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Table I1 
Rate Constants for Propagation Reaction of Anionic 

Polymerization of Styrene at 25 C 
~~ ~ 

hap, L mol-’ s- ’  

coun terion dioxane tetrahydrofuran 
Li’ 0.94a 1 6OC 
Na’ 3.4a 8 Od 
CS’ 15b 2 2csd 

a Reference 11. Reference 12 .  Reference 13. 
Reference 1 4 .  

the extremely simplified model postulated in the present 
paper one cannot expect quantitative accord between the 
dielectric constants of solvents used in experiment and the 
dielectric constant from the theoretical model. 

Table I1 indicates that  by transfer from dioxane to 
tetrahydrofuran a t  constant counterion (both for Li’ and 
Na+) the rate constant increases markedly and for Cs+ it 
changes slightly. In order to explain this phenomenon and 
for more complex evaluation of the problem, account has 
to be taken of the fact that as the solvent polarity increases, 
dissociation of ion pairs into free ions increases (Figure 4); 
these free ions are more reactive. This means that the 
reactivities of free ions, ion pairs, and their dissociation 
equilibrium have to be considered as they are expressed 
by relation for the rate constant kpl.  

where h ,  is the rate constant for propagation reaction of 
ion pairs, h- is the rate constant for propagation reaction 
of free anions, &iss is the equilibrium constant for dis- 
sociation ion pairs, and L P  is the concentration of living 
polymer. 

By combining the effect of the solvent polarity on h, and 
Kdiss the trends shown in Table I1 can be explained 
qualitatively also in our approximative model. Moreover 

the problem is complicated as is indicated by the fact that 
according to calculations another reaction path should exist 
in polar media where the structures forming ion pair in 
the initial state pass through the activated complex not 
containing any alkali metal. 

When evaluating the theoretical results, i t  should be 
kept in mind that apart from the approximativeness of the 
method used for calculation and the model studied, 
changes in the activation entropy, which might in some 
cases affect considerably the total reactivity, were not 
considered. In spite of this, the calculations presented led 
to interesting findings which may be of some aid in ex- 
plaining various effects on the rate and mechanism of 
anionic polymerization. 
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ABSTRACT: The effect of a change in the structure of monomer on the activation energy of the propagation 
reaction of variously substituted styrene monomers with living styrene polymer has been investigated by the 
semiempirical quantum-chemical method. The theoretical conclusions are in qualitative agreement with the 
experimental data available. 

In part 1 of this series,’ interesting theoretical knowledge 
was acquired on the effects of various counterions and 
solvent polarity upon the relative activation energy of the 
propagation reaction of styrene by semiempirical quan- 
tum-chemical calculations, by employing a simple model 
of activated complex. In addition to these effects, the 
activation energy and thus also the rate of propagation 
reaction depend evidently on the electronic structure of 
polymerizing particles. The effect of the structure was 
studied experimentally for styrene copolymerization with 
styrene derivatives,* where the following can be observed: 
(i) the effect of the change in the structure of polymer 

anion during reaction with the same monomer; and (ii) the 
change in the reactivity of variously substituted monomers 
with the same living anionic end of polymer. 

In the present paper we theoretically investigated 
propagation reactions of living styrene polymer with 
para-substituted styrene monomers. 

Calculations 
T h e  Pariser-Parr-Pople method in the  T 

approximation3 was used for calculating the energies of 
individual systems and the activation energy of the 
propagation reaction. The method has already been used 
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ini t ial  state activated complex 

Figure 1. Model structures considered in calculation of the 
activation energy. 

Table I 
The Effect of Substituents on the Relative Activation 

Energies of the Propagation Reaction and on the 
Electronic Density at the C, Atom and Experimental Data 

Eare', eV 

X Y E - 1  E ' =  qc, log k e x p P  

H C 0.6961 1.5379 1.0319 2.9778 
CH, C 0.7596 1.6148 1.0374 2.2552 
OCH, C 0.8581 1.7034 1.0468 1.6990 
C,H, C 0.5715 1.6117 1.0347 3.2201 

N 0.3321 1.0859 1.0051 4.4771 

a ft2ferrnce 2. 

with S U C C ~ S S . ' ~ ~ ~ ~  Apart from the electronic energy, sol- 
vation energy calculated according to relation6 

(1) 

is also important in this system. Here Q, and Q, are the 
net charges on the atoms p and u of solute molecule 
(calculated quantum-chemically), ypu is the electron re- 
pulsion integral, and t is the dielectric constant of the 
medium. 

In calculations, a simple model of propagation reaction 
(Figure 1) was taken into account, where, similar to part 
1, the activated complex was considered as the plane and 
symmetrical system and where rC1+ = rcTc3 = 1.53 X 
m. The following styrene derivatives were considered: Y 
= C, X = H, CH,, C6H5; and Y = N. For all derivatives 
the standard and experimentally found geometry was 
used.' To simplify matters, the effect of alkali metal cation 
was not investigated (it was studied in detail in part 1); 
the experimental results2 were obtained in polar medium 
(tetrahydrofuran) assuming that only free ions take part 
in the reaction. 
Results and Discussion 

We calculated the total electron and solvation energies 
for individual substituted styrenes, benzyl anion, and 
activated complexes. Substracting the energy of substi- 
tuted monomers and benzyl anion from the energy of the 
respective activated complexes we obtained activation 
energy. Table I contains the relative activation energies, 
Epl ,  without considering solvation energy ( t  = 1) and for 
thoroughly solvating medium (t - a). The charges at the 
reactive center of styrene monomer (qc) and the logarithms 
of the experimentally found rate constants for corre- 
sponding reactions2 are presented. 

The results indicate that electron-accepting substituents 
(-C6H5, aza-) lower the values for activation energies 
compared with unsubstituted styrene; on the contrary, 

Esoiv = -'/zCCQ,Q,r,,(l - ( l / t ) )  
f i v  

e- 12 (ev) 0.2 

on 

-0.2 

-0.4 

-1 0 1 2 

s 
Figure 2. A plot of the calculated relative changes of activation 
energies of the propagation reaction of variously substituted 
monomers of styrene vs. the logarithm of the ratio of experimental 
rate constants. 

electron-donor substituents increase the activation energy 
for propagation reaction. Good linear correlation of the 
activation energy with the experimental data was found 
(Figure 2). We failed in finding the rate constant for 
4-vinylpyridine; it is assumed that its value is greater than 
30 000 L mol-' s-'. According to our correlation it should 
have the value of -78000 L mol-' s-l. 

The effect of substitution is manifested also by the 
change in electron density on the reactive center (carbon 
C, in styrene derivatives, Table I). The electron density 
correlates well with the experimentally found values for 
the rate constants indicating qualitative agreement be- 
tween the simple electrostatic model (model of isolated 
molecule) of propagation reaction and the experimental 
data. 

On the basis of our calculations the effect of solvent 
polarity accompanying the change of the structure can be 
evaluated. Evidently, the increase of the polarity in general 
leads to a rise in the activation energy of the propagation 
reaction. For individual styrene derivatives this effect is 
greatest for p-vinylbiphenyl; hence in thoroughly solvating 
medium this derivative should become theoretically less 
reactive than the unsubstituted styrene. 

We conclude that the model calculation described well 
the experimental reactivity of individual derivatives from 
the qualitative point of view in spite of several simplifi- 
cations. 
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