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Synopsis. From data in the literature on relatine rates of copolymerization it has been 
possible to evaluute two constants, Q and e ,  cheracteristic of a n  individual monomer, 
which appear to account satisfactorily .for its behavior in copolymerization. The con- 
stant Q describes the “general monomer reactivity” and is apparently related to possi- 
bilities for stabilization in a radical adduct. The constant e takes account of polar fac- 
tors influencing copolymerization. 

THE STUDY of copolymerizatiorl reactions is rapidly providing a large 
body of data relating to the relative reactivities of unsaturated compounds with free 
radicals. This paper is concerned with the interpretation of such data in the case of 
vinyl compounds and 1,l-disubstituted ethylenes. The most complete experimental 
study reported in the literature is that of Lewis, Mayo, and Hulse’ who investigated the 
copolymerization of all possible pairs amoug the four monomers: styrene, methyl methac- 
rylate, acrylonitrile, and vinylidene chloride. Their results with these systems, sum- 
marized in Table I, illustrate the well-recognized fact that  tliere exists no unique order of 
monomer reactivities; the relative rates of reaction of a series of monomers follow dif- 
ferent orders, depending upon the character of the free radical with which they are react- 
ing. 

It would, of course, be extremely useful if a simple pattern of copolymerization be- 
havior could be found which would allow each individual monomer to  be described by 
characteristic constants. In the first place, this would simplify the experimental task of 
determining the behavior, in copolymerization, of large numbers of monomer pairs. 
The present theory of copolymerization permits the quantitative description of any pair 
of monomers in terms of two numbers-the two characteristic relative reactivity ratios. 
No quantitative method has yet been devised for expressing such experimental results 
in terms of constants characteristic of individual monomers. The relative reactivity 
ratios for a given pair of monomers must be determined from experiments involving that 
particular pair. In  order to  determine the relative reactivity ratios for all possible pairs 
among a large number of monomers, experimental studies must be made on every one of 
the tremendous number of such pairs. If it were possible to copolymerize a given mono- 
mer with a limited number of “reference monomers,” to compute values of constants 
characteristic of the individual monomer from these results, and then to  predict the be- 
havior of this monomer in other (unstudied) combinations, the practical advantages of 
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Styrene 

Methyl methacrylate 
Vinylidene chloride 

Acrylonitrile 

such a procedure would be considerable. Furthermore, if each monomer, rather than each 
pair of monomers, can be characterized by a set of numerical constants, the correlation of 
reactivity with molecular structure becomes a more attainable goal than if one must con- 
sider the structures of two monomers a t  a time. It may even become possible to  predict 
relative reactivities. 

Lewis, Mayo, and Hulsel have discussed at some length the qualitative aspects of 
monomer reactivity as an important factor influencing the course of copolymerization. 
Another factor which has been considered of importance is the polarity induced by sub- 
stitueiits in the monomer.1p2 We may summarize the conclusions of the above authors 
more or less in the following manner. A definite order of general monomer reactivity 
with free radicals does exist. The position of a monomer in the general reactivity series 
depends upon the amount of conjugation of the double bond with the substituent group or 
groups and the associated degree of resonance stabilization of the free radical which is 
formed by the addition of the monomer to a growing chain. This general order of mono- 
mer reactivity is complicated by a tendency of monomers to alternate in copolymerization. 
This alternation tendency varies from one monomer pair to  another. At least one im- 
portant source of such alternation is a difference in polarity between the double bonds of 
the two monomers concerned. The present paper presents an approach to  the quanti- 
tative evaluation of these two independent factors affecting copolymerization. 

The basic data for the calculations are the relative reactivities of different monomers 
for different radical end groups as determined by Lewis, Mayo, and Hulse. Their 
data, summarized in Table I, indicate the reactivity of each monomer for a particular end 
group, assigning a value of unity for the reactivity of a monomer for its own end group. 
Since the unknown absolute values for the rate constants for the individual propagation 
steps are undoubtedly related to the differing reactivity of the radical end groups, it has 
been arbitrarily assumed that this factor might be expressed as an unknown constant, y. 

Thus,.the numbers in the first column in Table I may be considered to  be the actual chain- 
propagation rate constants multiplied by a factor, yl, related to the reactivity of the sty- 
rene radical end group. The numbers in the second column would similarly be the actual 
chain-propagation constants multiplied by a different factor, y2. 

(1.0) 25 .0  2 . 0 7 . 0 

2 . 0  7 . 0  ( 1 .  0) 4 . 1  
0 .5  1 . 1  0 . 4  ( 1 . 0 )  

2 . 5  (1.0) 0 . 8  2 . 7  

TABLE I 
RELATIVE RATES OF MONOMER ADDITION' 

I Radical 
Monomer Methyl Vinylidene I 2%- 1 methacrylate I chloride 

Styrene 

Table I1 represents a generalization of the treatment of relative reactivities in this 
manner. The constants kll, k23,  etc., represent the actual rate constants for propagation. 
The four numbers, yl, yz ,  73, and ~ 4 ,  are four independent unknown constants. The 
products, such as y2ks ,  correspond to the values found in Table I. It follows that no 
direct comparison can be made of individual values from different columns of such a 

C. C. Price, J .  Polymer Sci., 1, 83 (1946). 
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table. We can, however, compare the geometric mean of the reactivities of a given monomer 
with all four radical types with the corresponding geometric mean for a different monomer. 
The geometric mean of the four values i n  any horizontal row of Table I (or Table 11) is 

TABLE 11 

ANALYSIS OF REL.\TIVE RATES OF MONOMER ADDITION 

Monomer 

I Radical -. 

Styrene Methyl 1 Vinylidine c h l y d e  Acrylo- 
methacrylate 1 

equal ta the geometric mean of the actual propagation rate constants of the monomer in 
question, multiplied by the fourth root of the product of the unknown constants. The 
geometric mean of the values in a different liorizorital row involves exactly the same un- 
known factor. Thus, the geometric means for the four monomers bear the same relation 
to each other as do the geometric means of the actual propagation rate constants. In the 
case of the data in Table I, the values of these geometric mean reactivities for the four 
monomers i n  question are summarized in Table 111. 

Monomer 

Styrene 
Methyl methacrylate 
Acrylonitrile 
Vinylidene cliloriclc 

General mean 
reactivity 

4 . 3  
2.7.3 
1 . 5 3  
0 .68  

Q 

1 . 00 
0 .64  
0 .34  
0 . 1 6  

~- 
e 

- 1  
0 

f l  
0 

Tliis order of the four monomers fits in very well wit,h the theoretical expectations 
based upon resonance stabilization as the principal factor influencing general monomer 
reactivity. Styrene, the most “reactive” of the set, exhibits the greatest number of res- 
onance structures for the radical which is formed by addition to  the chain. Methyl 
methacrylate comes second, acryloriitrile next, and vinylidene chloride last. In  fact, no 
ordinary “conjugation” a t  all exists in the vinylidene chloride radical. A small amount 
of resonance stabilization might be expected from weakly contributing structures in 
which the carbon-chlorine bond has a certain double-bond character analogous to that 
postulated in chlorobenzene. 

If the numbers in Table I are now divided by the geometric mean reactivities of the 
monomers concerned and then each vertical column is multiplied by the proper arbitrary 
factor, the set of numbers found in Table IV can be obtained. These new numbers can 
be taken to represent the relative rates of addition of the various monomers to each type 
of free radical after correction is made for diflerences in general monomer reactivity. 
These values fit a simple pattern. All numbers corresponding to addition processes in 
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Styrene 
Acr ylonitrile 
Methyl methacrylate 
Vinylidene chloride 

which either methyl methacrylate or vinylideiie chloride is involved, as monomer or as 
radical, are approximately equal to unity. The four numbers involving only styrene and 
acrylonitrile differ considerably from unity. The numbers for styrene adding to styrene 
arid for acrylonitrile adding to  acrylonitrile are both considerably less than unity, while 
the numbers corresponding to styrene adding to acrylonitrile, and vice versa, are de- 
cidedly greater than unity. These values are consistent with tlie hypothesis that the 

0 .32  2 .71  1 .03  1 . 1  
2 . 2 4  0 .33  1.16 1 . 2  
0.997 1 .27  0.81 1.01 
1 .01  0.81 1 . 3  0 .99  

TABLE IV 

RELATIVE RATES OF MONOMER ADDITION (TABLE I) CORRECTED FOR GENERAL 
MONOMER REACTIVITY (0) 

~~ ~ 

Radical 

Methyl Vinylidene Monomer 1 %k- I methacrylate 1 chloride Styrene 

double bond in s t y r e n e a n d  therefore the carbon atom with tlie odd electron in the sty- 
rene radical-is electron-rich (negative), the double bond in acryloriitrile is electron-poor 
(positive), while the double bonds in methyl methacrylate arid vinylidene chloride are 
approximately “neutral.” If this is true, one would expect the relative rate of addition 
of each neutral monomer to all radicals to be determined primarily by the over-all reac- 
tivity of the monomer, and also for the competition of all monomers for the neutral radi- 
cals to be determined by the over-all reactivities of the monomers. Furthermore, the 
rate of addition of styrene to  styrene radical and acrylonitrile to  acrylonitrile radical 
should be reduced by electrostatic repulsion to  values smaller than those expected on the 
basis of the mean reactivities of the monomers; likewise, the rate of styrene adding to 
acrylonitrile, and vice versa, should be increased by electrostatic attraction beyond the 
values expected on the basis of mean monomer reactivities alone. 

Just as the empirically determined mean reactivities fit in reasonably well with 
theoretical deductions from electronic structure, so do the polarities. This general pat- 
tern of behavior is consistent with the hypothesis that the rate constant for the addition 
of a monomer of type 2 to a free radical of type 1 (see Table 11) can be given to a good 
approximation by an expression such as the following (at constant temperature) : 

k - A ~ ~ ~ -  (PI + 92 + w d  
12 - 

In this expression for tlie propagation step, A,, represents the probability factor, pl is an 
activation factor related to  the general reactivity of the polymer end group, q2 is a similar 
factor related to the general monomer reactivity, and el and e2 are the two electrical fac- 
tors. Since the monomers considered have all been those with one free methylene end, 
it has been assumed that the factor A will be essentially constant. One may then modify 
the expression as follows: 

k - p 0 - e m  
12 - 1 2e 

PI is characteristic of radical 1 (see Table 11); Q z  is the mean reactivity of monomer 2;  
el is proportional to  the charge on the end group of radical 1 ; and e2 is proportional to the 
charge on the double bond of monomer 2. 
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I t  would he a reasonable speculation, for example, to writ(,: 

k12 = p,QPe- (c1cdrDh-T) 

wherv cI and c2 are the actual charges on radical 1 arid monomer 2, D is the effective dic4tXctric constant, 
and r tho distance of separation in the activated complex. The characteristic constant, e, would then be 
r r la td  to the actual charge, e, by the proportionality: 

The relative rates a t  which monomers 1 and 2 compete for radicals of type 1 is 
thus given by an expression such as the following: 

kll/klz = (Q1/Qz)e-el(el - ‘*) 

k21/k22 = (Q1/Qz)e-ez(el - e p )  

The constant P,  connected with the reactivity of the radical (and related to the y con- 
stants discussed above), cancels out. 

This leads to the possibility of calculatiiig relative copolymerization ratios if the 
two characteristic numbers, Q arid e,  are known for both monomers. The above analysis 
of the data of Mayo, Lewis, and Hulse3 leads to the values of these two coilstants included 
in  Table 111 for each of the four monomers involved. If the characteristic constants of 
Table IT1 are used to calculate a set of relative reactivities for the various propagatioii 
steps, the calculated values agree fairly well with the experimental values from which the 
constants were derived. Calculated and experimental values of these relative reactivi- 
ties are shown in Table V. 

As a suggested experimental program for detrrniiriing the cliaracteristic constants 
Q and e for a give!i monomer, one might first copolymerize the moiiorner with one or two 
“iieutral” monomers in order to determine the general reactivity of the monomer in ques- 
tion and then follow this by copolymerization with oiie positive and one negative monomer 
in order to fix the polarity value. Actually, if one calculates Q values for the four mono- 
mers i r i  question from their behavior with the two iieutral monomers alone, the results 

TABLE V 
COMPARISON OF OBSERVED AND CALCULATED RELATIVI; RATES OF MONOMER ADDITION 

Radical 

Styrene 
Styrene 
Styrene 
Styrene 
Acrylonitrile 
Acr ylonitrile 
Acrylonitrile 
Acrylonitrile 
Methyl methacrylate 
Methyl methacrylate 
Methyl methacrylate 
Methyl methacrylate 
Vinylidene chloride 
Vinylidene chloride 
Vinylidene chloride 
Vinylidene chloride 

Relative rate of addition 
Monomer 

Calculated 

Styrene 
Acrylonitrile 
Methyl methacrylate 
Vinylidene chloride 
Styrene 
Ackylonitrile 
Methyl methacrylate 
Vinylidene chloride 
Styrene 
Acrylonitrile 
Methyl methacrylate 
Vinylidene chloride 
Styrene 
Acrylonitrile 
Methyl methacrylate 
Vinylidene chloride 

1 . 0  
2.52 
1 . 7 4  
0 . 4 3  

22 .0  
1 . 0  
5 . 1  
1 .28  
1 . 6  
0 . 5 3  
1 . 0  
0 .25  
6 . 3  
2 .13  
4 . 0  
1 . 0  

Observed 

(1 .0)  
2 . 5  (2.0-3.0) 
2 . 0  (1.9-2.1) 
0 . 5  (0.47-0.53) 

25 .0  (12-100) 
( 1 . 0 )  
7 (5-12) 
1 . 1  (1.0-1.2) 
2 . 0  (1.9-2.1) 
0 .83(0.75-0.95)  

(1 .0)  
‘0 .40 (0.38-0.41) 
7 (5-11) 
2 . 7  (2.1-3.7) 
4 . 1  (3.7-4.7) 

(1 .0)  

1’. M. Lewis, F. 11. Mayo, and W. F. Hiilse, J .  Am. Chern. Soc., 67, 1701 (1945). 
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obtained are reasonably similar to those deduced from the behavior with all four mono- 
mers. 

Alternatively, it will be noted that division of the two relative reactivities leads to 
the following simple expression involving only the difference in p ~ l a r i t y . ~  If the reference 

monomer of the pair has had the value of e established, the other value is thus readily 
estimated. It is then a simple matter to establish the value. of Q for the new monomer. 

NOTE ADDED IN PHOOF: Ct1eve.q Walling. of the U. S. Rubber Laboratoiies, has pointed out that 
only the d-ferences in polarity among a group of monomers can be unambiguous~y determined from co- 
polymerization data, wing oiiI equation. I h e  location of the reference zero of polarity is entirely ar- 
bitrary. Once the e value of onc monomer has been eet, however, those of the other monomers are fixed 
if our equation holds. 

The specific procedure used in this paper arbitrarily sets tlic scale of e values so that the average for 
the four monomers studied b y  Lewis, Mayo, and Hulse! is zero. Fortunately, for interpretation in 
terms of electronic structure, this appears to be very nearly the correct location for the scale, although 
any arbitrary location would, with suitable readjustment of Q values, lead to an equally satisfactory 
calculation of copolymerization ratios. 

RBsumC 

A partir de donnkes prises duns la littbrature, coneernant des vitesses relatives de copolymkrisation, 
il a 6th possible de ddterminer deuz conslontes, Q el e,  caractdristiques d'un monomlre iridividuel el qoiseniblent 
rendre compte de manibre satisfaisante de son comportement duns la copolymbrisation. La constante Q er- 
prime la "rbaetivitd gtnirale du monombre" el est apparemment relide QUX possibilitds de stabilisation du rodi- 
cal. La constante e prend en considkration les facteurs polaires influenpznt la copolymbrisution. 

The authors are indebted to F. T. Wall of the University of Illinois for pointing out this simplifi- 
cation. 
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