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Abstract The kineties of free radical decay in the polymerization of MMA initiated by AIBN was studied by means of ESR
spectroscopy. It was found that the curves of radical decay are strongly associated with the reaction temperature, the initiator
concentration and the solvent. In the case of the radical polymerization carried out at high temperature or in solution, the
radical concentration first reached a maximum, then declined monotonously with reaction time. It was also found that the
greater the amount of initiator or the higher the temperature, the mure rapidly the radicals decay, When the bulk
polymerization was implemented at a relatively low temperature, the curves of radical decay became more complicated, i.e.,
the radical concentration rapidly rose to a maximum, then dropped to a minimum, finally increased again with reaction time.
Taking into account the diffusion effect, 2 semi-empirical equation is suggested to describe the kinetics of propagating radical

decay.
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INTRODUCTION

Free radical polymerizations are characterized by the presence of an auto-acceleration in the polymerization rate
as the reaction proceeds!’. It would normally be expected that a reaction rate falls with time, because the
monomet concentration and the initiator concentration decrease with timel®l. However, the exact opposite is
observed in many polymerizations where the rate of polymerization increases with conversion'?. As the polymer
concentration increases, the macromolecular chains become overlapped and entangled with one another. This
causes a significant reduction in termination rate, which often referred to as the Trommsdorff or gel effect!?].

Electron spin resonance (ESR) spectroscopy was introduced to the study of free radical polymerization
kinetics by Fischer*. The stationary concentration of macroradicals in free radical polymerization was measured
simultaneously by several authors™ *'% using ESR spectrometer. In this work, we report on the use of an on-line
ESR to measure the radical concentration in the polymerization of methyl methacrylate (MMA) initiated by 2,2'-
azobisisobutyronitrile (AIBN) under different conditions, and discuss the influence of viscosity on the decay
curve of the propagating radical concentration. In the case of high temperature or solution polymerization, the
viscosity increases rather slowly with the monomer conversion, and the diffusion of radicals is affected slightly
by the meonomer conversion and the decay of radical concentration is also affected slightly. Alternatively, for the
bulk polymerization performed at lower temperature, the kinetic behavior of the reaction system is associated
with the high viscosity, which results in a complicated curve of radical decay. Besides, we tried to develop a
comprehensive kinetic model for describing the polymerization process over the entire course of reaction, while
taking account of the influence of diffusion behavior of the propagating radicals on the polymerization.
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EXPERIMENTAL

Commercial MMA, was washed with an aqueous solution of 5% NaOH and with deionized water, then it was
dried successively with anhydrous sodium sulfate and 0.4 nm molecular sieves and fractionated under reduced
pressure. AIBN was recrystallized from ethanol.

ESR. spectra were recorded on a Varian Model E-112 spectrometer (X-band). Sample cooling and
temperaiure control were accomplished by connecting a quartz Dewar pipe to a Dewar flask, The inside
temperature of the Dewar pipe was monitored with a thermocouple, The glass ESR sample tube containing MMA
and AIBN was bubbled with high purity N, gas to remove the oxygen. Then the tube was sealed. Typical
conditions for acquisition of ESR spectral data were as follows: field intensity 3270 G, sweep width 5 x 100 G,
amplitude modulation 2.0 x 1G, gain 2.5 x 10000, microwave frequency 100 kHz, microwave power 10 mW,
time constant .25 s, phase 180°,

RESULTS AND DISCUSSION

ESR Spectra During Polymerization of MMA
The ESR spectra at various reaction times for the bulk polymerization of MMA are shown in Fig. 1. A weak 13-
line spectrum, which was attributed to the MMA radicals in liquid state™ * ® ¥l was observed at the initial stage
of polymerization. It was composed of five outer lines and eight inner lines, the relative intensity of which is
approximately 1:4:6:4:1 and 1:1:3:3:3:3:1:1, respectively. As the polymerization proceeded, this 13-line
spectrum quickly changed into a kind of strong 5 + 4 line spectrum (1:2:3:4:5:5:4:3:2:1), which was attributed to
the MMA radicals in the solid state™ '%, Since the steric configurations of the PMMA radicals are not fixed in
one conformations but are distributed among several possible superposed conformations because of the steric
complexity of polymer molecules in the amorphous state!"'), the change from the weak 13-line to the strong 9-line
or even 7-line spectrum is related to the transformation of PMMA radical conformation, This transformation will
certainly lead to the change of radical activity and the reaction rate constant of termination.

Taking the height of the central and the adjacent peaks obtained during polymerization of MMA as the
apparent propagating radical concentration!® * *, which was plotted against the reaction time, we studied the
decay curve of the propagating radical concentration under different polymerization conditions.

Influence of Initiai Concentration of Initintor

The polymerization of MMA was carried out at 98°C with different initiator/monomer molar ratio from 0.0037 to
0.0148. The apparent propagating radical concentration was measured, and the decay curves of PMMA radicals
were given in Fig. 2. It was found that the radical concentration rose to its maximum within a short time, and then
dropped monotonously. We also found that the greater the amount of the initiator, the more rapidly the radical
decayed. When the initiator concentration was as low as given in the curve (shown by A) of Fig. 2, the apparent
propagating radical concentration decreased so slowly and smoothly that it seems to be more or less in a steady
state throughout the process of polymerization, except during the initial period of the reaction.

Temperature Effect on the Decay Curves of PMMA Radicals

The bulk polymerization of MMA was implemented at various temperatures with the same concentration of
initiator. As shown as in Fig. 3, the decay curves of PMMA radicals at various temperatures varied both in shape
and intensity. Since higher temperature leads to lower viscosity of a polymerization system and easier diffusion
of the propagating radicals, the normal radical-to-radical termination is expected, which results in a monotonous
decay curve of the radicals, When the temperature dropped to 64°C, the quickly increasing viscosity of the
system made the propagating radicals wrapped up and difficult to move. This brought about a decrease of the
apparent rate constant of termination®, so that the radical concentration increased once again after the minimum
value. Tt was also found that the higher the temperature, the more rapidly the radical decayed. Figure 4 gives the
similar plots of radical concentration against reaction time, with the molar ratio of AIBN to MMA changing from
0.0148 10 0.0074. In general, the decay curve of the free radical depends on two factors. First, in accordance with
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the normal chemical kinetic law, the radical concentration should drop from the maxinmum. Second, the viscosity
of the system should affect the movement of the polymer chain radicals and cause a decrease of the radical
activity and the apparent rate constant of termination, which results in an increase of the radical coneentration
during a certain period of reaction time.
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Fig. 1 ESR spectra obtained at different polymerization Fig. 2 The influence of initiator concentration on
times (bulk polymerization} the decay curves of PMMA radicals
Weight of AIBN: 0.1012 g, amount of MMA: 5.1 mL; Temperature; 98 £0.1°C
polymerization temperature: 64 £ 0.1°C; reaction time: Molar ratic of AIBN to MMA: O 0.0148,
(&) 49 min, (b) 32 min, {c) 60 min and (d) 68 min ® 0.0074, A 0,0037
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Fig. 3 The temperature effect on the decay curves of PMMA radicals
Molar ratio of AIBN to MMA: 0.0148
Temperatre: O 98+0.1°C, A 8740.1°C, V 77+0.1°C, @ 6410.1°C

Solvent Effect on the Decay Curves of PMMA Radicals
Form the above discussion we know that the viscosity of polymerization system plays an important role in the
process of chain radical termination. The addition of a solvent to the polymerization system or a elevation in
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temperature has a similar effect on the diffusion behavior of radicals. Comparing the curve in Fig. 3 (shown by
@, no solvent) with that in Fig. 5 {shown by O, with benzene as solvent), it is evident that the solvent reduced
the upward trend of the radical concentration after it reached the maximum. Thus the decay curves with only one
peak for the polymerization of MMA in benzene at 64'C were observed in Fig. 5. Also from Fig. 5 it is known

that the greater the amount of solvent added, the quicker the radical concentration diminishes.
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Fig. 4 The effect of temperature on the decay curves of PMMA radicals
Molar ratio of AIBN to MMA: 0.0074
Temperature: 2 98+0.1°C, ® 87£0.1C, V 17+ 0.1°C, 0 64 £ 0.1°C
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Fig. 5 The effect of solvent on the thermal-initiating system
Temperature: 64+0.1°C; melar ratio of AIBN to MMA: 0.0148;
volume ratio of MMA to benzene: A 5:1, O 4:1, @ 3:1

Kinetic Model for Radical Decay
In the preceding section, it has been concluded that both the normal chemical Kinetic rule and the diffusion

influence upon the decay process of PMMA radicals should be taken into account. From the experimental data
given in this work, we have tried to establish a kinetic model for the free radical decay of bulk polymerization as
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follows. For the convenience of discussion, the normal kinetics of free radical polymerization without viscosity
effect is considered beforehand, of which the kinetic differential equations are as follows:

di/de = ~kal (1)

dRo/dt = 2fkal = [lpM + (e + kia) Z Ru]Ro (2)
dR,/dr = kyMRpyy ~ ThpM + (b + k) = RyJRe (3)
AN, /dt = (kg + 0.5k} R, =R, (4)

d Z R/dt = 2fkal = (oo + k) (Z R, %)
dM/de = -k,M TR, (6)

where k4 is the rate constant of the initiator dissociation, R, represents the concentration of primary radicals, £ is
the efficiency of the initiation, M and J represent respectively the concentrations of monomer and initiator, %, is
the rate constant for propagation, k&, and kg are the rate constants for termination by coupling and
disproportionation, respectively, R, and N, denote the respective concenwrations of chain radicals with »
ronomeric units and inactive »-mers. The initial conditions of Eqs. (1)~(6) are as follows:
Himo=to, Ml o= Mo, Ryl 1m0 =Ny | =0
Obviously the rate constants of termination k4 and &, keep constant when the effect of viscosity is negligible
during the process of polymerization, From Eq. (1), we ¢btain:
I= Iy exp(—ks?) €]
Comhining Eq. (7) with Eq. (3) results in:
dZ R,/dt = 2fkg Lo exp(-kat) = (ke + k) (S R,)* ®
With the aid of a computer, it is easy to find the numerical solution for Eq. (8), and the results are given in
Figs. 6, 7 and 8. Comparing Figs. 6~8 with Fig. 2, it is found that the kinetic model without consideration of
diffusion effect is appropriate for the free radical polymerization of MMA. at high temperature,
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Fig. 6 Radical decay versus reaction time, Fig. 7 Radical decay versus reaction time,
calculated from the polymerization without calculated from the polymerization without
viscosity effect viscosity effect

L=001, k=1.1x10% (- = <V k=107, (= «-) ky=5x107 & =1.1x10% (= ~) I, =001,
ky=58x 107 (—) ky= 10" (~ = =) I = 0.003, (—) J = 0.001

Altematively, if the polymerization temperature is relatively low, the effect of viscosity should be taken into
account, and the apparent rate constants of termination are symbolized by &'y and ¥, which vary with the
reaction time. If a revision factor is introduced into the rate constants of termination:

(gt k) = (g T k) a exp(-b1) ®
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where k4 and k. are respectively identical with those in Eq. (8), then the semi-empirical kinetic differential
equation adapted to propagating radicals is

dZ R,/dt = 2fka Jo exp(~kef) - (o + k) @ exp(-) (ZR,)’ (10)
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Fig. 8 Radical decay versus reaction time, calculated Fig. 9 Radical decay versus reaction time, calculated
from the polymerization without viscosity effect from the semiempirical equation for the polymeri-
=001, k=5%x10% (--=)kh=11x 105 (—) k= zation with diffusion effect
33x10% (e ) B=55x10° Ly=001, ky=2 % 10% k= 1.1x10% (= =~)a=2, b=

0006, (-+=)a=3,6=0.006;, (—}a=1,b=0

Equation (10) can also be easily solved numerically. The results cbtained are shown in Fig. 9. Comparing
Fig. 9 with Figs. 3 and 4, it is found that the semi-empirical model described by Eq. (10) conforms qualitatively
to the experimental data of free radical decay in the polymerization governed by both normal kinetic factor and
diffusion property. In light of Eq. (10), we shall study the kinetics of the whole process of free radical
polymerization in detail, and the results will be reported elsewhere.
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