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Summary 

The following limit (ceiling) temperatures o f  polymeri- 
zation were extrapolated from kinetic data for the anionic 
polymerization of Z-pyrrolidone initiated with potassium salt 
of 2-pyrrolidone and the initiation systems of optimum compo- 
sitions: ~ 66oc for the nonactivated polymerization, m 68~ 
and ~ 73~ for the polymerization accelerated with 1-(1-pyr- 
rolin-2-yl)-2-pyrrolidone and carbon dioxide, respectively, 
~73~ and ~76~ for the polymerization activated with 
N-benzoyl-Z-pyrrolidone and N-acetyl-2-pyrrolidone~respecti- 
velyo 

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

An an ion i c  p o l y m e r i z a t i o n  of  the f ive-membered lactam 
2 - p y r r o l i d o n e  (PD) renders p o l y ( Z - p y r r o l i d o n e )  (PPD) - Ny- 
lon 4, which is  predetermined as a t e x t i l e  m a t e r i a l  w i th  res -  
pect to i t s  pronounced h y d r o p h i l i c i t y  ( i ) .  The p o l y m e r i z a t i o n  
mechanism i s  s i m i l a r  as f o r  h igher  lactams (2 ) .  Lactam anions 
have to be present  in the system and form, by the r e a c t i o n  
w i th  lactam, N-acy l l ac tam s t r u c t u r e s  rep resen t i ng  growth t en -  
i r e s  of  the po l y reac t i ono  The formed polymer is  i n s o l u b l e  in 
monomer at  temperature  employed f o r  the p o l y m e r i z a t i o n .  The 
propagat ion  i s  accompanied by the separa t i on  of a p a r t i a l l y  
c r y s t a l l i n e  PPD (3 ) ,  so t ha t  the so c a l l e d  nonac t i va ted  po- 
l y m e r i z a t i o n  proceeds he terogeneous ly ,  Among the known com- 
pounds, which acce le ra te  the nonac t i va ted  p o l y m e r i z a t i o n  , 
belongs above a l l  carbon d i o x i d e  ( 4 ) .  Some N- imino lac tams ha- 
ve the more pronounced a c c e l e r a t i o n  e f f e c t  (5 ) ,  wh i le  the k i -  
n e t i c  cha rac te r  of  the process remain the same in a l l  cases, 
ioe .  the p o l y m e r i z a t i o n  e x h i b i t s  a formal  k i n e t i c s  of zero 
o rde r .  I f  the preformed growth cen t res  are in t roduced  i n t o  
the p o l y m e r i z a t i o n  system as so c a l l e d  a c t i v a t o r s ,  the p o l y -  
m e r i z a t i o n  is  a lso  pronouncedly acce le ra ted .  Concerning the 
high i n i t i a l  c o n c e n t r a t i o n  of growth cen t res ,  the a c t i v a t e d  
p o l y m e r i z a t i o n  has a very  f a s t  but sho r t  i n i t i a l  homogeneous 
phase (few minutes at utmost)  ( 6 ) .  Th is  phase is  fo l l owed by 
the heterogeneous phase, where the p o l y m e r i z a t i o n  ra te  i s  s i -  
m i l a r  as in the nonac t i va ted  p o l y m e r i z a t i o n .  

The optimum temperature  of  p o l y m e r i z a t i o n  ranges between 
40 and 50~ f o r  a l l  i n i t i a t i o n  systems~ PPD cannot be prepa-  
red a l ready  above 80~ and t h i s  temperature  can be c o n s i d e -  
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red the l i m i t  t e m p e r a t u r e  o f  p o l y m e r i z a t i o n  p rocess .  I t  i s  
not  s i g n i f i c a n t  as the  thermodynamic c e i l i n g  t e m p e r a t u r e ,  be- 
cause the  p o l y m e r i z a t i o n  o f  PD cannot  be c h a r a c t e r i z e d  as an 
e q u i l i b r i u m  p o l y r e a c t i o n ,  above a l l  due to  the i r r e v e r s i b l e  
c r y s t a l l i z a t i o n  o f  PPD du r i ng  p o l y m e r i z a t i o n .  Consequen t l y ,  
the  p o i y m e r i z a b i l i t y  o f  PD i s  de te rm ined  by both k i n e t i c  and 
chemica l  f a c t o r s .  T h e r e f o r e ,  we t r i e d  to  de te rm ine  the  l i m i t  
p o l y m e r i z a t i o n  t empe ra tu re  (T1) by a k i n e t i c  method. 

R e s u l t s  and D i s c u s s i o n  

Prov ided  t h a t  the  l i m i t  p o l y m e r i z a t i o n  t empe ra tu re  (T1) 
i s  de te rm ined  p r e f e r e n t i a l l y  by k i n e t i c  f a c t o r s ,  i t  shou ld  
c o n s i d e r a b l y  depend on the type  and compos i t i on  o f  i n i t i a t i o n  
system. T h e r e f o r e ,  we de te rmined  T1 f o r  a l l  fundamenta l  ways 
o f  t r a n s f o r m a t i o n  2 - p y r r o l i d o n e  (PD) to  the po lymer  ( c f .  I n -  
t r o d u c t i o n ) .  

A l l  s t u d i e d  i n i t i a t i o n  systems were used in the p r e v i o u s -  
l y  found optimum c o n c e n t r a t i o n s  ( 4 , 7 , 8 , 9 )  and the s e p a r a t e l y  
p repared  po tass ium s a l t  o f  2 - p y r r o l i d o n e  (KPD) served as an 
i n i t i a t o r  in  a l l  cases.  

The va lues  T 1 were de te rm ined  from the c o n v e r s i o n - t e m p e -  
r a t u r e  p l o t s  o b t a i n e d  by both g r a v i m e t r i c  and ch roma tog raph i c  
ana l yses ,  where the  ch roma tog raph i c  data are more r e a l i s t i c ,  
but  e x h i b i t  l a r g e r  e r r o r s .  The c o n v e r s i o n s  at  the l o n g e s t  
s t u d i e d  p o l y m e r i z a t i o n  t ime ,  72 h, were used f o r  e x t r a p o l a -  
t i o n s .  E v a l u a t i o n  o f  the l i m i t  ( p s e u d o e q u i l i b r i u m )  conve r -  
s i ons  would be more a c c u r a t e ,  but  i t  i s  u n j u s t i f i a b l e  f o r  t i -  
me reasons.  A lso  apparen t  r a t e  c o n s t a n t s  cannot  be used f o r  
e x t r a p o l a t i o n s ,  because the c o n v e r s i o n  (and a l so  v i s c o s i t y )  
dependences u n e x p e c t e d l y  change t h e i r  course  near T1 (10 ) .  

The e x t r a p o l a t i o n s  are summarized in F ig .  1. The lowes t  
l i m i t  t e m p e r a t u r e ,  T 1 ~ 6 6 ~  from a l l  s t u d i e d  systems e x h i -  
b i t s  the n o n a c t i v a t e d  p o l y m e r i z a t i o n  (KPD~3 mol-%).  The 
growth  c e n t r e s  are formed in  t h i s  p o l y r e a c t i o n  (2)  by a s low 
r e a c t i o n  / 1 /  f o l l o w e d  by a f a s t  p r o p a g a t i o n  /2/ ,  where L i s  
the  a b b r e v i a t i o n  f o r  PD mo lecu le  

HN - - C  + - -  II n ~- L e~ H2N C-NU - -  ~' 
0 0 0 0 

/ 1 /  

Ch 
,VM,-C--N - -  C 

g 11 
0 0 

+ - -  ~ 4/'V~CON H C - N - - C  / 2 /  
II U 

0 0 0 

Cesa t i on  o f  the p o l y m e r i z a t i o n  above TI  can be then e x p l a i n e d  
by p r e v a i l i n g  r e v e r s e  r e a c t i o n ,  i . e .  a m i n o l y s i s  o f  growth cen-  
i r e s ,  both i n t e r  and i n t r a m o l e c u l a r ,  and a base c a t a l y s e d  de- 
p o l y m e r i z a t i o n  o f  the  po lymer .  We r a t h e r  p r e f e r  the  e x p l a n a -  
t i o n  by ceas ing  f o r m a t i o n  o f  g rowth  c e n t r e s ,  because d e p o l y -  
m e r i z a t i o n  i s  m a n i f e s t e d  at  h i g h e r  t e m p e r a t u r e .  The e f f e c t  o f  
c r y s t a l l i z a t i o n  and s e p a r a t i o n  o f  p o l y ( 2 - p y r r o l i d o n e )  (PPD) 
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F i g . 1  Dependence o f  the  c o n v e r s i o n  a t t a i n e d  a f t e r  7Z h 
de te rm ined  g r a v i m e t r i c a l l y  ( c i r c l e s )  and by GLC ( t r i a n -  
g l e s ) ,  on t e m p e r a t u r e  in  the  p o l y m e r i z a t i o n  o f  2 - p y r r o -  
l i d o n e  i n i t i a t e d  w i t h  3 mo l -~  po tass ium s a l t  o f  2 - p y r -  
r o l i d o n e  (KPD) ( ~ ) , ~ 7 ) ,  3 mo l -~  KPD and 1 mo l -~  Z - ( 1 - p y -  
r r o l i n - 2 - y l ) - 2 - p y r r o l i d o n e  ( ( ~ , ~ ) ,  5 mo l -~  KPD and 
I mo l -~  002 ( O , Y ) ,  3 mo l -~  KPD and i mo l -~  N - a c e t y l -  
2 - p y r r o l i d o n e  ( 0 , ~ 7 ) ,  3 mo l -~  KPD and i mo l -~  N-ben- 
zoyl-Z-pyrrolidone ( ~ , ~ )  

d u r i n g  p o l y m e r i z a t i o n  shou ld  be s t r e s s e d ,  bu t  t h i s  e f f e c t  has 
been l i t t l e  i n v e s t i g a t e d  so f a r .  I t  may be supposed t h a t ,  be- 
cause the  above ment ioned r e v e r s e  r e a c t i o n s  do not  a l l o w  the  
po lymer  c h a i n s  to  grow to  the  l e n g t h  s u i t a b l e  f o r  the  forma-  
t i o n  o f  a c r y s t a l l i z a t i o n  n u c l e u s ,  the  p reven ted  s e p a r a t i o n  
o f  PPD from the  p o l y m e r i z a t i o n  m i x t u r e  c o n t r i b u t e s  to  the  ce-  
s a t i o n  o f  p o l y m e r i z a t i o n .  C e r t a i n l y ,  the  d e g r a d a t i o n  r e a c t i o n  
i s  s lowed down i n  t he  presence o f  s o l i d  PPD (a he te rogeneous  
mechanism). 

Importance of the semicrystalline PPD occuring in poly- 
merization mixture follows from the fact that the conversion 
grows also above T1 in the polymerization active and hetero- 
geneous system prepared below TI (10). 

If the nonactivated polymerization of PD (5 mol-~ KPD) 
is accelerated with C02 (I mol-~), which forms a low-soluble 
earboxylate of 2-pyrrolidone (4), the kinetic data reveal an 
increase of T 1 to 73~ Because the carboxylate is assumed to 
control acidobasic equilibria (4), it has probably a positive 
effect both on the formation of growth centres (initiation) 
and propagation; the polymerization rate and also degree of 
polymerization are higher in comparison with the nonactivated 
polymerization (4). Thus, regardin 9 the controling role of 
the carboxylate, or considering the carboxylate the precursor 
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of  growth  c e n t r e s ,  and suppos ing  t h a t  i t s  i n s o l u b l e  p a r t s  may 
ac t  as c r y s t a l l i z a t i o n  n u c l e i ,  the  i n c r e a s e  in  T1 by 7~ in  
compar ison w i t h  the  n o n a c t i v a t e d  p o l y m e r i z a t i o n  becomes l o g i -  
c a l .  

A d i f f e r e n t  s i t u a t i o n  occurs  w i t h  the  most e f f i c i e n t  ac-  
c e l e r a t o r s  o f  the  n o n a c t i v a t e d  p o l y m e r i z a t i o n  - N - i m i n o l a c  - 
tams ( 5 ) ,  i n  t h i s  case w i t h  1 mo l -~  1 - ( 1 - p y r r o l i n - 2 - y l ) -  
2 - p y r r o l i d o n e  (PDPD) used w i t h  3 mo l -~  KPD, where the  h i g h e s t  
r e p o r t e d  r a t e  o f  the  a n i o n i c  p o l y m e r i z a t i o n  o f  PD i s  a t t a i n e d .  
PDPD p r o b a b l y  p a r t i c i p a t e s  v e r y  i n t e n s e l y  in  the i n i t i a t i o n  
( t h e  p o l y m e r i z a t i o n  r a t e  i s  h i g h e r  by an o rde r  o f  magni tude 
in  compar ison w i t h  the  n o n a c t i v a t e d  p o l y m e r i z a t i o n ,  w h i l e  the  
m o l e c u l a r  mass i s  l ow) ,  which i s  v e r y  s e n s i t i v e  to  t e m p e r a t u -  
re ( c f .  the  n o n a c t i v a t e d  p o l y m e r i z a t i o n )  and t h e r e f o r e  T 1 
68~ i s  v i r t u a l l y  i d e n t i c a l  w i t h  the  n o n a c t i v a t e d  p o l y m e r i z a -  
t i o n .  

I f  the  pre formed growth  c e n t r e s  are added to  the  system, 
T 1 i n c r e a s e s .  The v a l u e  T 1 ~ 73~ was e x t r a p o l a t e d  f o r  1 mol -  

N - b e n z o y l - 2 - p y r r o l i d o n e 7  which i s  s i m i l a r  to  T 1 f o r  p o t a s -  
sium c a r b o x y l a t e  ( i s  t he  c a r b o x y l a t e ,  a f t e r  a l l ,  a growth  
c e n t r e ? ) ,  and T 1 ~ 76~ was found f o r  the  same c o n c e n t r a t i o n  
o f  N - a c e t y l - 2 - p y r r o l i d o n e .  The c o n c e n t r a t i o n  o f  KPD was a l -  
ways 3 mo l -~ .  A m i n o l y s i s  o f  the  added growth c e n t r e s  / 1 /  i s  
no t  s i g n i f i c a n t ,  because the  c o n c e n t r a t i o n  o f  amine groups 
i s  low. The d e p o l y m e r i z a t i o n  r e a c t i o n  does no t  manage to de- 
s t r o y  the  po lymer ,  which grows v e r y  r a p i d l y  on the  p r e s e n t  
g rowth  c e n t r e s  and a t t a i n s  the  l e n g t h  r e q u i r e d  f o r  the  fo rma-  
t i o n  o f  c r y s t a l l i z a t i o n  n u c l e i .  The separa ted  PPD d e p o l y m e r i -  
zes more s l o w l y  and t h e r e f o r e  T 1 i n c r e a s e s .  Ano the r  p o s s i b l e  
f u n c t i o n  o f  t he  N - a c y l l a c t a m  ce f i t r es  cannot  be o m i t t e d ,  b a s i -  
c i t y  o f  the  system i s  g r e a t l y  changed by t h e i r  a d d i t i o n  (2 ) ,  
which a f f e c t s  most o f  r e v e r s i b l e  and i r r e v e r s i b l e  p rocesses  
in  t he  p o l y m e r i z a t i o n  m i x t u r e .  The c o n d e n s a t i o n  r e a c t i o n s  o f  
N - a c y l l a c t a m  s t r u c t u r e s  y i e l d  h i g h l y  a c i d i c  ~ - k e t o i m i d e  (N- 
a c y l - ~ - k e t o a m i d e )  s t r u c t u r e s  ( 11 ) .  

The found dependence o f  T 1 on the  t ype  o f  i n i t i a t i o n  
system shows t h a t  k i n e t i c  e f f e c t s  p r o n o u n c e d l y  de te rm ine  the  
p o s i t i o n  o f  " c e i l i n g "  t e m p e r a t u r e  in  the  a n i o n i c  p o l y m e r i z a -  
t i o n  o f  PD. 

E x p e r i m e n t a l  

P u r i f i c a t i o n  o f  2-pyrrolidone (PD) ( 4 ) ,  t he  sepa ra te  
p r e p a r a t i o n  o f  po tass ium s a l t  o f  2 - p y r r o l i d o n e  (KPD) from po- 
t ass ium t e r t . b u t o x i d e  and PD in  THF (12 ) ,  and the  syn theses  
o f  N - b e n z o y l - 2 - p y r r o l i d o n e  (m.p.  91oc) (13 ) ,  N - a c e t y l - Z - p y r -  
r o l i d o n e  ( b . p .  94~ Pa) (13 ) ,  and 1 - ( 1 - p y r r o l i n - 2 - y l ) -  
2 - p y r r o l i d o n e  (8)  were d e s c r i b e d  e l sewhere .  The p u r i t y  o f  a l l  
compounds was > 99 .9~  as checked by GLC. 

P o l y m e r i z a t i o n s  were c a r r i e d  ou t  under s t r i c t l y  i s o t h e r -  
mic c o n d i t i o n s ;  KPD was d i s s o l v e d  in  PD at  t he  chosen p o l y -  
m e r i z a t i o n  t empe ra tu re  and mixed w i t h  the  t h e r m o s t a t e d  PD so-  
l u t i o n s  o f  a c c e l e r a t i n g  compounds in  m ix i ng  ampoules, acco rd -  
ing to the  p rocedure  d e s c r i b e d  f o r  CO 2 ( 4 ) .  

O r a v i m e t r i c  and ch roma tog raph i c  c o n v e r s i o n s  ( u s i n g  a me- 
t h a n o l i c  e x t r a c t  f o r  6LC) were de te rmined  as d e s c r i b e d  i n  ( 4 ) ;  
i n t r i n s i c  v i s c o s i t y  of  PPD was m e a s u r e d  in  t r ~ c r e s o l  ( 1 4 ) .  
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