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Reactivities of Dialkyl Citraconates in Radical 
Copolymerization with Styrene 

T. OISHI and M. FUJIMOTO 

Department of Industrial Chemistry 
Technical College 
Yamaguchi University 
2557 Tokiwadai, Ube, Yamaguchi 755, Japan 

A B S T R A C T  

The radical copolymerization of dialkyl citraconate (DRC, R = CH3, 
c H , n-C H , i-C H , n-C4Hg, i-C4Hg, s-C4H9, C6H11, C6H5CH2) 

(M1) with styrene (ST, M2) was performed at 60°C, using azobisiso- 

butyronitrile as the initiator in tetrahydrofuran in order  to clarify 
the polymerization behavior of DRC and the substituent effects on 
copolymerization. The monomer reactivity ratios rl and r2 and 
the Q1 and e l  values were determined from the results obtained. 
It was found that the relative reactivities l/r2 of DRC toward an 
attack by a polystyryl radical could be correlated not by the steric- 
substituent constant E, of the alkyl group in DRC, but by the polar- 
substituent constants O* in Taft's equation: log ( l/r2) = p*a* + 
b E s .  It was also observed that the e l  values are associated with 
Taft's U* constant. It was found that the weight-average molecular 
weights of the copolymers a r e  between 8.5 X 10' and 1.4 X lo4.  
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1202 OISHI AND FUJIMOTO 

I N T R O D U C T I O N  

In order  to obtain additional detailed information on the polymeriza- 
tion behavior of an unsaturated dibasic acid and its derivatives, we 
have investigated the reactivities of N- (4-substituted pheny1)isomale- 
imide [ 11, N-substituted maleimide [2] ,  N-substituted citraconimide 
[3,  41 , N-substituted itaconimide [ 5, 61 , alkyl N- (4-substituted phenyl) 
itaconamate [ 71 , dialkyl mesaconate [ 81 , and dialkyl dithiol mesaconate 
[9]. The present article describes the results of the relative reactivi- 
ties l/r2 of dialkyl citraconate (DRC) toward an attack by a polystyryl 
radical. Some of the DRC monomers have been synthesized by Brown 
et  al. [ 101 and Coulson et  al. [ 111. However, no attempts to investigate 
the polymerization reactivities of DRC have been made so far. Nine 
types of DRC ( M1) were synthesized and copolymerized with styrene 

(ST, M ). From the result obtained, the monomer reactivity ratios 

r and r and the Ql  and e l  values for DRC were calculated. Further- 1 2 
more, in order  to clarify substituent effects on the copolymerization, 
Eq. (1) w a s  applied, and the results are discussed: 

2 

where p* is the polar reaction constant, c* is the polar substituent 
constant, 6 i s  the s ter ic  reaction constant, and Es is the s ter ic  sub- 
stituent constant. 

E X P E R I M E N T A L  

S y n t h e s e s  of D R C  M o n o m e r s  

Nine types of DRC monomers were prepared, following the process 
in Scheme 1, and by a method described by Brown et al. [ lo]  and Coul- 
son et  al. [ll] , with some modification. The DRC monomers were 
identified on the basis of elemental analysis and IR and 'H-NMR spec- 
tra. The boiling point, yield, and refractive index of each DRC mono- 
mer a re  shown in Table 1. 

M a t e r i a l s  

ST, a,@ -azobisisobutyronitrile (AIBN), tetrahydrofuran (THF), 
benzene, toluene, and methanol were purified by the usual methods. 
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CH3-C-C0, R l O H  CH3-C-COOR 

H-C-CO H-C-COOR 
II ,o 5 II 

CAn DRC 

jH20 I R l O H  

CH3-C-COOH SOCl CH3-C-COC1 

H-C-COC1 
- II II 

H-C-COOH 
CA cc 

R, : CH3(MC), C2H5(EC),  n-C3H7 
(n-PC), C4Hg(n-BC).  

R2: i - C 3 H 7 ( i - P C ) ,  i - C 4 H 9 ( i - B C ) ,  
s-C4Hg( S - B C )  , C6H1 (CHC) , 
C6H5CH2(BZC). 

SCHEME 1. 

C o p o l y m e r i z a t i o n  P r o c e d u r e  

DRC (M1, 0.69 to 2.72 mol/L) was copolymerized with ST (M2,  

0.12 to 2.29 mol/L) in THF a t  60°C in a sealed glass tube in the pres- 
ence of 3.0 X lo-' mol/L of AIBN. After copolymerization for a given 
time (3  to 48 h), the content of the tube was poured into a large amount 
of methanol to precipitate the copolymer. The resulting copolymer was 
purified by precipitating it from a benzene-THF (50 ~ 0 1 % )  solution into 
a large amount of methanol. The copolymer obtained was filtered, 
thoroughly washed with methanol, and dried under reduced pressure 
to obtain the copolymer. 

The composition of the copolymer was determined from carbon 
analysis. The monomer reactivity ratios r1 and r2 were determined 
according to the methods reported by Fineman-Ross [12] and by Mayo- 
Lewis [13]. 

M e a s u r e m e n t  

The molecular weights of the copolymers were measured by gel 
permeation chromatographic ( GPC) analysis by usin the same tech- 
nique as described in an ear l ier  article [8]. IR and H-NMR spectra $ 
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were obtained, and thermal and elemental analyses were done by using 
the same instruments as reported previously [ 141. 

R E S U L T S  AND DISCUSSION 

Al l  bulk homopolymerizations of DRC (1.0 g; 3.2 to 6.3 mmol) 
were carried out with AIBN ( 1 wt% of DRC; 6.1 X lo-' mmol) at vari- 
ous temperatures (50, 70, 90, 110°C) for 48 h, and gave no appreciable 
amount of homopolymer. Al l  solution homopolymerizations of DRC 
were achieved with AIBN in THF ( 2  mL), benzene ( 2  mL), and toluene 
(2  mL) at  40 and 60°C under the same conditions as described above. 
However, no homopolymers could be obtained. This may be attribut- 
able to s ter ic  hindrance due to the 1,1,2-trisubstituted ethylene struc- 
ture. Similar behavior occurred in the homopolymerizations of di- 
alkyl mesaconate [8] and dialkyl dithiol mesaconate [9]. 

di-n-butylcitraconate (n-BC)-ST copolymers are shown in Fig. 1. 
The composition curves of other copolymers are between these two 
curves. It was observed that the rate of copolymerization decreased 
with an increase in the concentration of DRC in  the monomer mixture. 
A s  can be seen from Fig. 1, the DRC content in the copolymer in- 
creases with increasing DRC in the monomer mixture. 

The composition curves of the dibenzyl citraconate (BZC)-ST and 

The monomer reactivity ratios rl and r2 and the Alfrey-Price [15] 

100 

0 20 40 60 80 100 
M, i n  monomer feed, mol% 

FIG. 1. Copolymer composition curves for DRC (M ) and ST 
(Ma) systems: ( 0  ) BZC-ST, ( ) n-BC-ST. 1 
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~ _ _ _ _ _  

p*=O. 26 
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1 9 

h 

c\I 
L - -0.2 
v 
0, 
0 

-0.2 -0.1 0 0.1 0.2 0.3 
Cl* 

3 

FIG. 2. Correlation between the relative reactivities ( l/r2) of 

DRC toward an attack by a polystyryl radical and U* constants of 
alkyl groups: (1) CH3, (2)  C2H5, ( 3 )  n-C3H7, (4)  i-C3H7, ( 5) n- 

C4Hg7 (6)  i-C4Hg, (7)  S-CqHg, (8) C g H l l ~  (9)  CgHgCHz 

Q1 and e l  values for  DRC monomers are shown in Table 1. These 
parameters  were found to vary with the ester alkyl groups in DRC. 

The relative reactivities l/r2 of the DRC monomers toward an 
attack by a polystyryl radical increased with an increase in the 
electron-withdrawing nature of the e s t e r  alkyl groups. Figure 2 in- 
dicates that an approximately l inear relationship with p* = 0.26 in 
Eq ( l), with 0.14 standard deviation, exists between log ( l/r2) and 
the Taft U* constant. However, plots of log ( l/r2)-p*o* (where p* = 

0.26) against the Es constants also gave a straight line with 6 = 0, as 
shown in Fig. 3. This result  strongly suggests that the radical reac- 
tivities of DRC monomer depend on the polar character of the alkyl 
substituents, but not on the s ter ic  character. These phenomena are 
not characterist ic of DRC. Similar correlations a r e  also observed 
for  dialkyl mesaconate (p* = 0.66, 6 = 0) [8], dialkyl dithiol mesa- 
conate (p* = 0.54, 6 = 0) [9], N-alkyl itaconimide (p*  = 0.55, 6 = 0) 
[6], and N-alkyl citraconimide (p* = 0.34, 6 = 0) [4]. 

Table 1 reveals that the Q, values for  DRC a r e  slightly smaller - 
than those for  dialkyl mesaconate (0.19 to 0.50) [8]. However, the 
e l  values for  DRC were found to be s imilar  to those for  dialkyl 

mesaconate (0.57 to 1.12). Figure 4 indicates that the Q1 values 
for  DRC a r e  almost independent of the U* constant, and that the e l  
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7 -0.8 0 

6=0 

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 

Es 

FIG. 3. Correlation between the relative reactivit ies ( l / r2)  of 
DRC toward an attack by a polystyryl radical and Es constants of 

alkyl groups: (1) CH3, ( 2 )  C2H5, ( 3 )  n-C3H7, ( 4 )  i-C3H7, ( 5 )  n- 

C4Hg, ( 6 )  i-C4Hg, ( 6 )  i-C4Hg, ( 7 )  s-C 4 9  H , (8)  C 6 H 11’ (9)  C6H5CH2. 

- 1.0 

7 
a, 

7 - c  

’ 4  - 0.5 
0. 

I 1 1 1 1 
-0.2 -0.1 0 0.1 0.2 0.3 

o* 

FIG. 4. Correlations between the Q1 (0 ) o r  e l  ( ) values of DRC 

and u* constants of alkyl groups: (1) CH3, ( 2 )  C2H5, (3)  n-C3H7, 

( 4 )  i-C3H7, ( 5 )  n-C4Hg, ( 6 )  i-C4Hg, ( 7 )  s-C4Hg, (8) C6H11? (9) 

CsH5CH2. 

values becomes l a rge r  with an increase in the electron-withdrawing 
nature of the alkyl group in DRC. 

These tendencies were more o r  less detected in many r epor t s  on 
the reactivit ies of dialkyl mesaconate [8], dialkyl dithiol mesaconate 
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1208 OISHI AND FUJIMOTO 

[ 91, N-alkyl itaconimide [6], N-alkyl citraconimide [4], alkyl meth- 
acrylate [ IS] ,  alkyl acrylate [17], and alkyl thiolacrylate [18]. 

The number average molecular weight mn was calculated as 5.5 X 

l o3  to 10.3 X lo3. The polydispersity aw/an was between 1.3 and 2.5. 

In addition, the softening point was found to be between 105 and 188°C. 
The initial degradation temperature was determined as 214 to 285°C 
using DSC ( a t  a heating rate  of 10"C/min in helium). 
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