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SUMMARY 

The polymerization of 2-methyloxacyclobutane in CHIC1  ̂
using Et3OPF 6 as in i t i a to r  yields high molecular w~ig~t 
polymers in high yields at low temperatures down to 
- 80 C. The rate of in i t ia t ion  is slow and the concen- 
tration of propagating oxonium ions so low that phenyl 
end-capping could not be used in a kinetic study. The 
polymerization is 2nd order in monomer in accordance 
with a scheme involving spontaneous termination. Chain 
i r regular i t ies of the head-to-head, t a i l - t o - t a i l  types 
are in this system found to be determined only by the 
polymerization temperature. 

INTRODUCTION 

Recently we investigated the structural aspects of the 
ring-opening polymerization of 2-methyloxacyclobutane 
(2-MOCB)(KOPS et a l . ,  1980b). The polymerization yields 
a high proportion of head-to-head, t a i l - t o - t a i l  structures 
which increases with the polymerization temperature. I t  
was found by 13C NMR analysis of the tactic triads that 
propagation occurs in a random fashion from the mixture 
of enantiomeric monomers. Generally, higher molecular 
weights were obtained with the in i t i a to r  Et3OPFr than 
with PF in the temperature range -78 to OOC, although 
the M ~alues were less than lO.O00. n 
Now we wish to report a more detailed polymerization 
study u t i l i z ing  the oxonium salt i n i t i a to r  and we have 
been able to obtain polymers with molecular weights 
which are more than an order of magnitude higher than 
the previous values. The polymerization of oxacyclobu- 
tane (oxetane) and the derivatives with substituents in 
the 3-position have been thoroughly investigated (SAE- 
GUSA et ai.,1973, BLACK and WORSFOLD, 1976) and also 
the oligomerization accompanying these polymerizations 
(DREYFUSS and DREYFUSS, 1976, GOETHALS, 1977, BUCQUOYE 
and GOETHALS, 1977). Surprisingly, however, very l i t t l e  
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work has been c a r r i e d  out  c o n c e r n i n g  the p o l y m e r i z a t i o n  
o f  2-MOCB a f t e r  the  o r i g i n a l  p u b l i c a t i o n  by ROSE, 1956 
r e g a r d i n g  the p o l y m e r i z a b i l i t y .  The s t r u c t u r a l  f e a t u r e s  
o f  the p o l y m e r i z a t i o n  o f  2-MOCB a lso  wa r ren t s  f u r t h e r  
i n v e s t i g a t i o n  s ince  in p r i n c i p l e  the polymers may be 
o b t a i n e d  w i t h  a h i g h l y  r e g u l a r  s t r u c t u r e  (KOPS 1980a) .  
I t  is on l y  ve ry  r e c e n t l y  t h a t  c o n t r o l  o f  the cha in  
p r o p a g a t i o n  was o b t a i n e d  w i t h  c o o r d i n a t i o n  c a t a l y s t  
g i v i n g  a p redominant  h e a d - t o - t a i l  s t r u c t u r e ,  h o w e v e r , t h e  
degree o f  s t e r e o s p e c i f i c i t y  in the case o f  a c h i r a l  mono- 
mer was small  (OGUNI and HYODA, 1980) .  

EXPERIMENTAL 

M a t e r i a l s :  2-MOCB was prepared as p r e v i o u s l y  d e s c r i b e d  
(KOPS e t  a l . ,  1980b) .  CH C12, EtROPF ~ and NaOPh/THF 
were p u r i f i e d  and prepared accordTng ~o p r e v i o u s l y  pub- 
l i s h e d  p rocedures  (HVILSTED and KOPS, 1979) .  

P o l y m e r i z a t i o n  P rocedures :  A h igh vacuum t e c h n i q u e  was 
a p p l i e d  us ing  s to rage  bu re t s  w i t h  R o t a f l o  va lves  and 
p h i a l s  f o r  add ing s o l v e n t s  and reagen ts  as d e s c r i b e d  in 
d e t a i l  e l sewhe re  (HVILSTED and KOPS, 1979).  P a r t i c u l a r  
care was taken in p u r i f y i n g  the monomer p r i o r  to use by 
d i s t i l l a t i o n  from K-Na a l l o y .  Also the Et~OPF~ was d r i e d  
ve ry  c a r e f u l l y  in vacuum p r i o r  to c o n t a c t i n g  in w i th  
CH2Cl 2 and monomer. 

T e r m i n a t i o n  w i t h  NaOPh was per fo rmed by us ing  a ph ia l  
t e c h n i q u e  in case o f  the a t t emp ted  q u a n t i t a t i v e  d e t e r -  
m i n a t i o n  o f  the c o n c e n t r a t i o n  o f  p r o p a g a t i n g  oxonium 
ions by the end -capp ing  t e c h n i q u e  (SAEGUSA and MATSU- 
MOTO, 1968) .  In the  o t h e r  p o l y m e r i z a t i o n s  the NaOPh 
was a l so  used as t e r m i n a t i o n  r e a g e n t ,  however,  p repared 
under N 2 in a d ry  box and a p p l i e d  w i t h  a s y r i n g e .  The 
work -up  o f  the polymers in the l a t t e r  case was done by 
washing w i t h  IN NaOH and water  a f t e r  d i l u t i o n  w i t h  
CHpCI~. A f t e r  d r y i n g  over  Na2CO~ the s o l v e n t  was eva- 
po~at~d and the polymer d r i e d  inJvacuum (I mbar) a t  
50oc. 

A p p a r a t u s :  M o l e c u l a r  we igh ts  were de te rm ined  by GPC in 
THF s o l u t i o n  us ing  a Waters Model 200 i n s t r u m e n t  wi~h 
p o l y s t y r e n e  gel columns w i t h  p o r o s i t i e s  106 , 2 �9 I0 ~, 
I04 and 103 A. The m o l e c u l a r  w e i g h t  va lues  were c a l -  
c u l a t e d  from a c a l i b r a t i o n  curve based on ex tended 
cha in  l e n g t h s l f o r  ~ o l y s t y r e n e  and a p p l y i n g  a Q-va lue o f  
15.6 g �9 mol -~ �9 A I .  The UV-measurements were pe r -  
formed in CH2CI ? s o l u t i o n  at  room tempera tu re  in the 
range 225-325 n6 on a Beckman DK-2A s p e c t r o p h o t o m e t e r .  
The 13C NMR s p e c t r a  were o b t a i n e d  on Bruker  WH90 and HX270 
F o u r i e r  t r a n s f o r m  s p e c t r o m e t e r s  o p e r a t i n g  a t  22.63 and 
67.89 MHz r e s p e c t i v e l y .  The measurement were per fo rmed 
on 10% po lymer  s o l u t i o n  in CDCl 3 w i t h  TMS as i n t e r n a l  
s t a n d a r d .  
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RESULTS AND DISCUSSION 

With the object ive of calculat ing rate constants in a 
k inet ic  study of the polymerization of 2-MOCB attempts 
were made to determine the concentration of active 
propagating oxonium ions by phenoxyl end-capping (SAE- 
GUSA and MATSUMOTO, 1968) as we have done in case of 
other polymerizations (HVILSTED and KOPS, 1979). 

The polymerizations were carried out in CHpClp solution 
generally withla~.i i n i t i a l  monomer concentration close 
to 1.68 mol - , and a concentration of i n i t i a t o r  around 
2.7 �9 I0-3 mol �9 l - l ,  although one experiment was carried 
out with a much higher concentration of i n i t i a t o r .  Po- 
lymerization rates were studied in the temperature range 
-20 to -80oc and the data are presented in Table I .  

The experiments were f i r s t  carr ied out at -20oc, how- 
ever, i t  was found that the polymerization proceeds 
quite fast at that temperature, since 73% conversion 
is reached within 30 min. A more convenient temperature 
for a k inet ic  study is -50oc where the conversion reached 
only 13% during the same time in terva l .  In that case 
the influence of the i n i t i a l  start-up period, during 
which the polymerization temperature is approached is 
decreased,  

The d e t e r m i n a t i o n  of  the phenoxyl  group c o n c e n t r a t i o n  
shows, however, t h a t  a l though  the t o t a l  phenoxyl  group 
c o n c e n t r a t i o n  cor responds quitelwel] to that of the 
charged i n i t i a t o r  at the 2.6 0 -3 mol �9 l l e v e l ,  l i t t l e  
or any of these phenoxyl groups are found to be at the 
ends of the polymer chains up to high conversions and 
reaction times. Even when the i n i t i a t o r  concentration 
is increased more than 20-fold only a very small con- 
centrat ion is found af ter  121 minutes of reaction time 
at -50oc. At this high concentration of i n i t i a t o r  the 
s o l u b i l i t y  becomes marginal as evidenced by a cloudiness 
in the polymer solution and i t  is not surprising that 
some deviation is found between the determined total 
concentration of phenoxyl groups and the amount of 
charged i n i t i a t o r .  Only af ter  a very long reaction 
time at -50oc, at the low concentration of i n i t i a t o r ,  
i t  appears that a measurable amount of polymer bound 
phenoxyl groups is present. However, this is only a 
single experiment and in any case i t  cer ta in ly  appears 
that in the early stages of the polymerization the 
concentration of propagating oxonium ions that could 
be detected is very small. In the l a t t e r  stages the 
poss ib i l i t y  exists that an exchange reaction between 
unreacted i n i t i a t o r  and polymer takes place: 
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#H 3 CH 3 

C2H504C2H5+ CH CH 2 C2H ~ Ox~+C 
\ / \ 0 /  \ 5 L ~2 
CH 2 § > 0  +\CH~ , ( I )  ~ 

2H5 C2H 5 C2H 5 

TABLE l 

Polymerization of 2-MOCB at Different Temperatures a) 

GPC UV 

Temp. React. Yield M M Total c Actived~ 
o C time of n w phenoxyl ) ends Jl 

min. pol. �9 lO -3 �9 lO -3 mol l mol l 
wt.% �9 0 3~ - I  �9 0 3~-"  

- 20 30 73 19 II 2.8 ~ 0 
92 89 45 28 2.4 ~ 0 

60 71 45 lOl 
- 30 151 90 22 84 

3 6 0  93 22 81 

- 50  

30 13 20 53 
75 33 12 36 

I00 38 I09 235 2.75 N 0 
121 80 b) 85 180 49.0 O.ll 
124 44 40 87 
300 63 19 60 
621 79 76 198 2.44 N 0 
872 82 62 130 

1400 90 89 200 
2700 94 87 193 
6960 95 98 245 2.40 0.24 

- 8 0  

2850 12 39 89 
5580 28 60 120 
9870 34 246 586 

12985 31 203 466 
14000 56 307 709 

a )  [ 2 - M O C B ] o =  1.68 mol �9 ~ - I  

[Et3OPF6]o= 2.7 �9 10 -3 mol - ~-I in CH2Cl 2 

b) [Et3OPF6]o=5.85 �9 lO -2 mol �9 ~-1 

c) Determined on the basis of the UV-absorbance at 
372 nm after addition of NaOPh to the reaction 
mixture. 

d) Determined on the basis of the UV-absorbance at 
372 nm after removal of the phenetol originating 
from unreacted Et3OPF 6. 



509 

This  r e a c t i o n  would i n c r e a s e  the p r o p o r t i o n  o f  po lymer  
bound phenoxyl  groups which r e s u l t  from the  r e a c t i o n  
w i t h  NaOPh. A l though  the  above exchange r e a c t i o n  is  
no t  expec ted  to be ab le  to compete w i t h  the  r e a c t i o n  
between i n i t i a t o r  and monomer i t s  p o s s i b l e  r o l e  shou ld  
be f u r t h e r  i n v e s t i g a t e d  perhaps a l so  in case o f  p o l y -  
m e r i z a t i o n  o f  o t h e r  c y c l i c  e t h e r s .  

The f a i l u r e  o f  be ing  ab le  to de te rm ine  the  c o n c e n t r a t i o n  
o f  p r o p a g a t i n g  oxonium ions d u r i n g  the e a r l y  s tages o f  
the p o l y m e r i z a t i o n ,  where the k i n e t i c s  shou ld  be s t u d i e d ,  
may be due to e i t h e r  a low r a t e  o f  i n i t i a t i o n  or  to t e r -  
m i n a t i o n  which r e s u l t  in a r e d u c t i o n  o f  the c o n c e n t r a t i o n  
o f  a c t i v e  s p e c i e s .  

Gaschromatograph ic  a n a l y s i s  o f  the  p roduc ts  f rom the 
r e a c t i o n  w i t h  NaOPh con f i rmed  t h a t  on l y  a ve ry  smal l  p a r t  
o f  the  t r i e t h y l o x o n i u m  ions have been consumed in the 
i n i t i a t i o n  r e a c t i o n  even a f t e r  a c o n s i d e r a b l e  t ime 
p e r i o d  s ince  the amount o f  p h e n e t o l e  de te rm ined  by the 
a n a l y s i s  is o n l y  a l i t t l e  l ess  than t h a t  c o r r e s p o n d i n g  
to the amount o f  charged i n i t i a t o r .  I t  appears t h a t  
growth o f  on l y  r e l a t i v e l y  few cha ins  is i n i t i a t e d  but  
s i nce  the p r o p a g a t i o n  is  f a s t  compared to t e r m i n a t i o n  
good y i e l d s  o f  po lymers w i t h  ve r y  h igh m o l e c u l a r  w e i g h t  
are o b t a i n e d .  

I00 

80 

60 

40 

20 

f n  

d / 

i 

200 

-I-0 

Fig. I :  Rate of conversion of 2-MOCB at-50~ (0) 
and -30oc (Q). 
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F ig .  2: Second order  ra te  p l o t  f o r  2-MOCB at -50~ 

In F igure 1 the r a t e  of  convers ion  is i l l u s t r a t e d  at  two 
tempera tu res .  In F igure 2 is shown a ra te  p l o t  which 
conforms very  wel l  to a p ropagat ion  which is second o r -  
der in monomer. On t h i s  basis the f o l l o w i n g  scheme is 
f o rmu la ted :  

R i = k i [ l ] [ M ]  

R t = kt[P+] 
Rp = kp[M] [P +] = k p k i [ l ] [ M ] 2  

k t 

Upon i n t e g r a t i o n :  

1 k p k i [ l ]  1 
= �9 t + 

[M] k t [M] o 

The s t r a i g h t  l i n e  p l o t  in F igure 2 is in accordance 
w i th  the above equat ion  and the i n i t i a t o r  c o n c e n t r a t i o n  
is  e s s e n t i a l l y  cons tan t  dur ing  the e a r l y  stages of  the 
p o l y m e r i z a t i o n  as a l ready  v e r i f i e d  e x p e r i m e n t a l l y .  In 
the scheme shown, the t e r m i n a t i o n  is spontaneous w i t h o u t  
the p a r t i c i p a t i o n  of  monomer. However, o the r  schemes 
could of  course lead to the second order  dependence on 
monomer, f o r  example a h igher  o rder  dependence on mono- 
mer in e i t h e r  the i n i t i a t i o n  r e a c t i o n  or in the propa- 
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gation reaction although these la t te r  poss ib i l i t ies  ap- 
pear less l i ke l y  in the l igh t  of the current general 
knowledge about this type of polymerization. 

Very high molecular weight polymers are obtained com- 
pared to previously and we at t r ibute this to the par- 
t icu lar  care taken in the pur i f icat ion of the monomer 
and the i n i t i a t o r  (see Experimental Section). The mole- 
cular weight values indicated in Table l should actually 
be even higher due to the fact that for most of the 
samples the molecular weight of a seizable part of the 
polymer is above the exclusion l im i t  for the GPC columns. 
The molecular weights are somewhat errat ic and i t  appears 
that the values are rather sensitive to small changes 
in the conditions. None of the polymers contained sig- 
n i f icant  amounts of oligomers. 

TABLE 2 

Effect of changing conditions in the polymerization of 
2~ 

GPC 
Temp. React. 2-MOCB Et~OPF 6 Yield M Mw 

t ime conc._l co~c._l of n 
~ min. mol-~ mol.~ pol.. -lO -3 -]0 -3 

�9 lO 3 wt.% 

-30+0 150§ 1.68 2.6 99 9 55 

-30 151 1.68 2.7 90 22 84 

0 90 1.68 2.6 86 7 25 

The effect of temperature on conversion and molecular 
weight with respect to reversabi l i ty  of the polymeriza- 
tions was studied and the data are presented in Table 2. 
I t  is seen that complete conversion ~s approached by 
carrying out the polymerization at 0 C and no reversa- 
b i l i t y  is observed up to that temperature. Furthermore, 
molecular weight changes are observed by changing the 
polymerization temserature. By f i r s t  maintaining the 
temperature of -30 C for 150 minutes and then increasing 
the temperature and f in ishing the polymerization at 0 C 
a decrease in the molecular weight values is found in 
comparison with the experiments carried out at -30oc. 
The changes in the GPC curves show clearly a disappear- 
ence of the very highest molecular weight fraction upon 
changing the temperature. Thus a transfer to polymer 
is indicated which lead to degradation. A mechanism 
similar to that indicated in Equation (1) may be operating 
and degradation occurs when the polymeric oxonium ion 
is attacked by monomer. By comparison with the 
results of polymerization of OOC i t  is seen that the 
system i n i t i a l l y  maintained at -30oc does not degrade 
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to an extent where the molecular weight becomes com- 
parable to the value for polymer obtained d i rec t ly  at 
OoC at least not during the indicated time span. 

The polymers ~repared at the d i f ferent  temperatures were 
analyzed by lJC NMR for head-to-head, t a i l - t o - t a i l  
i r r egu la r i t i es  according to the previously described 
technique (KOPS et a l . ,  1980b). A very good correspon- 
dance was found between the abundance of the various 
types of carbons in the d i f ferent  chain configurations. 
As required, the percentages of carbons appearing in 
head-to-head configurations were very close to those 
appearing in t a i l - t o - t a i l  configurations. The head-to- 
t a i l  configurations increase with lower polymerization 
temperature, however, a high percentage (20-25%) of i r -  
regular i t ies  is produced even under those conditions. 
In the present study the polymerizations are performed 
under well controlled conditions and with the use of 
the same i n i t i a t o r  in CH?CI 2 solut ion. In this system 
the amount of i r regu la r i t i es  is determined only by the 
polymerization temperature. 
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