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Introduction.

Polystyrene is a major commodity polymer used for a wide variety of commercial applications, and a vast majority of this polymer is synthesized via free-radical polymerization.
 The polymerization of vinyl monomers like styrene is often initiated by the thermal generation of radical species. For example, benzoyl peroxide thermally decomposes to form benzoyl radicals that initiate the polymerization of styrene to polystyrene (Scheme 1).
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In principle, the rate of propagation in radical polymerization can be controlled by changing the initiator concentration. Mathematically, this is illustrated by the first-order rate equation for radical propagation:

Rp = -
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Here, f is the efficiency of an initiator I, kd is the rate constant of initiator decomposition, kp is the rate constant for propagation for a monomer M, and kt is the rate constant for termination.
 In this experiment, we have examined the validity of this rate equation for the bulk, free-radical polymerization of styrene. In particular, we have used Equation 1 to verify that propagation is first-order in styrene concentration, and to calculate the propagation rate constant kp for the polymerization.
Experimental Section

Styrene polymerizations were performed in 6-inch test tubes, to which styrene and benzoyl peroxide were added in the amounts listed in Table 1. The mixture was agitated at room temperature until the peroxide was completely dissolved. The test tube was then placed in a warm water bath (73.5 °C) and the polymerization was allowed to proceed until the solution viscosity began to increase noticeably (as determined by the behavior of bubbles in the tube). The mixture was then removed from the bath and the polymer was precipitated from cold hexanes (50 mL) to yield white, gooey material. The polymer was collected and redissolved in methyl ethyl ketone (2 mL), and reprecipitated from hexanes (30 mL). The polymer was recovered and placed in an aluminum pan that had been treated with a release agent. Residual solvent and monomer was removed by drying the polymer in a vacuum oven at 70 °C for one week, after which the isolated yield was recorded.
Table 1. Initiator concentration and monomer conversion in free-radical polymerization of styrene.

	BP used (g)
	BP used (mmol)
	[BP]o (M)
	reaction time (sec)
	PS produced (g)
	S consumed (%)
	S consumed (mmol)
	[S] consumed (M)
	Rp (M/sec x 10-4)

	0.108
	0.44
	0.089
	1500
	0.181
	3.77
	1.74
	0.329
	2.32

	0.225
	1.05
	0.211
	1320
	0.341
	7.51
	3.28
	0.655
	4.96

	0.424
	1.75
	0.350
	1320
	0.415
	9.14
	3.98
	0.797
	6.04

	0.55
	2.27
	0.454
	960
	0.362
	7.97
	3.48
	0.695
	7.24

	0.617
	2.55
	0.510
	960
	0.393
	8.66
	3.77
	0.755
	7.86

	0.853
	3.52
	0.704
	1020
	0.405
	8.92
	3.89
	0.778
	7.63


Results and Discussion

At low conversions of monomer (less than about 10%) it can safely be assumed that the concentrations of monomer and initiator remain constant throughout the polymerization, such that [M] = [M]0 and [I] = [I]0. In this case, Equation 1 can be rewritten as:


Rp = -
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(2)
This relationship should hold only if propagation is first-order in monomer concentration. One goal of this experimental study, as a result, was to test the relationship between Rp and [I]. A plot of [S]/t vs. [BP]01/2 should have slope kp[M]0(kdf/kt)1/2, which will yield the polymerization rate constant kp.
Propagation rates were calculated from the molar conversion of styrene with respect to polymerization time at six different initiator concentrations (Table 1). All of the polymerization reactions advanced to levels of conversion (3-10%) sufficient for rate determination using the method of initial rates.
 The propagation rates calculated from these experiments were observed to consistently increase with increasing initiator concentration.
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Figure 1. Plot of propagation rate Rp with respect to root initiator concentration [I]1/2 for the bulk polymerization of styrene at low monomer conversion.
Figure 1 shows a plot of Rp versus [I]1/2 for the benzoyl peroxide-initiated polymerization of styrene; linear regression of this data yielded a slope of 0.011 M1/2/sec. Given kd = 1.0 × 10-5 /sec, kt = 6 × 107 /M·sec,1 and f = 0.8,2 the calculated kp = 350 /sec. This is consistent with published values of kp for styrene between 50-400 /sec.
 The correlation coefficient (R2) for this linear regression is 0.92, and several of the individual data points deviate significantly from the best-fit regression line. Errors in the data are expected to arise from difficulties in the recovery of the polystyrene after precipitation. Incomplete recovery of the small amounts of polystyrene prepared in these experiments would lead to inaccurately low propagation rates, whereas an inability to quantitatively remove residual monomer or solvent would lead to inaccurately high propagation rates. These data suggest that the recovered polymer may have contained residual materials other than polystyrene that were not removed by treatment of the sample in the vacuum oven.
Conclusion

The kinetics of styrene polymerization, initiated by benzoyl peroxide, is consistent with a free-radical polymerization mechanism and shows the expected half-order dependence on initiator concentration. Reasonable values were obtained for the rate constant for this process.
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