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Polymerization Mechanisms 
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Summary 
A pronounced acceleration of the anionic polymerization 

of Z-pyrrol idone (PD) occurs with the fol lowing N-iminolac- 
tams: 1-(1-pyrrolin-2-yl)-2-pyrrolidone (PDPD), l - (1-azacyc lo-  
hept-Z-en-2-y l ) -Z-pyrro l idone (CLPD), and Z-(Z-azacyclohept-Z- 
-en-2-yl)- l -aza-2-oxocycloheptane (CLCL). This acceleration 
effect on the anionic polymerization of PD i n i t i a t e d  with 
2-oxo-Z-pyrrol id inylpotassium decreases in the sequence CLPD> 
PDPD >CLCL~ The possible role of N-iminolactams in the system 
i s  d i s c u s s e d ~  

I n t r o d u c t i o n  
The f i b r e - f o r m i n g  p o l y ( 2 - p y r r o l i d o n e )  - N y l o n  4 - i s  o b -  

t a i n e d  by t h e  a n i o n i c  p o l y m e r i z a t i o n  o f  t h e  l a c t a m  w i t h  t h e  
five-membered r ing, 2-pyrrol idone (PD). The nonactivated po- 
lymerization, which is i n i t i a t e d  only with sal ts  of PD (pre- 
ferably with 2-oxo- l -pyr ro l id iny lpotass ium - KPD), has a he- 
terogeneous character and exhibits the formal kinetics of ze- 
ro order ~i). Although the yields of practical importance are 
attained ~irst after several tens of hours, the polymer can 
be spun from melt. This fails in the case of so called activa- 
ted polymerization, where compounds comprising or forming 
a diacylalkylamine (N-acyllactam) structure in the system are 
used to accelerate the polymerization. However, some special 
compounds accelerate the nonactivated polymerization, retain 
its kinetic features (a linear increase of conversion with 
polymerization time in the heterogeneous system), and provide 
a heat stable polymer. The best known of these compounds is 
C02 (2,3), but a more pronounced acceleration of the PD poly- 
merlzation was obtained with some N-iminolactams. The effect 
of 1-(l-pyrrolin-2-yl)-2-pyrrolidone (PDPD) was studied in 
deta i ls  ( I , 4 ) ,  whereas only fundamental k inet ic  data about 
the s t ruc tu ra l  analogue of PDPD derived from 6-caprolactam - 
- 1-(1-azacyclohept- l -en-2-yl)- l -aza-2-oxocycloheptane (CLCL) 
are given in the patent of BOUR (5). 

This paper presents a comparison of activities of PDPD, 
CLCL, and l-(1-azacyclohept-l-en-2-yl)-2-pyrrolidone (CLPD), 
which has been also mentioned in another patent report (6). 

N C - - N ~ C = O  x = 3,  y = 3 �9 PDPD 
" (CHz)  ~ \ (CH2)  r x = 5,  y : 3 �9 CLPD 

x = 5, y = 5 ~ CLCL 
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R e s u l t s  and D i s c u s s i o n  
The p o l y m e r i z a t i o n  were c a r r i e d  ou t  at  30-45~ w i t h  1 .5  

mol% 2 - o x o - l - p y r r o l i d i n y l p o t a s s i u m  (KPD) p repared  in  s i t u  and 
0 . 5  mol~ of N-iminolactam. The effect of N-iminolactams was 
e v a l u a t e d  from a c o n v e r s i o n  de te rmined  g r a v i m e t r i c a l l y  (Cw), 
on the one hand, and by the  ch roma tog raph i c  a n a l y s i s  o f  e x t -  
r a c t  (CG), on the  o t h e r ,  and a l s o  from the  i n t r i n s i c  v i s c o s i -  
t y  o f  e x t r a c t e d  po lymers  [q~. 
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F i g . Z  Dependence o f  c o n v e r s i o n  de te rm ined  g r a v i m e t r i -  
c a l l y  ( 0 ,  ) and by ch romatography  ( ~ ] , -  - - )  on 
t ime f o r  the  p o l y m e r i z a t i o n  o f  PD i n i t i a t e d  w i t h  1 .5  
mol~ 2 - o x o - l - p v r r o l i d i n v l p o t a s s i u m  and 0 . 5  mo__l~ N - i m i -  
no lac tam at  4OOC: �9 �9 ICLPD, (D [ ]  -PDPD, O U  -CLCL.  

The c o n v e r s i o n  p l o t s  ( F i g . 1  shows the  p l o t  f o r  40~ are 
c h a r a c t e r i s e d  in  a l l  cases by the  l i n e a r  i n c r e a s e  o f  C w and 
CG with polymerization time, similarly as it is in the nonac- 
t i v a t e d  p o l y m e r i z a t i o n  and the  " r e l a t e d "  p o l y m e r i z a t i o n  acce-  
l e r a t e d  w i t h  CO 2 ( 3 ) .  Th i s  l i n e a r i t y  reaches up to the  con-  
version of 60-70~. The polymerization thus exhibits formally 
the kinetics of zero order. 

The differences between activities of the individual 
N-iminolactams are distinct; their efficiency increases in 
the sequence CLCL<PDPD<CLPDo This can be seen also in Tab- 
le 1, where the  apparen t  r a t e  c o n s t a n t s  are g i ven  f o r  a l l  
t h r e e  a c c e l e r a t e d  p o l y m e r i z a t i o n s  and t empera tu res  30 -45~  
A c t i v a t i o n  e n e r g i e s  were c a l c u l a t e d  f o r  t h i s  t empe ra tu re  r a n -  
ge (see Table  1) from the  apparen t  r a t e  c o n s t a n t s  de te rmined  
from CW and from the  k i n e t i c a l l y  more c o r r e c t  C G, which i s  
however de te rmined  w i t h  h i g h e r  e x p e r i m e n t a l  e r r o r s .  The A r r h ~  
n i u s  parameters  were o p t i m i z e d  by the  n o n - l i n e a r  l e a s t - s q u a r e  
method. 

Strikingly, the replacement of the five-membered ring 
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TABLE 1 

Apparent ra te  cons tan ts  ka~ (102 .mo l . kg -Z .m in  -1)  and a c t i v a -  
t i o n  energ ies  Eax ( k J . m o l - l )  determined from the g r a v i m e t r i c  
(x=w) and chromatographic  ( x : g )  convers ions  f o r  the po l ymer i -  
za t i on  of  2 - p y r r o l i d o n e  i n i t i a t e d  w i th  1.5 mol% 2 - o x o - Z - p y r r o -  
l i d i n y l p o t a s s i u m  and 0 .5  mo1% N- imino lac tam (A) .  
(A) :  l-4Z-Pyrrolin-2-yl)-2-pyrrolidone~PDPD; l - ( Z - a z a c y c l o -  
h e p t - Z - e n - 2 - y l ) - 2 - p y r r o l i d o n e ~ C L P D ;  1 - ( Z - a z a c y c l o h e p t - Z - e n -  
- 2 - y l ) - l - a z a - 2 - o x o c y c l o h e p t a n e  ~CLCL. 

A CLPD PDPD CLCL 

Temp.~ k k k k k k aw ag aw ag aw ag 

30 10.5 10.9 1.68 1.88 0.441 0.580 
35 13.7 13.3 2.19 2.25 0.661 0.631 
40 15.4 - 2.71 3.11 0.806 0.824 
45 - - 3,38 3.29 1,09 1.03 

E 29 ~31 36 31 46 31 
a x  

wi th  a double bond in PDPD by a seven-membered r ing  increased 
the a c t i v i t y  more than f i v e t i m e s .  Such extreme a c c e l e r a t i o n ,  
which i s  the h ighes t  found in the an ion i c  PD p o l y m e r i z a t i o n ,  
has not ye t  been repor ted ,  though CLPD was mentioned in pa- 
t e n t  46). S u i t a b l e  c o n d i t i o n s  445 ~ a l low to achieve the 
80% convers ion  w i th  CLPD w i t h i n  2 hours.  On the c o n t r a r y ,  ap- 
p l i c a t i o n  of  the s t r u c t u r a l  analogue der ived  from 6 - c a p r o l a c -  
tam (CLCL) slowed down the p o l y m e r i z a t i o n  about f ou r t imes  in 
comparison to PDPD. 

In a l l  cases, Lq] increased,  a f t e r  an i n i t i a l  abrupt  
growth, g r a d u a l l y  w i th  the p o l y m e r i z a t i o n  t ime and on l y  l i t t -  
le  exceeds 100 cm3.g -1 at the l i m i t  convers ion  ( ~ 8 0 ~ )  a f t e r  
5 hours of  p o l y m e r i z a t i o n  at  utmost.  Only a c c e l e r a t i o n  w i th  
CLCL gave h igher  [ql by about 50%. The molecu lar  weights  are 
j u s t  l i t t l e  above the process ing l i m i t .  

The course of  p o l y m e r i z a t i o n  at the optimum temperature  
45 ~ 44) i s  i l l u s t r a t e d  in F ig .  2 f o r  a l l  th ree  N - i m i n o l a c -  
tams used up to 30 hours of  p o l y m e r i z a t i o n .  The l i m i t  conver -  
s ion was a t t a i n e d  dur ing  t h i s  t ime a lso w i th  CLCL f o r  the g i -  
ven c o n c e n t r a t i o n  of  i n i t i a t i o n  system. The f i g u r e  p e r f e c t l y  
i l l u s t r a t e s  the d i f f e r e n c e  between a c c e l e r a t i o n  a c t i v i t i e s  of 
N- imino lac tams and makes the extreme e f f i c i e n c y  of  CLPD more 
marked. The dependences of [q3 on t ime are not so unambiguous 
( c f .  F ig .  3 ) .  The h ighes t  va lues  are a t t a i n e d  w i th  CLCL, whe- 
re [q]approaches 200 cm3.g -1, where~s w i th  CLPD and PDPD the 
va lues[q ]  o s c i l l a t e  around ~ 100 cm3.g -1 a f t e r  the i n i t i a l  
rap id  inc rease .  

Exp lana t ion  of  the d i f f e r e n c e s  in a c t i v i t i e s  o f  the used 
a c c e l e r a t i n g  compounds is  complex. In  our p rev ious  paper con- 
cern ing the e f f e c t  of  PDPD 41), we concluded t ha t  the charac-  
t e r  o f  p o l y m e r i z a t i o n  i s  s i m i l a r  to the nonac t i va ted  polyme- 
r i z a t i o n .  The l i n e a r  increase of  convers ion w i th  po l ymer i za -  
t i o n  t ime,  which is  the most t y p i c a l  f e a t u r e  of the n o n a c t i -  
ra ted  p o l y m e r i z a t i o n ,  i s  exp la ihed  by a cont inuous fo rmat ion  
of  growth cen t res  in the reac t i on  of lactam w i th  i t s  an ion(7  ). 
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Fig.2 Dependence of conversion determined g r a v i m e t r i -  
c a l l y  on t ime f o r  the  p o l y m e r i z a t i o n  o f  PD i n i t i a t e d  
w i t h  1 .5  mol% 2 - o x o - l - p y r r o l i d i n y l p o t a s s i u m  and 0 .5  
mol~ PDPD (~D),  CLPD ( 0 ) ,  and CLCL ( 0 )  at  45~ 
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F i g . 3  Dependence o f  i n t r i n s i c  v i s c o s i t y  [~ on t ime 
f o r  t he  p o l y m e r i z a t i o n  o f  PD; fop c o n d i t i o n s  and 
symbols see F i g . 2 .  
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eNC=O.~  + HN~jC=O ~ H-N e CO-N C=O 

The a c c e l e r a t i o n  o f  p o l y p e a c t i o n  in  the  presence o f  
N - i m i n o l a c t a m s  may be then e x p l a i n e d  by an enhanced p roduc -  
t i o n  o f  g rowth  c e n t r e s  caused by a f f e c t i n g  the  d i s s o c i a t i o n  
o f  the  lac tam s a l t  (more lac tam an ions  take  p a r t  i n  the  i n i -  
t i a t i o n  r e a c t i o n ) .  Th i s  may be evoked by a p o s i t i v e  i n f l u e n c e  
o f  N - i m i n o l a c t a m s  on a c i d o b a s i c  e q u i l i b r i a  in  the  system. 
However, we are no t  ab le  to  e x p l a i n  the  d i f f e r e n c e  in  t h e i r  
a c t i v i t i e s  S m a l l  d i f f e r e n c e s  o f  t h e  s t r u c t u r e  s u r p r i s i n g l y  
i n f l u e n c e  t h e i r  a c t i v i t y .  Le t  us a d m i t  t h a t  t h e  c o u n t e r i o n  o f  
t h e  l a c t a m  a n i o n  in  t h e  a l k a l i n e  s a l t  o f  2 - p y r r o l i d o n e  may be 
bound in  a comp lex  w i t h  N - i m i n o l a c t a m s ,  w h i c h  h a v e  a f a v o u r -  
a b l e  s t e r i c  d i s p o s i t i o n  For  s u c h  b o n d i n g  and a l s o  a F a v o u r -  
a b l e  d i s t r i b u t i o n  o f  f r e e  e l e c t r o n  p a i r s ,  a s  i t  has  been  p r o -  
p o s e d  in  o u r  p r e v i o u s  p a p e r  ( 4 ) .  I n  t h i s  c a s e ,  i t  c a n n o t  be 
e x c l u d e d  t h a t  t h e  d i f f e r e n t  t e n d e n c y  t o  fo rm such  c o m p l e x e s  
may be a c o n s e q u e n c e  o f  f i n e  d i f f e r e n c e s  in t h e  s t r u c t u r e  o f  
i n d i v i d u a l  N - i m i n o l a c t a m s .  The d i f f e r e n t  c o n c e n t r a t i o n s  o f  
a c t i v e  l a c t a m  a n i o n s  and ,  c o n s e q u e n t l y ,  t h e  d i f f e r e n c e  in  po -  
l y m e r i z a t i o n  r a t e  can e n s u e  f rom t h i s  f a c t .  

T h i s  a s sumed  f e a t u r e  can  he c o m b i n e d  w i t h  t h e  d i r e c t  
p a r t i c i p a t i o n  o f  N - i m i n o l a c t a m s  as  g r o w t h  c e n t r e s  o f  p o l y -  
r e a c t i o n :  

N ~  C - N - -  C=O + ON ~ C = O  ~ N ~ C - N  0 CO-N ~ C = O  

N - I m i n o l a c t a m s  can be regene ra ted  i n  the  subsequent  r e a c t i o n  
os the  growth  c e n t r e s  w i t h  a lac tam anion= 

N~C-NH--~A/ + e N - - C = O  _ " N ~ C - N - - C = O  + | 

I n  a d d i t i o n  to  t h i s ,  N - i m i n o l a c t a m s  may b ind  r e s i d u a l  wa te r  
in  the  p o l y m e r i z a t i o n  m i x t u r e :  

N ==-C-N - - C = O  + H20 _ ~ H 2 N C O - N C  =0 

so t h a t  the  F i n a l  d r y i n g  and Format ion  o f  N - ( ~ - a m i n o a c y l ) -  
lac tam can a l so  cause a c c e l e r a t i o n  o f  the  p o l y m e r i z a t i o n  p r o -  
cess .  

E x p e r i m e n t a l  
1 - ( 1 - P y r r o l i n - 2 - y l ) - Z - p y r r o l i d o n e  was prepared  a c c o r d i n g  

to  GLICKMANN and MILLER (6)  by the  r e a c t i o n  o f  PD w i t h  
2 , 3 - d i h y d r o - 5 - m e t h o x y - l H - p y r r o l e  ( b u t y r o l a c t i m  methy l  e t h e r ) ,  
which was p repared  from PD and d i m e t h y l  s u l f a t e  a c c o r d i n g  to  
PETERSEN and TITZE ( 8 ) ;  m.p. o f  PDPD 61~ (DSC). 

l - ( l - A z a c y c l o h e p t - l - e n - 2 - y l ) - 2 - p y r r o l i d o n e  was p repared  
a n a l o g o u s l y  by the  r e a c t i o n  o f  PD w i t h  3,4,5,6-tetrahydro-7- 
- m e t h o x y - 2 H - a z e p i n e  ( c a p r o l a c t i m  methy l  e t h e r ) ,  which was 
p repared  From 6 - c a p r o l a c t a m  and d i m e t h y l  s u l f a t e  ( 9 ) ;  m .p .o f  
CLPD 58~ (DSC). 

1 - ( l - A z a c y c l o h e p t - l - e n - 2 - y l ) - l - a z a - 2 - o x o c y c l o h e p t a n e  was 
s y n t h e s i z e d  by an a c i d  d e h y d r a t i o n  o f  6 - c a p r o l a c t a m  in  d r y  

o benzene w i t h  POCI~ ( 1 0 ) ;  mop. 37 C (DSC); the  sample pepea te~  
l y  c r y s t a l l i z e d  fs n - h e p t a n e  c o n t a i n e d  0 . 2  mol~ c h l o r i n e .  

The p u r i t y  and i d e n t i t y  o f  t h e  a b o v e  m e n t i o n e d  compounds  
w e r e  checked by  GLC~ e l e m e n t a l  a n a l y s i s  and IR s p e c t r o s c o p y .  
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The solution of 2-oxo-Z-pyrrolidinylpotassium in 2-pyrro- 
lidone was prepared in s i tu from a methanolic solution of KOH 
and PD ( 1 ) .  

FoP pur i f icat ion of PD, the polymerization procedure in 
mixing ampoules, and the determination of i n t r i ns i c  v iscosi-  
t y ~ ] i n  cresol see (11); for theldetermination of conversion, 
both gravimetr ical ly and by GLC, see (3). 
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