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Copolymerization with Depropagation. X.* 
Description of Reversible Copolymerizations 
by Irreversible Reactivity Ratios 

B. K rCtUG7 and K F. O'DRISCOLL 

Department of Chemical Engineering 
Caiversity of Waterioo 
Waterloo, Ontario, Canada 

A B S T R A C T  

It is shown that it is possible to interpret  the physical sig- 
nificance of reactivity ra t ios  obtained by applying the 
Mayo-Lewis equation to  composition data from sys t ems  
which 3se expected to polymerize with s o m e  depropagation 

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

Many workers  have copolymerized monomer sys t ems  where one or 
more  of the monomers was near  o r  above its ceiling temperature ,  and 
then analyzed the composition data in t e r m s  of the ordinary reactivity 
ra t ios  contained in the Mayo-Lewis equation Since this  equation (and 

'Part M is Ref. 6. 
?Present  address: Department of Chemistry,  Louisiana State 

University, Baton Rouge, Louisiana 70803. 
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extensions of it for terpolymerizacions) was S u e d  on a kinetic model 
which does cot consider depropagation, it is important to recognize 
that the physical significance of the reactivity rz t ies  will be different 
if the experimental system acrually does involve depropagxion 
Previous papers in this s e r i e s  as well M 'vork from other labora- 
tor ies  [ 1, 21 have amply demonstrated that depropagation ought t o  
be considered vhenever a monomer is copolymerized lander 
conditions of t e r n p e r m r e  of dilution that place i t  well above i ts  
homopolymerization ceiling temperature. 

s iq i f icance  of "irreversible" reactivity ra t ios  which hare been ob- 
tained by fitting the Mayo-Lewis equation to what are necessarily 
"reversible' '  copolymerization composition data The analysis is 
based on the diad =ode1 lor  reversible copolymerization [ 31 , which 
has been shown to be adequate to explain :ergolyzerization 
composition behavior as a function ot temperature d dilmion (41, 
and binary copolymerizations' composition [ 3 j ,  sequence distribu- 
tion [ 31 , ra te ,  and molecular weight distributions [ 5, 21. 

The purpose of this paper is to present an analysis of the physical 

T H E O R Y  

The nomenclature used below has been defined in an ear l ie r  
paper [ 
oi findicg a monomer sequence -141.M.- in a chain .may be m i t t e n  

where we showed that the conditional probability, P.. 
11 

1 1  

P.. = f i j  a Mj,'Sfij3 M. 
I I 11 

a .  where f . .  
11 

sibilitp of depropaqation In actuality, if de?ropa,@ion occurs,  the 
apparent forward rate constant includes a contribution from the de- 
propagation rate  constant, r.., as well as the t rue propagation rate 
constant, f .  . 

11 * 

is the appiuent forward rate constant which ignores the pos- 

11 

The parameter  x. in Sq. ( 2 )  may be determiqed as the  solution of the 
set of equations having the form 

1 
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COPOLIXERIZATION WITH DEPROPAGATXON. X 1199 

The parameter xi also has an explicit physical meaning in that it is 
defined as 

a. 
1 x. =-  7 

1 a. 
1 

( 4 )  

where ai and a. define chain end monad probability and chain interior 

monad probability, respectively, while 7 defines the average t ime to 
add one monomer unit. Obviously, all three parameters  are dependent 
on the composition of the polymerizing systerc. 

1 

Equation ( 2 )  can be rewrit ten as 

1 + x.- 1 1  

11 11 

- = -  

'ij 
f . .  a f . .  l 

where K.. is the equilibrium constant for the propagation-depropagation 
equilibrium. Since T is necessarily a very small  quantity when propaga- 
tion predominares, the value of x. will also be small  under such con- 
ditions. Equation ( 2' ) then serves to emphasize that f .  .' is the forward 

rate  constant weighted by the amount of equilibrium contribution to the 
formation of rhe polpmer chaih 

composition equation can always be written in the form first put forward 
by Goldfinger and Kane [ 7]:r 

11 

1 

11 

For a copolymerizing system, it has been shown [ 31 that the 

dMi P. 

dM. P.. 
I 11 

- = -  J i  ( i , j  = 1,2) 

bearing in mind that the probabilities may be more complex than 
originally imagined. Substitution of Eqs. ( lj and ( 2 )  into ( 5 )  gives for 
a binary copolymerization: 
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There the true reactivity ratios R 
tion rate  constants f../f... 

are the ratio of the true propaga- i j  
11 I] 

We now define an apparent reactivity ratio 

which converts Eq. (6)  to the form of the Mayo-Lewis equation: 

D I S C U S S I O N  

There are bvo very drfierent instances where reactivity ratios 
obtained by fitting the ?dayo-Lewis equation to a potentially reversible 
copolymerization system can appear to be statistically precise 
descriptions of the composition data: 

(a)  Where the contribution of depropagation is so small as to be 
negligible in comparison with the scatter of experimental data 

(b )  Where the compositional dependency of the function 

is not too strong over the experimental r a g e  investigated 

Case (a) corresponds to both x, and 5,  of Eq. (6 )  being negligibly 
small. In such a case the physical significance of the numbers ob- 
tained as reactivity ratios from application of the Mayo-Lewis 
equation is real, and a complicated model, such as o u r  diad model, is 
unnecessary. Such a case, €or example, is that O P  the data of Rudin and 
Johnston [ 81 €or  styrene-a-methylstyrene at 60' C. For model 
discrimination in such a case, sequence distribution measurements 
ape to be preferred [ 91 to composition measurements. 
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Case ( b )  is the more troublesome, in that a system such as styrene- 
a-methylstyrene cannot really be expected to be i r revers ible  at 90 or 
loo', even if it is at 60". Therefore,  Arrhenius plots of reactivity 
ra t ios  have been shown to  exhibit great curvature [ 101, o r  even a 
temperature dependency opposite to what might reasonabiy be ex- 
pected [ 81. The physical significance of the apparent reacti:ity 
ra t ios  is not simple in such cases ,  and is, in t e r m s  of the diad model, 
that given by Eq. (7). It is easy to appreciate from Eq. ( 7 )  why ap- 
parent reactivity ratios may have an unusual temperature dependency. 

Wittmer [ 101 had shown that the composition behavior of 
a-methylstyrene-methyl methacrplate copolymer sysrem can be 
described in the temperature range 20- 100' C using the Mayo-Lewis 
equation and the apparent reactivity ratios. Wittmer relected this 
approach par t ly  because these reactivity ratios have a strange 
temperature dependency. He also calculated the true reactivity 
ra t ios  from his equation of Case 1, where he assumed r2 = r, = r2 
= 0. At the higher temperature range ( 100- 150' C )  his equations of 
Case 1 and Case 2 ( rL = ra = 0) failed to describe this system and 
therefore additional parameters  qi = r  /f.. were needed i j  11 

W i t h e r ' s  equations of Case 1 and Case 2 (The derivations are 
rather  long and available from the authors.) 

In summary, whiie it is possible to represent composition data 
I'or a reversible copolymerization by the Mayo-Lewis equation, it is 
also possible to put a correc t  physical interpretation on the 
parameters  derived from that equation These parameters  a r e  not 
simple reactivity ratios,  and should neither be reported nor used as 
such. 

As a support of the validity of our Eq. (61, we have derived 
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