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for the highly positive activation energy (Ei)app which is ob- 
served (-13 kcal mol-'). This means that the above equilib- 
rium is never reached and that the concentration of the sol- 
vated intermediate Ph&+, M remains very low during the 
initiation. The apparent rate constant is then equal to 
k2,  which leads to a positive activation energy. 

We could not decide between these two possible explana- 
tions but the effect of common ion salts is now being studied 
and might give us more information about the dissociation 
equilibrium of propagating species. 
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A B S T R A C T  Vinylferrocene (MI) has been classified within the  Q-e scheme as an  exceptionally electron rich vinyl 
monomer from copolymerization studies with 12 vinyl organic monomers. In copolymerizations with vinylcyman- 
trene,  N-vinylcarbazole, p-N,N-dimethylaminostyrene, 1,3-butadiene,  N-vinyl-2-pyrrolidone, and  styrene,  the 
value of e for vinylferrocene was consistently in the range of -2.0 t o  -2.6 and  the  Q-e scheme was applicable. T h e  
Q-e scheme failed when electron deficient comonomers such as methyl methacrylate,  methyl acrylate, acrylonitrile, 
diethyl fumarate,  fumaronitri le,  a n d  maleic anhydride were employed, presumably due  to competition of the charge 
transfer model with the terminal model. Vinylcymantrene exhibited the same copolymerization behavior and its 
value of e was about  -2 when using electron-rich comonomers where the  Q-e scheme held. T h e  reactivity ratios, from 
which values of e were calculated, were obtained using the  integrated form of the  copolymer equation and the  proper 
nonlinear least-squares fitting technique. T h e  importance of this  method, especially with regard to  past  classification 
of vinylferrocene by the  Q-e scheme, is discussed. 

Vinylferrocene, 1, was first copolymerized with styrene, 
methyl acrylate, and chloroprene by Arimoto and Haven.' 
More recently, quantitative vinylferrocene copolymerization 
studie+ have been carried in order to determine reactivity 
ratios and the values of Q and e9 for this monomer. Similarly, 
quantitative copolymerization studies of vinylcymantrene, 
2, have recently been reported.8J0 These studies are of fun- 
damental interest in order to understand how organometallic 
functions effect vinyl polymerization behavior. This knowl- 
edge is needed to help design copolymers of vinyl organome- 
tallic monomers with classic organic monomers and also to 
provide a framework in which the electronic effects, that or- 
ganometallic functions impart in radical initiated copoly- 
merizations, may be viewed. 

Reports of the value of e for vinylferrocene seem to be in 
disagreement in the literature. Using cationic initiation, a 
value of e = -1.3 was reported in styrene copolymerizations 
while values of about -2.1 and +0.47 have also been ob- 
s e r ~ e d . ~ ~ ~ J ~ J '  In this paper we report a careful classification 
of both vinylferrocene and vinylcymantrene according to the 
Q-e scheme. I t  is demonstrated that both monomers are ex- 

ceptionally electron rich as indicated by their large negative 
values of e. 

Results and Discussion 
To evaluate the values of Q and e, the equation rlr2 = 

exp[-(el - e#] is empl~yed .~  The values of r l  and r2 are first 
obtained by fitting experimental composition-conversion data 
to the copolymer eq~a t ion .~J*  The process of fitting this data 
should be performed by a nonlinear least-squares meth- 
od. 12,l:i 

Linear methods, such as the frequently used Fineman Ross 
t e~hn ique , '~  are mathematically incorrect and in some cases 
lead to large errors.':j Furthermore, the integrated form of the 
copolymer equation must be employed to account for mono- 
mer drift even when polymerizations to low conversions have 
been used. 

Computer programs for routine application of the nonlinear 
least-squares fitting of the integrated form of the copolymer 
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Table I 
Classification of Vinylferrocene (MI) According to the Q-e Scheme in Copolymerizations with Organic Monomers 

M2 e2 r l  r2 el Calcd Ref 

Vinylcymantrene -1.99 0.49 0.44 -2.6 9 
N-Vinylcarbazole -1.40 0.60 0.20 -2.4 4 
p-N,N-Dimethylaminostyrene -1.37 0.15 3.8 -2.2 This work 
1,3-Butadiene -1.05 0.3 3.5 -1.05 7 0  

-1.05 0.14 3.97 -1.80 b 
-1.40‘ 0.14 3.97 -2.1 b, c 

N-Vinyl-2-pyrrolidone -0.90 0.67 0.33 -2.1 4 
Styrene -0.80 0.08 2.70 -2.04 3,lO 

-0.80 0.07 2.63 -2.1 3,lOd 
-0.80 0.2 f 0.1 4 k 1  -1.3 2 

Methyl methacrylate 

Methyl acrylate 

Acrylonitrile 

Diethyl fumarate 
Fumaronitrile 
Maleic anhydride 

+0.40 
+0.40 
+0.58 
+0.58 
+1.20 
+1.20 
+1.25 
+1.96 
+2.25 

0.52 1.22 
0.56 1.25 
0.82 0.63 
0.73 0.61 
0.15 0.16 
0.11 0.17 

Alternating copolymer 
Alternating copolymer 

0.19 f 0.3 0.02 f 0.04 

-0.29 3 
-0.20 3 d  
-0.21 3 
-0.32 3d 
-0.73 3‘ 
-0.81 3d 

6 
6 

-0.11 51 

a Calculated from nine nonoptimized data points using the differential form of the copolymer equation using the incorrect linear 
least-squares fitting technique of Fineman and Ross. Calculated using the same data from ref 7 using the integrated form of the 
copolymer equation where the values of r l  and r2 were fitted by the nonlinear least-squares method. Values of -1.05 and -1.40 have 
been cited for the value of e for 1,3-butadiene. d Calculated using the same data of ref 3 and 10 using the integrated form of the copolymer 
eqution where r1 and rz ‘were fitted by the nonlinear least-squares method. e High tendency to alternation; r l  r2 = 0.024. f Alternating 
copolymer. 

Table I1 
Classification of Vinylcymantrene (MI) According to the &-e Scheme in Copolymerizations with Organic Monomers” 

M2 e2 Solvent P I  r2 el Calcd Ref 

Vinylferrocene -2.1 Benzene 0.44 0.49 -2.6 10 

Styrene -0.80 Benzene 0.10 2.5 -2.0 10 
Vinyl acetate -0.22 Ethyl acetate 2.35 0.06 -1.62 10 

N-Vinyl-2-pyrrolidone -0.90 Benzene 0.14 0.09 -2.9 8 

Methyl acrylate 
Acrylonitrile 
Maleic anhydride 

+0.58 Benzene 0.19 0.47 -0.95 10 
+1.20 Ethyl acetate 0.19 0.22 -0.59 10 
+2.25 Ethyl acetate Alternating copolymer This work 

All r l  and r2 values calculated from the integrated form of the copolymer equation employing the nonlinear least-squares fitting 
technique. 

equation are availableJ2J3J5J6 which provide an objective 
mathematical criteria (of confidence. However, in most cases 
where reactivity ratios have been determined, these “correct” 
techniques have not been employed. An additional consid- 
eration in determining reactivity ratios is that  several co- 
polymerization experiments should be carried out a t  the two 
optimized initial MlO/MzO feed ratios in any determination 
of rl  and r2.12J3 This hiis only been done in a few rare cases in 
the l i t e r a t ~ r e . ~ J ~ J ~ J *  I n  the classification of monomers 1 and 
2 in this paper, the reactivity ratios are obtained utilizing these 
important considerations. 

Copolymerizations of vinylferrocene with a range of organic 
monomers, under conditions of AIBN radical initiation, are 
summarized in Table I. Electron-rich and electron-deficient 
comonomers were used. When electron-rich comonomers were 
used, vinylferrocene clearly fits the Q-e scheme. I t  is partic- 
ularly striking that vin:ylferrocene exhibits one of the largest 
negative e values reported. In copolymerizations with vinyl- 
cymantrene, N-vinylcarbazole, p-N,N-dimethylami- 
nostyrene, butadiene, N-vinyl-2-pyrrolidone, and styrene the 
value of e for vinylferrocene was between -2.6 and -2.0. For 
extensive styrene copolymerizations, e = -2.1 for vinylfer- 
rocene. In all cases, the integrated form of the copolymer 
equation was solved employing the nonlinear least-squares 

lir, 0.36 0.86 

lir, 1.0 5.26 
fitting method. In all cases except where M2 was 1,3-butadiene 
(or styrene in cationic copolymerizations), several experiments 
a t  the optimized feed ratios were also performed. Thus, it is 
now believed that the “best” value of e for vinylferrocene is 
between -2.0 and -2.6 and is probably about -2.1. 

That vinylferrocene is an exceptionally electron-rich mo- 
nomer in free radical copolymerizations can be emphasized, 
further, by examining the values of 1/r2 in the following series 
of copolymerizations. In each case M2 is styrene. 

Compared to a phenyl group, ferrocene exhibits an ex- 
traordinary ability to stabilize adjacent positive charge.19-21 
For example, the value of u+ for p-ferrocene is -0.71 and for 
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a-ferrocenyl groups it is -1.4.lg Available evidence suggests 
that ferrocenyl substituents destabilize radical anionsz2 and 
radicalsZ3J4 relative to the effect of a phenyl ring. 

The second striking feature in Table I is that the Q-e 
scheme breaks down when M2 is an electron deficient mono- 
mer. This phenomena is somewhat like a sudden change in the 
slope of a Hammett u-p plot. It strongly suggests that a change 
in polymerization mechanism has occurred. Since the Q-e 
scheme is defined in terms of the terminal copolymerization 
model: when another mechanism operates, the Q-e scheme 
is no longer appropriate to apply and has no meaning. For 
example, if a fraction of the monomer units entering the co- 
polymer were incorporated as charge-transfer complexes, then 
the Q-e scheme would no longer apply because the charge- 
transfer model would be operating in competition with the 
terminal model. 

Where Mz is methyl methacrylate, methyl acrylate, and 
acrylonitrile, we suspect that both terminal and charge- 
transfer processes occur in competition. Where M2 is diethyl 
fumarate, fumaronitrile, or maleic anhydride, alternating 
copolymers are obtained and evidence for the operation of the 
charge-transfer model has been presented.6 When reviewed 
in the context of all 12 comonomers shown in Table I, this 
explanation explains logically the success of the Q-e scheme 
with electron-rich monomers and the failure of the scheme 
with electron-deficient monomers. 

A similar classification is apparent when vinylcymantrene 
is copolymerized with vinyl monomers covering a wide range 
of e values. Table I1 summarizes the available data where all 
r1 and r2 values have been calculated using the integrated form 
of the polymer equation and the nonlinear least-squares fitting 
technique. Like vinylferrocene, vinylcymantrene is shown to 
have an exceptionally large negative value of e (-2.6 to -1.62). 
When M2 is styrene, e = -2.0. Thus, to a first approximation, 
the values of e for vinylferrocene and vinylcymantrene are 
about the same. 

When electron-deficient comonomers (methyl acrylate, 
acrylonitrile, maleic anhydride) were used, the Q-e scheme 
fails. This further illustrates the parallel in behavior of 
vinylcymantrene and vinylferrocene. I t  is interesting that the 
electronic effects of electron-withdrawing carbonyl groups on 
manganese are not manifest at the vinyl group. The effect of 
the electron-rich cyclopentadienyl ring dominates electronic 
effects in the vinyl groups of both 1 and 2. 

Finally, the importance of using (a) the integrated form of 
the copolymer equation and (b) fitting r l  and r2 to experi- 
mental results using the nonlinear least-squares method is 
illustrated for vinylferrocene-butadiene copolymerizations 
in Table I.26 George and Hayes7 reported nine copolymer- 
ization experiments to “fairly low” conversions (the highest 
was 14%). Using the differential form of the copolymer 

equation and the linear Fineman Ross fitting method, they 
calculated r1 = 0.3, r2 = 3.5, and e l  = -1.05 (vinylferrocene 
= Mi). When their data are recomputed using the integrated 
form of the copolymer equation and the nonlinear fitting 
method, r l  = 0.14, r2 = 3.97, and e l  = -1.8 (or -2.1 if avalue 
of -1.40 is chosen for e2). Thus, butadiene copolymerizations 
do not lead to an anomalously low value of e for vinylferrocene 
based on the data now available. Clearly, proper treatment 
of available data is quite important when dealing with the Q-e 
scheme. 
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