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The strengths of the gel effect, and the monomer conversions at which the gel effect sets 
in for the polymerizations of some methacrylic acid esters, were determined at different 
temperatures from the courses of polymerization measured by differential scanning 
calorimetry. It was found that the strength of the gel effect is greatly influenced by the 
reaction temperature and the ester residue in the molecule of the monomer, whereas the 
"critical" conversion for individual monomers is practically independent of the reaction 
temperature in the measured interval, but is strongly dependent on the length of the ester 
residue. 

The isothermal radical polymerization of methacrylic acid esters, and especially of 
methyl methacrylate (MMA), have been studied by many authors. It is known that 
the classical free radical kinetics are valid only at low conversions, As the reaction 
proceeds, the concentration of the macromolecules and the viscosity of the reaction 
mixture increase. The chain termination rates are therefore diminished and the gel 
effect sets in [1]. There are some kinetic models describing the polymerization of 
MMA at high conversions [2 -7 ] ;  these also t ry  to establish the conversion at which the 
gel effect starts. In these works the already published data obtained by "classical" 
dilatometry were used for calculations [8]. In the oresent work differential scanning 
calorimetry was used to measure the course of the isothermal polymerization over the 
entire range of conversion and to determine the onset of the gel effect. 

Experimental 

The radical polymerization of some methacrylic monomers was investigated iso- 
thermally at different temperatures wi th  a Perkin-Elmer DSC-2 differential scanning 
calorimeter. As initiator, 2,2'-azoisobutyronitrile (AIBN) was used. The reaction 
mixtures were put into the calorimeter, which was set at the selected temperatures. 
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From the DSC curves, the course of the polymerization was followed. Conversions at 
different reaction times were calculated from the area between the DSC curve and the 
baseline, which was obtained by back-extrapolation of the straight line, recorded after 
the polymerization was finished. 

The calorimeter was calibrated with reference to the melting heat of indium. 
The DSC curves were digitalized on-line and processed by computer. 

Monomers were freed from inhibitor and distilled under nitrogen at reduced pres- 
sure. The initiator was recrystallized from absolute ethanol. 

Results and discussion 

The isothermal polymerizations of MMA, ethyl methacrylate (EMA), butyl 
methacrylate (BMA), and isobutyl methacrylate (IBMA) were studied at 353, 358,363 
and 368 K with the addition of 5 X 10 - 2  mol/I AIBN. Figure 1 shows the courses of 
tion of EMA at different temperatures. The courses for all the studied methacrylates 
are similar, i.e. the gel effect sets in after the steady-state reaction in the early stage. 

From the diagrams it can be seen that the gel effect is the most expressed in 
the polymerization of MMA, and the least in the polymerization of BMA. It can be 
polymerization of MMA, and the least so in the polymerization of BMA, It can be 
concluded that the intensity of the gel effect depends on the length of the ester 
residue in the molecule of the methacrylic acid ester. These findings do not agree in 
full with the theories, which were based on measurements of the polymerization of 
MMA only, and describe the gel effect as a result of the reduced termination rate 
constant due to the increasing viscosity of the reaction mixture and the limited dif- 
fusion, respectively [2 -5 ] .  

In the published models the onset of the gel effect is defined in different ways. 
From the DSC curves in Fig. 1, the simple conclusion can be drawn that the onset 
of the gel effect coincides with the sharp release of the reaction enthalpy. Analysis 
of the DSC curves reveals that the conversions at the onset of the gel effect for 
the individual monomers are practically independent of the reaction temperature, 
but strongly dependent on the length of the ester residue in the molecules of the 
methacrylic acid esters: the shorter the ester residue, the lower the conversion at 
onset of the gel effect. It was found that the gel effect for the polymerization of MMA 
starts between 41 and 43% conversion, and most probably at 42.5%, which is the 
average of several measurements. The values for the other monomers are given in 
Table 1. The "crit ical" conversion was obtained by graphical extrapolation. The 
values for the individual measurements display a scatter of approx. +1% conversion. 
Two other phases of the polymerization, which can also be considered as the onset 
of the gel effect, can easily be obtained from the DSC curves. These are the deviation 
from linearity in the diagram for the first-order reaction with respect to monomer 
concentration [9] and the deviation from linearity in the conversion w time diagram. 
The values are given in Table 1. 
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Fig. 2 Courses of  polymerizat ion of  EMA at d i f ferent  temperatures 

Table 1 Conversions at the onset of  the gel ef fect fo r  some methacryl ic acid esters 

Conversion, % 

Monomer 
Onset o f  the sharp End of  l inearity in End of  l inearity in the 

increase in release of  ~ 1. order diagram diagram conversion-time 

M M A  41 - - 4 3  24 - - 2 6  42 - - 4 4  
EMA 5 1 . 5 - - 5 3 . 5  32 - 3 4  52 - 5 4  
I B M A  57.5 - -  59.5 38.5 -- 41 60 -- 62 
BMA 67 -- 69 38.5 -- 40.5 68.5 -- 70.5 
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F r o m  Tab le  1 i t  can be seen tha t  the  values o f  the  f i rs t  and th i rd  co lumns  are ve ry  

s imi lar .  

Conc lus ions  

It  was f o u n d  t ha t  the  s t rength o f  the  gel e f fec t  and the  m o n o m e r  convers ion  at  

w h i c h  the  gel e f fec t  sets in are s t rong ly  in f luenced b y  the  length o f  t he  ester residues 

in the  molecu les  o f  the  me thac r y l i c  acid esters. These f ind ings  do  no t  agree com- 

p le te l y  w i t h  the  proposed theor ies  fo r  accelerated p o l y m e r i z a t i o n .  
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Zusammenfassung -- Die St~rke des Geleffektes und die Monomerkonversion, bei der der Geleffekt 
bei der Polymerisation einiger Methacryl~ureester einsetzt, werden aus dam Verlauf der Polymeri- 
sation in Abh~ngigkeit yon der Temperatur mittels DSC gemessen. Es wurde festgestellt, dal~ die 
St~rke des Geleffekts stark yon der Temperatur und dem Esterrest im Molek(Jl des Monomeren 
beeinfl(d~t wird, wiihrend die "kr i t ische" Konversion individueller Monomere praktisch unabh~ingig 
von der Temperatur im untersuchten Bereich ist, jedoch im starken Mal~e yon der L~inge des Ester- 
restes abh~ngt. 

Pe310Me -- CHna renb-3dpdpeKTa H npeBpau4eHHR MOHOMepa, npvl KOTOpblX renb-3c~eKT abl3bl- 
BaeT nOnHMepH3al4HIO HeKOTOpblX CRO)KHblX ~IJHpOB Mel"aKpHtlOaO~ KHCnOTbl, 6blnH onpe/],e- 
neHbl npH pa3nMqHblX TeMrtepawpax. VlCXOD, R 143 npoLtecca nonHMapH3au,14H, H3yqeHHOrO C nO- 
MOLU, blO MeTOAa /~i4r162 CKaHHpylOLU, eR KanopHMeTpHH. Ha~/leHo, qTo Cl4Xta renb- 
-3dp~eKTa B 3HatlHTeRbHOH c~neHH 3aBHCHT OT TeMnepaTypw peaKLI, HI4 H 3r OCTaTKa 
B MoneKyne MOHOMepa, TorAa KaK "KpHTHqecKoe ~ npeBpauJ, eHHe OTAenbHblX MOHOMepOB 
npaKTH~eCKH He 3aBHCHT OT TeMnepaTypr=l peaKU, HH B H3MepeHHOM HHTepBaxle TeMnepaTyp, 
HO CHnbHO 3aBHCHT OT /~nHHbl 3r oCTaTKa. 
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