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Kinetics of Radical Polymerization. XXIX. 
Kinetics of Initiation in the 
Polymerization of Ethyl Acrylate 

A. FEHGRVkI  and T. FOLDES-BEREZSNICH 

Central Research Institute for Chemistry 
Hungarian Academy of Sciences 
Budapest, Hungary 

and 

F. TUD& 

Faculty 0; Chemical Technology 
Eijtvos Lorand University 
Budapest, Hungary 

and 
Central Research Institute for Chemistry 
Hungarian Academy of Sciences 
Budapest, Hungary 

A B S T R A C T  

The rate  of initiation has been investigated in the free-radical 
polymerization of ethyl acrylate at  50°C in two solvents, benzene 
and dimethylformamide. The ra te  constant of initiation and the 
rate  constant of the decomposition of AIBN was determined by the 
inhibition method and nitrogen volumetry, respectively. The rate  
constant of initiation was  found to be constant over the whole range 
of monomer concentration in benzene solutions, but it proved to 
depend on the concentration of monomer in dimethylformamide 
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1072 FEHERV~RI,  FOLDES-BEREZSNICH, AND T U ~ S  

solutions. The latter dependence is not linear. It was  pointed 
out that the change in the rate  constant of initiation is due to the 
solvent effect on the rate  constant of decomposition of AIBN, 
because the factor of radical efficiency is practically constant 
over the whole range of monomer concentration. The observed 
relationship between the rate constant of initiation and the molar 
fraction of monomer was interpreted on the basis of the selec- 
tive solvation of initiator molecules. 

In kinetic studies of polymerization the solvent effect on the 
kinetics of initiation has seldom been investigated. Our recent results 
concerning this effect a r e  disclosed in this paper. 

The rate  of initiation by an azo-type initiator is given as: 

where kl is the rate  constant of decomposition, x is the concentration 
of the initiator, and f is the initiation efficiency. 

Early reports on free-radical polymerization initiated by azoiso- 
butyronitrile (AIBN) usually assumed that the ra te  constant of initia- 
tion (2k I f )  is independent of the composition of the reaction mixture, 
because the rate  constant of the decomposition of AIBN was found to 
be the same in various solvents [ 1-31. More detailed and accurate 
measurements proved, however, that i t s  numerical value definitely 
changes in different solvents [ 4-91. This solvent effect of the decom- 
position rate  constant has not yet been successfully interpreted. 

The rate constant of initiation is influenced also by the value of 
the initiation efficiency f. In solution, generally f < 1, owing to the 
primary recombination of cyanoisopropyl radicals, also known as the 
cage effect [ 10-131. The numerical value of initiation efficiency may 
also be different in different solvents, as has been shown by Hammond 
and co-workers [ 121. The solvent effect on the initiation efficiency 
is explained on the basis of the Noyes diffusion theory [ 141, which 
relates the probability of the recombination of the primary radicals 
to the viscosity of the solution. In practice, however, this interpre- 
tation does not apply for each system, presumably as a consequence 
of approximations used in the model [ 151. 

erization system and its  dependence on the monomer concentration 
cannot be predicted, but it has to be determined experimentally over 
the whole composition range used in the investigations. 

effect on the initiation kinetics of polymerization as in the homo- 

P 17-19], cyclohexyl and cyclododecyl acrylates (CHA, CDA) [ 221 in 
solution. There have also been studies on the copolymerization of 

Consequently, the value of initiation rate  constant of a given polym- 

More and more papers have been published concerning the solvent 

olymerization of styrene (St) [ 6, 16, 211, methyl methacrylate (MMA) 
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KINETICS OF RADICAL POLYMERIZATION. XXIX 1073 

several monomer pairs in bulk or in solution: St/diethyl maleate 
(DEM) [ 81, acrylonitrile/methyl acrylate (AN/MA) [ 23, 251, AN/ 
bromophenyl acrylate (BPA) [ 241, and maleic anhydride with several  
electron-donating monomers [ 91. 

mer  concentration on the rate  constant of initiation in the polymeri- 
zation of ethyl acrylate in benzene and dimethylformamide solutions. 

Our present investigations have been focused on the effect of mono- 

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

M a t e r i a l s  a n d  M e t h o d s  

The inhibitor was extracted from the monomer, ethyl acrylate 
(EA), Fluka pure grade, by 10% aqueous KOH solution. EA was neu- 
tralized by washing with distilled watergodried over anhydrous CaClz, 
and fractionated in reduced pressure (nD = 1.4068). 

Benzene (Bz) and dimethylformamide (DMF) were rea ent grade 
materials and were purified by standard methods [ 20, 267. AIBN, 
Fluka pure grade, was purified as described earlier [ 201. 

The initiation rate  was determined by the inhibition method by 
using the stable free-radical inhibitor, triphenylverdazyl (TPV). The 
inhibitor was  synthesized by the method of Kuhn and Trischmann [ 271 
and purified by repeated crystallization from acetone-methanol mix- 
ture (mp 141-142°C). Rate measurements were carr ied out in sealed 
glass dilatometric tubes under atmosphere pressure of NZ a t  50°C. 
Oxygen was previously removed from the samples by the usual pro- 
cedure [ 201. 

nitrogen volumetry [ 71. Inhibitor ( 2  X lo-’  mole/dm3) was added to 
the solutions to prevent polymerization during the measurements. 

The ra te  constant of the decomposition of AIBN was determined by 

K i n e t i c  S t u d i e s  

If the polymerization is inhibited by a stable free radical, the ra te  
constant of initiation i s  related to the length of the inhibition period 
by the equation: 

ti = z0/2klfE 

where t. is the length of the inhibition period, zo is the initial concen- 
tration of inhibitor, and fi is the average concentration of initiator 
during the inhibition period. 

besides i t s  role as a radical trap, the stable free radical exhibited a 

1 

In the inhibition kinetic investigations of more reactive monomers, 
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1074 FEHERVARI, FOLDES-BEREZSNICH, AND TUMS 

certain affinity towards the monomer as well, which manifested itself 
in an inhibitor-consuming side reaction and a decline in the ti = f(zo/k) 
function. If only this pseudounimolecular side reaction takes place in 
addition to the one-step inhibition reaction, the rate  constant of initia- 
tion can be determined by using the following linear approximation 
[28, 201: 

(3) 

where k' is the rate  constant of the side reaction. 

verdazyl, such a side reaction was observed between the stable f ree  
radical and the monomer. This side reaction is indicated by the 
slight decline in the t i  = f(z0/5;) function (Fig. 1 and Table 1). The 
mole fraction of the monomer is designated by xEA. At lower mono- 
mer  concentrations this side reaction is not detectable; in such cases  
the ti = f(z h) function is linear (Fig. 2 and Table 2). 0 

Equation (3) was used in our investigations to determine the rate  
constant of initiation. A series of five or six experiments was per- 
formed at each monomer concentration. The method of evaluation 
is demonstrated for a characteristic ser ies  of experiments in Fig 3; 

During the polymerization of ethyl acrylate inhibited by triphenyl- 

FIG. 1. Length of the inhibition period vs. zo/X ratio in the EA/ 
AIBN/Bz polymerization system, xEA = 0.9135. 
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TABLE 1. Inhibition Kinetic Data in the EA/AIBN/TPV Polymeriza- 
tion System at 50°C.a 

9.701 3.493 2.082 218 
9.657 4.861 2.182 294 1.626 
9.585 6.983 2.216 4 18 

9.542 8.286 2.229 494 

9.418 12.03 2.253 712 
9.406 12.44 2.269 733  

a 
dm3. 

mEA = 8.225 mole/dm3; xEA = 0.9135; xo = 9.829 x mole/ 

the corresponding data a r e  presented in Table 1. Numerical values 
of the rate constant of initiation at different monomer concentrations 
a r e  summarized in Tables 3 and 4. 

The thermal decomposition of AIBN is a first-order unimolecular 
process [ 21, and its rate can be determined from the rate of Nz 
evolution as the slope of the function 

where Vt is the volume of N2 evolved up to time t and V, is the volume 
of N2 evolved during the complete decomposition of AIBN in the sample. 

R E S U L T S  

In the system EA/AIBN/Bz (Table 3) the rate  constant of initiation 
is practically independent of the monomer concentration. The experi- 
mental data scatter around a mean value with a standard deviation of 
4.9%. Its  numerical value i s  2kf  = 1.53 X min-’, which is in 
good agreement with the value [ 161 determined in pure benzene solu- 
tion: 2kf  = 1.58 X min-’. 

In the system EA/AIBN/DMF, as is demonstrated in Fig. 4, the 
numerical value of the rate  constant of initiation shows a significant 
dependence on the molar fraction of the monomer in the mixture. 
This function is obviously not linear: decreasing the molar fraction 
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1076 FEHERVARI, FOLDES-BEREZSNZCH, AND TUMS 

I I I 

FIG. 2. Length of the inhibition period vs. zo/X ratio in the EA/ 
AIBN/DMF polymerization system xEA = 0.4456. 

TABLE 2. Inhibition Kinetic Data in the EA/AIBN/TPV/DMF 
Polymerization System at 50°C" 

2klf X lo4 t i  Tlx lo4 zo x lo5 
(moie/dm3) (mo1e/dm3) (min) (min-') 

8.788 1.506 
8.738 2.844 
8.679 4.137 
8.611 6.056 
8.552 7.371 

91 
16 9 1.867 

26 1 
369 
464 

mEA = 4.727 mole/dm3; xEA = 0.4456. a 
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KINETICS O F  RADICAL POLYMERIZATION. XXIX 1077 

FIG. 3. Determination of the ra te  constant of initiation by Eq. (3) 
in the EA/AXBN/Bz polymerization system, xEA = 0.9135. 

TABLE 3. Rate Constant of Initiation in the EA/AXBN/Bz Polymeri- 
zation System at  Different Monomer Concentrations a t  50°C 

2klf X l o4  

(min-l)  
m~~ 

(m0ie/dm3) X~~ 

0 
2.135 

3.702 

4.707 
5.637 
6.734 
6.730 
7.598 
8.225 
8.860 

0 

0.2057 
0.3695 

0.4805 
0.5881 
0.7206 
0.7206 
0.8309 
0.9135 
1.000 

1,5aa 
1.607 
1.443 

1.50 
1.420 
1.498 
1.590 
1.579 
1.626 
1.518 

aData of TUd6s [ 161. 
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1078 FEHERVARI, FOLDES-BEREZSNICH, AND TUDOS 

TABLE 4. Rate Constant of Initiation in the EA/AIBN/DMF Polym- 
erization System a t  50" C 

m~~ 2klf X lo4  

(mo1e/dm3) X~~ (min- ') 

0.885 
2.189 

3.030 

3.106 

4.727 

6.684 
6.826 

8.038 

8.860 

0.0723 

0.1873 
0.2674 

0.2749 

0.4456 

0.6833 
0.7022 

0.8729 

1.000 

1.927 
1.927 

1.865 
1.899 

1.867 

1.869 
1.887 

1.771 

1.530 

2.04 U 6 L  
0 
1 

0.25 

FIG. 4. Rate constant of initiation vs. molar fraction of monomer 
in the EA/AIBN/DMF polymerization system a t  50" C. 
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KINETICS O F  RADICAL POLYMERIZATION. XXIX 1079 

TABLE 5. Rate Constant of Initiation, Decomposition Rate Constant 
of AIBN, and the Calculated Value of Initiation Efficiency at  50°C 

2k4 X lo4  kl  X lo4  
(min- ') (min-I) f X~~ System 

E A/AIBN/B z 1.0 1.53 1.21 0.63 
0.0 1.58 1.2ga 0.6 1 

EA/AIBN/DM F 1.00 1.53 1.21 0.63 
0.86 1.77 1.34 0.66 
0.74 1.86 1.56 0.60 

0.00 1.91 1.49 0.64 

Data of Van Hook and Tobolsky [ 51. a 

of EA from 1 to 0.7 causes a sudden increase in 2klf, which becomes 
approximately constant in the region of molar fractions smaller than 
0.7. The increase is about 25% between 0.7 and 1. 

solvent mixtures are presented in Table 5 as well as the initiation 
efficiency f calculated from the rate  constant of decomposition and 
from the rate  constant of initiatiation in the given mixture. 

The rate  constants of decomposition of AIBN in various monomer/ 

DISCUSSION 

Relatively few reports have been published on the free-radical 
polymerization of ethyl acrylate in solution. 

Ratzsch and his co-workers studied the polymerization of ethyl 
acrylate in toluene solution, but since the polymerization was initiated 
by benzoyl peroxide, the kinetics of initiation was evidently different 
and therefore could not be compared to our findings [ 291. 

Raghuram and Nandi [ 301 investigated the polymerization of ethyl 
acrylate in benzene solution a t  50°C using AIBN as initiator. The 
ra te  constant of initiation was  calculated only at  one particular mono- 
mer  concentration from the degree of polymerization and from the 
rate  of polymerization (this latter was determined gravimetrically). 
There are two reasons why this value has to be considered only as 
a rough approximation: f irst  their method, featuring gravimetry 
and molecular weight measurement by viscometry, is much less 
accurate than the inhibition method; additionally, during their inves- 
tigations the polymerization started only after a considerable induc- 
tion period obviously caused by some inhibiting impurity which 
changed the rate  and the degree of polymerization as well. 
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1080 FEHERVARI, FOLDES-BEREZSNICH, AND TUDOS 

The solvent effect on the kinetics of initiation by AIBN, however, 
has been studied in the homopolymerization and copolymerization, 
respectively, of several other monomers. The polymerization sys- 
tems investigated so far can be divided into two groups with regard to 
their initiation kinetics. 

In the f i rs t  group, the rate  constant of initiation in the mixture is 
a linear composition of the rate constants determined in the pure 
components, e. g., St/Bz or St/dioxane (Do) [ 161, Those systems 
with rate  constant of initiation constant over the whole composition 
range a r e  considered limiting cases  in this group, e. g., EA/Bz, 
AN/DMF [ 201, MA/DMF [ 311. 

In the second group, the rate  constant of initiation is not a linear 
composition of the rate  constants in the pure components. The 
2 k f  = f (X)  function may exhibit different characteristics in this case: 
(a) the curve reaches a minimum value, e. g., DEM/St 181 ; AN/BPA/ 
DMF [ 241 (in copolymerization studies the overall concentration of 
monomer was kept constant and only the ratio of the two monomers 
was changed); (b) the curve reaches a maximum value, e. g., St/ 
DMF [ 211 ; (c) the curve reaches a plateau, a constant value in a cer-  
tain region of composition, e. g., AN/MA/DMF and EA/DMF [ 231. 

On observing the characteristic kinetic constants of initiation in 
the ethyl acrylate polymerization system (2k4, kl ,  f )  as a function 
of monomer concentration (Table 5), it is seen that the value of 
initiation efficiency shows a little scattering commensurable with 
the experimental error .  The rate  constant of AIBN decomposition 
(kl) and that of initiation (2kd) a r e  practically constant in the sys- 
tem EA/AIBN/Bz, while in the system EA/AIBN/DMF both constants 
sharply decrease in the region xEA = 0.7-1.0. Our experiments indi- 
cate that the change in the rate  constant of initiation is caused by the 
change in the rate  constant of AIBN decomposition, 

The characteristic 2 k f  = f(x) function observed can be interpreted 
by the selective solvation of the initiator. 

We assumed that the AIBN molecule exists in two forms in the 
solution: partly in "free", partly in solvated form. If the solvent 
mixture consists of two components and both are capable of solvating 
the initiator molecule, two equilibria should be taken into account: 

K 

K' 

A X + M  - XM 

x + s  e xs (5) 

where K and K' a r e  stability constants characteristic of the solvation, 

K=[XM]/xm 

and 
K' = [ XS]/XS 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



KINETICS O F  RADICAL POLYMERIZATION. XXIX 108 1 

X, M, and S a re  the symbols for initiator, monomer, and solvent; the 
corresponding concentrations are x, m, and s. 

The overall concentration of initiator in the solution is: 

xo = x + [ X M l  + [ = I  (7) 

The overall rate of the decomposition of initiator in the solution: 

is the sum of the decomposition ra tes  of the different forms of AIBN: 
k 

2fR. + (1 - f)Rz + N Z  + etc. 

k' ' 
xs- 

In agreement with our experimental observations this mechanism 
assumes that the different solvated and nonsolvated forms of AIBN 
decompose with different ra tes  (k, k', k"). This difference may be 
attributed to a slight change in either the activation energy or the 
frequency factor of kl. Hence the overall rate of decomposition is: 

-dx/dt = kx + k'[ XM] + k"[ XS] (12) 

The concentrations can be expressed in xo from Eqs. (6) and (7): 

-&/dt = k x o [  (1 + aKm +PK' s ) / ( l  + Km + K's)] (13) 

where 

a = k'/k 

and 

P = k"/k 

On combining Eqs. (8) and (13) the expression for the solvent depend- 
ence of decomposition rate  constant of AIBN is: 

k l  = k( l  + aKm +PK's ) / ( l  + Km + k's) (15) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1082 FEHERV~RI,  FOLDES-BEREZSNICH, AND TUDOS 

A more general derivation of Eq. (15) in the case of solvate shells 
consisting of i monomer and j solvent molecules, respectively, re -  
sults in the following equation: 

1 + aKmi + PKlsj 

1 + Kmi + k'sj 
ki  = k  

Calculations performed on the EA/AIBN/DMF polymerization system 
according to Eq. (15a) showed that the initiator molecule is solvated 
by one monomer or  solvent molecule only, in agreement with ex- 
pression (15). 

If both the monomer and the solvent molecules strongly solvate 
the initiator molecules the concentration of "free" AIBN is negligible 
and expression (15) simplifies to 

where 

If K =  1, that is, the solvation is equally strong with both components 
of the solution, the rate  constant of decomposition is a linear composi- 
tion of the two rate  constants in the pure components. 

If y = 1, evidently, k l  = k = k' = k", and the value of the decomposi- 
tion rate constant is independent of the composition. 

In a general case, when both K # 1 and y # 1, one of the components 
is a better solvent for the initiator and the kl = f(x) function is repre- 
sented by a curve reaching a constant value characteristic for the 
better solvent. 

The numerical value of kl  can be determined in the pure components 

m = O  
s = o  

and from Eqs. (18) and (19) 
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KINETICS OF RADICAL POLYMERIZATION. XXIX 1083 

K can also be calculated from experimental data on the basis of Eq. 
(16): 

In the EA/AIBN/DMF polymerization system under investigation, 
K = 15.6 was  found, which indicates that there is a considerably 
stronger solvation with DMF than with EA. (Calculations were per- 
formed using the experimental values of 2klf since f is constant in 
this system). 

The theoretical curve was calculated from Eq. (16) (solid line in 
Fig. 4), which i s  in good agreement with the experimental points. 

This interpretation based on the selective solvation of initiator 
is applicable to kl  = f(x) functions which a r e  constant, linear, or 
saturation- type curves. Further considerations a r e  necessary to 
interpret functions with a maximum or minimum value. 

Consequently, investigations on the kinetics of initiation are of 
particular importance: on the one hand they may provide a better 
understanding of the mechanism and the kinetics of initiation; on 
the other hand by separating it from the solvent effect on chain 
propagation and chain termination they make a more accurate kinetic 
study of polymerization possible. 
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