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Summary  
Diethyl fumarate was radically polymerized under UV 

irradiation and concentration of the=propagating radical was 
determined to be of the order of I0 -~ mol/L by scavenge with 
a stable free radical. The absolute rate constant for 
propagation (kp) was evaluated from the overall rate of 
p o l y m e r i z a t i o n  a t  3 0 ~  kp  = ( 2 . 9  • 0 . 3 )  x 10 - 2  L / m o l . s .  
T h e  r a t e  c o n s t a n t  f o r  m u t u a l  t e r m i n a t i o n  o f  t h e  p o l y m e r  
r a d i c a l  ( k  t )  was c a l c u l a t e d  f r o m  t h e  d e c r e a s i n g  r a t e  o f  t h e  
r a d i c a l  c o n c e n t r a t i o n  i n  t h e  d a r k :  k t = 8 . 0  L / m o l . s .  The  
k t v a l u e  d e t e r m i n e d  i s  o n e  t w e n t i e t h  o f  t h a t  e v a l u a t e d  p r e -  
v i o u s l y  b y  a r o t a t i n g  s e c t o r  m e t h o d .  T h i s  d i s c r e p a n c y  i s  
a c c o u n t e d  f o r  b y  c o n t r i b u t i o n  o f  much f a s t e r  p r i m a r y  r a d i c a l  
t e r m i n a t i o n .  

| s t r o d u c t i o n  
R a d i c a l  h i g h  p o l y m e r i z a t i o n  o f  d i a l k y l  f u m a r a t e  (DRF) 

has a t t r a c t e d  much a t t e n t i o n ,  because of  p e c u l i a r  f e a t u r e s  
of  p o l y m e r i z a t i o n  to  p o l y ( s u b s t i t u t e d  m e t h y l e n e ) ( 1 - 4 ) .  One 
o f  t h e  f e a t u r e s  o f  DRF p o l y m e r i z a t i o n  i s  f a s t e r  p o l y m e r i -  
z a t i o n  o f  DRF w i t h  t h e  b u l k i e r  e s t e r  a l k y l  g r o u p  t o  t h e  
h i g h e r  m o l e c u l a r  w e i g h t  p o l y m e r ,  a n d  i m p o r t a n c e  o f  t h e  
s t e r i c  e f f e c t  r e l a t i n g  t o  t h e  s i z e  o f  t h e  a l k y l  g r o u p  h a s  
b e e n  n o t e d .  

We h a v e  d e t e r m i n e d  t h e  r a t e  c o n s t a n t s  o f  p r o p a g a t i o n  
( k p )  a n d  t e r m i n a t i o n  ( k  t )  f o r  d i e t h y l  f u m a r a t e  ( D E F ) ( 5 )  a n d  
d i ] s o p r o p y l  f u m a r a t e  ( D i P F ) ( 6 )  b y  a r o t a t i n g  s e c t o r  m e t h o d  
a n d  a q u a n t i t a t i v e  s c a v e n g e  o f  t h e  p r o p a g a t i n g  r a d i c a l  o f  
w h i c h  l i f e - t i m e  was t o o  l o n g  t o  b e  e v a l u a t e d  b y  t h e  r o t a t i n g  
s e c t o r  m e t h o d ,  r e s p e c t i v e l y .  The  ESR s i g n a l s  d u e  t o  t h e  
P o l y m e r  r a d i c a l s  p r e s e n t i n g  i n  e x t r a o r d i n a r i l y  h i g h  c o n c e n -  
t r a t i o n s  w e r e  r e a d i l y  d e t e c t e d ,  a n d  b i m o l e c u l a r  t e r m i n a t i o n  
o f  t h e  r a d i c a l  f r o m  t h e  f u m a r a t e  was f o l l o w e d  b y  ESR s p e c -  
t r o s c o p y .  A c c o r d i n g  t o  t h e s e  e x p e r i m e n t s ,  kp  = 0 . 0 1 5  a n d  
k t = 164 L / m o l . s  f o r  D E F ( 5 ) ,  a n d  k p  = 0 . 3 1  a n d  k t  = 0 . 8 4  
L / m o l . s  f o r  D i P F ( 6 )  h a v e  b e e n  e v a l u a t e d  a t  3 0 ~  

T h e s e  r a t e  c o n s t a n t s  a r e  much s m a l l e r  t h a n  t h o s e  o f  
m o s t  o f  c o n v e n t i o n a l  m o n o m e r s  o f  w h i c h  k p  a n d  k t a r e  o f  t h e  
o r d e r s  o f  102 a n d  107 L / m o l ' s ,  r e s p e c t i v e l y .  P o l y m e r i -  
z a t i o n s  o f  d i a l k y l  i t a c o n a t e s ( 7 , 8 )  a n d  N - c y c l o h e x y l m a l e -  
i m i d e ( 9 )  h a v e  a l s o  b e e n  f e a t u r e d  b y  t h e  p r e s e n c e  o f  t h e  
p o l y m e r  r a d i c a l  i n  h i g h  c o n c e n t r a t i o n s  a n d  t h e  s m a l l  r a t e  
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constants for Propagation and termination. Although the 
substituents of DRF and poly(DRF) radical as well as those 
of the itaconates and maleimide monomers and their polymer 
radicals hinder considerably the elementary reactions, a 
balance of the propagation and termination rates allows 
polymerization irrespective of the magnitudes of the res- 
pective rate constants. Therefore these polymerizations 
have exemplified a new possibility in polymerization of 
monomers bearing large substituents. 

In the course of our studies on DRF polymerization, we 
have suspected a considerable participation of the primary 
radical from the initiator to termination, due to a low re- 
activity of DRF toward a bulky radical(10). To determine 
the k t value for DiPF, the polymerization sensitized with 
l,l'-azobiscyclohexane-l-carbonitrile [ACN) was initiated 
with UV irradiation, and a decrease in the radical concen- 
tration after interception of the irradiation was monitored 
by scavenge with 1,3,5-triphenylverdazyl (TPV)(II) or ESR 
spectroscopy. Since ACN used as a sensitizer thermally de- 
composes quite slowly at 30~ we were able to determine 
the rate constant for solely the bimolecular reaction of 
poly(DiPF) radical in the dark. Probably a considerable 
difference in the k t values for DEF and DiPF, 164 and 0.84 
L/mol.s, could involve contribution of Primary radical 
termination (PRT). 

In the present work to estimate the role of PRT in DEF 
polymerization, we carried out determination of the kp and 
k t values for DEF based on the quantitative scavenge of the 
propagating radical with TPV. Comparison of the k t values 
determined by the different methods could reveal partici- 
pation of the primary radical to the termination in DEF 
polymerization. 

Experimental 
Commercial DEF was d i s t i l l e d  under reduced pressure. 

ACN was r ec rys t a l l i zed  from methanol. TPV was prepared and 
purif ied as described in the l i t e r a t u r e ( l l ) .  Polymeriza- 
t ion was i n i t i a t e d  with i r r ad ia t ion  of a i00 W high pressure 
mercury lamp (Toshiba SHL lO0) in bulk, and the overall ra te  
of the polymerization (Rp) was calculated from the weight of 
the polymer isolated.  

The quan t i t a t ive  scavenge of the polymer radical was 
performed using a H-shaped sealed ampoule equipped with a 
stop-cock with a Teflon plug. The polymerization mixture 
in an arm was i r radia ted with UV l igh t  and af ter  a cer ta in  
period, a benzene solut ion of TPV in another arm was added 
to the polymerization mixture through the stop-cock. The 
concentration of the active radical was calculated from a 
decrease in the absorbance of TPV at 720 nm after  normali- 
zation for an increase in volume. 

Results and Discussion 
Polymerizations of DEF under d i f fe ren t  conditions were 

already reported, and the k ine t i c  order with respect to DEF 
was found to be 1.66-I.72(5). The k ine t i c  order higher 
than unity was considered to ar ise  from a r e l a t i v e l y  slow 
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a d d i t i o n  o f  t h e  p r i m a r y  r a d i c a l  t o  DEF a n d / o r  a d e c r e a s e  i n  
k t v a l u e  w i t h  i n c r e a s i n g  c h a i n  l e n g t h  o f  t h e  p o l y m e r  r a d i -  
c a l .  H o w e v e r ,  t h e  k i n e t i c  o r d e r  w i t h  r e s p e c t  t o  t h e  i n i t i -  
a t o r ,  2 , 2 ' - a z o b i s i s o b u t y r o n i t r i l e  (AIBN) ,  was f o u n d  t o  d e -  
c r e a s e  f r o m  0 . 5  f o r  t h e  b u l k  p o l y m e r i z a t i o n  a t  30 a n d  60~  
t o  l e s s  t h a n  0 . 5  by  a d e c r e a s e  i n  DEF c o n c e n t r a t i o n  a n d  by  
r a i s i n g  t h e  t e m p e r a t u r e  f r o m  60 t o  7 0 ~  T h e s e  c h a n g e s  
i n  t h e  e x p e r i m e n t a l  c o n d i t i o n s  s e e m e d  t o  f a c i l i t a t e  PRT 
r e s u l t i n g  i n  t h e  d e v i a t i o n  f r o m  t h e  s t a n d a r d  k i n e t i c  o r d e r s  
w i t h  r e s p e c t  t o  A I B N ( 1 3 ) .  

P r o p a g a t i o n  o f  DEF i n v o l v e s  a d d i t i o n  o f  p o l y ( D E F )  
r a d i c a l  t o  m o n o m e r i c  DEF, a n d  kp i s  c a l c u l a t e d  f r o m  Rp a nd  
t h e  r a d i c a l  c o n c e n t r a t i o n  ( [ D E F . ] ) :  

kp = R p / (  [DEF] [DEF- ] ) I1 ] 
I f  t h e  r a d i c a l  c o n c e n t r a t i o n  was d e t e r m i n e d ,  e v a l u a t i o n  o f  
kp c o u l d  be  d o n e  i r r e s p e c t i v e  o f  i n i t i a t i o n  a nd  t e r m i n a t i o n  
p r o c e s s e s .  F i g .  1 shows  a l i n e a r  r e l a t i o n  b e t w e e n  c o n -  
v e r s i o n  a n d  p o l y m e r i z a t i o n  t i m e  f o r  Rp d e t e r m i n a t i o n .  TPV 
h a s  b e e n  u s e d  t o  q u a n t i t a t i v e  s c a v e n g e  o f  p o l y ( D i P F )  r a d i -  
c a l ( 6 ) ,  a n d  t h e  s ame  s c a v e n g e r  was e m p l o y e d  f o r  DEF p o l y -  
m e r i z a t i o n .  A b e n z e n e  s o l u t i o n  o f  an  a p p r o p r i a t e  a m o u n t  o f  
TPV was a d d e d  t o  t h e  e q u a l  v o l u m e  o f  t h e  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 a i n i n g  t h e  a c t i v e  p o l y m e r  r a d i c a l  u n d e r  v a c u u m  

0~0 8 

: 0 / t  
0 

4 

I 1 I 

0 2 4 6 8 
Time ( h r )  

F i g .  I. C o n v e r s i o n - t i m e  p l o t  f o r  DEF p o l y m e r i z a t i o n  i n i t i -  
a t e d  w i t h  UV i r r a d i a t i o n  i n  t h e  p r e s e n c e  o f  ACN a t  30~  
[DEF] = 6 . 1 9  m o l / L  a n d  [ACN] = 0 . 0 5  m o l / L  

T a b l e  I .  C o n c e n t r a t i o n  o f  p o l y ( D E F )  r a d i c a l  a n d  kp v a l u e  

Time [DEF.] x 10 4 kp x 10 2 
(hr) (mol/L) (L/mol.s) 

0 .50  1 .24  3 . 4  
0 .50  1 .55  2 . 7  
0 . 7 5  1 .58  2 .6  
1 .00 1 .33  3.1 

A v e r a g e  1 . 4 3  • 0 . 0 8  2 . 9  • 0 . 3  

a) [DEF] = 6.07 mo l /L ,  Rp = 2.54 x 10 .5  m o l / L - s ,  and [TPV] 
= 1.850 x 10 -4 mo l /L  
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and TPV was allowed to react with poly(DEF) radical: 
~6H5 

C2H500 ~ /N=N~ 
~CH-HC. + C6H5C ~H 2 

COOC2H 5 N-~ 
�9 C6H5 

Light green 

C6H5C CH 2 
C2H500C ~N-N~ 

~CH-HC / \C6H 5 
tOOC2H 5 

Colorless 
Concentration of the propagating radical was determined at 
different polymerization times and the results of the 
scavenge experiment are summarized in Table I. The values 
of kp evaluated from eq. [I] are shown in this. table. 

The scavenger method was also used to measure the radi- 
cal concentration for k t determination. After the poly- 
merization w i t h  UV i r r a d i a t i o n  f o r  a c e r t a i n  p e r i o d ,  t h e  
p o l y m e r i z a t i o n  a m p o u l e  was l e f t  i n  t h e  d a r k  f o r  a p r e s c r i b e d  
t i m e ,  a n d  t h e n  t h e  c o n c e n t r a t i o n  o f  t h e  r a d i c a l  r e m a i n i n g  
was d e t e r m i n e d .  F i g .  2 s h o w s  t h e  s e c o n d  o r d e r  r a t e  p l o t  
a c c o r d i n g  t o  e q .  [ 2 ] :  

[ D E F . ] o / [ D E F . ]  t = I + k t t [ D E F . ]  [ 2 ]  
w h e r e  s u b s c r i p t s  0 a n d  t a r e  r e f e r  t o  t h e  r e a c t i o n  t i m e s .  
A l i n e a r  r e l a t i o n  o b t a i n e d  b y  a p l o t  o f  [ D E F . ] o / [ D E F . ]  t 
v e r s u s  t i m e  e v i d e n c e s  t h e  f a c t  t h a t  t h e  p o l y m e r  r a d i c a l  
l o s e s  i t s  a c t i v i t y  s o l e l y  b y  a b i m o l e c u l a r  r e a c t i o n .  

T a b l e  2 c o m p a r e s  t h e  kp  a n d  k t v a l u e s  d e t e r m i n e d  b y  
t h e  d i f f e r e n t  m e t h o d s .  The  kp  v a l u e  o b t a i n e d  i n  t h e  
p r e s e n t  s t u d y  a g r e e s  w i t h  t h a t  d e t e r m i n e d  b y  t h e  r o t a t i n g  

r-r 

2 

o 

"' I( 
l.J 

Fig. 2. 

! I I 

5 10 15 
Time (min)  

Second order plot for mutual termination of poly- 
(DEF) radical at 30~ 

Table 2. Absolute rate constants determined by rotating 
sector method and by quantitative scavenge at @OoC 

Rate constants (L/mol.s) Ref. Method kp kt 

Sector 0.015 164 5 
Scavenger 0.029 8.0 This work 
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sector method(5), and the k t value evaluated by the 
scavenger method is 1/20 of that determined by the sector 
method(5). 

The value of k t for DEF is smaller than that for DiPF 
by a factor of 9.5. Since DiPF polymerizes faster to 
higher moleculer weight than DEF, the smaller k t for DiPF 
might be ascribed to dpendence of k t on the chain length of 
the polymer radical. A large difference in the k t values 
in Table 2 is considered to ascertain a contribution of PRT. 
The greater k t value determined by the sector method could 
involve the contribution of PRT. However, we experi- 
mentally confirmed the apparent dependency of Rp on the 
square root of AIBN concentration, and the kp and k t were 
evaluated according to the standard kinetic equation of 
radical polymerization(5): 

Rp = (Ri/kt)0.5kp[DEF] [33 
A change in Rp under intermittent irradiation of UV light 
was observed from 0.50 to 0.25 of Rp under continuous 
irradiation depending on flash time in the rotating sector 
experiment(S), indicating that Rp was proportional to the 
square root of the initiation rate, R i. Thus except the 
difference in the k t values in Table 2, the results of the 
sector and related experiments did not exhibit the con- 
tribution of P R T ( 5 ) .  

The following reactions are considered as termination 
in  DEF p o l y m e r i z a t i o n :  

k t  
DEF. + DEF. > P o l y m e r  

kpRT 
DEF. + R . . . . .  > P o l y m e r  

The r a t e s  o f  t h e  r e s p e c t i v e  r e a c t i o n s  a r e  
R t : kt[DEF.]2 

and 
RpR T = kpRT[DEF.][R.] 

where DEF. and R. are poly(DEF) radical and the i-cyano-l- 
cyclohexyl radical, respectively. 

Although termination consists of the bimoleuclar 
reaction of poly(DEF) radical and PRT, the k t value de- 
termined by the sector method was approximated by the rate 
constant for solely the bimolecular termination: 

R t = kApp[DEF']2 % kt[DEF'] 2 + kpRT[DEF'][R'] [4] 
and 

kAp P % k t + kpkpRT[DEF][R']/R p [5] 
where kap p corresponds to the termination rate constant 
determined by the sector method. Substituting the numeri- 
cal values already given into eq. [5], we obtained kpR T = 
2.3 x 10-3/JR .] L/mol.s. In conventional vinyl polymeri- 
zation, the rate dermining step of initiation is decompo- 
sition of the initiatior, and the second term of eq. [4] is 
not considered. Since the primary radical was not detected 
by ESR spectroscopy, concentration of the cyclohexyl radical 
could be of the order of 10 -8 mol/h or below. Accordingly 
the estimate of kpR T is not less than 2.3 x 105 L/mol.s, 
which is close to the avearage of k t and the rate constant 
of b i m o l ~ c u l a r  [ e a c t i o n  o f  t h e  1 - c y a n o - l - c y c l o h e x y l  r a d i c a l ,  
3 . 6  x 10 L/mol  s ( 1 4 ) .  The l a r g e  d i f f e r e n c e  b e t w e e n  t h e  k t  
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and kpR T values is  considered to suggest chain length 
dependencey of the r a t e  constants for the reac t ions  involv- 
ing poly(DRF) r a d i c a l .  

When PRT contr ibutes  to DEF polymerization,  an increase 
in the i n i t i a t o r  concentration brings about increases in the 
concentrat ions of poly(DEF) r ad i ca l  and of the primary r a d i -  
cal to d i f f e r e n t  extents .  Accordingly [R.]/Rp could be 
remained constant depending on the concentration range of 
the i n i t i a t o r  In such a case, Rp appeares to be pro- 
por t ional  to the square root of the i n i t i a t o r  concentration. 

Since kAp P = 164 L/mol.s, the f i r s t  and second terms of 
eq. [4] are estimated to be 1.6 x 10 -7 and 3.3 x I0 -7 mol/L, 
r e s p e c t i v e l y ,  at  [DEF.] = 1.43 x 10 -4 mol/L which is the 
average of the concentrations of poly(DEF) r ad ica l  in Table 
I. Although a considerable contr ibut ion  of PRT is pre- 
d ic ted  in DEF polymerization,  the termination r a t e  was found 
to balance with the propagation r a t e  leading to poly(DEF) 
formation. 
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