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Abstract 

Differential scanning calorimetry (DSC) was used to measure the decomposition rates of four 
commercially used initiators, 2,2'-azobis(isobutyronitrile) 2,2'-azobis(2,4-dimethylvaleroni- 
trile), dilauroyl peroxide and bis(4-t-butyleyclohexyl)peroxydicarbonate, in dynamic mode, 
while the courses of methyl methacrylate polymerization with the listed initiators at 65, 75 and 
85°C were measured isothermally. From the DSC curves, the polymerization enthalpies, the 
overall reaction rate constants and the activation energies for the initial steady-state polymeriza- 
tion were calculated. It was found that the polymerization enthalpy and the kinetic parameters 
depended on the type of the initiator. An initiator with a shorter decomposition half-lifetime 
shifted the onset of the gel effect to a higher conversion, intensified it and decreased the average 
molar mass of the polymer. 

Keywords: differential scanning calorimetry, initiators, kinetics, methyl methacrylate, poly- 
merization 

Introduction 

Differential scanning calorimetry (DSC) has been shown to be a fast and 
simple method for investigation of the radical polymerization of methyl 
methacrylate (MMA) [1]. While 2,2'-azobis(isobutyronitrile) (AIBN) is the 
major initiator used in research, for the industrial polymerization of MMA 
other initiators, with different decomposition temperatures and different de- 
composition rate constants, may be interesting. In this work, the influence of 
four initiators, 2,2'-azobis(isobutyronitrile) (AIBN), 2,2'-azobis(2,4-dimethyl- 
valeronitrile) (V-65), dilauroyl peroxide (LPO) and bis(4-t-butyleyclohexyl)- 
peroxydicarbonate (P-16), on the course and reaction rate constants of MMA 
polymerization was investigated, with the aim of using the results in the manu- 
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facture of poly(methacrylate) sheets. The courses of the polymerization were 
measured by DSC in the isothermal mode at three different temperatures. 

Experimental 

Materials  

Commercially supplied inhibited MMA (ICI) was used without further puri- 
fication to meet the conditions during industrial polymerization process. The 
initiators AIBN (Akzo), LPO (Akzo), P-16 (Akzo) and V-65 (Wako) were re- 
crystallized from chloroform with methanol, vacuum-dried overnight at room 
temperature and stored in the dark at -25°C. 

Methods  

All kinetic measurements were performed with a Perkin-Elmer differential 
scanning calorimeter DSC 7. 

The temperature intervals and the rates of initiator decomposition were 
measured by heating the samples from 30 to 150"(3 at a rate of 5 deg.min -1. To 
avoid a violent reaction and induced decomposition, initiators were dissolved in 
di-n-butyl phthalate at a concentration of 0.06 to 0.2 moll1. For measurements, 
Perkin-Elmer volatile-sample pans with a small hole in the lid were used. Ki- 
netic parameters were calculated by the non-isothermal differential method 
based on the multiple regression technique with the Perkin-Elmer Kinetics Soft- 
ware [2-4]. 

The basic rate equation dx/dt=k(1-x) ~ and the Arrhenius equation for the 
temperature dependence of k were combined: 

dx = Z.exp( -E,/RT)(1 - x)", ~r  
(1)  

where x is the degree of conversion, n is the order of reaction, k is the reaction 
rate constant, t is time, Z is the pre-exponential factor, E, is the Arrhenius ac- 
tivation energy, R is the universal gas constant, and T is the absolute tempera- 
ture. 

In DSC, the temperature varies linearly with time and Eq. (1) can be rewrit- 
ten: 

d T d x . ,  " E /RT)(1 x) ° - d? '~ / "  = L . e x p t -  . 
(2) 

The value ofx is obtained via the ratio of the partial enthalpy/~"/p tO the total 
enthalpy of reaction Mar. The values of enthalpies are evaluated from the partial 
area to time t(AHp) and from the total area (AH) under the DSC curve. 
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Equation (2) can be reduced to a linear form 

l f dT  dx'~ (3) 
nl- .a  I - - lnZ  - e .  + n.ln<l - x). 

x, / 

. f d T  dx'~ Mutt m ar rogro sion is po form d by u ing and ln l- ) 
as variables and solving for Z, E, and n. 

The polymerization of MMA with the four selected initiators at a concentra- 
tion of 50 mmol/l was measured isothermally at 65, 75 and 85°C, described in 
detail elsewhere [5]. The enthalpies of polymerization and the composite rate 
constants were calculated from the areas between the DSC curves and the base- 
line, which was obtained by back-extrapolation of the straight line after the po- 
lymerization was terminated. As the samples were polymerized at temperatures 
below the glass transition temperature of the polymer, they were subsequently 
heated to 150°C at a rate of 5 deg.min -1, to attain polymerization of the unre- 
acted monomer. Its quantity was calculated from the extent of the exothermic 
reaction [5, 6]. 

The reaction rate was proportional to the ordinate displacement of the DSC 
curves. In the first part of the reaction, the ordinate displacement was nearly 
constant, i.e. the polymerization was stationary. For this first part, the overall 
polymerization rate constants for the first reaction order as regards the mono- 
mer concentration, k': 

t'//qtoh l a  

were calculated from plots of In[AH/(AH-AHp)] vs. t(kp, ka and kt) being the rate 
constants for propagation, initiator decomposition and termination, f t h e  initia- 
tor efficiency, and Io its initial concentration), while the activation energies 
were calculated by using the Arrhenius equation [5]. 

The gel effect was specified by the critical conversion (xo) at the onset of the 
autoacceleration, i.e. at the sharp increase of the reaction rate in the DSC 
curve, and by its intensity in terms of the heat flow at the maximum in the DSC 
curve [7, 8]. 

The molar mass averages of the synthesized polymers were measured by gel 
permeation chromatography (GPC) relative to polystyrene standards on a Per- 
kin-Elmer gel chromatograph, using p-Styragel columns (pore size 10 -5, 10 -6, 
10 -7 and 5×10 -8 m). A differential refractometer was used as detector, and tetra- 
hydrofurane at a flow rate of 60 ml/h as the mobile phase. 
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Results and discussion 

Decomposition of initiators 

The first-order kinetics for the thermal decomposition of an initiator is an 
approximation that is valid only for the infinitely dilute solutions, where in- 
duced decomposition does not take place. In practice, to avoid induced decom- 
position and consequently a higher reaction order, the concentration of the 
initiator should be kept as low as possible and should not exceed 0.2 moll1 
[9-11]. 

DSC curves for the thermal decompositions of AIBN, LPO, V-65 and P-16 
are shown in Fig. 1. Kinetic data calculated from these curves are given in Ta- 
ble 1. For AIBN, the decomposition exotherm is preceded by the melting en- 
dotherm. 
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Fig. 1 Courses of the decomposition of AIBN (- - -), LPO (- - ) ,  V-65 ( -  - )  and P-16 ( - -  - - - )  

From Fig. 1 and Table 1, it can be seen that the four initiators have different 
temperature intervals and rates of decomposition, and also different activation 
energies. The values are in good agreement with the literature data [1, 9] and 
differ slightly from those given by the producers [12, 13], obtained by another 
method. 

Polymerization of MMA 

The polymerization of MMA was measured isothermally at 65, 75 and 85°C. 
The polymerization was initiated by AIBN, LPO, V-65 or P-16. The courses of 
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Fig. 2 Courses of the isothermal MMA polymerization at 65°C with AIBN ( - -  - - - ) ,  
LPO (- - -), V-65 ( -  - )  and P-16 ( - - )  

the polymerization at 65°C are shown in Fig. 2. At the beginning, the polym- 
erization is stationary (dHIdt ~const.), followed by a strong gel effect, with a 
steep increase in the reaction rate, which is characteristic of MMA polymeriza- 
tion. In the DSC curves of AIBN and LPO (initiators with longer decomPosi- 
tion half-lifetimes) at 65"C, the onset of polymerization is delayed, due to the 
inhibitor present in the monomer (induction period). The DSC curves reveal 
that the reaction time to the final conversion, the initial reaction rates, the con- 
versions at the onset of the gel effect, and its intensities, depend on the type of 
the initiator. From the DSC curves, the polymerization enthalpies were calcu- 
lated. To obtain the complete enthalpy of polymerization (100% conversion), 
the polymerization enthalpies of the residual, i.e. unreacted monomer were 
added to the isothermal enthalpy values. The data are given in Table 2. 

Table 2 Polymerization ¢nthalpies (AH) of MMA initiated by different initiators corrected for the 
residual monomer (r.m.) 

AIBN LPO V-65 P-16 

TI All~ r.m./ All/ r.m.I All/ r.m.I All/ r.m./ 

° C kJ.mo1-1 % ld.mol -I % kJ.mol -I % ld.mo1-1 % 

65 4 4 . 5  4.6 4 2 . 9  2.5 4 7 . 2  6.2 4 5 . 5  3.3 

75 4 6 . 7  7.7 4 6 . 4  1.8 -56.8 3.6 4 6 . 3  2.0 

85 ~ 7 . 4  2.9 4 6 . 9  0.3 4 6 . 4  1.6 4 2 . 3  0.6 
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With AIBN and LPO, the polymerization enthalpies decreased, i.e. became 
more negative, with increase of the reaction temperature, as expected. With the 
more reactive initiators V-65 and P-16, at higher temperature the reaction 
started before thermal equilibrium in the apparatus was achieved and the mea- 
surement could begin. In this way, part of the polymerization enthalpy was lost 
and too low values were found. 

From the DSC curves, the overall reaction rate constants k' and from k' the 
Arrhenius activation energies (E,) were also calculated. The values are given in 
Table 3. 

Table  3 Overall reaction rate constants for the polymerization of  M M A  with different initiators 

Initiator k' × 103/s -I Ej] 

65°C 75°C 85°C kJ.mol -I 

AIBN 0.18 + 0.005 0.31 + 0 . 0 2 0  0.77 + 0 . 0 4 2  72.9 + 6.1 

LPO 0.15 + 0.002 0.31 + 0.038 0.700.022 76.0 + 0.7 

V-65 0.43 + 0.040 0.87 + 0.088 1.64 + 0.049 67.5 + 0 .4  

P-16 0.80 + 0.038 1.35 + 0.032 2.86 5:0.043 64.2 5 :3 .9  

The type of the initiator is the only variable in the measured reaction sys- 
tems, and therefore the overall reaction rate in the stationary state is related to 
(fl~)m, and the polymerization with P-16 was found to be the fastest. 

The gel effect is stronger in the systems with a higher polymerization rate 
constant in the stationary state, and its intensity increases with temperature. The 
conversion at the onset of the gel effect is related to the critical viscosity in the 
reaction system. Since the viscosity decreases with temperature and increases 
with increasing molar mass of the polymer, the gel effect onset is expected to 
shift to a higher conversion at higher isothermal polymerization temperatures 
and in systems with a lower molar mass average. The molar mass of the poly- 
mer, on the other hand, depends on the concentration and on the decomposition 
half-lifetime of the initiator. An initiator with a shorter decomposition half-life- 
time produces a higher concentration of primary radicals per unit time at a 
given temperature. 

Table 4 gives critical conversions at the onsetof the gel effect (the residual 
monomer being taken into consideration), the intensities of the gel effect as 
maximal ordinate displacements and the molar mass averages relative to poly- 
styrene standards. 

In the polymerization of MMA in the bulk, the molar mass distribution has 
been found to be bimodal [8], the first maximum (M,) relating to the polymer 
formed before the onset of the gel effect and the second maximum to the poly- 
mer formed during the gel effect (Mb). Due to the limited selectivity of the col- 
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Table 4 Influence of  the type of  the initiator on the onset (xc) and on the intesity (d) of the gel 
effect, as well as on weight average of molar mass (M,,). In the ease of  bimodal 
distribution the values for both components, before the gel effect (M,) and during the gel 
effect (Ms) are given 

AIBN LPO 

TI xc d Mw Ms Ms xc d M~, M,, Mb 

*C % W.g-I xlO s % W.g-t xl05 

65 28.3 0.82 2.6 - - 26.7 0.85 2.1 

75 29.0 1.43 1.8 - - 33.2 1.64 1.4 

85 36.1 2.64 1.2 - - 36.2 2.62 1.0 

w 

w 

V-65 P-16 

TI x, d Mw Ma Mb xc d M,,,, Mr, Mb 

*C % W.g-t xl05 % W.g-I x l 0  s 

65 32.3 1.76 1.2 0.7 1.4 38.4 2.28 0.8 0.5 1.0 

75 43.1 2.66 0.9 0.6 1.1 41.3 2.86 0.7 0.4 0.8 

85 45.4 3.45 0.6 0.3 0.7 46.1 4.02 0.5 0.3 0.6 

umns used, in this work the bimodal distribution was detected only in polymers 
initiated with V-65 or P-16. In systems with AIBN or LPO, only one broad 
peak was found. 

To obtain an appropriate reaction time for DSC measurements, a relatively 
high initiator concentration was needed. The molar masses of the polymers 
were therefore lower than for a typical commercial polymer. 

C o n c l u s i o n s  

AIBN, LPO, V-65 and P-16 have different temperature intervals and rate 
constants of decomposition. Consequently, they have a great influence on the 
overall polymeryzation rate of MMA, on the conversion at the onset of the gel 
effect and on its intensity, and on the molar mass of the poly(methyl methacry- 
late) formed at a selected temperature, i.e. an initiator with a higher decompo- 
sition rate constants moves the onset of the gel effect to a higher conversion and 
increases its intensity. GPC measurements on the ~systems with V-65 or P-16 
yielded a bimodal distribution curve, indicating the difference in molar mass of 
the polymer formed before and during the gel effect, while in the systems with 
AIBN or LPO only one broad peak was observed. 

For practical reasons, it is important to know that with P-16 at 65°C a simi- 
lar course of polymerization is obtained as with AIBN or LPO at 85°C, but the 
reaction time and the molar mass averages are approximately 30% lower. A 
lower temperature and a shorter reaction time may improve the economy of the 
polymerization process. 
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Zusammenfassung - -  Mittols D$C wurde die 7_~rsctzungsgeschwindigkeit von vior handelsfib- 
lichen Initiatoren, namentlich 2,2'-Azobis(isobutyronitril), 2,2'-Azobis(2,4-Dimcthylvaleronit- 
ril), Dilaumylpcroxid und Bis(4-t-butylcyclohexyl)peroxydikarbonat gemessen, w~hrend der 
Vcrlauf dcr Methylmctacrylatpolymerisation mit den angef~hrtcn Initiatoren isotherm bei 65, 75 
und 85°C gemesscn wurde. Anhand der DSC-Kurven wurden Polymerisationsenthalpi¢, Gesamt- 
re.aktionsgeschwindigkeitskonstante und Aktiviorungsenergie ffir die ani~ngllche Gleich- 
gcwichts-polymerisation bercchnot. Man stellte eine Abh[mgigkeit dor Polymerisationsenthalpie 
und der kinetischen Parameter yon der Art des Initiators fest. Ein Initiator mit einer k~rz~ren 
Zersetzungshalbwertzcit verschiebt das Einsctzen des Geleffektes in Riehtung h6herer Umsatz¢, 
verst~rkt ihn und reduzicrt die durehschnittliche Molmass¢ des Polymers. 
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