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ABSTRACT

Aqueous polymerization of methyl methacrylate (MMA), initi-
ated by the potassium bromate-thioglycollic acid (TGA) redox
system, has been studied at 30 + 0.2°C under positive pressure
of nitrogen. The rate is given by K[| MMA][ TGA] % KBrOs] ¥
where x = 1 for lower KBrOs concentrations and 0.5 for higher
KBrO; concentrations. The reaction has been studied over the
20-45°C range. The activation energy was found to be 65.72
kJ/mol (15.71 kcal/mol) in the investigated range of tempera-
ture, Inorganic electrolytes except MnSO,°4H20 and Na:C204
depress both the rate of polymerization and the maximum con-
version, All the alcohols (viz., MeOH, EtOH, iso-PrOH, tert-
BuOH) and acetone depress the rate of polymerization as well
as the maximum conversion.

INTRODUCTION

In an earlier communication [ 1-3] we used KBrOs with thiourea
and TGA for the free radical initiated polymerization of acrylamide
and methacrylamide. Palit et al. [ 4] used KBrOs with cysteine
hydrochloride for the polymerization of MMA in aqueous medium.

A literature survey reveals that so far KBrOs with TGA has not
been used for a detailed study of aqueous polymerization of MMA.
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It therefore seemed interesting to study the role of the KBrOs-TGA
redox system on the polymerization of MMA under different conditions.
In the present communication we report the results of such a study.

EXPERIMENTAL
Chemicals

The monomer MMA, obtained from N,C.L. Poona, India, was puri-
fied by the method of Palit et al. [ 5] and stored at 0-5°C. Potassium
bromate, thioglycollic acid, and other chemicals used were of analyti-
cal grade. Double distilled water, freed from organic matters and
metal ions, was used in the preparation of the solutions. A freshly
prepared solution of TGA (to avoid atmospheric oxidation) was used.

Polymerization and Estimation

The polymerization was carried out in a 250-mL conical flask
fitted with airtight standard joints for passing nitrogen and injecting
other ingredients. TGA solution followed by monomer solution was
added to the flask. The purified nitrogen {6] was passed. After 15
min of deaeration, a calculated quantity of potassium bromate was
added. The polymerization reaction started immediately without
any induction period, and a stable sol of the colloidal phase remained
throughout,

At definite intervals 10 mL of hydroquinone solution (1%) was
introduced into the reaction mixture followed by 10 mL of potassium
hydroxide (1.5% w/v) to inhibit the reaction. A sufficient quantity of
MgS0O4 was added to break the colloidal phase. The polymer thus
obtained was separated immediately by filtration and washed thor-
oughly with hot distilled water. It was dried at 40-50°C overnight
and weighed. The results of duplicate runs are generally within
the range of +1.0-3.5% conversion.

RESULTS AND DISCUSSION

Rate Dependence of Initiator Concentration (Potas-

sium Bromate)

The effect of potassium bromate at a fixed monomer concentration
(9.474 X 10™2 mol/L) is shown in Fig. 1. The study was made in the
range of 3.0-20.0 mmol/L potassium bromate concentration. It was
observed that on increasing the initiator concentration, the initial rate
of polymerization increased up to the whole range of initiator
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FIG. 1, Rate dependence of initiator potassium bromate concentra-
tion on the aqueous polymerization of MMA with TGA-KBrOs redox
system under a nitrogen atmosphere at 30 + 0.2°C [ MMA] = 9.474 X
1072 mol/L; [ TGA] = 1.0 X 10" ? mol/L; [ KBrOs] for Curve 1 =
3.0 mmol/L, Curve 2 = 4,5 mmol/L, Curve 3 = 6,0 mmol/L, Curve 4
= 17,5 mmol/L, Curve 5 = 10.0 mmol/L, Curve 6 = 15,0 mmol/L, and
Curve 7 = 20.0 mmol /L,

concentration, while maximum conversion above the 7.5 mmol/L
KBrO: concentration tended to decrease.

The order of reaction with respect to the initator has been deter-
mined graphically from a double logarithmic plot (Fig. 2). The rate
dependence of initiator concentration is interesting and unusual., There
is a transition in the order of reaction with respect to initiator from
first-order at lower initiator concentrations to half-order at higher
initiator concentrations., This is in agreement with the result obtained
by Palit et al. [5]. The change in order takes place at 7.5 mmol/L
KBrOs: concentration. This indicates that at lower initiator concen-
tration unimolecular termination takes place and at higher initiator
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FIG. 2. Double logarithmic plot of the initial rate of polymeriza-
tion (Ri) (in % conversion/min) vs the concentration of initiator KBrOs.

concentration termination is due to the usual bimolecular. Shukla
and Mishra [ 1] have also reported the first-order dependence on
initiator concentration. It can be concluded that the change in the
order with respect to initiator depends on the density of polymer
particles in the reaction mixture. When low termination takes place
unimolecularly and at higher values, the probability of binary colli-
sion increases. The termination is governed by the collision of two
chain radicals. This idea of unimolecular termination has wide
support [ 7, 8]. Dainton [ 9] has pointed out that if polymerization
is rapid in the aqueous phase, the termination may be mutual or
linear. Morgan [ 10], Whitby et al. [ 11], Biswas [ 12], and others

[ 13, 14] have reported the half-order dependence on initiator concen-
tration.

Rate Dependence of Activator Concentration (TGA)

The results of the polymerization of MMA at different concentra-
tions of TGA are recorded in Table 1 and shown in Fig. 3. The ob-
servations indicate that with increasing concentration of TGA, the
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FIG. 3. Rate dependence of activator TGA concentration on the
aqueous polymerization of MMA with TGA-KBrO: redox system
under nitrogen atmosphere at 30 + 0.2°C. [ MMA] = 9,474 X 10~ 2
mol/L; [ KBrOs] = 6.0 mmol/L; [ TGA] for Curve 1 = 0.6 X 1072
mol/L, Curve 2 = 0,8 X 10°? mol/L, Curve 3 = 1.0 X 10"2 mol/L,
Curve 4 = 1.2 X 10”2 mol/L, and Curve 5 = 1,4 X 10"% mol/L.

initial rate as well as maximum conversion increases up to an acti-
vator concentration of 1.0 X 10”2 mol/L and above this both of them
decrease. In the common redox initiated vinyl polymerization an
increase in activator concentration usually results in a correspond-
ing increase in the population of primary free radicals. However,

in this case an abrupt result is observed. This fact may be explained
as follows,

At higher concentrations of the activator TGA, potassium bromate
tends to generate inhibitory oxygen appreciably in the presence of
excess hydrogen ions (2H30+) given by TGA. Thus, beyond a TGA con-
centration of 1,0 X 10°° mol/L, the growing chain radicals are rup-
tured and suppress the initial rate of polymerization and also maxi-
mum conversion, This trend is not unique and it is supported by
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FIG. 4. Rate dependence of monomer MMA concentration of the
agueous polymerization of MMA with TGA-KBrOs redox system under
a nitrogen atmosphere at 30 + 0.2°C. [KBrOs] = 0.6 mmol/L; [ TGA]
= 1,0 X 10™% mol/L; [ MMA] for Curvel=1.894 X 10”2 mol/L, Curve
2 = 3,788 x 10"2 mol/L, Curve 3 = 5,682 X 10”2 mol/L, Curve 4 =
7.576 X 102 mol/L, and Curve 5 = 9.474 X 10”2 mol/L.

earlier workers [ 2, 3, 15, 16] in the domain of other redox polymeri-
zations of several monomers.

Rate Dependence of Monomer Concentration

Variation of the rate of polymerization with monomer concentra-
tion at 30 + 0.2°C and at a fixed concentration of KBrOs (6.0 mmol/L)
and TGA (1.0 X 10"2 mol/L) is shown in Fig. 4, It shows that the
initial rate of polymerization as well as the maximum conversion in-
creases with increasing monomer MMA concentration, However, the
initial rate increases linearly, and the extent of polymerization
aftains a constant value after a certain period as has been reported
by other investigators [ 17].
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FIG. 5. Double logarithmic plot of the initial rate of polymeriza-
tion (Ri) (in % conversion/min) vs the concentration of monomer MMA.

Log Ri (initial rate of polymerization) and log [ MMA] are related

linearly as shown in Fig. 5. Although in some cases a typical be-
havior was reported by Palit et al. [ 18], in other communications
Palit et al. [ 17, 19] have reported this linear behavior also for the
polymerization of MMA by Fe®*'-KBrOs and by N-bromosuccinamide-
vanadyl sulfate systems. This linear relationship suggests that the
termination rate is proportional to the monomer concentration in the
aqueous phase. However, the monomer exponent is found to be unity.
For a monomer such as MMA having a higher affinity for its insoluble
polymer than for water, the general observation is of a first-order
dependence of rate on the initial monomer concentration [20] .

Rate Dependence of Temperature

The effect of temperature on this system is rather complicated as
shown in Fig. 6. The initial rate of polymerization and the maximum
conversion increase attain 2 maximum value at 40°C, and then fall at
higher temperatures, The overall activation energy has been calcu-
lated in the temperature range 20-40°C from the Arrhenius plot (Fig. 7)
of log Ri against 1/T K. It is found to be 65.72 kJ/mol (15.71 kcal/

mol) which is in quite good agreement with other observations [ 1, 15,
21]. Above 40°C it is also observed that the physical nature of the
aqueous polymerization media changes from the sol or colloidal
phase to the precipitation phase which is likely to affect the rate of
polymerization [ 20]. Therefore, studies at temperatures higher than
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FIG. 6. Rate dependence of temperature on the aqueous polymeri-
zation of MMA with TGA-KBrOs redox system under nitrogen atmos-
phere at 30 + 0.2°C. [ MMA] = 9.474 X 10"2 mol/L; [ KBrOs] =6.0
mmol/L; [ TGA] = 1.0 X 10"® mol/L. Temperature for Curve 1 =
20°C, Curve 2 = 25°C, Curve 3 = 30°C, Curve 4 = 35°C, Curve 5 =
40°C, and Curve 6 = 45°C,

45°C have not been undertaken. Palit et al. [ 17, 20] have reported
that, for the same monomer, the limiting temperature after which
initial rate begins to decrease is also dependent on the rate of initiat-
ing systems.

Effect of Inorganic Electrolytes on Rate of Polym-

erization

The effect of several mono- and dibasic salts, viz., MgS04, MnSO,,
4H20, NaCl, and Na2C20., has been studied. Such observations are
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FIG. 1, Arrhenius plot of the m1t1al rate of polymerization (R )
(% conversion/min) vs 1/T X 107° K.

amply demonstrated in Fig. 8, Polyvalent cations, except MnSO,.4H:0,
are more effective in bringing down the initial rate as well as the
maximum conversion than the monovalent cations [ 19] except Na>C20,.
The higher concentration of salt decreases the rate more. The higher
efficiency of polyvalent ions is due to their stronger coagulating power
{Schulz-Hardy rule).

Manganese salts are, however, exceptions and increase the initial
rate because Mn** ions are known to autocatalyze the initiating re-
action. However, maximum conversion decreases with MnSO..4H20.
Abnormal results are observed with sodium oxalate. Sodium oxalate
increases the initial rate of polymerization and the maximum conver-
sion, both probably due to the fact that this acts as a stabilizer for
the colloidal phase, This type of result is not available in the litera-
ture,

Effect of Water-Miscible Organic Solvents on the
Rate of Polymerization

The effects of various water miscible organic solvents, viz., MeOH,
EtOH, iso-PrOH, tert-BuOH, and CHsCOCHa, are shown in Fig. 9.
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FIG. 8. Effect of various inorganic salts on aqueous polymeriza-
tion of MMA initiated by TGA-KBrOs redox system under a nifrogen
atmosphere at 30 + 0,2°C, [ MMA] = 9.474 X 10"% mol/L; [ KBrOs] =
0.6 mmol/L; [ TGA] = 1.0 X 10"? mol/L. Salts for Curve 1 = nil;
Curve 2 = NaCl, 0.01%; Curve 3 = NaCl, 0.05%; Curve 4 = MgSOx,
0.01%; Curve 5 = MnSO4,4H20, 0.01% and Curve 6 = NazC20., 0.01%.

All the solvents depress the inijtial rate and the maximum conversion,
The same types of observation were reported by Misra and Narain
[21] for vinyl polymerization., The depression caused by tert- BuOH
reaches a maximum whereas that due to methanol is 2 minimum. On
introducing more quantity of solvent, e.g., methanol, the rate is de-
pressed more, These results are in agreement with earlier views

of radical polymerization. Thus, as usual, the order of depression
is dependent on the number of carbon atoms per alcohol molecule.
Considering the effect of acetone also, the order of depression in the
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FIG. 9. Effect of various water-miscible organic solvents on
aqueous polymerization of MMA initiated by TGA-KBrO: redox sys-
tem under a nitrogen atmosphere at 30 + 0.2°C. [ MMA] = 9.474 X
10”2 mol/L; [ KBrOs] = 0.6 mmol/L; [ TGA] = 1.0 X 10"% mol/L.
Solvents for Curve 1 = nil; Curve 2 = MeOH, 5 mL; Curve 3 = EtOH,
5 mL; Curve 4 = iso-PrOH, 5 mL; Curve 5 = tert- BuOH, 5 mL;
Curve 6 = acetone, 5 mL; and Curve 7 = MeOH, 10 mL.

extent of polymerization may be put as (CHs)sCOH > CHsCH(OH)CHs
>CHsCH:20OH > CH3COCHz > CHsOH.

Mechanism

The mechanism for the formation of free radicals from the KBrOs-
TGA system may be represented as

[O] S——CHzCOOH
1

KBrOs S—CHzCOOH
(1) (2)

HSCH.COOH
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homolytic .
(2) ————— S-CH2COOH
fission (3)

TGA (1) readily oxidizes to disulfidoacetic acid (2) which on homo-
lytic fission at the S—S bond produces the free radicals (3) capable
of initiating the polymerization of MMA. A similar type of mechan-

isr? for the TGA-oxidant system was proposed by Shukla and Singh
[2]:

M . initiation .
+ SCH:2COOH M-S CH:COOH
monomer
nM | propagation
termination
polymer M(M)n—SCHzCOOH

Initiation takes place as soon as the free radical comes in contact
with the monomer molecule, The mode of polymer formation may
possibly be as given above.
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