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Acr y Ion i t r i le Copolymerizations. V I. 
Influence of the Comonomer on the 
Intramolecular Cyclization Reaction 

A. GUYOT, M. DUMONT, Ch. GRAILLAT, J. GUILLOT, and 
C. PICHOT 

CNRS-Cinetique Chimique Macromoleculaire 
Lyon-Villeurbanne, France 

A B S T R A C T  

The intramolecular cyclization reaction involving the polymer- 
ization of cyano groups reported in a previous paper for  the 
system acrylonitrile-vinyl chloride is studied for other 
comonomers with acrylonitrile including vinyl acetate, 
vinylidene chloride, butadiene, styrene,  methyl acrylate,  and 
methyl methacrylate. It is shown that the extent of the re- 
action is governed by the reactivity of the comonomer-unit 
ended radical, but the cyclization reaction cannot explain all 
the kinetic deviations observed. 

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

In the preceding paper of this series [ 11 it  was shown that the large 
deviations from the kinetic theory of copolymerization of Lewis and 
Mayo, observed in the case of vinyl chloride-acrylonitrile copolymeriza- 
tion might be satisfactorily interpreted,  at least  qualitatively, as being 
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484 GUYOT ET AL. 

caused by the occurrence of an intramolecular cyclization reaction. 
This  reaction involves the polymerization of a -C=N group ca r r i ed  
by the antepenultimate unit from the growing radical following the 
attack of this radical. 

hh CH 

CHX 

cH2 

CHX CH 
- C H 2 \  / \ 

CH 

CN 
I I - - - +  I I , CH2 HC\ CH / CH2 

'CH " 
I I 

c1 i l  

where X is -C-N o r  C1. 

homopolymerization [ 21, and this may explain the anomalous kinetic 
o rde r s  as being due to an enhancement of the termination reaction. 
Obviously the new radical (noted hereafter as N ' )  has a low reactivity 
toward the polymerization reaction and has a better chance to undergo 
a termination reaction. For that reason, in our previous studies of 
vinyl chloride-acrylonitrile copolymerization ca r r i ed  out in 
dimethylformamide (DMF) solution, it was observed that the overall 
and individual polymerization rates go through a minimum as a 
function of the feed composition, with a corresponding minimum of 
molecular weight. The extent of the cyclization reaction was shown 
to be enhanced by dilution and therefore the new N '  radical may 
cause propagation of the cyclization reaction by giving rise to poly- 
cyclic s t ructures:  

The reaction occurs to a smaller  extent in the case of acrylonitrile 

I 
c1  

Otherwise, the reactivity of the N '  radical is very different from that 
of the vinyl chloride ended radical (noted C.) ,  and can cause a relative 
decrease in the acrylonitrile consumption. 

nature of the cornonomer on the extent of the cyclization reaction. The 
la t ter  may be estimated a pr ior i  in two ways: from a spectroscopic study 
of the colored copolymers and from the deviations observed kinetically. 

The purpose of the present paper is to examine the influence of the 
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ACRYLONITR ILE COPOLYMERIZATIONS. VI 485 

The spectroscopic method gives only a relative est imate  of the extent 
of the reaction. In the kinetic method it must be assumed that the 
cyclization reaction is the unique cause, o r  a t  least  the major cause,  
of the kinetic deviations. A number of copolymer systems with 
acrylonitrile have been studied including vinylidene chloride, vinyl 
acetate, methyl acrylate,  methyl methacrylate, styrene,  and butadiene. 

T H E  E X T E N T  O F  T H E  C Y C L I Z A T I O N  R E A C T I O N  

K i n e t i c s  

The cyclization reaction is to be considered as a deviation from the 
Lewis and Mayo theory. It causes  changes in the expected polymeriza- 
tion rates, as well as in the copolymer composition. Calculation of the 
theoretical ( Lewis and Mayo) polymerization rate  requires  knowledge 
of several  constants: reactivity ratios,  homopolymerization propaga- 
tion and termination r a t e  constants, and factor cp for c r o s s  termination. 
For the copolymer composition, only the reactivity ra t ios  are needed. 
Although the effect of the cyclization reaction is probably more pro- 
nounced on the polymerization rate  than for the copolymer 
composition, we have chosen, for the sake of simplicity, to define 
the extent of the cyclization reaction from the composition. The pro- 
cedure is as follows: the reactivity ra t ios  a r e  obtained from the 
extrapolation of the plots of n/x vs x o r  l/x for low o r  large values 
of the monomer feed rat io  x ( r a t io  of the concentrations of monomers 
A and B), n being the corresponding copolymer composition rat io  
(dA/dB). Then the theoretical n is calculated from the Lewis and 
Mayo theory for any value of x. The extent of the cyclization reaction 
may be estimated from the value 

An - "exptl - "talc 
n n 

- -  

calc 

Such plots are given in Figs. 1 and 2. Of course,  such a procedure 
a s sumes  that the cyclization reaction for acrylonitrile homopolymeriza- 
tion is negligible as compared to that occurring with copolymers. 

S p e c t r o s c o p y  

In a previous paper [ 11 it was shown that the formation of cyclic and 
polycyclic s t ructures  causes coloration of the polymer. The  UV-visible 
spectrum of polyacrylonitrile homopolymer shows a band at 270 nm 
with a tail  toward the higher wavelength. In the case  of the copolymer, 
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2.0 - 

n 

0 0.5 B ID - 
A +  B 

FIG. 1. Acrylonitrile (A) copolymerization. Deviation of 
composition from kinetic results. The comonomers (B)  a re  vinyl 
acetate ( l ) ,  vinyl chloride (2), butadiene (3) ,  and styrene (4). 

another band appears at 290 nm and, i f  the copolymerization has been 
carried out at a low monomer concentration, a third one at 330 nm. 
From the spectra of the model compounds prepared by Takata e t  al. 
[ 31, these new bands have been assigned to dicyclic and tri-  (or  
poly-) cyclic structures, respectively. In the present study the 
optical density at 290 nm has been used as a spectroscopic measure- 
ment of the extent of the cyclization reaction. In these measurements 
the reference cell contains a solution of polyacrylonitrile adjusted so 
that the acrylonitrile units contents in both cells a re  the same. 
Examples of results a r e  given in Fig. 3. 

R E S U L T S :  C O P O L Y M E R I Z A T I O N  K I N E T I C S  

A number of copolymerization experiments have been carried out 
at 60" C in DMF solution including vinyl acetate, vinylidene chloride, 
and methyl acrylate. The corresponding charge conditions and kinetic 
results (initial rates and copolymer composition) a re  given in Tables 
1, 2, and 3,  respectively. Using the copolymerization equation 

dA 1 + r A x  

dB 1 + rg/x 
n=-=--  
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-Oe2 t 
FIG. 2. Acrylonitrile (A) copolymerization. Deviation of 

composition from kinetic results.  The comonomers ( B )  are vinyl- 
idene chloride ( l), methyl acrylate (2) ,  methyl methacrylate ( 3 ) ,  
and s tyrene (4). 

where x = A/B and B is the comonomer concentration, plots of n/x vs 
x o r  l/x for large and low values of x, respectively, permit the 
reactivity ra t ios  r and r to  be obtained. The values obtained are 
reported in Table 4, together with the corresponding l i terature  data. 
This procedure has a lso been applied to other acrylonitrile copolymer- 
ization sys t ems  studied previously, including butadiene [ 41, styrene,  
and methyl methacrylate copolymers [ 51. The agreement with the 
l i terature  data is ra the r  good in many cases ,  although the l i terature  
data are generally obtained from the medium composition range and 
our  procedure enhances the influence of extreme composition co- 
polymers. Large discrepancies are observed in the las t  two cases of 
Table 4: styrene and butadiene. It may be observed that these two 
monomers correspond to the largest  differences in polarity with 
acrylonitrile, as shown from the difference eA - e B 
factors of the Alfrey-Price Q,e scheme. 

A B 

of the e polarity 

As shown in Figs. 1 and 2, the extent of the cyclization reaction, as 
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0.5 

0.4 

0.3 

3.0. 

0 50 B 
A+ 0 

FIG. 3. Optical density a t  290 nm vs copolymer composition for 
various acrylonitrile copolymers: vinyl chloride (0 ), butadiene ( X ), 
vinyl acetate ( o ) ,  and vinylidene chloride ( 0 ) .  

defined by the kinetic method, may be very large,  chiefly in the case of 
butadiene, vinyl chloride, vinyl acetate, and styrene.  It is much more 
moderate i n  the case of methyl methacrylate and practically unnoticeable 
in the case of vinylidene chloride. 

acrylate,  but it remains limited. 

systems are not clear.  Vinyl chloride and vinyl acetate radical are 
very reactive,  and the cyclization reaction gives unreactive radicals,  
But vinylidene chloride radicals are also reactive radicals,  while 
butadiene, styrene,  and methyl methacrylate radicals are not very re- 
active. On the other hand, the 1,4-cis addition of butadiene leads to a 
conformation favorable for the cyclization reaction, but the 1,4-cis 
addition is a minor mode in  this copolymerization [ 71. In the other 
cases ,  s tyrene and methyl methacrylate, the s t e r i c  hindrance 
certainly works against the cyclization reaction. For  all these reasons,  
it s e e m s  difficult to explain the kinetic deviation from the Lewis and 
Mayo theory observed in many cases  only on the basis of a unique 
secondary reaction such as cyclization. 

Surprisingly, the degree of deviation is changed in the case of methyl 

The reasons for the difference in behavior of the various copolymers 
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492 GUYOT ET AL. 

TABLE 4. Reactivity Ratios 

Comonomer B rB Refs. 

Vinyl chloride 3.9 

Vinyl acetate 4.0 
3.28 f0.06 

4.05 *0.3 
6 + 2  

0.91 i 0.1 

0.67 * 0.1 

Vinylidene chloride 0.8 

Methyl acrylate 1.0 

Methyl 
me thacrylate 0.4 

Butadie ne 0.07 

Styrene 0.29 

0.15 + 0.07 

0.40 i 0.02 

0.04 * 0.04 

0.03 
0.022 f 0.02 
0.008 
0.06 + 0.013 
0.02 *0.02 
0.6 
0.37 fO.1 
0.83 
1.26 + 0.1 

1.0 
1.20 * 0.14 
0.03 
0.04 kO.01 
0.30 
0.40 * 0.5 

~~ 

1 1.0 
6 

This work 1.42 
6 
6 

This work 0.84 

This work 0.60 
6 

5 0.80 
6 
4 2. 25 
6 

5 2.0 
6 

R E S U L T S :  C O P O L Y M E R  S P E C T R A  

The most interesting resul ts  of the spectroscopic study are illus- 
t ra ted in Fig. 3. The more intensive colorations are again observed 
with vinyl chloride copolymers, but the maximum of optical density is 
located at a composition somewhat different from that of the maximum 
of An/n (Fig. 1). The discrepancy between the spectroscopic data and 
the kinetics is even more pronounced for vinyl acetate copolymers 
where the two maxima are located at  the two extreme pa r t s  of the 
composition range. It may also be noted that the optical density a t  290 
nm of butadiene copolymer remains moderate although the kinetic 
deviation An/n is very large for butadiene-rich copolymers. In the 
r eve r se  sense,  there  are no kinetic deviations in the case of vinylidene 
chloride but the optical density is as large as that observed with s tyrene 
copolymers. It may therefore be concluded that there  are no correla-  
tions between the absorption at  290 nm and the composition deviations 
calculated from kinetic resul ts ,  except perhaps in the case  of vinyl 
chloride copolymers. 
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C O N C L U S I O N S  

The anomalous kinetics might be the result  of many reasons,  possibly 
of chemical as well as of physical origin, so  it will be very difficult t o  
define these reasons i f  s eve ra l  of them are concerned in the s a m e  co- 
polymerization. The coloration is probably directly related to  a specific 
chemical secondary reaction such as the cyclization reaction. The 
latter has  a general character  and may be observed even with 
acrylonitrile homopolymers; it is undoubtedly enhanced in a copolymer- 
ization, and the spectroscopic study shows in this connection that it is 
very dependent upon the reactivity of the comonomer radicals.  However, 
because there  is a competition between that reaction and the propagation 
reaction, others factors are probably involved such as the coiling of the 
macromolecules in solution. Fo r  instance, the differences observed 
between the vinyl chloride and vinyl acetate copolymers can be explained 
by other factors than their  reactivit ies o r  sequence distributions which 
are very s imilar .  
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