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Aqueous Polymerization of Methyl 
Methacrylate. IV 

J. S. SHUKLA, S. K. SHUKLA, R. K. TIWARI, and G. K. SHARMA 

Department of Chemistry 
University of Lucknow 
Lucknow, India 

A B S T R A C T  

The aqueous polymerization of methyl methacrylate (MMA) 
initiated by the potassium bromate-thiomalic acid (TMA) redox 
system was investigated in the presence of atmospheric oxygen 
at  35 * 0.2"C. A s  the monomer MMA concentration and initiator 
KBrOs concentration were increased, there was a corresponding 
increase in both the initial ra te  and limiting conversion. It was 
observed that with an increase in activator TMA concentration 
both the initial ra te  and the maximum conversion increased up 
to a certain limit. There was then a fall in initial ra te  and maxi- 
mum conversion. The rate  of polymerization is given by the re- 
lation 

R a [KBrOs 1 X[TMA] [MMA] '" 
P 

where x = 1.06 and 0.06 for  lower and higher initiator concentra- 
tions, respectively. The energy of activation (E,) was calculated 
from an Arrhenius plot and found to be 57.98 kJ/mol (13.36 kcal/ 
mol) under the temperature range investigated (20-45°C). 
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I N T R O D U C T I O N  

SHUKLA ET AL. 

Very little work has been done on the aqueous polymerization of 
vinyl monomers in the presence of atmospheric oxygen. Kharasch et  
al. [l] reported that atmospheric oxygen probably sets  up a co-redox 
system with thiol and increases the formation of primary free radical 
concentration and hence the polymerization rate is enhanced. Many 
workers have reported the aqueous polymerization of MMA using thio- 
acids as activator in inert atmosphere [2-71. 

In earlier communications we reported the aqueous polymerization 
of monomer MMA by different redox couples in an inert atmosphere 
[8- 101. Aqueous polymerization of MMA has  also been carried out in 
the presence of atmospheric oxygen using different redox systems [ll- 
131. With a view of studying the effect of atmospheric oxygen on 
aqueous polymerization activated by thioacids, we have made a de- 
tailed kinetic investigation of the aqueous polymerization of MMA 
initiated by the KBrOs -TMA redox system in the presence of atmos- 
pheric oxygen. 
paper. 

The results of this study are  reported in the present 

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

The monomer and other chemicals were purified and the experi- 
mental procedure for polymerization and polymer estimation were 
the same as described ear l ier  [8]. Al l  experiments were carried 
out at 35 f 0.2"C except as otherwise mentioned. 

R E S U L T S  AND DISCUSSION 

M e c h a n i s m  

The mercaptan-induced polymerization of vinyl monomers has  been 
studied by Kharasch et  al. [ 11 in the presence of atmospheric oxygen 
and they have discussed the mechanism involved. According to them, 
when a positive method of free radical initiated polymerization is in- 
volved, the absorption of oxygen forms free radicals. In general anti- 
Markownikoff's addition takes place, and this results in the formation 
of active free radicals which initiate polymerization. 

gen, the two actions take place simultaneously. 

1. With atmospheric oxygen: 

In the polymerization reactions taking place in the presence of oxy- 

(a) R-SH air- RS' + H a '  where RSH is HS.CH-COOH 

(!X~ZCOOH 
slow 
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2. 

( b )  HOz' RSH RS' + HZOZ 

* HzO + $ 0 2  
26H deactivation 

( c )  Hzoz 

With oxidant (KBrOs ): 

- RS-SR 
PI 

R-SH 
KBrOs 

The following tentative mechanism fo r  the polymerization of vinyl 
monomers by RS' free radicals is suggested by Mis ra  and Dubey [7] : 

initiation RSM' M + RS' c 

propagation RSM' + M * RSMz ' _ - - - - - - - - - - - - - - - - -  
propagation RSMx. RSM' 

(x- 1) M 

SR termination by 

combination - RSM (x+y) RSMx' + RSM ' 

RSMx + RSM termination by 

disproportionation Y RSMx' + RSM ' 

* RS-SR dimerization RS' + SR 

R a t e  D e D e n d e n c e  o f  I n i t i a t o r  K B r O s  C o n c e n t r a t i o n  

The effect of the variation of initiator KBrOJ concentration at the 
fixed monomer concentration (9.33 X lo-' mol/L) and the activator 
TMA concentration (1.0 X lo-' mol /L)  was studied over a wide range 
of KBrOs concentrations (2.5 to 30.0 mmol/L). The r e su l t s  are shown 
in Fig. 1. These observations indicate that on increasing the initiator 
concentration f rom 2.5 to 9.0 mmol/L, both the initial rate and maxi- 
mum conversion increase.  F r o m  9.0 to 15.0 mmol/L KBrOs , only the 
maximum conversion increased slightly and above that the maximum 
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FIG. 1. Rate dependence of initiator concentration. [MMA] = 9.33 

X lo-' mol/L. [TMA] = 10.0 X lo-' mol/L. 

These results may be explained as follows. At lower initiator con- 
centration there is a sufficient number of activator (TMA) molecules; 
on oxidation of TMA, free radicals are produced which initiate polym- 
erization. But above a certain initiator concentration the number of 
activator molecules is insufficient to engage all the initiator molecules 
for oxidation. At higher KBrOs concentration, TMA molecules are 
not left in the reaction mixture, hence termination of growing polymer 
radicals becomes difficult due to the chain transfer property of thiols 
which increases the maximum conversion. 

The order of polymerization reaction with respect to initiator con- 
centration was determined graphically by plotting a double logarithmic 
plot of the initiator concentration versus the initial rate of polymeriza- 
tion (Fig. 2). On increasing the initiator concentration above 9.0 mmol/ 
L, there is transition in the order of reaction with respect to the initia- 
tor  from first  order to 0.06 order. This indicates that termination 
takes place unimolecularly at lower initiator concentration while at 
higher KBrOs concentration it is independent of KBrOs concentration. 
These results are in the line with the proposed mechanism where RS' 
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FIG. 2. Double logarithmic plot of Ri V S  [KBrOs 1. 
X lo-' mol/L. [TMA] = 10.0 X lo-' mol/L. 

[MMA] = 9.33 

free radicals initiate polymerization. The unimolecular termination 
of growing chain radicals has been reported by Shukla and Mishra 
[ 141 and Pali t  and Konar [ 151, 

R a t e  D e p e n d e n c e  of  A c t i v a t o r  T M A  C o n c e n t r a t i o n  

At fixed initiator and monomer concentrations, a variation in the 
rate of polymerization is observed in the range from 1.0 to 40.0 mmol/ 
L activator TMA concentration. The results are recorded in Table 1. 
It is observed that TMA alone is incapable of initiating polymerization, 
even after several  hours. A change in activator concentration pro- 
duces abnormal results. Within the range from 1.0 to 10.0 mmol/L 
of TMA, there is an increase in both the initial rate and the maximum 
conversion. Above this TMA concentration the initial ra te  becomes 
independent of the activator concentration. At higher activator con- 
centration there is no appreciable change in the initial ra te  but the 
maximum conversion falls sharply. This is in line with our previous 
observations [8- 101. The observations recorded in the present paper 
indicate that the role of oxygen is not inhibitory as assumed ea r l i e r  
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TABLE 1. Effect of Varyin Concentration of TMA on Aqueous Polymerization of MMA by the 
KBrOs -TMA Redox System P 

'% Conversion with respect to time (min) 
[TMA] X lo-' 

No. (mol/L) 2 4 6 8 10 15 20 

1 1.0 
2 4.0 
3 7.0 
4 10.0 
5 20.0 
6 30.0 
7 40.0 

aRe act ion conditions : 

- 12.04 18.38 22.13 - 34.4 38.27 
24.04 37.56 46.5 5 1.36 49.16 65.6 73.1 
27.56 44.06 51.73 59.58 61.89 71.91 77.2 
30.52 43.38 54.21 58.84 65.43 71.41 78.2 
31.31 44.83 55.54 60.22 67.04 73.81 79.63 
28.9 39.47 47.27 49.8 53.06 55.67 57.0 
28. 1 36.6 35.66 36.86 39.17 42.06 42.86 

[MMA] = 9.33 X lo-', [KBrOs] = 6 mmol/L, 35 i 0.2"C. 
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[8-101, but may be attributed to the chain t ransfer  properties of 
thiols and thioacids. 

R a t e  D e p e n d e n c e  o n  M o n o m e r  MMA C o n c e n t r a t i o n  

The effect of monomer MMA concentration on the rate  of polymer- 
ization was investigated over a wide range of concentrations (3.73- 
11.19 X lo-' mol/L) (Fig.  3). The observations indicate that an in- 
crease in monomer concentration up to 9.33 x lo-' mol/L resul ts  in 
a corresponding increase in the initial rate as well as the maximum 
conversion. At higher monomer concentrations there is a slight de- 
crease in the initial ra te  but the maximum conversion increases  
slightly [ 15- 181. Log [initial rate] and log [MMA] (Fig. 4)  are re- 
lated linearly up to a monomer concentration of 9.33 X lo-' mol/L, 
but deviation occurs a t  higher concentrations. This linear behavior 
of monomer dependence and deviation at  higher monomer concentra- 
tion finds support from Palit e t  al. [ 191. At  higher monomer con- 
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FIG. 3. Rate dependence of monomer concentration. [KBrOs] = 
6 .0  X lo-' mol/L. [TMA] = 10.0 X lo-' mol/L. 
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FIG. 4. Double logarithmic plot of R vs MMA. [KBrOs ] = 6.0 X 
lo-’ mol/L. [TMA] = 10.0 X 10’’ moljL. 

centrations the deviation from linear behavior is due to the formation 
of polymers with which the monomer has some affinity and thus some 
hindrance is created at an early stage of propagation. Similar ob- 
servations have been made by others [20-221. 

R a t e  D e p e n d e n c e  o n  T e m p e r a t u r e  

The dependence of temperature on the rate of polymerization of 
the monomer MMA at fixed concentrations of initiator, activator, and 
monomer has been studied over a wide range of temperatures (20- 
45°C) (Fig. 5). The observations reveal that both the initial rate and 
the maximum conversion increase as the temperature is raised from 
20 to 45°C. This indicates that either there a re  no radical consuming 
side reactions o r  that the side reactions a re  not significantly altered 
as a result of the variation in the polymerization temperature [22]. 

The overall energy of activation was calculated from the slope of 
the Arrhenius plot (Fig. 6) and found to be 57.98 kJ/mol ( 13.65 kcal/ 
mol). This value agrees well with other aqueous polymerization re- 
actions [23-251. 
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Time in minutes - 
FIG. 5. Rate dependence of temperature. [MMA] = 9.33 X 

mol/L. [KBrOs] = 6.0 X lo-’ mol/L. [TMA] = 10.0 X lo-’ mol/L. 

1 ,x105 - 
FIG. 6 .  Arrhenius plot of R. vs 1/T (OK). [MMA] = 9.33 X lo-’ mol/ 

L. [KBrOs] = 6.0 X lo-’ mol/L. [TMA] = 10.0 X lo-’ mol/L. 
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