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Spontaneous Terpolymeritation of 
1,3-Cycloalkadiene, Styrene, and Acrylonitrile 
in the Presence of Zinc Chloride 

KATSUTOSHI NAGAI and SHUJI MACHIDA 

Macromolecular Research Laboratory 
Faculty of Engineering 
Yamagata University 
Jonan, Yonezawa 992, Japan 

ABSTRACT 

1,3-Cycloalkadienes of six- to eight-membered rings, such as 
1,3-cyclohexadiene (l,J-CHD), 1,3-cycloheptadiene (1,3-CH D), 

P 
and 1,3-cyclooctadiene (1,3-COD), underwent spontaneous ter- 
polymerization with styrene (St) and acrylonitrile (AN) in the 
presence of ZnClz , which was accompanied by cycloaddition 
of the diene with AN when 1,J-CHD or  1,3-CH D was used as 
the diene. In the system involving 1,3-CHD as diene, the in- 
crease in ZnClz concentration increased both the rates of the 
two reactions and the terpolymer viscosity, while it scarcely 
affected the terpolymer composition. The terpolymers yielded 
in the terpolymerizations of 1,3-cycloalkadiene, St, and AN in 
the presence of ZnClz were composed of -50 mol% AN units 
and of -50 mol% donor monomer units, 1,3-cycloalkadiene 
and St. The terpolymerization was regarded as a binary copolym- 
erization between charge-transfer (CT) complexes of 1,3-cyclo- 
alkadiene and St with AN coordinated to ZnC12, (AN)c, and the 
resulting monomer reactivity ratio for the 1,3-cycloalkadiene- 
(AN)c complex decreased in the order 1,3-CHD > 1,3-CH D 
> 1,3-COD. Such a variation in the monomer reactivity ratios 
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966 NAGAI AND MACHIDA 

with the diene is explained in terms of two interactions in the 
propagation: one between the diene and (AN)c in the CT- 
complex and the other between the diene and a propagating radi- 
cal having (AN)c as a terminal unit. 

INTRODUCTION 

The physicochemical properties and the reactivities of cycloolefins 
are known to be dependent on the ring size [ 11. It has been reported 
that the reactions of 1,3-cycloalkadienes of five- to ei ht-membered 
rings with acceptor monomers such as sulfur dioxide f 2-51, maleic 
anhydride [ 4, 6-81, and acrylonitrile (AN) in the presence of ZnClz 
[ 9-11] give rise to either cycloadduct o r  copolymer o r  both, and that 
the product ratio varies largely with the ring size of the dienes [ 9, 
121. 

Moreover, the alternating tendency of the copolymers obtained in 
the spontaneous copolymerizations of 1,3-cycloalkadienes of six- to 
eight-membered rings with AN in the presence of ZnClz was observed 
to depend on the ring size of the diene [ 9-11]. Such a dependence was 
inferred to result from differences in the concentration and in the 
reactivity of charge-transfer (CT) complexes formed between the 
diene and AN coordinated to ZnCIZ, (AN)c. 

Styrene (St) copolymerizes with (AN)c to form a copolymer with 
an approximately alternating composition [ 13, 141, and its terpolym- 
erization with butadiene and polar vinyl monomers in the presence 
of Lewis acids affords terpolymers consisting of -50 mol% of polar 
monomer units and -50 mol% of total monomer units of St and 
butadiene [ 15, 161. It has been suggested that such a terpolymeriza- 
tion of two donor monomers and one acceptor monomer can be con- 
sidered as a binary copolymerization between CT-complexes of the 
respective donor monomers with the acceptor monomer and that the 
apparent monomer reactivity ratios of the two CT-complexes can be 
estimated [ 17, 181. 

The present study deals with the terpolymerizations of 1,3-cyclo- 
alkadiene of six- to eight-membered rings, St, and AN in the presence 
of ZnClz . The reactivity of the dienes in the terpolymerizations is 
discussed on the basis of the resulting monomer reactivity ratios of 
1,3-cycloalkadiene- (AN)c complexes. Cyclopentadiene was not used 
for this work because of the lack of copolymerizability with AN [ 91. 
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E X P E R I M E N T A L  

M a t e  r i  a1 s 

Syntheses and purifications of 1,3-CHD [ lo], 1,3-CH D [ 91, and 
1,3-COD (commercial) [ 113 were carried out as reported previously. 
St and AN were purified by the usual methods. Zinc chloride, guar- 
anteed reagent grade, was dried in the melt under vacuum. 

P 

S p e c t r a l  M e a s u r e m e n t s  

IR measurements were carried out on a Shimadzu IR-400 infrared 
spectrometer. NMR spectra were obtained by using a Hitachi R-24B 
high resolution NMR spectrometer. 

R e a c t i o n  

The reaction of 1,3-cycloalkadiene, St, and AN in the presence of 
ZnClz and the isolation of the products, terpolymer and cycloadduct 
(when 1,3-CHD or 1,3-CH D was used as the diene), were conducted 
by procedures similar to those shown for the copolymerizations of 
1,3-cycloalkadiene with AN in the presence of ZnClz [ 9-11], except 
additions of 1,3-cycloalkadiene and St to the solution of ZnCl2 in AN 
were done by using their mixture at  a fixed composition. 

P 

C h a r a c t e r i z a t i o n  of T e r p o l y m e r s  

The terpolymer composition was determined from the area ratio of 
peaks due to methylene-methyne, olefinic, and aromatic protons which 
appeared in the discrete region in NMR spectra measured in CDCL 
as solvent (see Fig. 2). The viscosity of the terpolymer composed 
of 1,3-CHD, St, and AN units was determined at a concentration of 
0.5 g/dL in nitrobenzene as solvent at 25°C with an Ubbelhode vis- 
cometer. 

R E S U L T S  AND DISCUSSION 

T h e  T e r p o l y m e r i z a t i o n  of 1 , 3 - C H D ,  S t ,  a n d  AN i n  
t h e  P r e s e n c e  of Z n C l z  

As reported previously [ lo], when 1,J-CHD is mixed with AN in 
the presence of ZnClz , cycloaddition and copolymerization take place 
simultaneously. Similarly, both the cycloadduct of 1,3-CHD with AN 
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Wave nurnber(crn-1) 
3000 2000 1500 lo00 700 

I 730 

FIG. 1. IR spectrum of 1,3-CHD-St-AN terpolymer. 

A 

9 8 7 6 5 4 3 2 1 0  
S(pprn) 

FIG. 2. NMR spectrum of 1,3-CHD-St-AN terpolymer. Solvent: 
CDCl3 ; temperature: 35" C; internal reference: tetramethylsilane 
(TMS). 

and the terpolymer a re  yielded in the system involving 1,3-CHD, St, 
and AN in the presence of ZnClz (see Fig. 3). IR and NMR spectra 
of the resulting terpolymer are illustrated in Figs. 1 and 2, respec- 
tively. The terpolymer involving 1,3-CH D or 1,3-COD as the diene 
unit affords similar IR and NMR spectra. The IR spectrum shows 
peaks of the carbon-carbon double bond at 730 (cis), 1645, and 3020 
cm-', of the phenyl group at 700 and 760 cm-', and of the nitrile 
group at 2230 cm-', indicative of the co-presence of 1,3-CHD, St, 
and AN units in the terpolymer. In the NMR spectrum, two peaks at  
6.8-7.8 and 5.3-6.4 ppm are assignable to aromatic protons of the St 
unit and to olefinic ones of the 1,3-CHD unit, respectively. The peak 
at 0.9-3.6 ppm is considered to be due to methylene and methyne 
protons resulting from monomer units of 1,3-CHD, St, and AN in the 
terpolymer. Accordingly, the terpolymer composition can be deter- 
mined from the ratio of areas of the respective peaks in the NMR 
spectrum. For example, the contents of 1,3-CHD, St, and AN units in 
the terpolymer obtained at  a ZnClz concentration of 1.5 mol/L in 
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50 

FIG. 3. Effect of ZnClz concentration on the reaction of 1,3-CHD, 
St, and AN in the presence of ZnClz . Feed: [ 1,3-CHD] = [ St] = 
1.50 mol/L; temperature: 40°C; aterpolymer yield (%I) was calculated 
on the ratio of (1,3-CHD + St) units/AN units = 1 in the terpolymer; 
bdetermined in nitrobenzene, c = 0.5 g/dL at 25°C. 

Fig. 3 was estimated to be 37.0, 12.7, and 50.3 mol%, respectively, 
and the content of the AN unit is nearly equal to the total contents of 
donor monomer units, 1,3-CHD and St. Thus the terpolymer con- 
taining -50 mol% of an AN unit can be represented as 4 1,3- 
CHDANJ--$t*ANk. 

The effect of ZnClz concentration on the rates of cycloaddition 
and of terpolymerization, the composition, and the viscosity of the 
resulting terpolymer at fixed concentrations of both 1,3-CHD and St 
in AN is presented in Fig. 3. Under the present conditions, all the 
ZnClz added is considered to be present in the form of the (AN)z.ZnClz 
complex, which further forms CT-complexes with both 1,3-CHD [ 91 
and St [ 141. A linear dependence of the rate of cycloaddition on ZnClz 
concentration indicates that (AN) acts as a dienophile. The rate 
constant of the cycloaddition was found to be -0.065 L/mol’h from 
the results shown in Fig. 3, which is comparable to that (-0.071 
L/mol*h [ 101) for the system composed of 1,3-CHD and AN in the 
presence of ZnClz . Therefore, St appears to have only a slight affect 
on the cycloaddition of 1,S-CHD with (AN)c. The increase in the rate 

of termpolymerization and in the viscosity of the terpolymer with in- 
creasing ZnClz concentration can be explained by considering the 
formation of initiating radicals and the propagation through the CT- 
complexes of donor monomers, 1,3-CHD and St, with (AN), for the 
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lStl/(C1.3-CHDI+ CSt 1 ) 
(mole-"/.) in feed 

FIG. 4. Effect of feed composition of donor monomers, 1,S-CHD 
and St, on the reaction of l,S-CHD, St, and AN in the presence of 
ZnClz . Feed: [ 1,J-CHD] + [ St] = 2[ ZnCla ] = 2.94 mol/L; tem- 
perature: 40°C; qerpolymer yield (%) was determined on the ratio 
of (1,S-CHD + St) units/AN units = 1 in the terpolymer; the curve 
representing the ratio of St to 1,J-CHD units in the terpolymer was 
calculated on the apparent monomer reactivity ratios shown in 
Table 1. 

terpolymerization in a similar manner as suggested for alternating 
copolymerizations of donor and acceptor monomers [ 10, 11, 13, 193. 

The ratio of monomer units of 1,S-CHD to St in the resulting ter- 
polymers is scarcely dependent on the ZnClz concentration. Further- 
more, the content of AN units in the terpolymer shows a value very 
close to 50 mol%. However, it increases slightly at lower ZnClz con- 
centration, probably because of some participation of free AN in the 
propagation through the CT-complexes. 

Figure 4 depicts the influence of feed composition of donor mono- 
mers, 1,S-CHD and St, on the reaction with AN in the presence of 
ZnClz , both total donor monomer and ZnClz concentrations being 
kept constant. The terpolymerization is enhanced to some extent with 
an increase in the feed composition of St. The resulting terpolymer 
consists of -50 mol% of AN units, though a slight increment of AN 
content takes place at  a lower feed composition of St. On the other 
hand, the ratio of 1,S-CHD to St units in the terpolymer varies pro- 
foundly with the feed composition, and the content of 1,J-CHD units 
in the terpolymer is higher than that in the feed over a whole range 
of feed composition. 
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0- 

" 
0 50 I00 

IS1 1 /(C1,3-CHDDI+CSt1) 
(mole-%) in feed 

FIG, 5. Effect of feed composition of donor monomers, 1,3-CH D 
P 

and St, on the reaction of 1,3-CH D, St, and AN in the presence of 

ZnC12. Feed: [ 1,3-CH D] + [ St! = 2[ ZnCl,] = 2.91 mol/L; tempera- 
ture: 4OoC; %erpolymer yield (%) was determined on the ratio of 
(1,3-CH D + St) units/AN units = 1 in the terpolymer; the curve rep- 
resenting the ratio of St to 1,3-CH D units in the terpolymer was 

P 
calculated on the apparent monomer reactivity ratios shown in 
Table 1. 

P 

P 

T h e  T e r p o l y m e r i z a t i o n  of 1 , 3 - C H  D, S t ,  a n d  AN i n  
t h e  P r e s e n c e  of Z n C l z  

As presented in Fig. 5, when 1,3-CH D is used as the diene the 
terpolymerization is exceedingly predominant compared to the cyclo- 
addition, similar to the relationship between copolymerimtion and 
cycloaddition for the system without St [ 91. Although the resulting 
terpolymer has a composition close to 50 mol% of AN units, an incre- 
ment of AN content in the terpolymer at lower feed composition of St 
is slightly larger than that in the system involving 1,3-CHD as diene. 
Moreover, the composition of St units in the terpolymer is higher 
than that in the feed. 
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CSt l/(C1,3-C001+CStl) 
(mole-%) in feed 

FIG. 6. Effect of feed composition of donor monomers, 1,3-COD 
and St, on the reaction of 1,3-COD, St, and AN in the presence of 
ZnClz . Feed: [ 1,3-COD] + [ St] = 2[ ZnCla] = 2.87 mol/L; tempera- 
ture: 40°C; qerpolymer yield (%) was determined on the ratio of 
(1,3-COD + St) units/AN units = 1 in the terpolymer; the curve rep- 
resenting the ratio of St to 1,3-COD units in the terpolymer was 
calculated on the apparent monomer reactivity ratios shown in 
Table 1. 

T h e  T e r p o l y m e r i z a t i o n  of 1 , 3 - C O D ,  S t ,  a n d  AN i n  
t h e  P r e s e n c e  of Z n C l z  

1,3-C0D undergoes only a spontaneous copolymerization with AN 
in the presence of ZnClz [ 113. Similarly, only a terpolymer is ob- 
tained in the system involving 1,3-COD as diene. As illustrated in 
Fig. 6, the deviation of AN content in the resulting terpolymer from 
50 mol% at a lower feed composition of St becomes more pronounced 
compared to that observed for the system containing 1,3-CHD or 
1,3-CIi D as diene. Furthermore, the ratio of 1,3-COD to St units 

P 
in the terpolymer is considerably low over a wide range of feed com- 
position. These results correspond to the lower alternating tendency 
of the copolymer obtained in the copolymerization of 1,3-C0D with 
AN in the presence of ZnClz [ 111. 

C o m p a r i s o n  of t h e  M o n o m e r  R e a c t i v i t y  R a t i o s  of 
1 , 3 - C y c l o a l k a d i e n e -  ( A N ) ,  C o m p l e x e s  

As described above, the AN content in the terpolymers obtained 
here was found to be -50 mol% in higher feed composition of St. This 
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indicates that the terpolymerization can be regarded as a binary co- 
polymerization of two CT-complexes, 1,3-cycloalkadiene- (AN)c 
and St-(AN)c. 

The equilibria of CT-complex formations can be represented as 

CD 

(1) 
CD - CT-complex(CT ) C D + W C  4 KCT 

St 
St + (AN)c * KCT (2 1 St CT-complex(CT ) 

and KCTSt a r e  the equilibrium constants of CT-com- CD where KcT 
plex formation and CD is lY3-cycloalkadiene. Since KCT values have 
been found to be small for the CT-complex formation of 1,J-cyclo- 
alkadienes of six- to eight-membered rings and of St with (AN), [ 9, 

11, 141, the concentrations of CT complexes, [ CT ] and [ CT 1, 
can be expressed as 

CD St 

(4) 
St 

[ CT 1 = KCTSt[ St] [ (AN)c] 

where [ CD], [ St], and [ (AN)c] a re  the concentrations of 1,3-cyclo- 
alkadiene, St, and (AN)c, respectively. Thus the monomer unit ratio 
of 1,3-cyclodiene to St in the terpolymers can be derived from t e 
composition equation for a binary copolymerization between CT 
and CTSt: 

8 D  

CD) a re  considered to where rCD(KCT 
imply the apparent monomer reactivity ratios of the CT complexes of 
1,3-cycloalkadiene and St with (AN)c, respectively, and they can be 
evaluated from the dependence of (CD unit)/& unit) in the terpolymers 
on [ CD] /[ St] in the feed. 

St 
/KC?) and rSt(KCT /KCT 

CD 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



974 NAGAI AND MACHIDA 

TABLE 1. The Apparent Monomer Reactivity Ratios, rCD(KCT CD/ 
St CD /Kst KcTst) and rSt(K 

Formation, KcTCsTand K C F ,  of 1,3-Cycloalkadiene- (AN)c Complex 

and 
and the Interplanar Angle ( 0 )  of Two Double Bond Planes of 1,3-Cyclo- 
alkadienes 

), and the Equilibrium Constants of the 

Complex, Respectively, the Ionization Potential (LP.), 

1,3-Cycloalkadiene (CD) 1,3-CHD 1,3- CHDD 1,3- COD 

CD 
'CD (KCT 

rSt (KCT 'KCT 

KCT CD (L/mo1Ia 

CD) 
St 

1.78 

0.32 

0. logb 

0.71 

1.80 

O . l O l b  

0.15 

12.0 

0.071' 

8.25 8.30 8.68 d I.P. (ev) 

e e  17" 52 " 68" 

"In AN at 25°C. 
bCf. Ref. [ 91. 
CCf. Ref. [ 111. 
dChemical Society of Japan (ed.), Kagaku Binran, Fundamental Edition, 

eN. L. Allinger and M. A. Miller, J. Am. Chem. SOC., MJ 2811 
2nd ed., Maruzen, Tokyo, 1975, pp. 1279-1282. 

(1964). 

Equation (5) indicates that the ratio of donor monomer units, (CD 
unit)/(St unit), in the terpolymers does not depend on the feed composi- 
tion of (AN) , the ZnC12 concentration, but only on the feed ratio of 1,3- 
cycloalkadiene to St. These dependencies a re  evidenced by the results 
shown here. However, Eq. (5), at  the same time, requires the AN 
content in the terpolymers to be 50 mol%. Therefore, the apparent 
monomer reactivity ratios were estimated in the range of feed compo- 
sition where the resulting terpolymers show an AN content relatively 
close to 50 mol%. The monomer reactivity ratios determined in this 
manner are  summarized in Table 1, together with the equilibrium 
constants of CT-complex formation and physicochemical properties 
of the dienes. The curves representing the proportion of St units in 
donor monomer units in the terpolymers, shown in Figs. 4-6, are 
calculated from the values for the monomer reactivity ratios pre- 
sented in Table 1. Thus the monomer reactivity ratios for 1,3-cyclo- 
alkadiene-(AN)c complexes decrease with increasing ring size of the 
dienes. 
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The variation in the monomer reactivity ratios with the 1,3-cyclo- 
alkadiene used can be interpreted by considering two factors related 
to the interaction in the propagation: 

Besides a CT-interaction (a) between 1,3-cyclodiene and (AN)c, the 
diene in the CT-complex should bear an interaction (b) with a propa- 
gating radical having (AN)c as a terminal unit, as suggested by 
Regami et a. [ 201. 

The donor property of 1,3-cycloalkadiene affecting these inter- 
actions decreases in the order 1,S-CHD > 1,3-CH D > 1,3-COD 
(see ionization potential in Table 1). Increasing the donor property 
of the dienes should increase the CT interaction (a) in the complex, 
as shown by KCTCD values, as well as the intercomplex interaction 
(b), resulting in enhanced reactivity of the CT complexes as a result 
of a lowering of activation energy for the propagation caused by these 
interactions. 

to a decrease in the coplanarity of two double bond planes, as shown 
by the interplanar angle ( 0 )  in Table 1. The conformation of the 
dienes is considered to exert a steric effect on these interactions, 
which may also be responsible for the variation in the apparent mono- 
mer reactivity ratios of the CT complexes. 

The deviation of the AN content in the terpolymer from 50 mol% 
at lower feed composition of St becomes more pronounced as the 
monomer reactivity ratio for the 1,3-~ycloalkadiene-(AN)~ complex 
decreases, and hence it can be attributed to additional participation 
of (AN)c and/or free AN in propagation via the CT complexes, as re- 
ported for the copolymerization of the 1,3-cycloalkadienes with AN in 
the presence of ZnClz [ 9-11]. 

P 

The increase in the ring size of the dienes, at the same time, leads 
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