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Al BN-lni tiated Polymerization of 
Methyl Methacrylate in Pyridine 

N. YA. KALOFOROV 

CHZJD 
Research Department 
8 1010 Bratislava, Czechoslovakia 

A B S T R A C T  

The AIBN-initiated polymerization of methyl methacrylate in 
pyridine at  50°C proceeds to higher conversion than that car- 
ried out in bulk. The increased values of the overall ra te  
constant a r e  due to the increased values of the initiation rate  
constant. The overall activation energy (13.1 kcal/mole monomer) 
and the activation energy for initiator decomposition (12.6 kcal/ 
mole) a r e  lower than those given in the literature. In addition 
to anomalies of the kinetic and energetic parameters, an increase 
in the frequencies of the y-skeletal modes (5-20 cm-')  of methyl 
methacrylate on i ts  mixing with pyridine (molar ratio 1:1.33) 
is also observed. At this ratio, an increase in the band strength 
of the methyl methacrylate u(C=O) vibrations is also observed. 
The most plausible explanation of the obtained anomalies in the 
polymerization of methyl methacrylate in pyridine (6.215-7.991 
mole/liter) i s  the formation of a weak complex which affects 
the initiation step. The values of k /k = 0.24, E = 1/2 Et = 

6.8 kcal/mole, and E = 6.8 kcal/mole do not differ much from 

the values in literature. The average value of the transfer 
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734 KALOFOROV 

constant for pyridine in methyl methacrylate polymerization a t  
50°C is about 1 X The activation energy for the transfer 
to pyridine is 22.4 kcal/mole. Abstraction of a hydrogen atom 
from every pyridine carbon atom is possible in the transfer 
reaction of poly(methy1 methacrylate) radical to pyridine. This 
is possible in greatest degree in the (Y and y positions. 

INTRODUCTION 

The character of the interaction between a growing radical and 
i ts  medium is not yet clear. In many cases anomalous values for 
the kinetic parameters a r e  explained by formation of a complex in 
the reaction medium. 

Data about the AIBN-initiated polymerization of methyl methacry- 
late in pyridine a re  not available in the literature. The present study 
was undertaken in order to study some peculiarities of the radical 
polymerization of methyl methacrylate in pyridine. 

Poly(methy1 methacrylate) radical is an electron acceptor [ 1, 21. 
A free electron pair on the nitrogen atom and a system of IT bonds 
a re  characteristic of the pyridine molecule. The latter is able to 
form molecular complexes [ 31. Hence, pyridine acts a s  an electron 
donor or proton acceptor [ 41. It is a polar compound. The negative 
charge of the dipole is concentrated on the nitrogen atom, while 
carbon atoms a re  positively charged. 

acrylate, and vinyl acetate in benzene was studied by Burnett and 
Loan [ 51 , who observed that the rate of polymerization decreases 
with the increase of solvent concentration in a concentration limit, 
characteristic of the monomer. In the polymerization of vinyl acetate 
in benzene low values of the overall polymerization rate  were ex- 
plained by the formation of a complex between the growing radical 
and benzene [ 61. This complex is comparatively inactive in the 
propagation reaction. Such retardation was observed also in the 
AIBN-initiated polymerization of styrene in carbon tetrabromide [ 71. 
The polymerization of methyl methacrylate in halogenated benzenes 
and in naphthalene at  60°C in the presence of AIBN [ 8- 101 was 
studied by Burnett and co-workers. It was found that the polymeri- 
zation rate  is higher than in cases when the solvent acts a s  an inert 
diluent. Burnett and co-workers [ 111 suggested that three macro- 
radical species may contribute to propagation in methyl methacrylate 
polymerization: an uncomplexed species, a species complexed with 
solvent, and a species complexed with monomer. 

The AIBN-initiated polymerization of methyl methacrylate, methyl 
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POLYMERIZATION OF METHYL METHACRYLATE 735 

Initiated polymerization of methyl methacrylate is possible under 
the action of initiation systems such a s  pyridine. For example, the 
system pyridine (electron donor)-liquid SO2 (electron acceptor)-CCL 
initiates a t  usual and elevated temperatures [ 12, 131. This initiation 
is of radical character. Another example i s  the system poly-2-vinyl- 
pyridine (polymer electron donor)-liquid SOZ (electron acceptor)-CC14 
[ 131. In this case the polymerization also proceeds through inter- 
mediate products with a radical character. In methyl methacrylate 
polymerization initiated with low concentrations of SOZ, the influence 
of pyridine i s  higher [ 141 than that of other solvents. Pyridine in 
low concentrations accelerates the polymerization of methyl meth- 
acrylate initiated by trialkylborane in the presence of oxygen at  30°C. 
Moreover, the accelerating influence of pyridine i s  higher than that 
of quinoline and pyrrole. The polymerization proceeds by a radical 
mechanism and a participation of peroxides i s  supposed. 

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

Pyridine was of ultraviolet spectroscopy grade (Lachema, Brno). 
The purification of monomer and evacuation of reaction mixtures 

were the same as described in our previous papers [ 15- 171. The 
polymerization experiments were carried out in sealed glass ampoules 
and dilatometers. Polymerization of methyl methacrylate was car- 
ried out in an ultrathermostat. The polymer was isolated from the 
polymerization mixture by quantitative precipitation in a 20-fold 
amount of cyclohexane [ 181. The poly(methy1 methacrylate) ob- 
tained was separated from cyclohexane solution by filtration, dried 
at  about 70°C in vacuo for 2 hr  [ 191 and thereafter to constant weight. 
The degree of conversion was determined by weight determination of 
polymer obtained from each ampoule and dilatometer. The overall 
polymerization rate R (in mole/liter- sec) was calculated from 
Eq. (1): P 

R = [ Polymer]/Mmvt 
P 

where M 

of the solution before the polymerization (in liters), and t i s  time (in 
seconds). 

The volume contraction of the reaction mixture was determined 
in dilatometers. The monomer conversions to polymer at given time 
intervals Rc were calculated from Eq. (2): 

is the molecular weight of the monomer, v is the volume m 
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7 36 KALOFOROV 

Rc = (Rc'/AV')AV (2) 

where R 

polymerization (in %), AV' is the volume contraction of the reaction 
mixture at the end of the polymerization (in ml), and AV is the volume 
contraction of the reaction mixture in the definite time intervals (in 
ml). 

The results obtained from Eq. (2) correspond with those obtained 
by weight determinations. 

The kinetic order in monomer was calculated by numerical and 
graphical solutions of the relation 

i s  the monomer conversion to polymer at  the end of the 
C 

R p = K I I ] ' l z [ M ]  (3) 

The overall rate constant K (in liter/mole- sec) was calculated 

The intrinsic poly(methy1 methacrylate) viscosity was determined 

"he number-average molecular weight En of poly(methy1 meth- 

from Eq. (3). 

in benzene solution at  30 i 0.02"C. 

acrylate) was calculated from Eq. (4) [ 201. 

[ 77] = 8.69 x 1 0 - ~  - 0.76  Mn 

The chain- transfer constant of pyridhe Cs in AIBN-initiated 

polymerization of methyl methacrylate was calculated by graphical 
solution of the relation (5) 

(4) 

where [ M] is the initial monomer concentration and [ S] is solvent 
concentration. 

t P  
values for Cs from Eq. (5) at a definite [ S]/[M] ratio. 

The values 1/2(1 + A) k /k were calculated by Eq. (6) by using the 

[ SI 
- = -  (1 + A ) -  kt - Rp + cm + cs- 

1 1  
- 
'n 2 [ MI 
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POLYMERIZATION OF METHYL METHACRYLATE 737 

where h is the portion of the polymer radicals which disproportionate 
in the termination reaction, C 

given [ 211 in the literature as Cm = 8.5 X 

1/2(1 + A)(k /k 2 ,  it i s  necessary to know A. The latter can be ob- 

tained by numerical or  graphical extrapolation of literature values 
[ 221 for the ratio ktd/ktc at  the desired temperatures (Table 1) 

where k ,k are rate constants for disproportionation and combina- 

tion of macroradicals in the termination reaction respectively. 

is transfer constant for monomer, m 

In order to obtain the values for the ratio k /k ''' using 
P t  

t P  

td tc 

In calculations, the numerical values of )c are used (Table 1). 
The overall activation energy and the frequency factor were cal- 

culated by graphical solution of the relations 

log K = log A - (E/2.303RT) (7 1 

log R = log A - (E/2.303RT) (8 1 P 

where E i s  the overall activation energy for the polymerization (in 
cal/mole monomer), A i s  the frequency factor (in liter/mole-sec), 
R = 1.986 cal/deg-mole is the gas constant, and T is Kelvin tem- 
perature. Equation (8) was  used only for low conversions. 

the half of the activation energy for termination, E - 1/2 Et, was 
calculated by graphical solution of Eq. (9): 

The difference between the activation energy for propagation and 

P 

TABLE 1. 

Temperature Method of - ktd 
(" C )  extrapolation 

50 Numerical 4.72 0.83 

A ktc 

50 

61 

Graphical 4.63 0.82 

Numerical 5.89 0.85 

61 Graphical 5.95 0.86 

70 Numerical 7.17 0.88 
70 Graphical 7.14 0.88 
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738 KALOFOROV 

(9) hg(k  /k I") = log A - 1/2 log At- (1/4.57T)[ Ep - (Et/2)] 
P t  P 

where A and A a r e  the frequency factors for propagation and termi- 

nation, respectively (in liter/mole-sec). 

mole) was calculated from Eq. (10). 

P t 

The activation energy for the initiator decomposition Ed (in cal/ 

The frequency factor for the initiator decomposition A (in liter/ d mole-sec) was calculated from Eq. (11). 

The activation energy for the degree of polymerization E- = E - 
Pn P 

were calculated by graphical Etr and the value of the ratio A /A 
solution of the relation P tr,s 

RT 
t r , s  

A 

are,  respectively, the rate constant, the t ry  s~ Atr, sy Etr,s where k 

frequency factor, and the activation energy for the transfer reaction 
of pyridine. 

was calculated [ 231 from Eq. (13). 
The activation energy for transfer to solvent E (in cal/mole) t ry  s 

E- = E  p - Etr,s (13) 
'n 
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POLYMERIZATION OF METHYL METHACRYLATE 739 

R E S U L T S  

All experimental data for polymerization in bulk a s  wel l  a s  in 
pyridine, were obtained at  constant AIBN concentration (6.19 X 
mole/liter). 

P o l y m e r i z a t i o n  of M e t h y l  M e t h a c r y l a t e  i n  B u l k  

In four independent measurements the following values for the 
overall polymerization rate at 50°C were obtained from Eq. (1): 
103.14 X 106.13 X 108.79 X and 109.43 X mole/ 
liter- sec. The literature value [ 241 is 92.4 X 
at the same initiator concentration. 

from Eq. (3) agrees well with the literature value 25 of 1.27 X 

a r e  also in agreement with the literature value [ 241 of 9.1 X 

mole/liter- sec 

The calculated value of the overall rate constant K, 1.44 X 

The experimental values for l/Po (10.423 X 10- 6 1  and 10.937 X ) 

P o l y m e r i z a t i o n  of M e t h y l  M e t h a c r y l a t e  i n  P y r i d i n e  

The order of the monomer concentration a t  41.6, 50, 6 1, and 70" C 
ranges from 0.98 to 1.02. This order was calculated numerically 
by using Eq. (3) at  every monomer: solvent ratio. The graphical 
determination of the order at 50°C i s  shown in Fig. 1. 

numerical solution of Eq. (6). The average value of the ratio 
k /k 
In the AIBN-initiated polymerization of methyl methacrylate in ethyl 
acetate [ 261, a value k /k 

The average value for 1/2(1 + A) k /k = 16.57 is calculated by 
t P  

= 18.21 is calculated at A = 0.83 (Table l), and k /k '" = 0.24. 
t P  P t  

= 0.535 was found. 
P t  

The values E - (Et/2) = 6.8 kcal/mole and A /A = 1 X lo4 
P P t  

liter/mole-sec were obtained by graphical solution of Eq. (9) at 
41.6, 50, 61, and 70°C (Fig. 7).  

It is known from the literature [ 271 that Et % 1 kcal/mole. If 
we accepted this value, 1/2Et = 0 and E - (Et/2) = E -0 = E = 6.8 

kcal/mole. The literature values for E a r e  6.0 kcal/mole [ 221 and 

4.4 kcal/mole [ 271. It should be noted here that in calculating the 
values for the activation energies an e r ror  of f 2 kcal/mole monomer 

P P P 

P 
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7 40 KALOFOROV 

I 
n a 10 

1 2 5 10 

FIG. 1. Determination of the kinetic order in monomer in the 
polymerization of methyl methacrylate in pyridine. [ AIBN] = 6.19 X 

mole/liter; 50" C. 

is not considered Iarge [ 281. The difference for E P ~  = Ep - Etr,s - - 

-15.6 kcal/mole and log (A 

Ap/Atr,, = 7.08 X 

Eq. (12). 

/A ) = 6.49 as well as the ratio 
t r , s  P 

were calculated by graphical solution of 

D I S C  U S  SION 

On mixing methyl methacrylate with pyridine in a molar ratio of 
1:1.33 an increase in the frequencies (5-20 cm-') of the y-skeletal 
modes of the former is observed (Figs. 2 and 3, spectrum 1). This 
increase may be due to the formation of a weak hydrogen bond [ 291 , 
to the large volume of the donor in the complex, or to dielectric o r  
other effects [ 301. The center of the maximum for one of the y -  
skeletal modes of methyl methacrylate is at 1025 cm-'  (Figs, 2 and 
3, spectrum 2). This mode increases its frequency (spectrum 1) 
and coincides with the y (CNC) of pyridine at  1038 cm-' (spectrum 3). 
Parallel with this an increase in the band strength of u (C=O) vibra- 
tions of methyl methacrylate in a mixture with pyridine is observed 
(Table 2). h other words, on dilution of methyl methacrylate with 
pyridine, a smaller decrease in the band strength of Y (C=O) 
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POLYMERIZATION OF METHYL METHACRYLATE 

3 

900 1000 1100 (ern-') 

741 

FIG. 2. Increase in the frequencies of 7-skeletal modes of methyl 
methacrylate (1) on mixing with pyridine (molar ratio 1: 1.33); (2) spec- 
trum of pure methyl methacrylate in the region of y-skeletal modes; 
(3) spectrum of pyridine. Spectrum is obtained on mixing cyclohexane 
solutions of methyl methacrylate (0.2337 mole/liter) and pyridine 
(0.3107 mole/liter) a t  room temperature. 

FIG. 3. Increase in the freguencies of y-skeletal modes of methyl 
methacrylate (1) on mixing with pyridine (molar ratio 1: 1.33); (2) spec- 
trum of pure methyl methacrylate in the region of the y-skeletal modes; 
(3) spectrum of pyridine. Spectrum obtained on mixing pyridine with 
methyl methacrylate in a layer; room temperature. 
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POLYMERIZATION OF METHYL METHACRYLATE 743 

vibrations is observed than was expected. The increase in the band 
strength of u (C=O) vibrations probably is related to some effect of 
pyridine which increases the polarity of the methyl methacrylate 
molecule. 

It is known that the polarity increases with the dielectric constant 
E and the dipole moment kof the solvent molecules. In our case, the 
components of the polymerization mixture have the following values 
for these constants: pyridine, E = 12.4 a t  21"C, IJ. = 2.37 a t  25°C 
[ 311; methyl methacrylate, E = 2.9 (temperature not indicated), 
p = 1.675 at 25"c [ 311. Therefore the polarity of pyridine may play 
a role in the complex formation. 

The kinetic and energetic parameters a r e  of greatest interest in 
the study of influence of solvent on radical polymerization. The 
polymerization of methyl methacrylate in pyridine proceeds more 
speedily (Fig. 4, curves 1-3) than that in bulk (Fig, 4, curves 4-7). 
It is seen in Fig. 5 that the overall rate constant K (curve 1) and the 

0 20 40 60 80 100 120 7-40 160 
Time (min.) 

FIG. 4. Effect of pyridine on conversion of methyl methacrylate 
a t  [ AIBN] = 6.19 X lo-' mole/liter and 50°C: (1) pyridine = 7.991 
mole/liter, methyl methacrylate = 3.339 mole/liter; (2) pyridine 
= 8.977 mole/liter, methyl methacrylate = 2.597 mole/liter; 
(3) pyridine = 9.322 mole/liter, methyl methacrylate = 2.337 mole/ 
liter; (4-7) block polymerizations. 
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7 44 KALOFOROV 

c 
I u 
0 
ul 

) Pyridino mole / l i t e r  ( 

FIG. 5. Influence of pyridine concentration on (1) K, (2) killa, 

moIe/liter; 

and (3) k /k ' I 2  in polymerization of methyl methacrylate. Pyri- 

dine = 6.215-7.991 mole/liter; [AIBN] = 6.19 X 
t = 50°C. 

P t  

initiation rate constant k. (curve 2) a r e  higher than these in bulk. Both 
ra te  constants graduaIIy decrease with increasing concentration of 
pyridine. The changes in values of K a r e  due to changes in values 
of ki. This is because no material changes are observed for the 

value of the ratio k /k '" (curve 3). 

The value for the overall activation energy 13.1 kcal/mole mono- 
mer  was calculated by graphical solution (Fig. 6) of Eq. (7). The 
frequency factor is 1.74 X 10' liter/mole-sec. If the same relation 
(7) is applied to low conversions, the value for the overall activation 
energy is 11.3 kcal/mole monomer. The frequency factor is 1.00 X lo4 

1 

P t  
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POLYMERIZATION OF METHYL METHACRYLATE 745 

FIG. 6. Dependence of (1) the polymerization rate  constant and 
(2) the molecular weight of the polymer in methyl methacrylate 
polymerization in pyridine on temperature. [ AlBN] = 6.19 X 
mole/liter; pyridine = 6.215 mole/liter. 

liter/mole-sec. When Eq. (8) is applied to low conversions, the 
overall activation energy i s  11.2 kcal/mole monomer, and the 
frequency factor is 0.29 X lo4 liter/mole-sec. The literature value 
[ 231 for the overall activation energy of AIBN-initiated polymeriza- 
tion i s  usually about 20 kcal/mole monomer. 

activation energy. If the effect of the solvent is to reduce this value, 
the polymerization is accelerated. Just this dependence is observed 
in our case. 

In the AIBN-initiated polymerization of vinyl acetate in benzene, 
the rate decreases with increasing the solvent concentration [ 51. 
Moreover a significantly higher overall activation energy (37.6 kcal/ 
mole) was obtained. These data are logically related to our results 
for the AIBN-initiated polymerization of methyl methacrylate in 
pyridine. In our case, in the presence of pyridine an acceleration 
of the polymerization and a lower overall activation energy are 
observed . 

mole monomer. According to the same relation, Ed = 8.6 kcal/mole 

in the case when E = 11.3 kcal/mole monomer (the value a t  low 

It i s  known that the rate of a reaction depends mostly on the 

According to Eq. (lo), E = 12.6 kcal/mole when E = 13.1 kcal/ d 
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monomer conversion). The literature value of E for azo initiators 
is about 30 kcal/mole [ 23, 321. In our case, the lower overall acti- 
vation energy is due to the lower activation energy for initiation. 
The most plausible explanation for these anomalies is the formation 
of a complex [ 11 between pyridine and the methyl methacrylate [ o r  
the poly(methy1 methacrylate) radical], Possibly this complex con- 
cerns the initiation step. 

From Eq. (11) we calculated A = 3.03 X 10’ liter/mole-sec d for A = 1.74 X lo5 , 
In our case (Fig, 6), the well known dependence [ 231 is also ob- 

served: with the increase of the reaction temperature, the reaction 
rate also increases while the molecular weight of the polymer de- 
creases. 

The higher the value of the activation energy for a reaction, the 
higher the increase in rate with increasing temperature. At E = 0 
the rate of the reaction does not depend on temperature. The obtained 
activation energy for the propagation reaction is low (6.8 kcal/mole). 
The activation energy for the termination reactions is about lkcal/ 
mole. Hence, the value of the ratio k /k ”’ increases only slowly 

with temperature. Just  this dependence is shown in Fig. 7. The 

d 

P t  

Dependence on temperature of (1) kD/ktl” and (2) 

l/([ MI /[ S] )[ ( l/Fn) - ( l/PO)] in methyl methaciylate polymerization 
in pyridine. [ AIBN] = 6.19 X lo-’ mole/liter; pyridine = 6.215 mole/ 
liter. 
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0 7 2 3 4  
[SI/[Ml 

FIG. 8. Determination of pyridine chain transfer constant in 
methyl methacrylate polymerization. [ AIBN] = 6.19 X mole/ 
liter; 50°C. 
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748 KALOFOROV 

obtained activation energy for the transfer reaction with pyridine 
is comparatively high (22.4 kcal/mole) which explains why Etr ,s  

the value of the ratio k /k = {l/([ MI /[ S] ) [ (l/Pn) - (l/PO)l} 
depends on temperature. In FQ. 7, line 2 i t  is seen that 
log { l/([ M] /[ S] ) [ (l /Pn) - (l/Po)]} decreases with increasing tem- 

perature analogously to Mn (Fig. 6). 

methacrylate polymerization is given in Fig. 8. 

to pyridine Cs as calculated by graphical solution (Fig. 8) of Eq. (5) 

is 1.0 X The most probable value for the transfer constant of 
polystyrene radical to pyridine is 6 x 
lated only from one experimentally established degree of polymeri- 
zation. 

It may be expected that, in the transfer reaction, a poly(methy1 
methacrylate) radical can split off hydrogen from every pyridine 
carbon atom, mostly in the (Y and y positions.[ Eq. (14)]. 

Some literature data a r e  of interest for the transfer reaction 
described in this manner [ 3, 331. 

P t r ,s  

The determination of the transfer constant of pyridine in methyl 

The average transfer constant of poly(methy1 methacrylate) radical 

[ 21. This value is calcu- 
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