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Acrylonitrile Copolymerizations. I .  Penultimate 
Effects 

A. GUYOT and J. GUILLOT 
C.N.R.S. Institut de Recherches sur la Catalyse 
Villeurbanne, France 

Kinetics studies, using the gas-chromatographic method, of the 
two copolymerizations acrylonitrile-methyl methacrylate and 
styrene-acrylonitrile, show that remote units effects do operate on 
the reactivity of each radical species. The corresponding reactivity 
ratios are:  

In acrylonitrile (A) -methyl methacrylate (M) copolymerization: 

r A A  = 0. 39 rMA = 0.22 rAM = 1.56 rMM = 1.02  

In styrene (S)-acrylonitrile (A) copolymerization: 

rAA = 0.33 rSA = 0.08 r A s  = 0.55 rASS = 0.50 

rSSS = 0.25 

With the mixture rich in acrylonitrile the kinetics are sensible 
to a dipolar bonding effect between the nitrile groups of the monomer 
and of the copolymers. 

INTRODUCTION 

In a preceding paper [l] we have shown that, by means of chro- 
matographic analysis of the reaction medium, it was possible to 
give evidence fo r  penultimate effects and even antipenultimate effects 
on the styrene-ended radicals in styrene-acrylonitrile copolymeri- 
zation. It was quoted that such a system was favorable, owing to the 
small value of the reactivity ratio of the acrylonitrile; so  the de- 
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nominators of the classical Lewis and Mayo equation (1) or of the 
Alfrey equation (2) which take in account the penultimate effects 
may be reduced to unity: 

A.  Guyot and J .  Guillot 

n = (rlx + 1)/[1 + (r2/x)] (1) 

where n is the molar ratio of the two monomers which have been 
copolymerized at the time t and x is the corresponding ratio of the 
two monomers in the reaction mixture at  the same time: 

where rl, r2, r;, and rg are the reactivity ratio of the different radi- 
cals. 

The present study is concerned with systems where the second 
term of the denominators are not necessarily negligible. The 
couple methyl methacrylate (M)-acrylonitrile (A) has been studied 
in the whole range of composition; in addition, study of the couple 
styrene (S)-acrylonitrile (A) has been extended in the range rich in 
acrylonitrile. 

EXPERJMENTAL 

The polymerization were carried out at 60°C in solution in either 
dimethylformamide @MF) or toluene, under nitrogen atmosphere, 
with carefully purified monomers, and initiated using azobisiso- 
butyronitrile. With the AM system, 12 experiments were carried 
out with different initial compositions reported on the Table 1. The 
corresponding data of the experiments involving the AS system are 
presented in Table 2. 

The chromatographic analyses were performed by means of two 
kinds of column packing, depending on the solvent used in the poly- 
merization: With toluene solutions the conditions are:  column length, 
2.5 meters, diameter, 4 mm; 30% silicone 702 on Celite C22; tem- 
perature between 70 and 100°C; hydrogen flow, 4 liters/hr. In the 
case of DMF solution one uses: column length, 1.0 m, diameter, 4 
mm; packed with Porapack Q (polystyrene-divinylbenzene beads); be- 
tween 150 and 1700C; hydrogen flow, 3 l i t e rdh r .  The detectors 
were Gow Mac filaments W2 X catharometers. With the mixtures 
poor in acrylonitrile, a detector specially sensitive to unsaturated 
compounds, devised in our laboratory, has been used; i t  will be des- 
cribed elsewhere [21. 
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Acrylonitrile Copolymerizations. I 893 

In all cases the solvents used were internal calibration standard, 
except in the system SA-DMF, where a small amount of toluene was 
introduced. The areas under the peaks were measured by an In- 
f o t r  oni c s CRS - 1 00 electronic integrator. 

RESULTS AND DISCUSSIONS 

Methyl Methacrylate-Acrylonytrnytrile Copolymers 
From the initial slopes of the conversion curves of the two mono- 

mers,  the initial values of nM = dM/dA and nA dA/dM, corresponding 
to the initial compositions xM = M/A and xA = A/M reported in the 
last columns of the Table 1, have been obtained. 

A Lewis and Mayo plot indexed to A and corresponding to the 
large range 0.17 < x, < 10 is illustrated in Fig. 1. It may be seen 

/ DMF 

Fig. 1. Methyl methacrylate-acrylonitrile copolymerization. Lewis 
and Mayo plot for the medium range of composition. Experiments 

performed in toluene (T) o r  dimethylformamide (DMF) solutions. 
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894 A .  Guyot and J. Guillot 

that the lines corresponding to experiments performed in toluene or 
in DMF cross  themselves in the same area,  which supports the 
validity of the classical theory. Thus the reactivity ratios obtained 
a r e  

rM = 1.20 * 0.05 and rA = 0.25 f 0.04 

Using a Fineman-Ross plot one obtains 

r, = 1.17 f 0.05 and rA = 0.25 f 0.04 

These values seem to be more precise than the values reported in 
the literature (see Table 3) except for those of Schmolke et al. [5], 
which were also obtained from a large range of compositions (0.04 
< x, < 13). 

Table 3. Monomer Reactivity Ratio in Copolymerization of 
Acrylonitrile (A) and Methyl Methacrylate (M) 

r A  r M  T,"C Ref. 

0.100 f 0.07 1.35 * 0.13 40 [31 
0.150 f 0.08 1.22 f 0.10 80 [31 

0.150 f 0.07 1.20 f 0.14 60 [41 
0.31 * 0.03 1.15 f 0.05 50 151 
0.15 f 0.03 1.65 f 0.40 20 [71 

0.160 * 0.10 1.19 * 0.12 100 [3] 

However, the Fig. 2, where a Fineman-Ross plot indexed to M, 
but corresponding to the extreme composition range, rich in M, 
definitely proves that the validity of the classical equation is not 

Fig. 2. Mixtures rich in methyl methacrylate, Fineman-Ross plot. 
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Acrylonitrile Copolymerizations. I 895 

0 

verified for xM greater than about 5. Then a penultimate effect is 
indicated. The method used to determine i t  is similar to that pre- 
viously described [l], except that correction has been applied to 
take in account the value of the denominator of Eq. (2). In place of 
nM we have used NM = nM (1 + rA/xM),  and the Barb [8] equation is 
written in its linear form 

N, 1 
2,o S,O 1QO -yp- 

The results plotted in Fig. 3 show that a penultimate effect with 

rMM = 1.02 f 0.01 and rAM = 1.56 f 0.05 

account very satisfactorily for the experiments, and it seems not 
necessary to inquire for an antepenultimate effect. 

1 

Fig. 3. Fineman-Ross plot of the penultimate effect for methyl 
methacrylate-ended radicals, 

These results may be used to study the second extremity of the 
composition range. A classical Fineman-Ross plot, indexed now to 
A, and corresponding to the range 1.9 < xA < 100, is illustrated by 
Fig. 4. The straight line, which gives a good fit with the experiment 
for  the central part  of the composition range (0.1 < xA < lo), cor- 
responds to the values of rM and rA given above (1.20 and 0.25). 
Again, a penultimate effect is indicated by the curvature of the ex- 
treme part  of the plot. 

The correction applied here is 

1. 56 1.02 + XA 

XA 1.56 +xA (4) 
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896 A .  Guyot and J. Guillot 

-0.21 

I 

Fig. 4. Mixtures rich In acrylonitrile, Fineman-Ross plot. 

which takes in account the penultimate effect determined on the M- 
ended radicals. Because the two values of rAM and rMM a r e  high, 
the correction is very important here and NA can take values as 
high a s  6nA. A plot of the linearized Barb equation, illustrated in 
Fig. 5, also gives a good fit with the straight line, excluding the need 
for an antepenultimate effect i f  the M contents are higher than 1%. 
The values obtained for the reactivity ratios a re  

r A A  = 0. 39 f 0. 02 and rMA = 0.22  f 0.05 

If these values are used in an iterative process to correct the N, 
value of Eq. (3) according to the corresponding equation (4), the 

Fig. 5. Fineman-Ross plot of the penultimate effect for acryloni- 
trile-ended radicals. 
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Acrylonitrile Copolymerizations. I 897 

values of rMM and rPpM are  not changed significantly. Thus one may 
conclude that penultimate effects operate for both kinds of M- or  
A-ended radicals. 

We have already shown that the chromatographic method allows 
us to determine the conversion curves of any monomers; thus in a 
Fineman-Ross plot, each experiment gives not only a point but a 
segment, as long a s  the ratios x change during the course of the con- 
version. With the couple M-A, the segments are very short and 
quasi-ponctual when xI is greater than 2 if the conversion is not 
total; in the medium range the segments give a good fit with the 
straight line of the Fineman-Ross plot. However, in the range rich 
in A (xM < 0. l), the segments are more and more aside from the 
experimental curve obtained with the initial slopes, and the effect is 
more pronounced as the conversion is greater and also a s  the initial 
mixture is richer in A. These findings a r e  well illustrated in Fig. 6. 

Fig. 6. Deviations from the Fineman-Ross curve of the experi- 
mental curve corresponding to the course of the conversion of the 

mixtures rich in acrylonitrile. 

It seems not to be possible to involve a viscosity effect, because 
the logarithmic plots of (dM/dt)M are linear for the two monomers, 
independently of the copolymer concentration. The system behaves 
so that the acrylonitrile polymerization rate decreases when the con- 
version goes up, also if the A concentration is lower than the 
measured concentration. We suggest that this effect is due to a di- 
polar association between the nitrile groups of the monomer and of 
the polymer. Saum [6] has shown that the organic nitriles are as- 
sociated not by hydrogen bonding, but by dipolar bonding between the 
nitrile groups, and also that this dipolar bonding is stronger than 
hydrogen bonding between the alcohols. These bondings cause the 
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nitriles to behave like dimers, as shown by their boiling points and 
other physical properties, Such an association between the nitrile 
groups of the polymer and of the monomer would cause a relative 
decrease of the acrylonitrile conversion rate, so that (n, - l;/x, 
will become lower than the normal values, as observed. The sol- 
vent,DMF, which is also highly polar, possibly competes with the 
nitrile monomer in the bonding with the nitrile group of the polymer; 
the result is that the number k of acrylonitrile expected to be as- 
sociated to each polymerized nitrile group is less than or  equal to 1, 
depending on the effect of the DMF. If we denote the conversion 
ratio of A by pA , the mole percent of A available for polymerization 
is not (1 - p A )  but [I - p, (1 + k)]. And then the value of X, to be 
considered at the time t is 

A.  Guyot and J. Guillot 

where pM is the conversion ratio of the methyl methacrylate. In 
Fig. 7 we have plotted the experimental values of X,,t versus nA 

Fig. 7. Copolymer composition ratio N, versus monomer mixture 
composition X, . Experimental curves (-) for various initial 
feeds XAYO ; calculated curve ( - - - - )  according to penultimate effects. 
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Acrylonitrile Copolymerizations. I 899 

corresponding to the four experiments with higher values of XA,O. 
The dashed curve is the theoretical curve calculated using the above 
values of rAM, rMM , rMA, and rAA . From the difference between the 
calculated and experimental values of X, for the same n, , one may 
calculate k: 

It is found, as shown by the curve in Fig. 8, that k is close to 1 at low 
conversion and decreases smoothly. We may suppose first that the 
dipolar bonding between nitrile groups is very much stronger than 
dipolar interaction between DMF and these groups, and, second, that 
a s  the conversion increases, dipolar bonding between nitrile groups 
of A units in the copolymer develops and competes with the bonding 
with the monomer. Further, the effect becomes less  visible when 
the initial acrylonitrile concentration is smaller. It is possible that 
the strength of the bonding would be greater for monomer-monomer 
interaction than for monomer -polymer interaction and further for 
polymer-polymer interaction due to the effects of the conjugation. 
Then if the monomer concentration is smal1;the concentration of 
unassociated monomer available for bonding with the polymer is too 
small for the complete development of these bondings. 

? A  
0.7 

0 0.2 0.4 

Fig. 8. Ratio k of acrylonitrile fixed on acrylonitrile polymerized 
versus conversion. 
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900 A.  Guyot and J.  Guillot 

Styrene-Acrylonitrile Copolymers 
The study of copolymerization with mixtures rich in styrene 

(1. 5 < % < 100) has shown that a penultimate and even an ante- 
penultimate effect must be considered for styrene-ended radicals. 
In this region attempts to determine the reactivity ratios rA for 
acrylonitrile drive them to negative values. 

Using DMF a s  a solvant we have investigated the other part  of the 
whole range of composition (0.03 < xs < 1). Taking in account all 
the results, a Fineman-Ross plot corresponding to Eq. (1) was drawn. 
The straight line on Fig. 9 gives 

rA = 0.08 and rs = 0.38 

Similarly a Lewis and Mayo plot gives 

rA = 0.06 f 0.02 and rs = 0.40 f 0.03 

These values are now in agreement with most of the published data 
(cf. Table I in Ref. [11). 

Fig. 9. Fineman-Ross plot for styrene-acrylonitrile copolymeri- 
zation. 
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Acrylonitrile Copolymerizations. I 901 

However, it may be seen in Fig. 9 that for xA > 4 (xs < 0.25), the 
experimental points deviate from the straight line. A penultimate 
effect was then tested. The corresponding Fineman-Ross plot is 
given in Fig. 10. Of course, the necessary correction for the de- 
nominator of Eq. (2), assuming the values previously determined 
for rAs (0. 55), rASS (0. 50), and rSSS (0.25), was applied. One obtains 

r A A  = 0.33 f 0. 02 and rSA = 0.08 f 0.02 

Up to xA = 20 the results fit well with a penultimate effect. Further 
an antepenultimate effect is possible; but, owing to the difficulties of 
chromatographic analysis of the mixture DMF-styrene when the 
styrene is in small amount, the experimental e r ro r s  do not allow a 
safe determination. 

One may note that an iterative process does not drive to signifi- 
cant correction of the given values of the styrene-ended-radical 
reactivity ratios. 

Fig. 10. Fineman-Ross plot for penultimate effect on acrylonitrile- 
ended radicals in styrene-acrylonitrile copolymerization. 

Our results confirm the occurrence of a penultimate effect 
which has been reported by Ham [9]. However, our data a re  probably 
more precise, and the results of Ham, obtained probably from a 
graphical extrapolation of the plot of the Barb equation (3), seem to 
overestimate the effect (rAA = 0.45 and rSA = 0.03). 
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902 A. Guyot and J .  Guillot 

The dipolar bonding effect is also well observed when the mix- 
ture is richest in acrylonitrile, as shown by the curve of Fig. 11. It 
is found that the value for k is close to unity. 

Fig. 11. Copolymer composition nA versus monomer composition XA 
in styrene-acrylonitrile copolymerization. Experimental curves for 
various initial compositions, X, (-); calculated curve according 

to penultimite effects (----). 

CONCLUSION 

This study gives support to our previous statement that in co- 
polymerization the remote units may have an influence on the reac- 
tivity of all the radicals. The smaller the reactivity ratios of a 
monomer (as obtained from the classical Fineman-Ross or  Lewis 
and Mayo plots), the broader is the range of composition where the 
effects do appear. I t  seems also that the smallest reactivity ratios 
correspond to the largest penultimate effects. Finally, one may note 
that the values obtained for rAA in the two couples are close to- 
gether (0.33 and 0.39). It could be interesting to test the generali- 
sation of these observations, because, as pointed by Berger and 
Kuntz in a theoretical study [lo], the remote effects must change the 
sequence distribution. An NMR and infrared study of the copolymer 
methyl methacrylate-acrylonitrile was performed in our laboratory 
and will be published soon. 
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