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Anionic Polymerization of Methyl Methacrylate 
in the Presence of Piperidine 

A. K O d R ,  J. TREKOVAL,, and P. VLeEK 

Institute of Macromolecular Chemistry 
Czechoslovak Academy of Sciences 
162 06 Prague 6, Czechoslovakia 

A B S T R A C T  

Anionic polymerization of methyl methacrylate (MMA) initiated 
by lithium tert-butoxide (t-BuOLi) was investigated in different 
mixtures of benzene and piperidine. The latter compound 
activates the associated alkoxide, as evidenced by the observed 
increase in the rate of polymerization, proportional to piperi- 
dine concentration and also by the lowering of the overall kinetic 
order of the polymerization reaction with respect to initial 
monomer concentration. However, at  higher piperidine con- 
centration the rate of the polymer growth significantly decreases 
after a short period of time; a probable reason for this retarda- 
tion o r  termination effect is the decay of active growth centers 
by a termination reaction with the methacrylate carbonyl group. 
The molecular weight of the polymer is significantly lowered 
by even a small addition of piperidine as a result of increased 
initiator efficiency that leads to a higher absolute concentration 
of active centers and approaches the theoretical limit given by 
the stoichiometric ratio of monomer and initiator concentrations. 
The microstructure of the product is affected by the presence 
of the polar solvent to a considerably lesser  degree than in the 
case of classical alkylmetal initiators. The isotacticity slowly 
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758 KOU-R, TREKOVAL, AND VLCEK 

decreases with piperidine concentration over the whole investi- 
gated range. The high stability of the complex active center of 
growth formed by the alkoxide initiator and also the gradual 
change in the character of the ionic pair at  the end of the growing 
polymer chain a re  responsible for the relatively small changes 
of the microstructure. 

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

Linear as well as cyclic amines and ethers, commonly employed 
as polar solvents in the anionic polymerization of methacrylates, 
significantly influence both the kinetics of polymerization and the 
properties of the polymer formed, They affect the rate of polym- 
erization by solvation and simultaneously change the stereospecific 
efficiency of the active centers of growth in such a way that polymers 
having a considerably lower content of the isotactic component are 
formed if the polymerization is initiated by organometallic lithium 
compounds than in the case of a medium of nonpolar hydrocarbons. 
In principle, the same effect of these solvating solvents is observed 
if the polymerization is initiated by lithium tert-alkoxides. In a non- 
polar medium, alkoxides form active polymerization centers; these 
a re  protected by inactive alkoxide (alkoxide which has not participated 
in the initiation reaction) to such an extent that they a re  capable 
of functioning for a sufficiently long period of time even a t  room 
temperature and, on the other hand, give rise to a polymer with a 
higher isotacticity than the classical alkylmetals [ 11. This i s  due 
to the strong complex character of the growing chain ends and also 
to the fact that their possible termination with the carbonyl group of 
the monomer or polymer is blocked [ 21. However, a change in the 
solvation properties of the reaction medium, due to the addition of 
a polar solvent or to an increased polarity of the monomer itself, 
can interfere with the function and/or existence of this complex 
[ 3-51. Accordingly, changes in the polymerization kinetics and/or 
in the microstructure of the polymer can be considered as a qualita- 
tive measure of the stability of the complex active center generated 
from the living chain end and the molecules of alkoxide that has not 
reacted in the initiation stage. 

In this communication we continue our study of the polymerization 
of methacrylate esters initiated by alkali metal tert-alkoxides; the 
paper is devoted to the polymerization of methyl methacrylate (MMA) 
initiated by lithium tert-butoxide (t-BuOLi) in the presence of piper- 
idine. 
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ANIONIC POLYMERIZATION OF METHYL METHACRYLATE 759 

E X P E R I M E N T A L  

R e a g e n t s  

MMA, benzene, t-BuOLi purification and preparation were a s  
already described, a s  was the polymerization technique in dilatom- 
eters  under argon [ 13. 

Piperidine (Reachim, U. S. S. R.)  was dried by BaO and distilled 
twice on a column (bp 106"C, atmospheric pressure); only the middle 
fraction was always taken (about 50%). Just before polymerization 
the necessary amount was dried for 24 h r  by CaHz , which was re-  
moved immediately before use by centrifugation [ 61. 

M e t h o d s  

The polymer microstructure was determined from NMR spectra 
measured on a JEOL-100 spectrometer and evaluated in a standard 
manner [ 71. The molecular weights were determined either by 
viscometry in benzene and calculated from the relevant Mark- 
Houwink equation [ 81 

[a] = 5.7 x 

or  by means of GPC in tetrahydrofuran as described elsewhere [ 91 ; 
for the evaluation of chromatograms the equation [ 101 

[ 771 = 1.08 x 1 0 - 4 ~ 0 - 7 0 2  

was employed. 
R E S U L T S  

The course of methyl methacrylate polymerization initiated by 
lithium tert-butoxide with different amounts of piperidine added is 
presented in Figs. 1 and 2; the polymerization conditions are sum- 
marized in Table 1. It is seen that the initial rate of polymerization 
increases with increased piperidine concentration, but before quan- 
titative conversion is reached, a change of slope occurs on the con- 
version curves and the polymerization rate sharply decreases, Both 
the time and conversion that correspond to this inflection are inversely 
proportional to the piperidine concentration in the reaction mixture 
(Fig. 1 and Table 1); the initial rate of polymerization increases 
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0 10 20 30 LO 
time 

[rnin] 

FIG. 1. Conversion curves in methyl methacrylate polymerization 
in the presence of various concentrations of piperidine: Monomer con- 
centration: 4.67 mole/liter; initiator concentration: 0.047 mole/liter; 
(1) 0.047 mole/liter; ( 2 )  0.467 mole/liter; (3) 0.935 mole/liter; (4) 
1.870 mole/liter; (5) 3.740 mole/liter; (6) no piperidine. 

0 1 2 3  
pip [mole/lJ 

FIG. 2. Initial rate of polymerization as a function of piperidine 
concentration. Monomer concentration, 4.67 mole/liter; alkoxide 
concentration, 0.0467 mole/liter. 

linearly with the concentration of piperidine practically over the whole 
range investigated (Fig. 2). The small deviation from this linear de- 
pendence at  the highest piperidine concentration could be explained 
by an experimental e r ror  associated with the measurement of an 
extremely high reaction rate; however, it is also possible that at  a 
high concentration of the solvating solvent all initiator molecules 
a re  utilized in the formation of active centers of growth and 
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762 K o L A ~ ~ ,  TREKOVAL, AND VLC'EK 

practically no active centers with a protective complex are  present, 
which could be affected by piperidine. As a result, the gradient of 
reaction rate drops when the piperidine concentration is further 
increased. 

As expected, the mean molecular weights of polymers prepared 
under these conditions decrease with increasing piperidine con- 
centration. However, this decrease is not linear within the investi- 
gated concentration range. At first, the molecular weight decreases 
very steeply in the region of piperidine concentrations that are 
comparable with the concentration of the initiator but remain nearly 
constant when the concentration of the solvating compound is further 
increased (Table 1 and Fig. 3). At a high concentration of piperidine 
(experiment P4 in Table l), the molecular weight of the product was 
very low and could not be measured by the two methods employed; 
presumably it was lower than 2 X lo*, the lower resolution limit of 
the GPC set. The microstructure of the polymer prepared in the 
benzene-piperidine mixture is characterized by a decrease in iso- 
tacticity with piperidine concentration (Table 1 and Fig. 4); this 
decrease is, however, much less pronounced than in similar polym- 
erizations initiated by alkylmetal initiators of the type R-Li. 

As  there existed a possibility of a contingent deactivation of the 
initiator by piperidine, a number of polymerizations were carried 
out in the following way: a mixture of given amounts of alkoxide 
and piperidine was intentionally left to stand in the dilatometer, and 
only after different time intervals (7 in Table 2)  the monomer was 
added. The results show that within the time interval investigated 
neither the rate of polymerization nor the microstructure or  
molecular weight is influenced. 

100 

0 
0 1 2  3 r  

pip 1mo1e/1] 

FIG. 3. Dependence of p o l p e r  molecular weight on piperidine 
concentration: ( o ) 3 * ( 0 ) Mw. Monomer concentration, 4.67 
mole/liter; initiator concentration, 0.047 mole/liter. 
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ANIONIC POLYMEFUZATION OF METHYL METHACRYLATE 763 

syndio 

*O L-+---- 
FIG. 4. Dependence of polymer microstructure on Diperidine 

concentration in the polymerization mixture. Monomer concentra- 
tion, 4.67 mole/liter; initiator concentration, 0.047 mole/liter. 

The overall reaction order of the polymerization with respect 
to the initial monomer concentration was determined in a series 
that covered the range of MMA concentrations between 1.4 and 6.54 
mole/liter and was found to be about 2, a decrease by one in com- 
parison with a similar polymerization carried out in a hydrocarbon 
medium [ 11. 

DISCUSSION 

A s  pointed out earlier [ 31, the probable reason for the long life- 
time of active centers in the methyl methacrylate polymerization 
initiated by lithium tert-butoxide is the existence of a protective 
envelope of the growing chain ends. This protective cover is formed 
by alkoxide that has not reacted in the initiation step. The results 
of this communication show that piperidine can lower the possibility 
of formation of these protected centers in such a way that within a 
relatively short time period the rate of polymerization is significantly 
decreased and, a t  higher concentrations of piperidine the growth can 
be suddenly terminated. It can be assumed that the nonprotected 
active conter reacts in the known way with the ester groups of the 
monomer or polymer and yields inactive products [ 111. On the other 
hand, the fact that the overall polymerization rate is second-order 
with respect to the initial monomer concentration (see above) 
indicates that piperidine participates in the initiation step. If we 
assume that the initiation of methyl methacrylate polymerization 
by lithium tert-butoxide in a nonpolar, hydrocarbon medium is 
a two-step reaction between the monomer and alkoxide (second- 
order with respect to the initial monomer concentration), we can 
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764 KOLG., TREKOVAL, AND VLEEK 

TABLE 2. Rate of Polymerization and Polymer Microstructure in 
Dependence on the Time of Interaction between Piperidine and 
Initiatora 

Microstructure R~ 104 Time 
No. (min) (mole/liter-sec) I (%) H (%) S(%) 

P5 1.5 7.25 74.0 17.0 9.0 
P6 6.5 7.27 73.8 17.4 8.8 
P7 13 7.57 74.7 16.5 8.8 
P8 62 6.95 76.8 15.3 7.9 
P9 130 7.87 74.2 16.1 9.7 

%MA = 4.67 mole/liter; t-BuOLi = 0.0467 mole/liter; piperidine 
= 0.467 mole/liter. 

infer that in the initiation step the monomer is partially replaced by 
piperidine. Most probably, this reaction takes place in the alkoxide 
activation; the products of this activation then react with the monomer 
and give r i se  to the actual active centers of growth. 

tration is almost linear within the measured range; this indicates 
that the number of active centers gradually r ises  as a result of dis- 
sociation and activation of alkoxide by piperidine. However, the 
increasing concentration of active centers may not be the only 
reason for the enhanced rate  of polymerization. This is apparent 
from the shape of conversion curves in Fig. 1 and also from the 
decrease of mean molecular weight of polymers with piperidine 
concentration (Fig. 3): the molecular weight averages drop sharply 
only at low piperidine concentration and then remain practically 
constant. Even if we take into consideration that the useful separa- 
tion r a n e o f  the GPC column set  employed ends at  the lower limit 
of about Mw = 2 X l o4 ,  the decrease of both aw and Mn is still very 
strong in the range of the ratio of piperidine to alkoxide concentra- 
tions of 0-2, and the molecular weight approaches the theoretical 
limit (1  X lo4)  given by concentration conditions. One can therefore 
conclude that the initiator is practically quantitatively utilized at 
piperidine concentrations equal to o r  only slightly higher than the 
concentration of alkoxide, and that a further rise of polymerization 
rate by this mechanism is  no longer possible. Nevertheless, the 
rate of polymerization continues to increase and reaches a value 

The increase of the rate of polymerization with piperidine concen- 
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( M M d -  
I 

'OLYMER 
t 

FIG. 5. Assumed reaction scheme in the system methyl meth- 
acrylate-piperidine-lithium tert-butoxide. (MMA)- denotes non- 
protected active center of growth; [ (MMA)] denotes protected active 
center. 

several times higher than the initial one (Fig. 2). This can be ex- 
plained by the assumption that the character of active growth centers 
changes in a continuous manner as a function of the piperidine con- 
centration. An attempt to visualize these processes is presented 
schematically in Fig. 5. In a hydrocarbon medium alkoxide is 
present in the form of inactive associates that can be solvated by 
added piperidine under the formation of the active initiator. This 
activated alkoxide then reacts either directly with the double bond 
of the monomer to yield the active center o r  with the previously 
formed oligomer chain which is then partially protected similarly 
as in the case of inactive alkoxide in a nonpolar, hydrocarbon medium. 
The probability of the latter reaction would probably decrease with 
concentration of piperidine so that the relative amount of active 
centers deprived of the protective complex would increase. As the 
growth is considerably quicker on these centers, the overall polym- 
erization rate would rise. However, these centers easily undergo 
a termination reaction with the ester groups of the monomer o r  
polymer so  that with increasing piperidine concentration the life- 
span of active growth centers decreases, and in this way the growth 
is terminated within a shorter period of time and at a lower con- 
version. It is also possible that the active centers are partially 
protected by associates of alkoxide, as their dissociation brought 
about by the solvent o r  monomer is reversible. With increasing 
piperidine concentration the corresponding equilibrium would be 
shifted towards the products of dissociation, and as a result of a 
lowered concentration of associates the possibility of their inter- 
action with active centers formed would also decrease. In addition, 
it can be assumed that at higher concentrations of piperidine the 
active centers previously protected by the remaining associates of 
alkoxide could be decomposed by excess piperidine with the resulting 
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exposure of the growing polymeric anion. In this way the relative 
amount of unprotected active centers would also increase with all 
the consequences. The assumption of a continuous change in the 
character of active centers is also corroborated by the fact that a 
parallel, continuous change of the microstructure of the product (the 
stereospecific efficiency of active centers) with increasing piper- 
idine concentration is observed (Fig. 4). This specific feature of 
the alkoxide initiators has already been described and differs con- 
siderably from the stereospecific efficiency of alkyllithium in media 
of different solvating power: a pronounced lowering of isotacticity 
of polymers prepared by means of alkyllithium was observed, brought 
about by a very small amount of a similar electron-donor solvent 
(pyridine); a further increase in the solvating power of the polym- 
erization medium did not influence the microstructure of the prod- 
uct [ 121. This indicates that the active growing center formed by 
the reaction of the monomer with lithium tert-alkoxide has a more 
complex character and is stronger than that formed from the 
classical alkylmetal initiators (see Table 3). It can be assumed that 
the presence of piperidine as a solvent with a high solvating power 
does not change totally and quantitatively the character of centers 
formed in the initiation by alkoxides (in contrast to those formed 
in the initiation by alkylmetals). The changes in activity and 
stereospecific efficiency of growing centers strongly depend on 
concentration conditions. A drop in molecular weight of prepared 
polymers is observed only at catalytic concentrations of piperidine 
and is probably due to the activation of alkoxide associates by 
piperidine and thus to the increase of the efficiency of the initator 
to i t s  quantitative utilization. 
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