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ABSTRACT The effect of counterion and solvent polarity on the activation energy of the propagation reaction 
of styrene anionic polymerization has been studied by a semiempirical quantum-chemical method. The structures 
of ion pairs of the polymer anion with cation and of the activated complex have been estimated. The effects 
of solvent polarity and of various counterions on these structures have been investigated and changes in activation 
energies evaluated. The theoretical properties found are in qualitative agreement with the experimental data 
available. 

Much attention has recently been devoted to processes 
taking place during anionic polymeri~ation.’-~ Research 
carried out in this field led to the conclusion that the 
reactivity (either in initiation or in propagation reactions) 
is markedly affected by ion-pair formation between re- 
acting anions and present cations. During the propagation 
reaction, a living polymer anion may form ion pairs with 
the present cations, usually alkali metal cations. Ion pairs 
compared with free living anions show different reactivity 
with respect to monomer. This has been confirmed by 
observations that the rate of the propagation reaction of 
styrene polymerization is influenced by the quality of 
counterion and solvent polarity (see review by Szwarc3). 
However, the detailed structure of the individual species 
is not known. The purpose of this paper is to study the 
above-mentioned effects, Le., the effect of the quality of 
counterion and the effect of solvent polarity, on the ac- 
tivation energy of the propagation reaction from the 
theoretical point of view. The semiempirical quantum- 
chemical calculations of model structures in the propa- 
gation reaction of styrene show the possibilities of applying 
the theoretical methods aiming a t  acquiring further 
knowledge on the mechanism of the propagation reaction 
of ionic polymerization. 
Calculations 

In the quantum-chemical study of the propagation 
reaction of anionic polymerization two problems have to 
be overcome: (i) choosing the proper quantum-chemical 
method able to well define the ion-pair formation between 
anion and alkali metal cation and the solvent effect; and 
(ii) choosing a simple model of the initial state and ac- 
tivated complex because the polystyrene anion reacting 
with the monomer of styrene in the presence of cations in 
polar medium represents a very complicated system in 
view of the quantum-chemical calculation. 

As to the first problem, in calculations of the systems 
similar to those considered here, current all-valence 
methods fai1.6x7 The Pariser-Parr-Pople method in K 
approximation has recently been modified by  US;^ the 
method enables consideration of alkali metals. Since the 
method was successfully applied to the study of ion pairs 
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between radical anions and cations? we have used it also 
in the present paper. All details concerning this method 
have been described p r e v i o u ~ l y . ~ ~ ~  

A simplified model system was chosen (Figure 1) to 
evaluate theoretically the effect of counterion and solvent 
in the propagation of anionic polymerization. The acti- 
vated complex was considered as a symmetrical system, 
where rc1-c2 = rc2-c3 = 1.53 X m and the position of 
the cation Me+ varied according to the axis of symmetry 
in the plane of complex corresponding to the model 
proposed by Szwarc.’ We did not take account of the 
activated complex proposed by Szwarc later3 since the 
energy of the asymmetrical complex was higher than that 
of the symmetrical one. Calculations centered mainly on 
evaluating the interaction of alkali metal. Therefore in 
the structures shown in Figure 1 we changed the position 
of cations in the directions outlined and looked for the 
energetically most stable structure. The distance rMe 
varied between 1.5 X and 6.5 X m. 

The stability of the individual structures is influenced 
not only by the electronic structure itself but also by the 
solvation energy. Regarding the charged systems under 
study the decisive solute-solvent interaction will likely be 
of electrostatic character. This part of the solvation energy 
can be expressed by the relation,’O 

where Q, and Q, are the net charges on the atoms p and 
u of solute molecule, calculated by quantum-chemical 
method, yru is the electron-repulsion integral, and t is the 
dielectric constant of the medium. 

By adding Esolv to the total energy of the system of ion 
pair or activated complex, we obtain the summary energy 
describing the energetic state of the system in solvent. 

Results and Discussion 
Figure 2a shows the results of calculations of the total 

energy for ion pair (initial state) without solvation energy 
as a function of rMe and Figure 3a shows the results for the 
activated complex. 
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Figure 1. Model structures considered in the calculation of the 
activation energy: A, initial state; B, activated complex. 
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Figure 2. A plot of the total energy of the system of the initial 
state vs. the distance of Me+ from the benzyl anion: (a) without 
consideration of solvation energy ( e  = 1); (b) including solvation 
energy ( e  = 4). 

The summary energy of the styrene system (total 
electron energy + solvation energy) for the dielectric 
constant c = 4 for ion pair and activated complex is 
presented in Figures 2b and 3b. 

Pronounced minima were obtained on the curves of the 
total energy corresponding to the most stable structures 
by calculations of all structures. If the effect of the sol- 
vation energy is not considered, the most stable structure 
of ion pairs is for the distance of alkali metal cation be- 
tween 2.2 X and 2.6 X m. With increasing radius 
of cation (from Li to Cs) the minimum shifts to greater 

a, 

Figure 3. A plot of the total energy of the system of the activated 
complex vs. the distance of Me' from Cs (a) without consideration 
of solvation energy ( e  = 1); (b) including solvation energy ( e  = 
4). 

Table I 
Solvation Energy and Equilibrium Distance 

of Cation in Ion Pairs 

- Esolvl r M e  x 
Me+ eV 10"O m 

Li' 4 .58  2 .25  
Na' 4 .15  2 . 5 0  
CS' 2.94  2 .50  

distances and the stability of the ion pair decreases, which 
is in line with the intuitive ideas about the structure of ion 
pairs. 

For the considered distances only a very small amount 
of electron density is transferred from anion back to alkali 
metal cation (0.02-0.07 e), i.e., the whole supersystem 
corresponds in principle to the structure C7H7-Me+. For 
such a supersystem, solvation energy expressed according 
to relation 1 assumes considerable values. Table I gives 
the values for solvation energy (for - m )  for ion pairs 
in the most stable configuration without considering 
solvation energy. 

I t  is seen that the solvation energy for ion pairs decreases 
from Li to Cs. As is evident from relation 1, with the 
increasing distance of cation, the solvation energy mo- 
notonously increases since the main repulsion term -1/2(1 
- l/€)C~ZMe+QrQ~?e+YpMef monotonously decreases, while 
the attraction terms are almost the same. This results in 
a shift of the minima of the summary energy with the 
increasing solvation (with the increasing dielectric con- 
stant) to greater distances rMe. Figure 2b shows that this 
effect is largest for ion pair with Li and decreases in the 
direction toward Cs. 
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Figure 4. Changes in the dissociation energy of the ion pair of 
benzyl anion with individual cations as a function of t .  

In the ion pair with Li the solvation energy is so large 
that from a certain value of dielectric constant ( e  I 6) the 
minimum of the summary energy showing a tendency to 
decrease is not obtained for the values of rLi considered. 
This result corresponds to a “decay” of ion pair so that 
only free dissociated ions are present in very polar media. 

Calculation of the difference in energies, h E d i s ,  will il- 
lustrate dissociation of ion pairs considered. 
Edis = ET,benzyl anion -k Esolv,benzyl anion + 

Esolv,Met - ET,ion pair - Esolv,ion pair 

Figure 4 shows A E d i s  thus calculated for individual ion 
pairs as a function of t. It  is seen that in weakly polar 
media (1 - ( l / e ) )  < 0.4 the most dissociated ion pairs are 
those with Cs, less with Na, and least with Li. In polar 
media these ratios reverse and for very polar medium, in 
the case of Li ion pairs, “decay” as has been mentioned 
above. 

An analogous method was employed for studying the 
activated complex where the position of alkali metal varied 
(Figure 3). The curves represent sections through potential 
hypersurface passing through the saddle point (in terms 
of the proposed model for activated complex). The de- 
pendence of the total energy on the distance r M e  yields the 
energy minima for the distance 3.5-4.5 X m; the 
change of counterion leads to the effects similar to those 
for ion pairs (in the initial state). The solvation effect (for 
large e) leads in all cases to separation of alkali metal from 
the activated complex. The result indicates that in very 
polar medium, the alkali metal cation should not par- 
ticipate in the formation of the activated complex. 

Simultaneous evaluation of both states, A and B, i.e., 
ion pair in the initial state and activated complex, provides 
information on activation energy. The activation energy 
of the process investigated may be calculated from the 
summary energies for individual components as follows: 

Ea = Eactivated complex - Eion pair - Estyrene 

Therefore we had to calculate also the summary energy 
for styrene: 
E s t y r e n e  = ET + Esolv = -101.0254 + (-0.0075) = 

-101.0329 eV 
If the alkali metal cation does not take part in the re- 

action, the activation energy Ea can be computed for free 
ions. Figure 5 shows the curves of the activation energies 
thus obtained as a function of the dielectric constant e of 

0 8  

0 6  

0 4  

0 2  

0 
0 0 2  0 4  0 6  08 1 0  

1 - 1 k  
Figure 5. A plot of the relative activation energy E?’ of the 
propagation reaction vs. t for free ions ( f i )  and varions cations 
participating in the reaction. 

solvent. 
With regard to the approximativeness of the method, 

we did not aim at interpreting the numerical values of 
activation energies for these reactions but a t  evaluating 
relative changes of E, caused by a change in the alkali 
metal or a change in the solvent polarity. Therefore Figure 
5 presents relative values for activation energies Ep1 
(related to Ea for free ions without solvation energy). As 
is evident from Figure 5, the activation energy will increase 
generally with increasing solvent polarity. This is due to 
the fact that the solvation stabilization is for the initial 
state, Le., for ion pairs, greater than in the activated 
complex. Delocalization of the negative charge is greater 
in the T system of the activated complex than in the T 

system of the initial state, the solvation energy of the 
“anion part” being larger for a smaller anion. 

I t  is interesting that in the propagation reaction in the 
presence of Li the activation energy dependent on di- 
electric constant has a minimum. It is probably connected 
with the fact that in this region of solvent polarity it is the 
activated complex that is better stabilized by Li+ compared 
with ion pair. 

The propagation reaction through free ions has for any 
value of the dielectric constant lower activation energy 
than the corresponding reactions of ion pairs. This agrees 
with experimental findings3 Further interesting knowl- 
edge can be achieved from the dependence mentioned 
above. Over the range of weakly polar media [(l - ( l / e ) )  
< 0.31, the activation energy decreases and the reactivity 
of ion pairs increases in the order Li < Na < Cs. On the 
contrary, in medium polar solvents the order of the values 
for Eare1 changes: Li > Na > Cs. With respect to the 
simplicity of the model and the calculation method em- 
ployed, qualitative agreement between these theoretical 
conclusions and the rate constants determined experi- 
mentally for styrene propagation with various cations in 
dioxane and tetrahydrofuran is encouraging. 

It was found experimentally that in a less polar solvent 
(dioxane) the reactivity of the system polystyrene anion 
in the presence of a counterion of the alkali metal with Li’ 
is lowest, greater with Na+, and greatest with Cs’. The 
reverse order of the reactivity was found in tetrahydro- 
furan. Agreement between the calculated and experi- 
mental order for less polar solvent will be achieved if in 
our approximative model the solvent polarity of medium 
is (1 - (1,’~)) 5 0.3; for a more polar medium agreement 
will be attained when (1 - ( l / t ) )  = 0.3-0.6. Naturally, in 
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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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