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Determination of Radical Concentrations 
in Copolymerization 

A. GUYOT, J. GUILLOT, and C. PICHOT 

CNRS- LA 199 Cinetique Chimique Macromoleculaire 
69626 Villeurbanne, France 

A B S T R A C T  

The determination of the individual conversion r a t e  of each 
monomer in a radical copolymerization allows the absolute 
concentration of each kind of growing radical to be derived, 
provided the reactivity ra t ios  and the homopropagation r a t e  
constants are known. The procedure is applied to the follow- 
ing binary copolymerizations: styrene- methyl methacrylate, 
vinyl chloride-vinyl acetate, acrylonitrile-vinyl acetate, and 
acrylonitrile-vinyl chloride. In the two la t ter  cases ,  the 
anomalous behavior, probably caused by the internal cycliza- 
tion reaction involving CN bonds, is well evidenced. 

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

The determination of the absolute concentrations of radicals in 
radical polymerization is a difficult task, which involves generally 
nonsteady-state conditions (intermittent illumination, posteffect, etc. 1. 
In radical copolymerization of a binary system with monomers A and 
B, the steady s ta te  assumption leads to the rat io  of the radical con- 
centration A" /B" : 
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470 GUYOT, GUILLOT, AND PICHOT 

A 

B 

A" k~~ 

Bo k~~ 

- = - -  

where A and B are the monomer concentrations kAB and kBA are the 
r a t e  constants for the two propagation reactions involving a change in 
the nature of radicals. These two rate  constants are derived from the 
reactivity ratios r - k /k and r = kBB/kBA of the rate  constants 
of the propagation reaction of the same  radical reactivity with the 
different monomers. These reactivity ratios are derived in turn using 
the copolymerization equation 

A -  AA AB B 

dA 1 + r A  xA 

dB 1 +rB/xA " A = -  - 

where x 
polymerized during the t ime dt. 

as developed in our laboratory [ 11, allows the determination of the 
consumption r a t e  of each monomer dA/dt and dB/dt: 

- A/B and dA and dB are the amounts of monomers A and B A -  

The use of analysis of the reaction medium by gas chromatography, 

dA 

dt 
- - _  - kAA A"A + kBA BOA 

dB 

dt 
- - = kAB A"B + kBB BOB 

Systems ( 3 )  and ( 4 )  may be solved for  A" and B" : 

1 d A  1 dB 

A dt B dt 
- -r - - -  

A" = - 
k ~ ~ r ~  - k~~ 

1 dB 1 d A  

- + A - A d t  B dt 
B" = 

k ~ ~ r ~  - k~~ 

( 3 )  

( 4 )  

(5) 
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DETERMINATION OF RADICAL CONCENTRATIONS 47 1 

Of course, the steady-state assumption, i.e., Eq. ( l ) ,  where A" and 
B" a r e  replaced by their values (Eqs. 5 and 6), leads to Eq. (2).  

The determination of [A" 1 and [ B"] using Eqs. 5 and 6 again in- 
volves a knowledge of the absolute ra te  constants kM, kAB, kBA and 
kBB, but, in fact, by taking into account the reactivity ratio, only the 

homopolymerization rate  constants a r e  needed. In this paper, Eqs. 
(5)  and ( 6 )  have been applied to the study of a few systems where the 
useful data were available and satisfactorily established. The systems 
include a pair of conjugated monomers (styrene and methyl methacryl- 
ate),  a pair  of unconjugated monomers (vinyl chloride and vinyl acetate), 
and finally two mixed systems with acrylonitrile as a conjugated mon- 
omer copolymerized with vinyl acetate and vinyl chloride respectively. 
In the la t ter  case we have previously shown [ 21 that an intramolecular 
cyclization reaction takes place which involves a number of vinyl chlor- 
ide ended radicals transformed into CN" radicals with a very different 
reactivity: this anomalous behavior is again shown in the present 
study. 

S T Y R E N E ( S ) - M E T H Y L  M E T H A C R Y L A T E  ( M )  
C O P O L Y M E R S  

The copolymerization have been carr ied out in dioxane solution at 
60'C using azodiisobutyronitrile as initiator. The charge of the reactors  
as well as the kinetic results are reported in Table 1. Using the litera- 
ture  data for the homopolymerization reaction rate constants [mole/ 
( l i ter)(sec)] ,  kss = 176 [ 31 and kMM = 367 [ 41, as well as the reactivity 
ratios derived from a Fineman-Ross plot [ 51 of the data of Table 1, 
rs = 0.58 and rM = 0.52, the absolute values of (A")  and (B") for styrene 

(So ) and methyl methacrylate (M" ) ended radical concentrations a r e  
plotted in Fig. 1 in the whole range of monomer feed composition. 
Actually, in order  to eliminate the effect  of initiator concentration, the 
plots involve the ratios R"/I  '", where R is the absolute value of 
radical concentration ( mole/liter) and I is the initiator concentration. 

A smooth curve is obtained for the methyl methacrylate ended 
radicals. In the case of styrene, the experimental points are more dis- 
persed. This shows that these kinds of measurements a r e  very 
sensitive to the accurary of the kinetic measurements. However, the 
ratio of [ M"]/[ S o ]  may be compared with the calculated one by using 
Eq. (1). The agreement is good for three out of the five points. Then, 
using the results for [ M" ] and Eq. ( l),  the calculated curve for [So 1 
is shown a s  a full line on Fig. 1. 
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DETERMINATION O F  RADICAL CONCENTRATIONS 473 

FIG. 1. Styrene (S, A )  and methyl methacrylate (M, o ) copolymer- 
ization. Corrected concentration of radicals R/I '/' v s  monomer feed 
composition. 

V I N Y L  C H L O R I D E  ( C ) - V I N Y L  A C E T A T E  ( A c )  
C O P O L Y M E R S  

The data used are taken from the experiments described in Ref. 6 
for polymerization in dimethylformamide (DMF) solution at 60°C and 
from the l i terature [ 7, 81 for the homopolymerization r a t e  constants. 
We have used rC = 1.60, kCC = 13,400, kCAc = 8,400, rAc = 0.29, 

= 9,500, and kAcc = 32,800. k ~ c ~ c  
The resul ts  are il lustrated in Fig. 2, the useful data being given in 

Table 2. Owing to the greater  reactivity of the radicals born from un- 
conjugated monomer units, the number of radicals is lower than in the 
previous case. The las t  two columns in Table 2 compare the rat io  o r  
radical concentrations as calculated from Eq. (1) o r  experimentally 
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414 GUYOT, GUILLOT, AND PICHOT 

0 

FIG. 2. Vinyl chloride (C,  ) and vinyl acetate (Ac, o ) copolymer- 
ization. Corrected concentration of radicals vs  monomer feed 
composition. 

determined using Eqs. ( 5 )  and (6). The agreement is rather  good, 
except at the extreme pa r t  of the composition range. 

A C R Y L O N I T R I L E  ( A N )  - V I N Y L  A C E T A T E  ( A C )  
C O P O L Y M E R S  

Copolymerization has been carr ied out in DMF solution at 60°C. 
The data are reported in Table 3. Owing to  the curvature of the Fineman- 
Ross plot, the reactivity ra t ios  have been derived by the extrapolation 
method to give r - 4.0 and rAc = 0.08. AN - 

From the l i terature [ 8, 91 and these reactivity ra t ios ,  we have used 
kANAN = 1,960, kANAc = 490, kAcAc = 9,500, and kAcAN = 1,190,000. 
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FIG. 3. Acrylonitrile (AN, 0 ) and vinyl acetate (Ac, ) copolymer- 
ization. Corrected concentration of radicals v s  monomer feed 
composition. Theoretical  curve (--).  

The resul ts ,  shown in Fig. 3, f i r s t  show a large difference between the 
number of the two kinds of radicals:  the vinyl acetate radicals change 
very rapidly in acrylonitrile radicals.  The la t ter  show a minimum 
which is not at a l l  in agreement with theory. Because the vinyl acetate 
radicals have a reactivity s imi l a r  to that of the vinyl chloride radicals,  
they can probably cause the same  intramolecular cyclization reaction [ 111 
and be changed into CN" radicals. Such an event might possibly 
explain the observed minimum. 

A C R Y L O N I T R I L E  ( A N )  - V I N Y L  C H L O R I D E  ( C )  
C O P O L Y M E R S  

The data from Ref. 10 have been used for Table 4. For the calcula- 
tion of the radical concentration, the following values have been used: 
rAN = 3.90, rc = 0.03, kANAN = 1,960, kCC = 13,400, kANC = 502, and 
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FIG. 4. Acrylonitrile (AN, o ) and vinyl chloride (C,  0 ) copolymer- 
ization. Corrected concentration of radicals vs monomer feed 
composition. Theoretical curve (--). 

kCAN = 446,600. Again, as shown in Fig. 4, the most frequent radicals 
a r e  the less  active acrylonitrile ended radicals. A strikingly anomalous 
behavior is observed: the calculated number of vinyl chloride radicals 
become negative, and the concentration of acrylonitrile remains constant 
in a large range of monomer feed concentrations. 

If one assumes that the intramolecular cyclization reaction is the 
major cause of the discrepancies observed with the theory, because this 
reaction mainly involves the attack of a CN group by an active vinyl 
chloride o r  vinyl acetate radical, the contribution of this reaction at both 
ends of the composition range becomes negligible. It is then possible to 
admit that the classical  theory may be applied to these part  of the range. 
Then from the steady-state assumption: 

V. 1 = 2fk d IM = ktAA(A0)' + 2ktAB(i ) (B0)  + ktBB(B")' ( 7 )  

where A" is the acrylonitrile radicals,  B" the vinyl chloride o r  vinyl 
acetate radicals, ktAA and ktBB the termination rate  constants for A 
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480 GUYOT, GUILLOT, AND PICHOT 

and B homopolymerization, k 

termination, I the initiator concentration, kd its decomposition r a t e  

constant, f the efficiency, and M the total monomer concentration. 

we may reasonably [ 121 estimate,  using Eq. (8): 

the r a t e  constant for the c ros s -  tA B 

In the present case there  is no important steric hindrance, s o  that 

The efficiency f may be dependent on the monomer mixture and one 

A B has to consider the efficiencies f and f for each monomer: 

fM = fA(A) + fB(B) ( 9 )  

The values of ktAA and ktBB are reported in the l i terature.  The 

best  values [ 7-91 are ktANAN = 7.8 X lo', ktCC = 2.1 X l o 9 ,  and 

ktAcAc = 3.80 X 10'. 

From Eq. (8 )  we calculate ktANC = 1.28 X l o 9  and ktANAc = 5.45 x 
l oa .  

Fo r  kd at 60°C we have kd = 9.15 X 10-'/sec [ 131 

Because the efficiencies are not known, we have to calculate v.. Fo r  
1 

this purpose we used the data of Tables 3 and 4 for  the extreme par t  
of the range. 

For  the mixtures r ich in acrylonitrile we chose x 

respectively, for the vinyl chloride and vinyl acetate copolymerization. 
Equations ( 5 )  and (6)  allow us to get [ A " ]  and [ B"].  Then, the Eq. 
(8), we calculate vi = 1.07 x lom7 and 1.71 X respectively. These 

values are practically the values for acrylonitri le homopolymerization. 
Taking into account the value of k the efficiency for acrylonitri le 

may be estimated as 0.29. The same  procedure is used for the B 

r ich mixtures. The corresponding values for vinyl chloride copolymer- 
ization (xAN = 0.02) are v. = 1.01 X and f = 0.027, and for vinyl 

- 33.5 and 52, AN - 

d' 

'AN 

1 C 
acetate copolymerization (x - 0.0128) they are v. = 0.82 x lo-' and AN - 1 fAc = 0.22. 

From Eq. (9) ,  the values of v. is expected to follow a linear relation- 

ship with the monomer mixture composition which is easily established. 
Then, using Eqs. (8) and (l),  one may calculate [A" ]  and [ B"] in both 
cases.  The calculated values are illustrated in Figs. 3 and 4 as dotted 
lines. 
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DETERMINATION O F  RADICAL CONCENTRATIONS 481 

The resul ts  s eem surprisingly different from one case to another 
one. The number of acrylonitrile radicals is larger  than the theoret- 
ical  one in the case of vinyl chloride but the r eve r se  is observed in 
the case of vinyl acetate. The re  is also a rather  l a rge r  decrease of 
C" radicals than of Ac" radicals. The coloration of the copolymers 
is l e s s  pronounced in the case of vinyl acetate copolymers [ 141, but 
the difference cannot explain by itself the above results.  It is 
probably better to conclude that the cyclization reaction is only one 
of the facts which causes the observed anomalous kinetic behavior. 
The other possible causes,  which are obviously not of a chemical 
nature, remain to  be discovered. 
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