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Summary 

Photopolymerization of methyl methacrylate was carried out using 
peroxydiphosphate as a photoinitiator. The rate R, of polymerization 
increases as the initiator mole fraction is increased. The initiator exponent 
was computed to be 0.5. The rate of polymerization increases with in- 
creasing monomer concentration and the monomer exponent was calculated 
to be 1.5. The reaction was carried out at three different temperatures and 
the overall activation energy was computed to be 4.7 kcal mol-l. The 
kinetic data and other evidence indicate that the overall polymerization 
takes place by a radical mechanism, and rate expressions have been derived. 
A suitable mechanism has been suggested. 

1. Introduction 

Peroxydiphosphate ion (PP, P,0s4-) is used as a photo-oxidant [l] 
and a thermal initiator [ 2 - 4) of vinyl polymerization, and a number of 
peroxides [ 5 - 121 are used as photoinitiators of this process. Battaglia 
[ 131, in a survey of the UV spectra of peroxides, has shown that the spectra 
of peroxydiphosphate and its protonated forms are very similar to those 
of other peroxides. The similarity between the spectra led several researchers 
to predict that PP would be activated to radical reaction comparable with 
those observed with hydrogen peroxide [ 141 and peroxydisulphate [ 151. 

We have reported the thermal, vinyl [2 - 41 and graft copolymerization 
[16 - 191 of a number of vinyl monomers using PP as an initiator. This 
paper presents the results of a study of the photopolymerization of methyl 
methacrylate (MMA) with PP as the photoinitiator. 

2. Experimental details 

The Kp208 was obtained from FMC Corporation, U.S.A., as a gift 
sample and was 98.5% pure after recrystallization, The monomer MMA 

0047-2670/87/$3.50 0 Elsevier Sequoia/Printed in The Netherlands 



366 

was purified according to standard procedures [ 16 - 191. All the chemicals 
used in the preparation of solutions were BDH AnalaR reagents. 

The polymerization was carried out in an aqueous medium; after addi- 
tion of the required amount of monomer containing known amounts of 
initiator and other additives, the solution was flushed with purified nitrogen 
gas, stoppered and placed in a thermostat at a chosen temperature. The 
reaction vessel was illuminated by monochromatic light of wavelength 440 
nm by placing a Coming filter in front of a 125 W high pressure mercury 
lamp (Philips India Ltd.). The cell that was used as the reaction vessel had 
a path length of 4.5 cm in the direction of the beam, a diameter of 5 cm 
and a capacity of about 70 ml, and was fused at both ends with flat Pyrex 
plates fitted with two outlet tubes with standard B12 cones on the top. 

To stop further polymerization taking place after the light sources 
were cut off, 10 ml 1 wt.% hydroquinone solution were added to the reac- 
tion mixture. The precipitated polymer was filtered, washed repeatedly with 
water and dried in vacuum to constant weight at 60 “C. The rate of polym- 
erization was calculated from the weight of polymer obtained, 

The intrinsic viscosities [Q] of the polymers were measured in benzene 
solution at 30 f 0.05 “C using an Ubbelohde viscometer. The results were 
expressed in decilitres per gram. The molecular weight of the poly(methy1 
methacrylate) was calculated from the viscosity data by using the equa- 
tion [ZO] 

[q] = 8.69 X lo-’ Mn-0s76 

3. Results and discussion 

MMA was photopolymerized in aqueous solutions in the presence of PP 
as the initiator. A typical set of time-conversion curves at 35 “C is shown 
in Fig. 1. 
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Fig. 1. Conversion-time curve ([PP] = 1.0 x 10e2 M; [H+] = I.5 x 10-l M; [MMA] = 
14.08 x lo- 2 M; temperature, 35 “C). 
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3.1. Effect of initiator 
The rate of photopolymerization was investigated by varying the PP 

concentration over the range 0.001 - 0.0075 M at different concentrations 
of MMA ((14.08 - 32.85) X lo-* M at 35 “C). The rate of polymerization 
increases with increasing [PP]. The plots of R, us. [PP]l” (Fig. 2) are 
linear, indicating that the order of the dependence on [PP] is 0.5. This is 
also evident from the linear plots of log R, us. log[PP] ‘I2 (Fig. 3) which have 
a slope of 0.5. 
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Fig. 2. Plot of R, US. [PPll” ([H+] = 1.5 x 10-l M; time, 5 h; temperature, 35 “C): 
l , [MMA] = 14.08 x lo+ M; *, [MMA] = 23.47 x 1O-2 M; 0, [MMA] = 32.85 X 1O-2 
M. 
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Fig. 3. Plot of log R, US. log[PP]1’2 ([H+] = 1.5 x 10-l M; time, 5 h; temperature, 35 “C): 
o, [MMA] = 14.08 x lo-” M; A, [MMA] = 23.47 x 1O-2 M; 0, [MMA] = 32.85 x 1W2 
M. 
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3.2. Effect of monomer 
The rate R, of polymerization increases on increasing the monomer 

concentration over the range 0.0469 - 0.4694 M at different PP concentra- 
tions ((0.5 - 1.5) X 10e2 M). The plots of 
eating that the order of the dependence 
4) is 1.5. 

R, us. [MMA] 3’2 are linear, 
on monomer concentration 

indi- 
(Fig. 
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Fig. 4. Plot of R, us. [MMA13’* ([H’] = 1.5 x 10-l M; time, 5 h; temperature, 35 “C): 
a, [PP] = 0.5 x 1O-2 M; 0, [PP] = 1.0 x lo-’ M; A, [PP ] = 1.5 x lo-* M. 

3.3. Effect of temperature 
The rate of polymerization was measured at three different tempera- 

tures at fixed monomer and initiator concentrations. The rate of polymer- 
ization increases with increasing temperature. From the slope of the Ar- 
rhenius plot of log R, vs. l/T (Fig. 5), the overall activation energy was 
computed to be 4.7 kcal mol-‘. 
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Fig. 5. Arrhenius plot of log R, us. l/T. 
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3.4. Effect of solvents 
The photopolymerization of MMA using PP as the initiator was inves- 

tigated in different polar, dipolar aprotic and non-polar solvents such as 
ethanol, dioxan and n-hexane. 

The chain transfer constants Cs for these solvents at 35 “C were com- 
puted by plotting the reciprocal degree of polymerization l/j& US. [S] /[Ml 
for different solvents (Fig. 6). The observed Cs values for hexane, dioxan 
and ethanol were 0.33 X 10U3, 0.38 X 10m3 and 0.43 X 10V3 respectively. 
It has been reported that the rates of polymerization in certain solvents 
have values different from those that would be expected if the solvent acted 
as an inert diluent. Tobolsky and Matlak [ 211 reported an enhancement 
of the rate of polymerization of MMA initiated by cumene hydroperoxide 
in the presence of a number of polar solvents. Burnett and coworkers [22, 
233 observed a similar enhancement of the rate by polar solvents in the 
polymerization of MMA by azobis(isobutyronitrile), but the addition of non- 
polar solvents had no effect on the rate of polymerization for either of the 
systems. Tobolsky and Matlak [21] explained the rate-enhancing effect 
by considering the mcreased production of free radicals in the presence 
of these solvents. Burnett and coworkers [22, 231 suggested that the rate 
enhancement might be due to the increased initiator efficiency in the pres- 
ence of a solvent which increases the rate of polymerization. Henrici-Olive 
and Olive [ 241, while studying the effect of solvent in free-radical polymer- 
ization, explained the effect by considering the formation of a charge 
transfer complex between polymer radicals and monomer and solvent 
molecules. Bamford and Brumby [ 251, while investigating the effect of 
solvent in the polymerization of MMA, suggested that the dependence of 
the rate of polymerization on the nature of the solvent arises partly from 
the solvent dependence of the propagation rate constant, and that the rate 
of initiation is not influenced by the properties of the solvent. 

Fig. 6. Plot of l/j& us. [ S]/[M]: 0, hexane; *, dioxan; 0, ethanol. 
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3.5. Mechanism 
The chemistry of peroxide compounds has been reviewed in a number 

of monographs and reviews [ 5 - 123. Peroxides contain two adjacent oxygen 
atoms with overlapping lone-pair orbitals. The average bonding energy is 
about 34 kcal mol-‘. On excitation by the 313 and 254 nm spectral lines 
of the mercury arc, excess energy of as much as 56 kcal mol-’ and 78 kcal 
mol-’ respectively is carried away by the primary radicals. 

The first step on absorption of incident light involves the excitation 
of the PP molecules, which decompose to yield the phosphate ion radical. 
This phosphate ion radical may then interact with a water molecule to pro- 
duce the OH ’ radical ( R’ = PO42 - l ) : 

II; 
p2oa 4- +hv---t (P20s4-)* 3 2R’ 

R’ + El20 k, HP042- + OH’ 

From the above reaction mechanism it is evident that the R’ or OH’ radicals 
and/or both the radicals might initiate polymerization, but from the dye 
partition technique developed by Saha et al. [26] it 
poly(methy1 methacrylate) does not contain an OH 
tiation is due to phosphate ion radical, as elaborated 
anism. 

Initiation 

ki 
R’+M- M’ + POa3 - 

Propagation 

M’+M 
% 

--+M’ 1 

and so on until 

kl? 
M;++M--M; 

Mu tuad termination 

M;,+M;, 
4 

- polymer 

Term ination by primary radical 

M; + R’ 
k: 

---+ polymer 

was observed that the 
group. Hence the ini- 
in the following mech- 

On making the usual assumption that stationary state conditions hold for 
free radicals or radical chains and that the rate constants for propagation 
and termination are independent of chain length, the following rate expres- 
sions have been derived. For example, for mutual termination 
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d[R’l - () dW:l _ o 

dt dt 

dlR’1 
dt 

= K,kd[P20*4- l Jhv-kfi,[R’] = 0 

or 

[R’] = 
K,k,[PzOs4-]hv 

kl 

NM;1 
dt 

= ki[R’] [M] - k,[RM;]” = 0 

or 

l/2 

If the termination were due to primary radical R’ then the rate expression 
for R, would be 

R, = 

which indicates that the plots of R, us. [ Ml2 should be linear. But the plots 
of R, us. [MMA] 3’2 {Fig. 4) and R, us. [PP] 1’2 (Fig. 2) based on our experi- 
mental observations are linear, indicating the termination to be mutual. 
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