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Study of the Isothermal Bulk Polymerization of 
Methacrylic Acid and Some Methacrylic Acid 
Esters by Differential Scanning Calorimetry 

T. MALAVASIC, U. OSREDKAR, I. A N h R ,  and I. VIZOVISEK 

Chemical Institute ltBoris Kidric" and Department of Chemistry 
University "Edvard Kardelj" 
Ljubljana, Yugoslavia 

A B S T R A C T  

The course of the isothermal bulk polymerization of methacrylic 
acid and some methacrylic acid es te rs  differing in the length of 
the ester  group was studied by differential scanning calorimetry 
at  different temperatures. The enthalpies of polymerization, the 
residual monomer content, the overall reaction rate constants, 
and the overall activation energies were calculated. The molecu- 
la r  weight averages of the synthesized polymers before and af te r  
the  gel effect were measured by gel permeation chromatography. 

I N  T R O D  UCTION 

Several studies of the polymerization of methyl methacrylate have 
been made, and many models were developed to explain the onset of 
the gel effect after the initial stationary polymerization [ 1-91. The 
gel effect phenomenon in the polymerization of some alkyl methacryl- 
ates was observed by many other investigators a s  well [lo- 161. In 
the present work, the isothermal polymerization of methacrylic acid 
(MA),  methyl methacrylate (MMA), ethyl methacrylate (EMA), butyl 
methacrylate (BMA), and hexyl methacrylate (HMA) was studied by 
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differential scanning calorimetry (DSC). Our already published 
method [17-201 was used for  the evaluation of the DSC curves. The 
aim of the work was to determine the influence of the length of the 
alkyl group in some alkyl methacrylates on the course and kinetics 
of their  polymerization. Therefore, monomers were selected differing 
only in the number of C atoms in the l inear e s t e r  chain. The molecular 
weight averages of the corresponding polymers (PMMA, PEMA, PBMA, 
and PHMA) were determined. 

E X P E R I M E N T A L  

M a t e r i a l s  

Monomers were freed of inhibitor and distilled under nitrogen a t  
reduced pressure.  The initiator 2,2' -azoisobutyronitrile (AIBN) was 
recrystallized from absolute ethanol and s tored in the dark a t  -25°C. 

M e t h o d  

The isothermal radical polymerization of MA, MMA, EMA, BMA, 
and HMA was investigated a t  353, 358, 363, and 368 K with a Perkin- 
Elmer DSC-2 differential scanning calorimeter. To  initiate the polym- 
erization, 50 mmol/L of AIBN was added. The enthalpies of the reac- 
tion and the overall ra te  constants were calculated from the areas be- 
tween the DSC curves and the baseline, which was obtained by back- 
extrapolation of the straight line recorded after the polymerization 
was finished. The calorimeter was calibrated with the melting en- 
thalpy of indium. The DSC curves were digitalized on line and pro- 
cessed by a computer. 

The molecular weight averages of the polymerization products at 
the stationary phase of the reaction and at  the end of the polymeriza- 
tion were measured by gel permeation chromatography (GPC) rela- 
tive to polystyrene standards. A Varian 8500 Mode$ gel chrom,atograph 
equipped with p-Styragel columns (pore s i zes  10- , 10- , and 5 
X lo-' m )  was used with a differential refractometer as detector. The 
measurements were performed in tetrahydrofuran solution. 

R E S U L T S  AND D I S C U S S I O N  

The course of the isothermal bulk polymerization of MA, MMA, 
EMA, BMA, and HMA a t  363 K is presented in Fig. 1. It can be seen 
that the courses of polymerization of MMA, EMA, and BMA are simi- 
lar. After the initially stationary reaction, a well-expressed gel ef- 
fect se t s  in. However, with increasing length of the alkyl group in the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



BULK POLYMERIZATION OF METHACRYLIC ACID 855 

FIG. 1. Isothermal polymerization of MA, MMA, EMA, BMA, and 
HMA a t  363 K in the presence of 50 mmol/L of AIBN. 

methacrylic acid e s t e r ,  the intensity of the gel effect dec reases  and 
the conversion a t  the onset of the gel effect increases  [17]. In the 
polymerization of HMA, the gel effect cannot be observed. In contrast ,  
in the polymerization of MA the gel effect s t a r t s  immediately after the 
beginning of the reaction. Compared to methacrylic acid esters under 
the same conditions, the reaction of MA ends very quickly. 

The shift of the onset of the gel effect to higher conversion and i t s  
suppression in the polymerization of higher methacrylic acid e s t e r s  
cannot be explained by the theory of diffusion-controlled termination 
in highly viscous media as a consequence of increasing viscosity of 
the monomers. However, ou r  measurements agree with the findings 
of Cardenas and 0' Driscoll [ 161 and with the results of Burnett and 
Duncan [22 J. 

The observed delay and the suppression of the gel effect as well as 
the complete conversion of monomer in the polymerization of higher 
methacrylic acid e s t e r s  support the suggestion [2, 14, 25, 261 that seg- 
mental rearrangement is the rate-determining process  in diffusion- 
controlled termination, since the mobility of the polymer chain be- 
comes higher with increasing length of the alkyl group as a consequence 
of the shielding of the carbonyl by the alkyl group. The lowering of the 
glass transition temperature of polyalkyl methacrylates [27] was ex- 
plained in the same  way. 
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8 56 MALAVASIC ET AL. 

TABLE 1. Polymerization Enthalpies 

Polymerization enthalpy, kJ/mola 
Temperature, 
K MA MMA EMA BMA HMA 

3 53 38.8 55.2 60.2 60.3 60.4 
3 58 38.9 55.7 61.1 61.4 60.0 
3 63 39.8 56. a 59.5 62.8 59.3 

3 68 39.5 57.3 60.1 59.8 58.9 

%ot corrected for unreacted monomer. 

DSC measurements confirm that the initial polymerization rates in- 
crease with the length of the ester  group. This can be explained in 
te rms  of the inductive effect [24]. 

The polymerization enthalpies for the same monomer a t  different 
temperatures a re  within the limits of experimental e r ro r ,  estimated 
to be *5% (Table 1). The polymerization enthalpy for MA is much 
lower than the literature data [21]. 

The unreacted monomer content was determined by heating the 
polymerization products from 333 to 423 K 1181. It was found that it 
was the highest for MA (6% at 363 K), smaller for MMA and EMA (3.4% 
a t  363 K), and that it decreased to zero for BMA and HMA. 

The overall rate constants of polymerization, 

k’ = kp ( fkd[Io] /kt)”’, 

were calculated from the linear par t  of the curves in plots of In 
A / ( A  - a )  v s  time, where A is the total area and a the partial a r ea  be- 
tween the DSC curves and the baseline (Table 2). The parameters 
k , k , and kt are the rate constants for propagation, initiator disso- 
ciation, and termination; f is the initiator efficiency; and [Io] is its 
initial concentration. The values for MA could not be calculated in 
the same way because of the nonexistence of the stationary state a t  the 
beginning of the polymerization. The rate constants k’ increase linear- 
ly with increasing temperature and increasing length of the ester  group 
in the monomer. This is in agreement with the results of Burnett and 
Duncan [22]; Otsu, Ito, and Imoto [15, 231; and Cardenas and O’Driscoll 
[ 161 (Fig. 2). 

The overall Arrhenius activation energies for polymerization were 
calculated from the overall rate constants. The values are practically 
the same for all the monomers studied. The values a re  given in 
Table 2. 
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FIG. 2. Overall rate constants as a function of the number of C 
atoms in the linear es ter  group at different temperatures. 

Molecular weight measurements could not be done for poly( meth- 
acrylic acid) since there is no suitable solvent. Average molecular 
weights for the other polymers a re  given in Table 2. For PMMA and 
PEMA, hTi before the gel effect is almost half that after the gel effect. 
This difference becomes smaller with increasing length of the alkyl 
group; for PHMA the values are very close. For PBMA, after the 
gel effect was  also measured as a function of the reaction tempera- 
tures (Table 3). A s  expected, the values decrease with increasing 
temperature. 

C O N C L U S I O N S  

Measurements of the course of polymerization of some methacrylic 
acid esters ,  differing in the length of the linear ester group only, sup- 
port the hypothesis that segmental rearrangement is the rate-determin- 
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BULK POLYMERIZATION O F  METHACRYLIC ACID 8 59 

TABLE 3. Dependence of Molecular Weight Averages on Temperature 
for PBMA 

Polymerization temperature, Molecular weight average 
K 

3 53 14.8 

3 58 12.2 

3 63 10.0 

3 68 9.3 

M X lo-' after gel effect 

ing process in diffusion-controlled termination. The rotation of the 
polymer chain becomes eas ie r  with increasing length of the e s t e r  
group due to shielding of the carbonyl group by the alkyl group and 
causes a delay in the onset of the gel effect and its suppression. The 
overall polymerization rate  constants increasc with an increasing num- 
ber of C atoms in the es te r  group. The difference in molecular weight 
average before and after the gel effect diminishes with increasing 
length of the e s t e r  group, i.e., with the suppression of the gel effect. 
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