .  t o  0.40 m a . ,  

as t h e  r e s i s t a n c e  i nc rea sed  from 85 K t o  1700 K .  The v i s c o s i t y  

of t h e  anod.ic s o l u t i o n  i nc rea sed  du r ing  t h e  experiment a s  

could be  seen by t h e  reduced speed of t h e  magnetic s t i r r e r .  

The c e l l  was then  opened t o  t h e  atmosphere and t h e  c o n t e n t s  

of t h e  anode were poured i n t o  l a r g e  q u a n t i t i e s  of methanol .  

The polymer was p r e c i p i t a t e d  ou t  of s o l u t i o n ,  c o l l e c t e d  i n  
/' 

a beaker ,  and d r i e d  under vacuum f o r  24 hours  t o  remove a l l  

remaining THF monomer and methanol .  The y i e l d s  of polymer 

were around 2  - 10 grams, and t h e  molecular  weights  va r i ed  

from 6,000 t o  50,000. 

An a t t e m p t  was made t o  polymerize THF i n  t h e  bu lk  

wi thout  p u r i f i c a t i o n  of e i t h e r  t h e  THF o r  t h e  TBAC104 s a l t .  

A ,0586 molar s o l u t i o n  of TBAC104 i n  THF was e l e c t r o l y z e d  



f o r  13 hours  wi th  a c u r r e n t  o f '  11 .O m a .  No brown co lour  

was noted i n  t h e  anode compartment and a f , t e r  40 hours  t h e  

anode s o l u t i o n  was poured i n t o  methanol .  No polymer 

p r e c i p i t a t e d  ou t  of s o l u t i o n .  

Blank experiments i n  which no c u r r e n t  was passed a l s o  

d i d  no t  y i e l d  polymer, r e g a r d l e s s  of t h e  p u r i t y  of t h e  monomer 

o r  t h e  sa l t .  Even where t h e  s a l t  and monomer were r i g o r o u s l y  

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

a s  measured by a v i s c o s i t y  c e l l  shown i n  F igure  3 was no t  

noted even a f t e r  s e v e r a l  days ,  i n d i c a t i n g  t h a t  po lymer iza t ion  

d i d  no t  occu r .  
c, , 

Experiments i n  which r i g o r o u s  vacuum p u r i f i c a t i o n s  

were used,  d i d  y i e l d  polymer i f  n i t r o g e n  was l e t  i n t o  t he  

system be fo re  e l e c t r o l y s i s .  No appa ren t  l o s s  i n  y i e l d  or  

dec rease  i n  molecular  weight  as compared t o  vacuum systems 

was no t ed .  This  l e d  t o  t h e  p o s s i b i l i t y  of c a r r y i n g  ou t  t h e  

po lymer iza t ions  under a n  i n e r t  atmosphere of n i t r o g e n ,  employ- 

i n g  c e l l s  such as  shown i n  F igu re  1, b u t  wi th  a sidearm on 

t h e  anode where samples could be removed by s y r i n g e  through 
/ 

a rubber  septum. Such exper iments  could  be used t o  measure 

t h e  degree  of convers ion  w i t h  t ime ( s e c t i o n  u )  , 

I n  two p a r t i c u l a r  exper iments  where c u r r e n t s  of 6 .0  

m a .  were passed through THF s o l u t i o n s  of .0586 molar TBAC104 

f o r  2% hours  and 5 hours  r e s p e c t i v e l y ,  ho polymer was 

i s o l a t e d  from t h e  anodic  compartment when t h e  ' s o l u t i o n  was 

p r e c i p i t a t e d  i m m e d a t e l y  a f t e r  e l e c t r o l y s i s  . An experiment 
C 
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was then  performed us ing  a c e l l  w i th  a sidearm sampling p o r t ,  

w i t h  t h e  same c o n c e n t r a t i o n  of TBAC104 i n  THF, pas s ing  11 .0  

m a .  f o r  1 hour .  Samples of 5 m l s .  were withdrawn a t  v a r i o u s  

i n t e r v a l s  a f t e r  t h e  e l e c t r o l y s i s .  Samples withdrawn up t o  

6  hours  a f t e r  t h e  beginning of e l e c t r o l y s i s  showed only  

t u r b i d i t y  when syr inged i n t o  methanol .  About 7& hours  a f t e r  

t h e  beginning of e l e c t r o l y s i s  some polymer was p r e c i p i t a t e d .  

However, t h e  q u a n t i t y  w a s  t o o  small f o r  a molecular  weight  

de t e rmina t ion  o r  a y i e l d  measurement. A f t e r  494 hours  t h e  

remaining s o l u t i o n  was p r e c i p i t a t e d ,  polymer of 

molecular  weight  59,200. These exper iments  suggested t h a t  

t h e  mechanism may invo lve  slow growth a f t e r  a f a ~ t ~ i n i t i a t i o n ,  

w i t h  t h e  i n t e r m e d i a t e  p roduc t ion  of dimers,  t r i m e r s ,  low 

molecular  weight polymers, e t c  . , o r  may involve  slow i n i t i a t i o n  

and slow growth. An a t t emp t  was made t o  see  i f  t h e  in termed-  

i a t e s  above could be d e t e c t e d  by gas  chromatography 

( s e c t i o n  D ) .  

D i f f e r ences  i n  t h e  y i e l d  of polymer and molecular  

weight ,  were noted Fn t h e  po lymer iza t ion  of two similar 

s o l u t i o n s  where a c u r r e n t  of 11 .0  m a .  was passed f o r  1 and 

2  hours  r e s p e c t i v e l y .  The y i e l d  f o r  t h e  l a t t e r  was 66% 

h i g h e r  and t h e  molecular  weight  i nc rea sed  from 46,000 t o  

54,600. These r e s u l t s  suggested t h a t  o t h e r  i n v e s t i g a t i o n s  

be c a r r i e d  ou t  on t h e  e f f e c t s  of t h e  t ime of c u r r e n t  passage,  

and amount of c u r r e n t  ( s e c t i o n  E and G ) .  

To f u r t h e r  e l u c i d a t e  t h e  mechanism, po lymer iza t ion  was 
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a t tempted  i n  t h e  presence of f r e e  r a d i c a l  i n h i b i t o r .  To t h e  

po lymer iza t ion  system of 1.5 grams of TBAC104 i n  80 m l s .  THF 

w a s  added 1 .OO g .  of hydroquinone. A c u r r e n t  of 11.0 m a .  was 

passed f o r  one hour .  A gas  w a s  evolved from t h e  cathode,  b u t  

no a t t e m p t  t o  i d e n t i f y  t h e  gas  was made. A f t e r  one hour, 

c r y s t a l s  appeared on t h e  cathode,  and t h e  ca thod ic  s o l u t i o n  

became b r i g h t  yel low.  The s o l u t i o n  i n  t h e  anode compartment 

was no t  as  v i s cous  as i n  po lymer iza t ions  wi thout  hydroquinone.  

A f t e r  62  hours ,  t h e  c o n t e n t s  of t h e  anode compartment were pour- 

i n t o  methanol, y i e l d i n g  5.32 g rads  of polymer having a 

molecular  weight  of 29,000. Both t h e  y i e l d  and molecular  weight  

were l e s s  t han  t h a t  normally found f o r  po lymer iza t ions  w i thou t  
c 

hydroquinone . 
An a t t empt  t o  polymerize THF a t  low tempera tures  d i d  ' \ 

n o t  y i e l d  polymer. A methanol d r y  i c e  b a t h  a t  - 7 8 O ~  was u sed .  

The r e s i s t a n c e  of t h e  c e l l  was very  h igh  and s o  on ly  low c u r r e n t  

w a s  passed through t h e  s o l u t i o n .  

S e v e r a l  po lymer iza t ions  were performed w i t h  t e t r a b u t y l -  

ammonium borof l u o r i d e  ( T B A B F ~ )  as t h e  e l e c t r o l y t e .  The anode 

s o l u t i o n  became extremely v i s cous  d u r i n g  a n  e l e c t r o l y s i s  i n  

which t h e  c u r r e n t  was l e s s  t h a n  1 m a .  f o r  a per iod  of approx- 

i m a t e l y  3 days .  The molecular  weigh ts  of t h e s e  polymers, i n  

t h e  range of 160,000 t o  175,000, were much h i g h e r  t han  t hose  

prepared from t h e  TRAC104 s a l t ,  The e f f e c t  of TBABF4 sa l t  

c o n c e n t r a t i o n  i s  d i scussed  l a t e r  ( s e c t i o n  F ) .  
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I n f r a - r e d  s p e c t r a  of ~ O L ~ ( T H F )  were ob ta ined  from 

s o l u t i o n  ( cS2 ,  C H C ~ , )  and from a f i l m  of polymer ( F i g u r e  6 )  . 
The l a t t e r  w a s  p repared  by evapora t i ng  a few drops  of chloro-  

form s o l u t i o n  of polymer on a sodium c h l o r i d e  c e l l .  A 

d i f f e r e n c e  i n  t h e  s p e c t r a  between t h e  s o l u t i o n  ( A )  and t h e  f i l m  

( B )  can be noted a t  1000 cm.- The ~ e c t r a  correspond v e r y  

c l o s e l y  t o  s p e c t r a  of p o l y ( ~ H F )  p repa red  by convent iona l  

methods (57)  . 
The NMR spectrum of a p o l y ( T ~ F )  sample i s  g iven  i n  

F igu re  7.  The spectrum shows peaks  w i t h  chemical s h i f t s  of 

1 . 5  ppm. and 3.4 ppm. downfield from t e t r a m e t h y l s i l a n e  ( 0  ppm.) . 
The spectrum i s  d i s p l a c e d  downfield w i t h  r e s p e c t  t o  t h e  spectrum 

f o r  pu re  s o l v e n t  THF, and compares w e l l  w i t h  s p e c t r a  g iven  i n  

t h e  l i t e r a t u r e  ( 5 8 ) .  

B.  V i s c o s i t y  C e l l  Experiments 

A v i s c o s i t y  c e l l  as shown i n  F igu re  3 was used t o  f o l l o w  

t h e  i n c r e a s e  i n  v i s c o s i t y  w i t h  t ime of t h e  anodic  po lymer i za t i on  

system. With t h e  0.5 mm. diameter  c a p i l l a r y ,  measurements 

were l i m i t e d  by t h e  h i g h  v i s c o s i t i e s  encountered dur ing  polymer- 

i z a t i o n  t o  about 7 hours a f t e r  t h e  beginning of e l e c t r o l y s e s .  

A t y p i c a l  curve i s  shown i n  F igu re  8 f o r  t h e  po lymer i za t i on  of 

a  .0586 molar s o l u t i o n  of TBAClO* i n  THF, and a c u r r e n t  of 11.3 

m a .  f o r  one hour .  This  experiment shows that  t h e  po lymer i za t i on  

r e a c t i o n  cont inued a f t e r  t h e  c u r r e n t  w a s  t u rned  o f f .  

A v i s c o s i t y  c e l l  w i t h  a  l a r g e r  bore  c a p i l l a r y  (1 .5  mm.) 

w a s  used t o  fo l l ow  t h e  po lymer i za t i on  t o  l onge r  t imes .  Measure- 



Figure 6. IR Spectrum of poly(~HF). 

A - spectrum of CS2 solution. 
B - spectrum of a film of polymer. 
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Figure 7. NMR spectrum of poly(~HF) and monomer THF. 







Figure 8. Reaction t r a c e  using v i s c o s i t y  c e l l  (0 .5  mrn. 
c a p i l l a r y ) .  

A - cur ren t  of 11.3 ma. passed f o r  60 minutes.  

Figure  9. Reaction t r a c e  using v i s c o s i t y  c e l l  (1 .5  rnm. 

c a p i l l a r y )  . 

A - cur ren t -  of 11.3 ma. passed f o r  60 minutes.  
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Figure 10. Reaction t r a c e  showing e f f e c t s  of cu r ren t  r e v e r s a l  

( o .5 mm. c a p i l l a r y )  . 
A - cur ren t  turned off a f t e r  11.3 m a .  passed f o r  

60 minutes. 

B - r eve r se  current  of 11.3 ma. turned on. 

C - r eve r se  current  stopped a f t e r  60 minutes. 

Figure 11. Reaction t r a c e  showing e f f e c t s  of cu r ren t  r e v e r s a l  

( 0.5 mrn. c a p i l l a r y )  . 
A - cur ren t  turned of f  a f t e r  11.3 ma. passed f o r  

60 minutes. 

B - r eve r se  current  of 11.3 ma. turned on. 

C - reverse  current  stopped a f t e r  30 minutes. 

D - r eve r se  current  of 19.3 ma. turned on. 

E - r eve r se  current  stopped a f t e r  30 minutes. 
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C .  Solvent-Monomer Systems 

I n  order t o  do a  thorough k i n e t i c  s tudy of t h e  polymer- (: 

i z a t i o n  of THF, it would be convenient t o  perform t h e  polymer- 

i z a t i o n  i n  some medium other  than  THF i t s e l f ,  t h a t  i s ,  a  

s o l u t i o n  r a t h e r  than  a  bulk polymerizat ion.  It would then  be 

p o s s i b l e  t o  fol low t h e  r a t e  of disappearance of monomer wi th  

t ime, poss ib ly  wi th  a  gas chromatograph. I n  a  bulk polymer- 

i z a t i o n ,  t h e  v i s c o s i t y  of t h e  system became so  high t h a t  it 

was d i f f i c u l t  t o  withdraw samples f o r  a n a l y s i s .  The f a c t  

t h a t  polymer was not p r e c i p i t a t e d  from t h e  anode compartment 
11 

till a t  l e a s t  7 or  8 hours a f t e r  e l e c t r o l y s i s ,  made any Y 

I 
I 

measurements of monomer disappearance during t h e  e a r l y  s t ages  I 

I 

of t h e  r e a c t i o n  d i f f i c u l t .  These p o i n t s  demonstrated t h e  

d e s i r a b i l i t y  of a  s u i t a b l e  so lvent  i n  which t o  do t h e  polymer- 

i z a t i o n .  Methylene d ich lo r ide ,  a  f r equen t ly  used so lvent  f o r  

c a t i o n i c  polymerizations,  was t h e  f i r s t  choice.  Solu t ions  of 

20% THF i n  CH2C12 by volume were e l ec t ro lyzed  wi th  10 ma. f o r  

per iods  of over an hour. Black s o l u t i o n s  were formed i n  

t h e  anodic compartment and t h e  e l ec t rode  became coated wi th  

a  black substance not i d e n t i f i e d .  However, no polymer could 

be i s o l a t e d  a f t e r  24 hours.  Other so lven t s  t r i e d  were 

chlorobenzene, nitrobenzene, and dioxane, but  i n  a l l  cases no 

polymer was i s o l a t e d .  

D .  Gas Chromatrograph Studies  

A p o s s i b l e  mechanism f o r  t h e  polymerizat ion of THF i n  

t h e  bulk was considered t o  be t h a t  of fast  i n i t i a t i o n  followed 



by a slow s tepwise  a d d i t i o n  of, monomer u n i t s  t o  t h e  a c t i v e  

c e n t e r .  This would imply t h e  format ion  of dimers,  t r i m e r s ,  

t e t r a m e r s ,  ...... and low molecular  weight polymer, dur ing  

t h e  i n i t i a l  s t a g e s  of the r e a c t i o n .  There was a p o s s i b i l i t y  

t h a t  t h e s e  s p e c i e s  could be  d e t e c t e d  w i t h  a gas  chromato- 

graph.  A .0586 M s o l u t i o n  of TBAC104 i n  THF w a s  e l e c t r o -  

lyzed  f o r  10 minutes w i t h  a c u r r e n t  of 10 m a .  A m i c r o l i t e r  

sy r inge  w a s  used t o  withdraw samples p e r i o d i c a l l y  from a c e l l  

equipped w i t h  a s idearm t u b e .  The samples were i n j e c t e d  d i r e c t -  

l y  i n t o  t h e  gas  chromatograph. No peaks o t h e r  t h a n  t h e  one 

due t o  t h e  THF were found.  Another similar  experiment was 
I I 

performed, bu t  i n  t h i s  case  t h e  2 m l .  samples p e r i o d i c a l l y  , 
I 

withdrawn a f t e r  e l e c t r o l y s e s ,  were syr inged  i n t o  about m l .  1 / 

I 

of methanol t o  t e rmina t e  t h e  po lymer iza t ion .  Then, m i c r o l i t e r  

samples were i n j e c t e d  i n t o  t h e  gas  chromatograph. Again no 

o t h e r  peaks t h a n  those  due t o  THF and methanol were observed.  

I The anode s o l u t i o n  w a s  al lowed t o  s t a n d  f o r  21 hours ,  and t h e n  11 

t h e  con ten t s  were p r e c i p i t a t e d  i n t o  methanol. I s o l a t i o n  of 

a polymer proved t h a t  i n i t i a t i o n  had indeed ocurred i n  on ly  

10 minutes of c u r r e n t  passage a t  10.0  m a .  

The gas  chromatograph could no t  be  used t o  fo l low t h e  

degree  of convers ion of monomer t o  polymer because t h e  

v i s c o s i t y  of t h e  r e a c t i o n  s o l u t i o n  became t o o  h i g h  f o r  

samples t o  be withdrawn by a s y r i n g e  even a t  low degrees  of 

convers ion.  

E .  E f f e c t s  of t ime of c u r r e n t  passage 

A s e r i e s  of po lymer iza t ions  were c a r r i e d  ou t  us ing  



59 

t h e  type  of c e l l  shown i n  F igure  1. The TBACIOB s a l t  concen- 

t r a t i o n ,  t h e  t o t a l  po lymer iza t ion  t ime ,  and t h e  t o t a l  amount 

of c u r r e n t  were he ld  cons t an t .  The t ime of c u r r e n t  passage 

and t h e  cu r ren t  were v a r i e d  s o  t h a t  t h e  product  of t h e  two 

was a cons t an t ,  equa l  t o  t h e  t o t a l  amount of charge passed 

through t h e  system. The concen t r a t ion  of TBAC104 i n  THF was 

.0586 molar.  The t o t a l  amount of c u r r e n t  passed i n  each case  

was 1.25 x f a radays .  It was thought ,  t h a t ,  i f  t h e  mechan- 

i s m  were a  f a s t  i n i t i a t i o n  - slow growth a d d i t i o n  process  i n  

which monomer u n i t s  were added on one a t  a  t ime t o  t h e  a c t i v e  

c e n t e r ,  t h e n  d i f f e r e n c e s  i n  y i e l d ,  molecular weight,  and 

molecular weight d i s t r i b u t i o n  r e s u l t .  The r e s u l t s  ob ta ined  

a r e  g iven  i n  Table 4 .  

It was expected t h a t  i f  t h e  t imes of producing t h e  

i n i t i a t i n g  c e n t e r s  was d i f f e r e n t ,  and i f  a  slow growth p rocess  

were v a l i d ,  t hen  a  d i f f e r e n c e  i n  molecular weight d i s t r i b u t i o n  

should be no ted .  That i s ,  if 100 a c t i v e  c e n t e r s  a r e  produced 

i n  one hour,  t h e  r e s u l t i n g  polymer would have a  narrower 

molecular weight d i s t r i b u t i o n  t h a n  i f  100 a c t i v e  c e n t e r s  were 

produced over a  pe r iod  of 10 hours .  The samples were 

analysed by Waters Assoc ia tes  I n c .  by g e l  permeation 

chromatography. The molecular weight d i s t r i b u t i o n s  a r e  

descr ibed  by t h e  number average and weight average molecular 

weights ,  and by t h e  r a t i o s  of MJM, , a s  g iven  i n  Table 4. 

A check on t h e  v i s c o s i t y  molecular weight of t h e  polymer 

about 3 months a f t e r  po lymer iza t ion  showed a  remarkable 
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F. E f f e c t  of sa l t  concentrat ion 

Using 4 equivalent  c e l l s  of the  type shown i n  Figure 

2, THF s o l u t i o n s  varying i n  the  concent ra t ions  of TBAC104 

were e lec t ro lyzed  f o r  2 hours with a c u r r e n t  of 5.0 m a .  

The t o t a l  time allowed f o r  polymerization was 24 hours, a t  

which poin t  the  contents  of t h e  anodic compartments were poured 

i n t o  methanol. The y i e l d s  and the  molecular weights a r e  

given i n  Table 5. A p l o t  of y i e l d  versus the  salt  concentra- 

t i o n  i s  shown i n  Figure 12. A p l o t  of the  molecular weight 

versus t h e  concentrat ion i s  shown i n  Figure 13. 

The graphs show a l i n e a r  inc rease  i n  both t h e  y i e l d  

of polymer and t h e  molecular weight with increase  i n  sal t  

concent ra t ion .  If an equi l ibr ium polymerization i s  considered, 

where t h e  monomer and polymer a r e  i n  equi l ibr ium, a p l o t  of 

log ([MI, - [.MI, ) ([MI, - [MI, ) a g a i n s t  time should be l i n e a r  

i f  the  r a t e  dependence on monomer i s  1st o rde r .  I f  the  time 

of polymerization i s  constant ,  and the  r a t e  i s  assumed t o  be 
C 

1st order  with r e spec t  t o  monomer, a p l o t  of the  same log term 

a g a i n s t  c a t a l y s t  concentrat ion should be l i n e a r  i f  t h e  r a t e  

dependence on c a t a l y s t  concent ra t ion  i s  1st order .  A l i n e a r  

dependence i s  shown i n  Figure 1 4 .  The value of EM], f o r  bulk 

THF polymerization i s  12.3 molar, and the  equi l ibr ium concen- 

t r a t i o n  [MI, = 3.3 moles/l. a t  2 5 O C .  (65 ,71) .  A mechanism 

and k i n e t i c  expression i s  proposed l a t e r  ( s e c t i o n  I ) .  



Table 5. Effects of TBAC104 concentration on the yield and 

molecular weight in the polymerization of THF. 

salt conc. yield CTHF1 t 

(g/100 cc.) ( grams M.W. (moles/l. ) 



Figure 12. Linear dependence of yield of polymer on TBAC104 

concentration. 

Figure 13. Dependence of molecular weight of polymer on 

TBAC104 concentration. 



T BACIO, CONC. (MOLES/LITER)XIO+* 

TBACIO, CONC. (MOLESI LITER) ~ 1 0 ' 2  



J 
Figure 14. Linear dependence of rate on TBAC104 concentration. 
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i i )  TBABF4 
I 

The concentrat ions of TBABF* were va r i ed  i n  a s e r i e s  

of polymerizat ions.  The current  passed w a s  5 .0  m a .  f o r  2 

hours, and t h e  t o t a l  polymerizat ion time w a s  24 hours .  A 

coat ing of polymer w a s  formed on t h e  e l ec t rode ,  poss ib ly  

i n t e r f e r i n g  wi th  t h e  polymerization. Referr ing t o  Table 

6,  it i s  noted t h a t  t h e  sal t  used i n  D w a s  prepared a t  a 

time previous t o  t h e  sal t  used i n  t h e  o the r  t h r e e ,  a l though 
'? 

by t h e  same method. No s t r a i g h t  l i n e  r e l a t i o n s h i p s  e x i s t e d  

f o r  p l o t s  of y i e l d  and molecular weight versus  sa l t  concen- 

t r a t i o n  here a s  f o r  t h e  TBAC104 s a l t .  

G. E f f e c t  of cur rent  

Polymerizations i n  which t h e  e l e c t r o l y s i s  time was 

v a r i e d  from hour t o  4 hours were c a r r i e d  out i n  equivalent  

c e l l s  as descr ibed i n  Figure 2 .  The TBAC104 sa l t  concent ra t ion  

was maintained a t  .0586 M, and t h e  t o t a l  polymerizat ion t ime 

was 24 hours, t h e  same f o r  a l l  c e l l s .  A cur rent  of 10.0 m a .  

w a s  used i n  a l l  t h e  polymerizat ions.  The y i e l d s  and 

molecular weights of t h e  polymers obtained a r e  given i n  Table 7 .  

A p l o t  of y i e l d  aga ins t  number of fa radays  passed i s  given i n  

Figure 15. A l i n e a r  p l o t  of y i e l d  a g a i n s t  (number of 

faritdays)* i s  shown i n  Figure 16.  Figure 17 shows t h e  r e l a t i o n -  

sh ip  between t h e  polymer molecular weight and t h e  number of 

faradays passed. 

H. E f f e c t s  of Time of Polymerization 

It was noted previous ly  t h a t  polymer could not  be 



Table 6 .  Effectsc-,of TBABF* concent ra t ion  on t h e  y i e l d  and 

molecular weight i n  t h e  polymerization of THI?. 

s a l t  conc. y i e l d  
(g/100 cc.)  ( grams M. W. 

C 1 .00 1.32 162, 000 



Table 7. E f f e c t s  of t h e  quan t i ty  of cur rent  passed on y i e l d  

and molecular weight i n  t h e  polymerization of THF. 

cu r ren t  time current  number of y i e l d  
( hours ) ( m a . >  f aradays (grams) M. W .  



Figure 15. Dependence of yield of polymer on the number of 

faradays passed. 
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Figure 17. Dependence of molecular weight of polymer on 
number of faradays passed. 



CURRENT (faradays)x10+~ 



isolated from the anodic compartment if precipitation in 

methanol was attempted less than 7 or 8 hours after the 

beginning of electrolysis. Furthermore, gas chromatography 

did not detect any other substances besides THF monomer and 

methanol precipitant, casting some doubt on the question of 

a fast initiation - slow propagation mechanism. An elcperiment 

was conducted where 5 ml. samples were withdrawn intermittently 

after the electrolysis by means of a syringe from a polymer- 

ization cell equipped with a sidearm tube. The samples were 

syringed into pre-weighed beakers containing a little 

methanol. The samples were then dried under vacuum for about 

6 - 12 hours, and the beakers were weighed. From the concen- 

tration of salt, the weight of salt in a 5 ml. sample is known. 

Any increase in weight of the beaker beyond that expected 

for the salt, would then be due to polymer. Figure 18 shows 

the results of two such experiments both in which a .0586 M 

TBAC104 solution was electrolyzed for 1 hour at 10.0 ma. 

The graph shows the variation of yield ($  conversion) with 

polymerization time. As can be seen from the curves, the 

reproducibility of such an experiment was not very good. 

However, the curves do show an increase in the degree of 

conversion as the polymerization time increases. 

Another series of polymerizations were performed 

where the polymerization time before precipitation was varied. 

A current of 5 ma. for 2 hours was passed through THF solutions 

.0586 M in TBAC104. The yields and molecular weights of 



I 

11 Figur 
i n  

IN\ 

e 18. Linear dependence of conversion on t h e  time of 
polymerization. 

A and B - cur ren t  of 10.0 m a .  passed f o r  1 hour 

through .0586 molar TBACIOB s o l u t i o n s .  
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polymers p r e c i p i t a t e d  a t  var ibus  t imes a r e  given i n  Table 8.  

A p l o t  of t h e  % conversion aga ins t  time i n  hours i s  given i n  

Figure 19, and a p l o t  of molecular weight aga ins t  time i s  

given i n  Figure 20, showing t h a t  as t h e  polymerizat ion proceed- 

ed,  bo th  t h e  y i e l d  and t h e  molecular weight increased almost 

l i n e a r l y  w i t h  t ime.  From t h e  conversion-time curve, a r a t e  

of polymerization was ca lcu la ted ,  and was found t o  be 

9.34 x moles/l-sec. 

A t  t h e  time of each p r e c i p i t a t i o n ,  a monomer concen- 

t r a t i o n  was ca lcula ted ,  a s  given i n  Table 8.  A t  25'C, t h e  

equi l ibr ium monomer concent ra t ion  i s  3.3 mole@. ( 65,71) . 
A p l o t  of log  ( [MI, - [MI,)/( [MI, - [MI, ) aga ins t  time, i n  

Figure 21, shows a 1st order  r a t e  dependence on monomer con- 

c e n t r a t i o n .  Figure 32 shows t h a t  t h e  molecular weight of 

t h e  polymer increases  l i n e a r l y  as t h e  percent  conversion 

inc reases .  

I. Poly-p-xylylenes 

Constant cathodic p o t e n t i a l s  of -0.9 t o  - 1 . 4  v o l t s  

were appl ied  t o  s o l u t i o n s  of a, a '-dibromo-p-xylene , 

a,a,a,a~a~a~-he~a~hlor~-p-xylene, and a,a,afaf2,3,5,6-octachloro- 

p-xylene i n  DMF. The tetrabutylarnmonium salts  were used as 

e l e c t r o l y t e s .  A genera l  f e a t u r e  of t h e  polymerizations was 

t h a t  t h e  polymers p r e c i p i t a t e d  out of s o l u t i o n  during 

e l e c t r o l y s i s .  The polymers were produced a t  t h e  mercury 

cathode ( s e e  Figure 4)  which was held a t  a constant  p o t e n t i a l .  

The d e t a i l s  and r e s u l t s  of t h e  polymerizations a r e  given i n  



Table 8. Effects of the time of polymerization on yield and 

molecular weight in the polymerization of THF. 

time of 

polymerization yield [TTHF1t 
( hours ) (grams) M. W. % conversion (moles/l.) 



Figure 19. Linear dependence of t h e  conversion on t h e  time 

of polymerization. 

Figure 20.  Dependence of t h e  molecular weight on t h e  time 
of polymerization. 



TIME (hours) 

TIME (hours) 



Figure 21. First order dependence of rate of polymerization 

on monomer concentration. 



TIME (hours) 



Figure 22.  Dependence of molecular weight on the conversion. 
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Table 9. 

The s o l u b i l i t y  of t h e  polymers w a s  l i m i t e d  t o  s e v e r a l  

so lven t s  such as a-chloronaphthalene, benzyl benzoate, and 

t h e  chlor ina ted  biphenyls,  a t  temperatures g r e a t e r  than  200•‹C. 

Upon hea t ing  t h e  polymers, they  turned brown above 300•‹C., 

but  d id  not melt even when heated t o  3 4 5 " ~ .  

The polymerization i s  thought t o  proceed v i a  a 

xylylene intermediate  ( s e e  e l e c t r o i n i t i a t e d  polymers, 

s e c t i o n  E)  . This involves a two e l e c t r o n  t r a n s f e r  a t  t h e  

cathode. Thus one monomer u n i t  should add on f o r  every two 

e lec t rons  passed.  o r  one mole of monomer f o r  every two faradays .  

From t h e  number of faradays passed and t h e  weight of t h e  polymer 

co l l ec ted ,  a current  e f f i c i e n c y  could be ca lcu la ted .  These 

values a r e  given i n  Table 9 .  

DISCUSSION 

A .  I n i t i a l  Experiments 

The polymerization of te t rahydrofuran  i s  very  

dependent upon t h e  p u r i t y  of t h e  reagents  employed. A r e a c t i o n  

of t h e  p o s i t i v e l y  charged in termedia te  w i t h  any impur i t i e s  

such as water ,  oxygen, amines, bases ,  e t c .  would des t roy  t h e  

a c t i v e  cen te r ,  and polymerization would not occur. For th is  

reason extens ive  drying procedures a r e  necessary f o r  monomer 

p u r i f i c a t i o n ,  and h igh  vacuum work i s  e s s e n t i a l .  A t  no 

time d id  polymerization occur i n  experiments where t h e  r e -  

agents  had not undergone r igorous  p u r i f i c a t i o n s .  

Experimental evidence revealed t h a t  t h e  e l e c t r o i n i t i a t e d  
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polymerization of THF proceed&d by a c a t i o n i c  process .  Polymer 

could be i s o l a t e d  only from t h e  anodic compartment of a 

divided e l e c t r o l y s i s  c e l l .  Addition of a f r e e  r a d i c a l  in-  

h i b i t o r ,  hydroquinone, s t i l l  r e s u l t e d  i n  t h e  formation of 

polymer a t  t h e  anode. If  polymerizat ion had not  occurred, then  

t h e r e  would have been doubt a s  t o  whether some f r e e  r a d i c a l  

mechanism has Seen i n h i b i t e d ,  o r  whether some impuri ty  i n  t h e  

hydroquinone had terminated a c a t i o n i c  polymerization. The 

r a t e  of t h e  r e a c t i o n  was slowed, however, and accompanied by 

a decrease i n  molecular weight of t h e  polymer. When t h e  

tetrabutylarnrnonium perch lo ra te  sal t  i s  used as e l e c t r o l y t e ,  

r a d i c a l s  may be produced a t  t h e  anode ( 8 1 ) ,  which may be 

involved i n  polymer i n i t i a t i o n :  

- anode C104 - e - C l O ,  

A r e a c t i o n  of t h e  C l o d  r a d i c a l  may, i n  f a c t ,  involve a 

competit ion process  between t h e  i n h i b i t o r  and t h e  THF monomer 

s o  t h a t  a reduced r a t e  of polymerizat ion i s  expected. 

A polymerization attempt a t  a low temperature ( - 7 8 ' ~ )  

d id  not r e s u l t  ' i n  polymer product ion.  This i s  poss ib ly  be- 

cause of thermodynamic cons idera t ions ,  which s t a t e ,  t h a t  

a t  room temperature t h e  f r e e  energy of polymerizat ion i s  

-0.8 k c a l  mole, and i s  j u s t  a b l e  t o  polymerize ( 5 9 ) .  With 

such a small  negat ive f r e e  energy, a l a r g e  decrease i n  temp- 

e r a t u r e  would prevent  polymerization. I n  f a c t ,  Sims (60) 

r e p o r t s  t h a t  even a t  -35'C, t h e r e  i s  no formation of polymer, 

but  a t  o'C, t h e  percent  conversion i s  95% a f t e r  1 4  days. 
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The in f ra - red  and & s p e c t r a  o f  t h e  polymer c o r r e l a t e  

very c lose ly  wi th  those i n  t h e  l i t e r a t u r e .  The s o l i d  polymer 

shows an in f ra - red  absorpt ion  a t  about 1000 cm.'l whereas 

t h e  s o l u t i o n  polymer does n o t .  T h i s  band has been i d e n t i f i e d  

a s  being due t o  t h e  c r y s t a l l i n i t y  of t h e  polymer (57) .  

The f a c t  t h a t  polymer could not  be i s o l a t e d  from t h e  

r e a c t i o n  v e s s e l  till about 7 o r  8 hours a f t e r  t h e  beginning 

of e l e c t r o l y s i s  presented a  ques t ion  a s  t o  what kind of 

process  was involved. Was t h e  cu r ren t  involved i n  t h e  

product ion of a c t i v e  cen te r s ,  a l l  of which i n i t i a t e d  polymer- 

i z a t i o n  immediately, but  was followed by only slow a d d i t i o n  

of monomer u n i t s  t o  t h e  a c t i v e  cen te r?  Was t h e  current  

producing a c t i v e  centers  which i n i t i a t e d  t h e  polymerizat ion 

slowly, wi th  t h e  propagation being e i t h e r  slow or  f a s t ?  

Is t h e  current  involved i n  t h e  formation of a  monomer 

( a s  i n  t h e  p-xylylene case)  which then  polymerizes slowly t o  

polymer? A d iscuss ion  of t h e s e  proposals  i n  r e l a t i o n  t o  

t h e  experimental  r e s u l t s  should provide some i n d i c a t i o n  a s  

t o  t h e  a c t u a l  mechanism involved i n  t h e  e l e c t r o - i n i t i a t e d  

polymerization of TKF . 
B. V i scos i ty  Ce l l  Experiments 

The curves of v i s c o s i t y  a g a i n s t  time ( ~ i g u r e s  8 and 

9) showed a smooth inc rease  i n  t h e  v i s c o s i t y  of t h e  anodic 

s o l u t i o n  during t h e  course of t h e  polymerizat ion.  A s m a l l ,  

but  d e f i n i t e  increase  was noted immediately a f t e r  e l e c t r o l y s i s ,  
~ 

This ind ica ted  t h a t  some i n i t i a t i o n  had taken p lace  during 
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t h e  f irst  hour of t h e  polymerization. Whether a l l  i n i t i a t i o n  

had occurred, and t h e  slow inc rease  w a s  due t o  slow prop- 

agat ion ,  o r  whether it w a s  i n  f a c t  slow i n i t i a t i o n  was not  

known d e f i n i t e l y ,  as both  would have r e s u l t e d  i n  t h e  same 

curves as given. The 1.5 mm. bore v i s c o s i t y  c e l l  showed that 

t h e  inc rease  i n  v i s c o s i t y  continued i n  an exponent ial  manner 

even a f t e r  about 12 hours of r e a c t i o n .  However, t h e  ques t ion  

as t o  whether t h e  increase  i n  v i s c o s i t y  w a s  due t o  t h e  

inc rease  i n  t h e  number of molecules of high molecular weight 

(slow i n i t i a t i o n  - f a s t  propagat ion)  o r  whether it w a s  due 

t o  a l l  p o s s i b l e  a c t i v e  cen te r s  slowly increas ing  i n  molecular 

weight by successive monomer add i t ions  ( fas t  i n i t i a t i o n  - 
slow propagat ion) ,  involved o the r  experiments discussed 

l a t e r .  

The polymerization may be stopped by current  r e v e r s a l .  

Passing t h e  same amount of cu r ren t  i n  r eve r se  as was passed 

during i n i t i a t i o n  q u a n t i t a t i v e l y  stopped t h e  polymerizat ion 

a t  a s teady va lue  of t h e  v i s c o s i t y .  Reversing t h e  current  

f o r  one ha l f  t h e  o r i g i n a l  i n i t i a t i o n  amount d id  not  s top  

t h e  r eac t ion ,  but  d id  seem t o  decrease t h e  r a t e .  Fur ther  

r e v e r s a l  of t h e  current  of aga in  h a l f  t h e  o r i g i n a l  amount 

stopped t h e  r e a c t i o n  a t  a s teady va lue  of t h e  v i s c o s i t y .  

T h i s  t hen  provided a con t ro l  over t h e  polymerizat ion r e a c t i o n .  

Control over t h e  molecular weight and o r  t h e  y i e l d  thus  

seemed f e a s i b l e .  The f a c t  t h a t  no polymer was i s o l a t e d  i n  

any of t h e  experiments i n  which cur ren t  was reversed ind ica ted  



t h e  l ike l ihood  that te rminat ibn  occurred before  very much 

polymer w a s  i n i t i a t e d  o r  propagated. Very low molecular 

weight polymers were poss ib ly  formed which d id  not  p r e c i p i t a t e  

from s o l u t i o n .  

A proposed mechanism f o r  t h e  te rminat ion  of polymer- 

i z a t i o n  due t o  current  r e v e r s a l  involves t h e  following 

r e a c t i o n  a t  t h e  "new cathode" (p rev ious ly  t h e  anode during 

i n i t i a t i o n )  : 

R4N+ + e' --------a R 4 N 0  

R4N* M R3N + R *  

where R4N+ i s  t h e  tetrabutylammonium ion .  The Re r a d i c a l s  

would l i k e l y  undergo mutual te rminat ion  t o  produce R-R. The 

t e r t i a r y  amine produced could te rminate  t h e  c a t i o n i c  polymer- 

i z a t i o n  by r e a c t i o n  of i t s  lone p a i r  of e l ec t rons  w i t h  t h e  

p o s i t i v e  center  of polymerization. This would terminate  

t h e  growth of polymer, and s o  t h e  v i s c o s i t y  of t h e  s o l u t i o n  

should reach  a constant  va lue .  T h i s  was, i n  f a c t ,  observed. 

The p o s s i b i l i t y  of t h e  above r e a c t i o n  a t  t h e  cathode has been 

confirmed by Breitenbach and Gabler (38)  and by F i n k e l s t e i n  

( 8 3 )  

C .  Solvent - Monomer Systems 

Because t h e  h igh  v i s c o s i t y  s o l u t i o n s  encountered i n  

bulk THF polymerizat ion p resen t  a n a l y t i c a l  d i f f i c u l t i e s ,  it 

was d e s i r a b l e  t o  e f f e c t  t h e  polymerizat ion i n  s o l u t i o n .  It 

w a s  found that s o l u t i o n s  of about 20% THF i n  va r ious  so lven t s  

d id  not  y i e l d  polymer, even though t h e  c h a r a c t e r i s t i c  brown 
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colour which accompanied all other bulk polymerizations 

appeared in the anodic compartment. If in fact the brown 

colour produced in the anode compartment was due to some 

substance necessary for the initiation of THF polymerization, 

then the polymerization would be expected to proceed in 

solution. However, for conventional initiators such as 

Friedel-Crafts reagents, the polymerization process is a 

reversible polymerization, with a monomer-polymer equilibrium. 

The equilibrium monomer concentration does not depend on 

the monomer concentration or the nature and concentration of 

the catalyst, but is a function only of the temperature. 

Therefore, for every temperature there is an equilibrium 

monomer concentration. If the concentration of monomer in 

a reaction system does not exceed the equilibrium concentra- 

tion, then polymerization cannot occur. At 25OC. this 

concentration has been calculated to be about 3.3 moles/l. 

(65,71). The 20% THF solutions were below this equilibrium 

concentration. If in fact the electroinitiated polymerizations 

did proceed by an equilibrium process, then polymerization 

would not be eqected for such dilute systems. 

D. Gas Chromatograph Studies 

If a mechanism involving fast initiation with slow 

propagation were correct for the polymerization of THF, then 

the polymerization would be expected to proceed by a formation 

of successive dimers, trimers, tetramers ..... and low polymers. 
The retention time on a chromatographic column would be 
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expected t o  be d i f f e r e n t  f o r  t h e s e  d i f f e r e n t  in termedia tes ,  

and thus  t h e  p o s s i b i l i t y  e x i s t e d  of de tec t ing  them. However, 

no spec ies  o the r  than  monomer were de tec ted  by t h e  chromato- 

graph. It was poss ib le  that t h e  l i m i t s  of d e t e c t i o n  of t h e  

gas chromatograph were exceeded by such measurements. The 

amount of cur rent  passed was approximately 6 x 10'~ fa radays ,  

which, i f  each faraday i n i t i a t e d  one mole of a c t i v e  cen te r s ,  

would produce 6 x 10'~ moles of a c t i v e  cen te r s .  Assuming 

f o r  a moment t h a t  only dimers would be produced upon growth, 

then  t h e r e  would be approximately 10 '~ grams of dimers i n  

a 1 m i c r o l i t e r  i n j e c t i o n  volume. The thermal conduct iv i ty  

d e t e c t o r  w a s  capable of d e t e c t i n g  approximately grams. 

However, because t h e  current  i n i t i a t i o n  per iod  was over a 

per iod  of about 10 minutes, one would expect not only dimers,  

but  a l s o  higher spec ies .  The concentrat ion,  then,  of any 

one spec ies  was probably much l e s s  than  t h a t  which t h e  gas  

chromatograph could d e t e c t .  

Looking a t  these  r e s u l t s  from t h e  p o i n t  of view of 

a slow i n i t i a t i o n  - f a s t  propagat ion process ,  t h e  f a c t  t h a t  

intermediate  substances were not  de tec ted  could be because 

of a slow product ion of a c t i v e  monomer spec ies ,  whose 

concentrat ion a t  t imes immediately a f t e r  e l e c t r o l y s i s  would 

be very low. That i s ,  t h e  number of moles of a c t i v e  monomer 

would not  be equal  t o  t h e  number of fa radays  passed immediately 

a f t e r  e l e c t r o l y s i s .  I n  f a c t ,  i f  t h e  propagat ion were r a p i d ,  

then  t h e  a c t i v e  spec ies  would be found as low molecular weight 
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polymers, which probably would not  be de tec ted  by t h e  

chromatograph. 

E .  Time of Current Passage 

Experiments were performed i n  which t h e  t o t a l  q u a n t i t y  

of charge passed was kept cons tant ,  but  t h e  time over which 

it was passed was va r i ed  from 3 hours t o  24 hours.  If a 

fast  i n i t i a t i o n  - slow propagat ion mechanism were a p p l i c a b l e ,  

then  t h e  same number of a c t i v e  monomer u n i t s  were i n i t i a t e d  

i n  a l l  cases .  However, t ak ing  t h e  two extremes, f o r  a 3 

hour i n i t i a t i o n ,  a l l  of t h e  a c t i v e  cen te r  had time t o  

slowly propagate f o r  a t  l e a s t  2 1  hours before  p r e c i p i t a t i o n .  

Where i n i t i a t i o n  was continued f o r  24 hours,  t h e  a c t i v e  cen te r s  

produced near t h e  end of t h e  e l e c t r o l y s i s  would not  have 

had very  much time t o  grow. Thus a decrease i n  y i e l d  would 

be expected f o r  t h e  l a t t e r ,  and th i s ,  i n  f a c t ,  was t h e  case 

as shown i n  Table 4 .  Because of t h e  wide spread of growth 

t imes f o r  var ious  a c t i v e  cen te r s  produced a t  d i f f e r e n t  t imes 

i n  t h e  l a t t e r  case,  a broad molecular weight d i s t r i b u t i o n  

should r e s u l t ,  much broader than  f o r  t h e  ins tance  where 

i n i t i a t i o n  was c a r r i e d  out  i n  3 hours.  T h i s  should a l s o  

r e s u l t  i n  a lower molecular weight f o r  longer  i n i t i a t i o n  

per iods ,  and v i s c o s i t y  measurements immediately a f t e r  

e l e c t r o l y s i s  confirmed th i s .  The molecular weight d i s t r i b u -  

t i o n s ,  as given by t h e  r a t i o  of M~/M, i n  Table 4 ,  show that 

t h e  broadness of t h e  d i s t r i b u t i o n  i s  i n  f a c t ,  increas ing  

f o r  longer  cur rent  passage t imes.  One of t h e  va lues  ( D )  



does not fol low t h e  t r end  of ' the o the r  t h r e e .  This i s  prob- 

ab ly  due t o  t h e  f a c t  t h a t  not  a l l  t h e  polymer i n i t i a t e d  near  

t h e  end of 24 hours could be p r e c i p i t a t e d .  It i s  l a t e r  

shown, however, t h a t  t h e  fast  i n i t i a t i o n  proposal  i s  

un l ike ly  ( s e c t i o n  G) . 
Considering a slow i n i t i a t i o n  reac t ion ,  t h e  observed 

y i e l d  d i f fe rences  agreed wi th  t h e  argument t h a t  cen te r s  

produced near t h e  end of t h e  24 hour e l e c t r o l y s i s  experiment 

d id  not  have t h e  time t o  i n i t i a t e  polymerization. Here t h e  

molecular weight d i s t r i b u t i o n  would depend on whether t h e  

propagat ion was slow o r  fas t .  If fas t ,  then  very  few d i f f e r -  

ences should be expected. The d i f f e r e n c e s  observed a r e  smal l ,  

but  s i g n i f i c a n t .  A f a s t  propagat ion s t e p  c o n f l i c t s  w i t h  

previous experiments which showed that high molecular weight 

polymer could not be i s o l a t e d  till 7 o r  8 hours a f t e r  

e l e c t r o l y s i s  and c o n f l i c t s  w i t h  experiments i n  which t h e  

molecular weight inc reases  w i t h  t h e  time of polymerization. 

A slow i n i t i a t i o n  followed by slow propagat ion would again  

p r e d i c t  d i s t r i b u t i o n s  i n  which t h e  broadness increased w i t h  

time of cur rent  passage. This t r e n d  was observed, except 

f o r  t h e  case i n  which t h e  cu r ren t  passage was 24 hours .  

The evidence presented here  lends  support  t o  t h e  slow 

in i t i a t ion- - s low propagation mechanism. 

It should be noted t h a t  a  measurement of t h e  molecular 

weights of t h e  polymers 3 months a f t e r  polymerizat ion showed 

a remarkable decrease i n  molecular weight over measurements 



88 
I 

done near t h e  time of polymerizat ion.  T h i s  may we l l  be due 

t o  some degradat ion reac t ions  occurr ing,  or  due t o  a 

depolymerization r e a c t i o n .  I f  t h e  l a t t e r  occurred, a 

decrease i n  weight would have been expected. However, this  

was not  checked. 

F.  E f f e c t  of s a l t  concentrat ion 

i )  tetrabutylammonium perch lo ra te  

A l i n e a r  increase  of y i e l d  wi th  inc rease  i n  sal t  

,concent ra t ion  i s  observed i n  Figure 12 ,  t h a t  i s ,  t h e  r a t e  

dependence on s a l t  concentrat ion i s  f i rs t  order .  I n  an 

equi l ibr ium polymerization, a p l o t  of log  ( r ~ l o  - r M 1 , ) /  

( [ M I ,  - [MI,) aga ins t  time w i l l  g ive  a s t r a i g h t  l i n e  i f  

t h e  monomer dependence i s  f irst  o rde r .  The time of polymer- 

i z a t i o n  i s  constant  i n  these  experiments, and s o  a p l o t  

of t h e  same log  term aga ins t  s a l t  concentrat ion should 'be  a 

s t r a i g h t  l i n e  i f  t h e  r a t e  dependence on sa l t  concent ra t ion  

i s  f i r s t  o rde r ,  a s  i s  seen i n  Figure 1 4 .  The molecular 

weight a l s o  shows a l i n e a r  inc rease  w i t h  increas ing  s a l t  

concentrat ion ( ~ i g u r e  13) . 
For a fast  i n i t i a t i o n  - slow growth process ,  t h e  

y i e l d  would be expected t o  inc rease  only  i f  t h e  sa l t  was 

involved i n  t h e  propagation s t e p .  If t h e  sal t  concent ra t ion  

i s  increased .  then  t h e  propagation r a t e  would be increased .  

This would account f o r  an inc rease  i n  molecular weight a s  

w e l l ,  i f  te rminat ion  was not regarded as being important near , 

t h e  beginning of t h e  polymerizat ion.  However, a propagat ion 

s t e p  involving t h e  s a l t  was not  l i k e l y  i n  our case .  
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a t i o n  process  i s  involved, t h e  sa l t  

must be a s soc ia ted  wi th  t h e  i n i t i a t i o n  s t e p ,  unless  prop- 

aga t ion  i s  slow a l s o .  I n  t h e  l a t t e r  case,  t h e  sa l t  could 

poss ib ly  be as soc ia ted  w i t h  e i t h e r  i n i t i a t i o n  o r  propagat ion.  

The i n i t i a t i o n  descr ibed here involves a fast  product ion of 

some a c t i v e  spec ies  by t h e  cu r ren t ,  w i t h  t h e  successive slow 

r e a c t i o n  of t h e s e  spec ies  wi th  monomer. If t h e  sa l t  i s  involved 

i n  t h e  slow r e a c t i o n  of t h e  a c t i v e  spec ies  wi th  monomer, then  

an inc rease  i n  sal t  concentrat ion would inc rease  t h e  r a t e  I 

of i n i t i a t i o n  and thus  inc rease  t h e  y i e l d ,  a s  i s  observed. 

If t h e  propagat ion were fas t ,  then  one would not  expect an  

increase  i n  molecular weight. If t h e  propagation were slow 

then  t h e  increased i n i t i a t i o n  r a t e  would allow more polymer 

t o  grow f o r  longer  per iods  of t ime,  r e s u l t i n g  i n  a molecular 

weight inc rease ,  as i s  observed. I f  s u f f i c i e n t  time were 

allowed f o r  each polymerization t o  proceed t o  equi l ibr ium,  

it i s  poss ib le  t h a t  a l l  t h e  polymers would be of approximately 

t h e  same molecular weight. 

Therefore,  it appears t h a t  t h e  mechanism of slow 

i n i t i a t i o n  followed by slow propagat ion i s  favoured as 

observed from a s a l t  concentrat ion v a r i a t i o n .  

i i )  Tetrabutylammonium borof luor ide  

The y i e l d s  observed i n  t h e  polymerizations using 

TBABF4 were much lower than  i n  t h e  pe rch lo ra te  polymeriza- i 
t i o n s ,  but  showed remarkable inc reases  i n  molecular weights.  

The low y i e l d s  were poss ib ly  due t o  a coat ing  of polymer 



formed on t h e  e l ec t rode  a t  the' time of e l e c t r o l y s i s  which 

would not  allow any a c t i v e  spec ies  produced by t h e  current  

t o  g e t  i n t o  t h e  bulk.  The increased molecular weights 

were poss ib ly  due t o  an increased r a t e  of propagation. Chain 

t r a n s f e r  r e a c t i o n s  and propagation a r e  h ighly  dependent on 

t h e  na ture  of t h e  anion of t h e  sa l t  (80) .  The borof luor ide  

anion may inc rease  t h e  r a t e  of propagat ion a s  compared t o  t h e  

pe rch lo ra te  anion while a t  t h e  same time reducing t h e  r a t e  

of chain t r a n s f e r .  This would r e s u l t  i n  an increased molecular 

weight. 

G. E f f e c t  of amount of cur rent  

The dependence of t h e  r a t e  of polymerization on t h e  

amount of cur rent  passed i s  shown i n  Figure 16: i n  which t h e  

y i e l d  i s  d i r e c t l y  propor t ional  t o  t h e  square roo t  of t h e  

cu r ren t .  Both t h e  y i e l d  and t h e  molecular weight inc rease  

wi th  an inc rease  i n  t h e  number of fa radays  of cu r ren t  passed.  

Consider a slow i n i t i a t i o n  - slow propagation mechanism. 

If t h e  amount of cur rent  i s  increased ,  t h e  number of a c t i v e  

spec ies  a v a i l a b l e  t o  i n i t i a t e  polymerizat ion i s  increased .  

This means t h e  r a t e  of i n i t i a t i o n  i s  increased .  If t h e r e  

a r e  more monomer u n i t s  i n i t i a t e d ,  t h i s  would r e s u l t  i n  an 

inc rease  i n  y i e l d ,  a s  i s  observed. Because t h e  r a t e  of 

formation of growing polymer chains i s  increased ,  t h e r e  a r e  

more growing polymer chains produced near t h e  beginning of 

t h e  polymerization. These would have a longer  per iod  of 

time t o  grow. This would r e s u l t  i n  an inc rease  i n  t h e  molec- 
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u l a r  weight w i t h  an increase  i n  t h e  amount of cur rent ,  as 

i s  observed. I f  a fas t  propagat ion were involved, t h e r e  

would be no expected inc rease  i n  t h e  molecular weight. 

The experimental r e s u l t s  lend  more support  t o  t h e  slow 

i n i t i a t i o n  - slow propagation mechanism. 

H. E f f e c t  of Polymerization Time 

Experiments involving withdrawal of samples during 

a polymerization r e a c t i o n  showed that a r e l a t i o n s h i p  between 

t h e  t o t a l  time of polymerization and y i e l d  ex i s t ed .  The 

d a t a  p l o t t e d  i n  Figure 18 approximate s t r a i g h t  l i n e s  f o r  

both  curves, i n d i c a t i n g  an  inc rease  i n  y i e l d  f o r  increased  

polymerization t ime. 

Another s e r i e s  of experiments shown i n  Figures  1 9  and 

20 show l i n e a r  dependencies of bo th  t h e  percent  conversion 

( y i e l d )  and t h e  molecular weight wi th  t ime.  The r a t e  of 

polymerization ca lcu la ted  from t h e  y i e l d  curve w a s  9.34 x 

moles/l.-sec. T h i s  i n d i c a t e s  a very slow polymerization reac- 

t i o n .  A p l o t  of l o g  ( ~ M J ,  - [M~.)/([MJ~ - TMJ.) a g a i n s t  time 

i s  a s t r a i g h t  l i n e ,  confirming a f i r s t  order  r a t e  dependence 

on monomer concentrat ion ( ~ i g u r e  2 1 ) .  Figure 22 shows 

a s t r a i g h t  l i n e  p l o t  of molecular weight inc reas ing  w i t h  conver- 

s ion .  Generally, t h e  l a t t e r  two r e l a t i o n s h i p s  a r e  an i n d i c a t i o n  

of an  almost constant  concent ra t ion  of propagating spec ies  

which continue t o  grow without i n t e r r u p t i o n  by chain t r a n s f e r  

o r  te rminat ion  (67).  For t h e  above systems, it i s  then probable 

t h a t  t h e  proposed slow i n i t i a t i o n  r e a c t i o n  would be completed 

before t h e  time of 15 hours, t h e  t ime of t h e  f i rs t  prec- 
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i p i t a t i o n .  Otherwise t h e  graphs would no t  be expected t o  be 

l i n e a r  because t h e  concent ra t ion  of propagating spec ies  would 

not  be constant .  

A slow i n i t i a t i o n  i n  which t h e r e  i s  a s teady inc rease  

i n  t h e  number of growing chains ,  would p r e d i c t  an inc rease  i n  

y i e l d  as t h e  polymerization proceeded. If t h e  propagat ion w a s  

fas t ,  then  t h e  molecular weight would be expected t o  be 

approximately cons tant .  But i f  t h e  propagat ion i s  slow, 

then  an  inc rease  i n  molecular weight would be expected as t h e  

polymer chains a r e  given more t ime t o  grow as  i s  observed. 

The slow r a t e  of t h e  r e a c t i o n  i s  comparable t o  some other  

systems repor ted  i n  t h e  l i t e r a t u r e .  I n  one case,  a 75% 

conversion i n  t h e  bulk was only reached a f t e r  a 15 day 

polymerization time (70) .  

I. Proposals 

To exp la in  t h e  r a t e  dependencies on t h e  sa l t  concen- 

t r a t i o n ,  t h e  amount of cu r ren t ,  and t h e  monomer concentrat ion,  

a mechanism involving bo th  slow i n i t i a t i o n  and slow propaga- 

t i o n  seems l i k e l y  from previous d i scuss ions .  Severa l  

proposals  could be made f o r  t h e  na tu re  of t h e  i n i t i a t i o n  

reac t ion ,  one of which could involve an ion-pair  type of 

spec ies ,  and another  i n  which t h e  na tu re  of t h e  THF molecule 

i s  a l t e r e d  s o  as t o  make it more s u s c e p t i b l e  t o  polymerization. 

This could occur by some kind of complex formation wi th  t h e  

monomer. 

The reac t ions  of i o n  p a i r s  a r e  much slower than  t h e  
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reac t ions  of f r e e  ions .  If i n i t i a t i o n  requ i res  t h e  presence 

of f r e e  ions ,  then  any process  which inc reases  t h e  number of 

f r e e  ions  would inc rease  t h e  r a t e  of polymerization. An 

inc rease  i n  sa l t  concentrat ion inc reases  t h e  tendency of 

i o n  p a i r  formation, and thus  would be expected t o  decrease 

t h e  r a t e  of t h e  polymerization. T h i s  w a s  not  observed 

experimentally.  I f  t h e  cu r ren t  i s  involved i n  a formation of 

f r e e  ions  from i o n  p a i r s ,  t hen  an inc rease  i n  t h e  current  

could r e s u l t  i n  an inc rease  i n  t h e  r a t e  of t h e  r e a c t i o n ,  

as i s  observed. A second p o s s i b i l i t y  i s  t h a t  t h e  i o n  p a i r s  

could be involved i n  t h e  i n i t i a t i o n  themselves. Then an 

inc rease  i n  t h e  sa l t  concent ra t ion  should r e s u l t  i n  an 

inc rease  i n  t h e  i o n  p a i r  concentrat ion,  and thus  l ead  t o  t h e  

observed inc rease  i n  r a t e  of polymerization. 

Another p o s s i b l i t y  i s  t h e  formation of a complexed 

monomer which i s  involved i n  t h e  i n i t i a t i o n  r e a c t i o n .  From 

t h e  observed dependencies of r a t e  on f i rs t  order  monomer 

concentrat ion,  f i r s t  order  sa l t  concentrat ion,  and ha l f  

order i n  cu r ren t ,  t h e  fol lowing mechanism may be proposed: 

8 + M  8M = [ e l  

where 8 r ep resen t s  t h e  cu r ren t  or  some species  generated 

by i t ,  8M i s  the  complexed monomer, S i s  the  s a l t ,  a.nd 

M i s  t h e  monomer. The r a t e  i s  then  given by: 



A t  a poin t  of maximum r a t e ,  d2 M . = 0 #- 

Simplifying, d[M,, *I - 
d t  

- g t-4 "I2 

I n t e g r a t i n g  from [ M I ,  t o  [ M I ,  as to goes t o  t, 

t 

These k i n e t i c  r e s u l t s  do, i n  f a c t ,  account f o r  the  

observed experimental  dependencies of t h e  r a t e  on monomer 

concentrat ion,  sal t  concentrat ion,  and t h e  c u r r e n t .  

A proposal  f o r  a  mechanism of the  polymerization 

r e a c t i o n  involving t h e  formation of C104- r a d i c a l s  i s  as 

follows: 



P CH2CH2CH2CH2- OH --> e t c  eH + 0 kd 

' 6 6 ) 

Although s u f f i c i e n t  evidence has not  been obtained 

t o  v e r i f y  t h e  proposed mechanism, s e v e r a l  s t e p s  have been 

previously observed. Maki and Geske have de tec ted  e l e c t r o -  

l y t i c a l l y  generated t r a n s i e n t  f r e e  r a d i c a l s  such as 

C104* by ESR (81). The formation of pe rch lo r i c  a c i d  by 

hydrogen atom a b s t r a c t i o n  has been w e l l  accounted f o r  i n  

v i n y l  polymerization (45) .  The formation of a complex 

between a protonic  a c i d  such as HC104 and THF has  been 

pos tu la ted  previously ( 8 2 ) .  I t  was suggested t h a t  the  

acid-monomer complex was the  a c t u a l  i n i t i a t i n g  spec ies  i n  
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t h e  po lymer iza t ion .  ~ e a c t i o n s  4), 5 ) ,  and 6) would i n  f a c t  

show t h e  observed k i n e t i c s ,  a l t hough  t h e  f u n c t i o n  of t h e  

sa l t  i n  r e a c t i o n  5 )  i s  n o t  known a t  t h i s  t ime .  

A very  r e c e n t  p u b l i c a t i o n  by Dreyfuss (82)  sugges t s  

t h a t  a p ro ton ic  a c i d ,  f u r a n  or  d ihydrofuran ,  and hydro- 

genated carbonium i o n  a r e  t h e  produc ts  of t h e  r e a c t i o n  of 

t r i t y l  sa l ts  wi th  THF. The p ro ton ic  a c i d  complexed wi th  

monomer i s  t h e  t r u e  i n i t i a t o r  of THF. They c l a im  t h a t  t h e  

product  of t h e  hydr ide  i o n  a b s t r a c t i o n  ( I ) :  

P~ , c+  + Ph3CH + 8;. . 
i s  a n  u n s t a b l e  s p e c i e s  and r e a d i l y  l o s e s  a pro ton .  The n e t  

dehydrogenation l e a d s  t o  d ihydrofurans  and f u r a n s  . The 

polymerizat ion may be summarized as fo l lows:  
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a c i d i c  condi t ions which they  employ, t h e s e  

expected t o  r e s i n i f y .  They a t t r i b u t e d  a 

a dark brown colour formed i n  t h e i r  r e a c t i o n  v e s s e l s  t o  t h e  

r e s i n s  r e s u l t i n g  from t h e  formation of furans  and dihydro- 
1 

furans .  T h i s  brown co lo ra t ion  w a s  a l s o  noted i n  our e l ec t ro -  - 

l y t i c a l l y  i n i t i a t e d  polymerizations of THF i n  t h e  anodic 

compartment, and may be due t o  s i d e  r eac t ions  of t h i s  type .  

CONCLUSION 

The work repor ted  here c o n s t i t u t e s  t h e  f i r s t  e l e c t r o -  

i n i t i a t e d  polymerization of te t rahydrofuran .  The polymeriz- 

a t i o n  was performed i n  t h e  bulk using tetrabutylammonium sal ts  

as t h e  e l e c t r o l y t e s .  The polymer w a s  formed i n  t h e  anodic 

compartment of a divided e l e c t r o l y t i c  c e l l .  Coversions 

as h igh  a s  25% were obtained wi th  t h e  molecular weights ranging 

from s e v e r a l  thousand t o  as h igh  as 190,000, depending on t h e  
I 

e l e c t r o l y t e  used. 

The f i rs t  r e p o r t  of e l e c t r o i n i t i a t e d  c a t i o n i c  polymer- 

i z a t i o n  w a s  by Breitenbach ( 3 2 )  . However, t h e  only d e t a i l e d  

s tudy s o  far  of t h e  k i n e t i c s  and t h e  con t ro l  f e a t u r e s  of 

e l e c t r o ' i n i t i a t e d  c a t i o n i c  polymerizat ion was performed only 

r e c e n t l y  i n  th is  l a b  ( 4 5 ) .  The work repor ted  here  c o n s t i t u t e s  

t h e  f i r s t  c a t i o n i c  polymerization of a monomer o the r  than  a 

'vinyl  compound, i n i t i a t e d  a t  t h e  anode. 

A polymerization i n  t h e  bulk does no t  involve t h e  



usual  so lvent  e f f e c t s  encountkrec 2 i n  s o l u t i o n  polymerizat ions.  

Thus t h e  system of only monomer and e l e c t r o l y t e  allows a c lose  

examination of t h e  f e a t u r e s  of t h e  polymerization, where 

s o l u t i o n  s i d e  e f f e c t s  a r e  not  a f a c t o r .  The bulk polymerizat ion 

of THF repor ted  here  c o n s t i t u t e s  t h e  f i rs t  bulk polymerizat ion 

i n i t i a t e d  e l e c t r o l y t i c a l l y .  

The i n i t i a t i o n  of polymerizations a t  an e lec t rode  

a r e  unique i n  t h a t  t h e r e  i s  t h e  p o s s i b i l i t y  of achieving a 

g r e a t e r  degree of cont ro l  over t h e  r a t e  of polymerization, 

and i n  some cases over t h e  molecular weights and molecular 

weight d i s t r i b u t i o n s .  Conventional c a t i o n i c  polymerizations 

a r e  d i f f i c u l t  t o  cont ro l .  I n i t i a t i o n  by an e l e c t r i c  cur rent  

provided some degree of con t ro l  i n  our polymerizat ion of 

te t rahydrofuran .  An increase  i n  t h e  amount of cu r ren t  passed 

r e s u l t e d  i n  an inc rease  i n  t h e  r a t e  of polymerizat ion and i n  

t h e  molecular weights.  Varying t h e  time over which t h e  

current  w a s  passed produced polymers d i f f e r i n g  i n  t h e i r  

molecular weight d i s t r i b u t i o n s .  Reversing t h e  current  provided 

a means of slowing or  stopping t h e  polymerization, confirming 

a previous r e p o r t  (45) i n  which cur ren t  r e v e r s a l  slowed t h e  

r a t e  of polymerization. 

An i n v e s t i g a t i o n  of t h e  k i n e t i c s  of t h e  polymerizat ion 

showed that t h e  r a t e  w a s  f i r s t  order  w i t h  r e spec t  t o  monomer, 

f i r s t  order  w i t h  r e spec t  t o  e l e c t r o l y t e  concentrat ion,  and 

one-half order  wi th  r e spec t  t o  t h e  q u a n t i t y  of charge passed. 

A mechanism w a s  proposed i n  which t h e  process  a t  t h e  e l e c t r o d e  



was considered t o  be t h e  f o r m t i o n  of perchlora te  r a d i c a l s .  

This  w a s  followed by hydrogen a b s t r a c t i o n  from the  monomer 

by t h e  r a d i c a l s  t o  produce pe rch lo r i c  a c i d .  An acid-monomer 

complex was then involved i n  the  i n i t i a t i o n  of polymerization, 

r e s u l t i n g  i n  a p o s i t i v e  oxonium i o n  growing c e n t e r .  The 

monomer then reac ted  with t h e  oxonium i o n  i n  a propagation 

of the  polymer. 
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