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ABSTRACT: The absolute rate constants for the propagation and termination of free-radical 

polymerization were determined by the convenient kinetic data without need for photo-illumination 

technique. The extent of recombination reaction occurring in the termination reactions can be 

obtained using the same experimental data. The homopolymerizations of styrene and methyl 

methacrylate are illustrated. The results obtained by this method are close to those in the literature. 
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It is frequently necessary to know the absolute 

magnitude of the individual rate constants involved 

in each elementary reaction of polymerization since 

this knowledge makes feasible a correlation of the 

reactivity of the species with its chemical structure. 

The rate constant for the initiation reaction can 

be estimated under favorable conditions in experi­

ments using inhibitors1 or by measuring the data of 

decomposition of the initiator.2 However, the de­

termination of the absolute rate constants of pro­

pagation and termination reactions (kP and k,) is far 

from straightforward. kP and k, must be determined 

by the analysis of kinetic data obtained from steady­

state and unsteady-state methods.3 •4 However, k, 

determined by these methods is essentially an over­

all value. Furthermore, for a detail study of the 

mechanism involved in termination, the extent of 

recombination and disproportionation which occur 

in the termination reaction should be determined. 

For this purpose, additional experimental work, 

utilizing radiation trace techniques,5 •6 or gel­

permeation chromatography (GPC) measurement,7 

should be done. Hereafter, the extent of recom­

bination which occurs in the termination reaction is 

designated as /3. 
In this paper we mathematically analyze the 

kinetic rate expression of free-radical poly­

merization in which possible chain-transfer re­

actions are assumed to be negligible. Thus, we 

obtain an expression which indicates the relation­

ship for reaction conversion, number-average mo­

lecular weight, rate constants, and reaction time. 

Using this expression, we may simultaneously ob­

tain the absolute constant of termination and f3 
from the data by the steady-state method. 

Meanwhile, the absolute rate constant of propa­

gation may be obtained using the same experimen­

tal data. Finally the feasibility of this new method is 

tested by comparing the absolute rate constants for 

the homopolymerizations of methyl methacrylate 

and styrene obtained in this work with the values 

reported in the literature. 

THEORETICAL 

The complete reaction scheme for the free-radical 

homopolymerization is shown below. In this 

scheme, termination by primary radicals and chain­

transfer reactions are all negligible. 
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where [I] and [A] represent the concentrations (and 
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the species) of initiator and monomer, respectively. 

[R] is the concentration of initiator fragment. [P)j 

and [ML denote the concentrations of the active and 

stable polymers of chain length j, respectively. k,c 

and k,d refer to the rate constants of recombination 

and disproportionation, and the overall termination 

constant k, is equal to the sum of k,c and k,d. 

According to the . scheme above, the rate ex­

pressions for each kinetic process in the chain 

reaction may be written as follows. 

Initiation 

Propagation 

Rp= -d[A]/dt=kp[P)0 [A) 

Formation of polymer radicals 

Rap= d[P)0 /dt=[R];- 2k,[P)0
2 

Formation of dead polymers 

Rdead polymec = d[MJo/dt = (ktc + 2k,d)[PJo 2 

where 

[P] 0 = L [P]j 

[M]0 = L [M]j 
1 

(I) 

(2) 

(3) 

(4) 

In these rate expressions, we assume that the density 

of the reaction solution remains constant and that 

the kinetic rate constants are independent of the 

molecular weight of the growing chain. The long­

chain hypothesis is also assumed. As in most works 

cited in the literature, the stationary-state principle 

is assumed to be applicable to all growing polymer 

radicals. This means, Rap= 0. Thus, the expression 

for the concentration of the total active species is, 

(5) 

Substitution of eq 5 into eq 2 gives, 

(6) 

On integrating of eq 4 after [P)0 has been replaced 

by (jkd[l]/k,) 112 we obtain, 

[M]0 = (2- p)f[lJoO- IX) (7) 

where f3 is defined as k,cfk,, the extent of recom­

bination which occurs in the termination reaction. IX 

is equal to exp ( -kdt). 
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The number-average molecular weight of poly­

mer may be represented as, 

Mn = ([A]0 - [A])M A/([PJo+ [MJo) 

or 

where [A)0 is the initial monomer concentration, MA 

the molecular weight of monomer A, and X is the 

monomer conversion defined as ([A]0 - [AJ)/[A]0 . 

Combination of eq 8 with eq 5 and 7 gives, 

([A]oXM A/ Mn)/([1]0 1X)112 = (jkd/k,) 112 

+ (2- {3)(1- 1X)([IJo/IX)1/2 (9) 

On using eq 9, k, and f3 can be determined from the 

data of molecular weight and monomer conversion 

for each reaction time. Using eq 6, the absolute rate 

constant of propagation kP can then be evaluated 

after kP/ k; 12 is determined from the slope of the plot 

of RP vs. (fkd[I)0 ) 112[A)0 . 

EXPERIMENTAL 

Materials 

Commercially supplied methyl methacrylate was 

purified by washing several times in 10% aqueous 

sodium hydroxide, and then with distilled water for 

three times. After drying with anhydrous sodium 

sulfate, the material was fractionally distilled under 

81 mmHg of nitrogen. The fraction distilled be­

tween 39.8°C and 40°C was collected, redistilled, 

transferred to a high-vacuum line, and immediately 

degassed and placed within ampoules containing 

benzoyl peroxide. These ampoules containing the 

monomer and initiator were immersed in a well­

thermostated water bath maintained at 60 ± 0.1 oc 
for proceeding polymerization. The reaction con­

version was determined by conventional gravi­

metry. Triple samples were taken to determine each 

conversion. The allowable error was within 0.5% 

weight deviation from the mean values. Molecular 

weight determination of the polymer. 

The average molecular weights (Mn and Mw) for 

poly(methyl methacrylate) were measured by GPC 

(Waters Associates), using five columns with the 

following specifications, 106 A, 105 A, 104 A, 
2 x 103 A, and 500 A ,u-styragel. The carrier solvent 

was tetrahydrofuran (THF) whose flow rate was 

0.8 ml min - 1 at room temperature. The molecular 
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weight calibration curve was obtained using the 

polystyrene standards provided by Waters 

Associates, Inc. 

RESULTS AND DISCUSSION 

Table I shows the experimental results for the 

reaction conversion and the number-average molec­

ular weights at various initiator concentrations and 

reaction times. Using the data of Table I, the plot of 

([AJoXMA/ Mn)/([I]0 o:)112 vs. (l-o:)f([I]0 /o:)112 was 

obtained by eq 9 and is shown in Figure I. The 

absolute rate constant of termination determined 

from the slope of the plot was 2.5 x I 07 1 mol- 1 

s -I, where the values8 of kct and f of benzoyl 

peroxide used for estimating k, were 3.2 x 10- 6 s -I 

and 0.6, respectively. f3 determined from the in­

tercept of the same plot was found to be 62%. In 

order to obtain the rate constant of propagation, 

the plot of[R]PJ[A]0 vs. [I]612 was made and is shown 

in Figure 2. The value of kP/k: 12 of methyl meth­

acrylate determined from the slope in Figure 2 was 

0.140. Thus, the absolute propagation rate constant 

Table I. Summary of experimental data 

for the benzoyl peroxide initiated 

polymerization of methyl 

methacrylate at 60°C 

Bz20 2 x 103 

(at 60oC) 

M 

0.5 

1.0 

5.0 

10.0 

Reaction 

Reaction conversion, Number-average 

time X molecular weight 

min % M. x 10- 6 

30 1.54 5.241 

60 3.05 5.210 

90 4.52 5.164 

120 5.97 5.130 

150 7.39 5.096 

30 2.17 3.695 

60 4.28 3.656 

90 6.34 3.622 

120 8.34 3.584 

150 10.28 3.545 

30 4.79 1.632 

60 9.33 1.594 

90 13.62 1.556 

120 17.69 1.521 

30 6.71 1.143 

60 12.93 1.105 

90 18.71 1.069 
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obtained was705.6 lmol- 1 s- 1 . Table II lists the 

rate constant magnitudes obtained in this work and 

selected from the literature.9 -!3 It was found that 

our results agree fairly well with those in the 

<to 

(I) M 
0• 

0:0.0005 

" :0.001 

X : 0.005 

v: 0.01 

I 

f(1-d)((I) 0 1d )0 ·5 J<.104 

Figure l. Determination of (Jkct/k,)0 ·5 and k"/k, on the 

methyl methacrylate system at 60°C. 
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Figure 2. The plot of RPJ[A]0 vs. [IJg·s for determining 

(fkd)0 ·5 of the methyl methacrylate system at 

60°C. 
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Table II. Absolute rate constants and fraction 

of combination occurring in the termination 

reaction of free-radical polymerization 

of methyl methacrylate at 60°C 

This work 

Litterature 

a ref 9. 

b ref 10. 

'ref!!. 

d ref 12. 

' ref 13. 

1.2 

X 

J'· 

1.0 

'-'=' 

k, kp 

I mol- 1 s- 1 I mol- 1 s- 1 

2.5 X ]07 705.6 

3.7xl07 ' 734' 

9.3xl06 ' 367' 

1.8xl07 ' 705' 

• 

{3 

62% 

60%b 

57.5%d 

1.0 1.1 1.2 

(1-d)t((I) 0 1d) 0·5 X103 

Figure 3. Determination of (jkd/k,)0 ·5 and k"/k, on the 

styrene system at 60"C. 

literature. 

We also tested the absolute rate constants in the 

styrene polymerization. Data on styrene polymeri­

zation at 60°C have been reported by May-Smith14 

and Kuo-Chen. 7 Figures 3 and 4 show the in­

dividual plots of ([A]0 XM A/ Mn)/([I]0 oc) 112 vs. 

(l-oc)f([l]0 /oc)112 and RPJA]0 vs. [IJ612 . The results 

for the rate constants of termination and prop­

agation and the extent of recombination which 

occurred in the termination reaction are given in 

Table III. From this table, our observed values, 

within the experimental error, were found to agree 

with those in the literature. 

In consideration of the above results comparable 

favorably with those obtained by classical methods, 
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Figure 4. The plot of RpJ[ Alo VS. rrn 5 for determining 

(.fkd)05 k"fkf· 5 of the styrene system at 60 C. 

Table III. The absolute rate constants and 

fraction of combination occurring in the 

termination reaction of the free-radical 

polymerization of styrene at 60oC 

This work 

Literature 

a ref 3. 

b ref II. 

' ref 15. 

k, 

I mol- 1 s- 1 

2.94 X 107 

2.9 X 107 a 

3.6 X I 07 ' 

kp 

I mol- 1 s- 1 

187.1 

145' 

176' 

{3 

99% 
IOO%b 

the advantage of our method is that the absolute 

rate constants and the extent of recombination 

which occurred in the termination reaction are 

determined simply by the use of steady-state kinetic 

data and measurements of number-average molec­

ular weight of the formed polymers. 
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