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Study of the Isothermal Bulk Copolymerization 
of Acrylic and Methacrylic Acid Esters' 

T. MALAVASIC, U. OSREDKAR, I. ANZUR, and I. VIZOVfiEK 

Chemical Institute "Boris KidriE" and Department of Chemistry 
Unive rs ity "E dvar d Kar del j 
Ljubljana, Yugoslavia 

A B S T R A C T  

The course and kinetics of the isothermal bulk polymerization 
of ethyl acrylate, 2-ethylhexyl acrylate, and methyl methacry- 
late and their copolymerization in different mol ratios were 
studied by differential scanning calorimetry at 363 K. The 
initiator used was 2,2'-azoisobutyronitrile. The courses of 
reaction, the copolymerization enthalpies, the copolymerization 
parameters, and the specific constants of the rate of polymeri- 
zation were determined. 

I N T R O D U C T I O N  

The f i rs t  to study the course and kinetics of the isothermal bulk 
polymerization of methyl methacrylate by differential scanning 
calorimetry (DSC) were Horie e t  al. [ 13. The kinetics of polymeri- 
zation of styrene by DSC was investigated by Ebdon et al. [ 21, and 
the copolymerization of styrene and acrylonitrile by Sebastian and 

*Part  of this work was presented at the IUPAC 28th Macromolecu- 
lar Symposium in Amherst, Massachusetts, July 1982. 
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988 MALAVASIe E T  AL. 

and Biesenberger [ 31. Theoretically, the enthalpy of copolymeriza- 
tion was studied by Sawada [ 41 and Alfrey and Lewis [ 51 , 

By a similar method using DSC, we 1) studied the course and 
kinetics, under various conditions, of isothermal bulk polymerization 
of methyl methacrylate [ 61 and vinyl acetate [ 71 ; and 2) compared 
the course of isothermal bulk polymerization of three acrylic mono- 
mers  differing only in the substituent on the second C atom in the 
molecule: methyl acrylate, methyl methacrylate, and methyl-2- 
chloroacrylate in the presence o r  absence of ZnCla [ 81. 

The kinetics of polymerization of e s t e r s  of methacrylic acid, 
mainly of methyl methacrylate, at  low and high conversion was 
studied extensively theoretically and practically a lso by other 
methods than DSC. It was found that the increased viscosity of the 
reaction medium causes a decrease of the mobility of polymer radi- 
cals and that therefore the termination is diffusion controlled [ 9-14]. 

Theoretically, the diffusion-controlled reaction can be divided 
into three processes: the translational diffusion of the center of 
mass  of the polymer molecules; the translational and rotational 
diffusion of the active chain-ends (segmental diffusion); a n 4  af ter  
all positional factors are favorable, the chemical reaction. At the 
radical termination reactions of alkyl methacrylates, the segmental 
diffusion process of the chain ends is the rate-determining step 
[ 11, 131. 

It was found that the rate of polymerization is higher than the rate 
of polymerization of es te rs  of methacrylic acid and that the rate  is 
affected by ester groups due to s ter ic  effects [ 15-17]. 

In the present work the enthalpy of the radical bulk copolymeriza- 
tion of ethyl acrylate (EA) with 2-ethylhexyl acrylate ( E M )  and of 
methyl methacrylate (MMA) with EA and EHA was measured by DSC 
during the entire reaction time. 

The polymerization of es te rs  of acrylic acid was also investigated. 

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

M a t e r i a l s  

EA, MMA, and EHA were freed of inhibitor and distilled under 
nitrogen a t  reduced pressure. The initiator 2,2'-azoisobutyronitrile 
(AIBN) was recrystallized from absolute ethanol. 

M e t h o d  

The radical copolymerization of EA with EHA, EA with M U ,  
and EHA with MMA in molar ratios 3:1, 1:1, and 1:3 was investi- 
gated isothermally at  363 K using the differential scanning calorim- 
eter  DSC-2, Perkin-Elmer. To have a suitable time of polymerization 
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FIG. 1. Course of isothermal polymerization of EA and EHA and 
their copolymerization in molar ratios 3:1, 1:1, and 1:3 a t  363 K in 
the presence of 2.5 X lo-’ mol/L AIBN. 

for  measurements in DSC, 2.5 x mol/L of AIBN was added a2 
initiator in the case of polymerization of EA with EHA and 5 x 10- 
mol/L in the case of EA with MMA and EHA with MMA. The enthalpy 
of copolymerization was calculated from the areas between the DSC 
curves and the baseline [ 61 which was obtained by back-extrapolation 
of the straight line, recorded after the polymerization was finished. 

heat of indium. The DSC curves were digitized on-line and processed 
by the computer. 

The calorimeter was calibrated with reference to  the melting 

R E S U L T S  AND DISCUSSION 

Figure 1 shows the course of the isothermal bulk homopolymeriza- 
tion of EA and EHA and the course of copolymerization of EA with 
EHA. Under the same conditions the polymerization of EA is fas te r  
and more exotherm than the polymerization of EHA. The polymeri- 
zation of EA and EHA and their copolymerization is very fast  imme- 
diately after the beginning of the reaction, similar to the polym- 
erization of methyl acrylate [ 81. For this reason the usual method 
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FIG, 2. Course of isothermal polymerization of EA and MMA and 
their copolymerization in molar ratios 3:1, 1:1, and 1:3 at 363 K in 
the presence of 5 x lo-' mol/L ALBN. 

for evaluation of, kinetics at steady-state conditions a s  in the case of 
MMA [ 61 could not be used. 

From these data and from published results it can be concluded 
that the polymerization of all acrylic es te rs  proceeds in a similar 
way, differing only in the rate of polymerization. However, substi- 
tution of the second C atom in the molecule of acrylic acid esters,  
which influences the mobility of the polymer chain and increases 
steric hindrance during polymerization, can change the course of 
polymerization. 

Therefore, for further work MMA was chosen as comonomer. 
Figure 2 shows the course of polymerization of MMA and EA and the 
course of copolymerization of MMA with EA, and Fig. 3 shows the 
corresponding courses for MMA and EHA. As expected, in the initial 
part of reaction the rate of reaction is nearly constant in all systems. 
The steady-state part  of the reaction is of different duration for  
different systems. 

For  instance, in the copolymerization of MMA with EHA in 
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ISOTHERMAL BULK COPOLYMERIZATION 991 

FIG. 3. Course of isothermal polymerization of EHA and MMA 
and their copolymerization in molar ratios 3:1, l:l, and 1:3 a t  363 K 
in the presence of 5 x lo-' mol/L AIBN. 

equimolar ratio, the accelerated reaction characterist ic for  each 
monomer completely disappeared. 

The course of polymerization of MMA measured by DSC is  in 
agreement with the model predicted by Dionisio and O'Driscoll [ 181 
for  polymerization at high conversion, expressed by the following 
equations : 

I/' dx 
- = k (5 ) [1]"2(1 - x)( l  + y )  
dt kt 

where x is conversion of monomer 
t is the t ime 
k , k , kt a r e  rate constants for  initiator decomposition, 

polymerization, and termination between non- 
entangled radicals 
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992 MALAVAgIe ET AL. 

f is the initiator efficiency 
[I] is the initiator concentration 
Y is the gel effect index 

and 

where cy is a dimensionless parameter defined a s  (ktC/kt)'" 
ktc is the rate constant for the termination reaction between 

nc is the critical polymer chain length 
v is the instantaneous chain length of the polymer produced 

entangled radicals 

from nonentangled radicals 

The model proposes a critical chain length nc such that the radi- 

cals with chains longer than nc are considered to be entangled and 
therefore hindered from moving, After about 35% conversion, accord- 
ing to the proposed model, "most of the polymer chains a r e  entangled 
and the nonentangled radicals terminate predominantly with the far 
more numerous entangled radicals," which is expressed as a sharp 
increase in the rate of release of polymerization enthalpy in the 
DSC curve. The "critical conversion" is temperature independent 
[ 61. In the steady-state region of polymerization the last term of 
Eq. (1) is 1. Therefore Eq. (1) becomes the same as  Eq. (5) that 
we normally use to evaluate the overall kinetic rate constant for 
polymerization from DSC data [ 61. 

The molecular weight of the acrylic acid ester polymers is 
assumed to be in agreement with data found for MA. Namely, at the 
beginning of the reaction the degree of polymerization of MA was 
already found to be more than two times higher than the degree of 
polymerization of MMA [ 161. Also, from sharp increase of the rate 
of reaction which can be seen in the DSC curves, it can be concluded 
that entanglement of the polymer chains starts immediately, The 
fact that the gel effect is less expressed in copolymers can be 
explained only with changed conditions when a comonomer is being 
incorporated into the polymer chain. The incorporation may change 
the flexibility of pol mer chains, alter the dimensions of the coiled 
polymer chains [ 19[ and affect steric hindrances. 

The copolymerization enthalpies calculated from the areas under 
the DSC curves are given in Table 1 and Fig, 4. 

Sawada [ 41 proposed for random copolymerization 

AHcop = AHllX1 + AHZ2X2 + XlX2 f2 (3)  
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ISOTHERMAL BULK COPOLYMERIZATION 993 

TABLE 1. Copolymerization Enthalpies of EA with EH% EA with 
MMA, and EHA with MMA at 363 y [ AIBN] = 2.5 X 10-  mol/L* 
or 5 x mol/L** 

Copolymerization enthalpies (kJ/mol) 

Sample Monomer 1 3 : l  1 : l  1:3 Monomer 2 S2 

EA-EHA* 80.7 80.0 79 .4  78.8 78 .2  -0.2 

EA-MMA** 80.7 76.5 71.9 66.0 56.8 13.1 

EHA-MMA** 78.2 74.4 69.8 63.5 56.8 8.2 

-- X MMA-€A 
-0- MMA-€HA 

T = 363 K 
lAlBN1 = 5.10'' mot/L 

I I I 5 

1.0 0.75 0.5 0.25 0.0 MMA mote fraction 
0.0 0.25 0.5 0.75 1.0 EHA resp. EA 

-50 1 

FIG. 4. Copolymerization enthalpies calculated from DSC data for  
the systems EA-MMA and EHA-MMA. 

where AH is the copolymerization enthalpy, AHll and AH22 a r e  
the polymerization enthalpies of Monomers 1 and 2, AHl2 and AHZl 
are the copolymerization enthalpies of Monomer 1 with Monomer 2 
and vice versa, and X1 and X a re  mol fractions of monomeric 
groups 1 and 2 in the copolymer. 
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FIG. 5. Initial ra te  constants for the copolymerization of EHA with 
MMA in molar ratios 3: 1, 1: 1, and 1:3 at 363 K in the presence of 
5 x mol/L AIBN. 

The copolymerization parameter 52 is defined as 

and i s  independent of composition. 52 for the copolymerization of EA 
with EHA, of EA with MMA, and of EHA with MMA was calculated. 
The values are given in Table 1. 

By determining the areas under the DSC curves [ 61 by using the 
equation 

A 
In (=)= k’t 

1 / z  

where k’ is the composite ra te  constant k 
P 

(5)  

the total area, and a is the partial area under the DSC curve up to 
time t, the overall rate constants of copolymerization within the 
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FIG. 6. Initial rate constants for the copolymerization of EA with 
MMA in molar ratios 3:1, 1:1, and 1:3 at 363 K in the presence of 
5 X lo- '  mol/L AIBN. 

TABLE 2. Composite Rate Constants of Copolymerization for the 
System MMA-EHA and MMA-EA, T = 363 K, [ AIBN] = 5 x lo- '  
mol/L 

Sample k' ( s - I )  x lo3 

MMA 1.1 
MMA-EHA 3:l 1.2 
MMA-EHA 1:l 1.6 
MMA-EHA 1:3 1.8 
MMA-EA 3:l 1.1 
MMA-EA 1:l 1.3 
MMA-EA 1:3 2.1 
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996 MALAVASIC ET AL. 

steady-state of reaction for the first-order reaction with respect to 
the monomer concentration were evaluated. The a reas  and rate 
constants were calculated by on-line digitizing the DSC curves and 
processing them by computer. Figure 5 shows the plot of 

A 
v s  time for  the copolymerization of MMA with EHA and 

In (A 
Fig, 6 for the copolymerization of MMA with EA. The composite ra te  
constants were calculated from the linear part of the curves. The 
values obtained are given in Table 2. The linear parts of these dia- 
grams becomes shorter with an increase of acrylic acid ester  con- 
centrat ions. 

C O N C L U S I O N S  

The polymerization of acrylic acid es te rs  proceeds very fast a t  
the beginning of the reaction, while the polymerization of methacrylic 
acid es te rs  is stationary in the early stage of polymerization, obeying 
the first-order reaction with respect to the monomer concentration. 
This stage is followed by a strongly expressed gel effect. In copolym- 
erizations the initial ra te  of polymerization of acrylic acid es te rs  
and the gel effect of methacrylic acid es te rs  are moderated. At 
some ratios between the monomers the accelerated reaction com- 
pletely disappears. From DSC curves of the enthalpies of copolym- 
erization, the composite ra te  constants for the first-order reaction 
were calculated, while from enthalpy vs  copolymer composition 
diagrams the copolymerization parameters '2 were calculated. 

R E F E R E N C E S  

K. Horie, I. Mita, and H. Kambe, J. Polym. Sci., Part  A-1, 
6, 2663 (1968). r. R. Ebdon and B. J. Hunt, Anal. Chem., 45, 804 (1973). 
D. H. Sebastian and J. A. Biesenberger, J-acromol. Sci.- 
Chem., A15, 553 (1981). 
m w a d a , J .  Polym. Sci., Part  A-1, 2, 3095 (1964). 
T. Alfrey and C. Lewis, J. Polym. Sci, 4, 221 (1949). 
T. MalavaW, I. VizoviSek, S. Lapanje, and A. Moiie, Makromol. 
Chem., 175(3), 873 (1974). 
m o f e ,  T. MalavaSiE, F. Cernec, I. Vizovigek, and S. 
Lapanje, bid., E, 1507 (1974). 
T. M a l a v a m  I. VizoviBek, U. Osredkar, and I. Aniur, - J. 
Polym. Sci., Polym. Symp., 69, 73 (1981). 
R. G. W. Norrish and R. R. Smith, Nature, 150, 336 (1942). 
A. M. North. Makromol. Chem.. 4 9 m 1 9 m .  

I ,  

A. M. Northand G. A. Read, T ranyFaraday  Soc., - 57, 895 
(1961). 

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



ISOTHERMAL BULK COPOLYMERIZATION 997 

S. W. Bensonand A. M. North, J. Am. Chem. SOC., - 84, 935 
(1962). 
A. M. North and G. A. Read, J. Polym. Sci., Par t  A-1, - 1, 1311 
(1963). 
J. N. Cardenas and K. F. O'Driscoll, J. Polym. Sci., Polym. 
Chem. Ed., 14, 883 (1976). 
G. M. B u r n e F  P. Evans, and H. W. Melville, Trans Faraday 
- SOC., 49, 1096 (1953). 
M. S. E t h e s o n  and E. E. Auer, J. Am. Chem. SOC., 73, - 5395 
(1951). 
W. I. Bengough and H. W. Melville, Proc. R. SOC. London, A, 
249, 445 (1959). 
T M .  Dionisio and K. F. O'Driscoll, J.  Polym. Sci., Polym. 
Chem. Ed., 18, 241 (1980). 
J. N. Athertonand A. M. North, Trans. Faraday SOC., - 58, 2049 
(1962). 

Accepted by editor October 30, 1982 
Received for publication November 5, 1982 

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


