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ABSTRACT 
Polymerization parameters, suitable for both monitoring and con~parative studies 

on catalytic and radiation polymerization of MMA,/divinyl comonomers, are readily derived 
f ro~n  time'temperature exotherm records. By geometric solution of exotheml curves 
Gcl Effect Point (GEI'), poly~llerization rate coefficients in Activation (PRCI) and 
Acceleration ( P R C l I ) ,  and total dose ( D )  became available for kinetic studies. Indi- 
vidnal components of the exotherni curve, such as reciprocal of time required to attain 
maximuin on the exotherm curve, provide information on the overall rate of cure ( O R C ) .  
R~ciprocal of the time required to reach GEP characterizes the efficiency of cross-linking 
agents to canse onset of the gel effect phenomena in conionomer systems. 

Re:-eatecl ~iieasurements and statistical analyses of such data, derived frorn exotherms, 
show good reproducibility and a high degree of reliability, especially with systems ex- 
hil~iting rather sharp maxima on the exotherni curve. 

Atlrlitior~ul keyu;ortE.v: I'olymcrization, exothcnn curves, activation period, acceleration 
reriod, gc.1 f.ffrct point, cnre, methyl methacrylate, divinyl monolncr. 

INTI~OIIUCTION paper-polymer composites, and thin poly- 
(:olltr~)l and rate nleasurelllellts of mono- mer In of precautions, 

llle,. pO~ymerizntioIl become especially dif- traces and the availability of oxygen in 
ficlllt high cOnversioll rates in hulk product-nlommer systems (or absorbed 
polymerization and when the n~onomers Oxygen the purified were 
are used as saturants for laminates and found to influence the time required for the 

onset of polymerization (known as inhibi- other practical products. Until now, con- 
tion and retardation periods) (Straforelli 

siderablt: l~~lcertairlty has been experienced 1973), thus making the initial rates of con- 
in producing fully cured wood-polymer, version low. The net effect of 
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.. - . 
inhibition is extension of the actual time 
required to full conversion. In practice 
the actual state of monomer coilversion has 
been unknown, and irradiations were con- 
tinued until no detectable monomer odor 
was given off by the product, on a trial and 
error basis. 

Needless to say, such empirical control 
of moilomer conversion does not lend itself 
well to experi~neilts where a high degree of 
reproducibility is desired. This lack of 
control is in fact responsible (in part) for 
the widely varying dose requirements re- 
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ported for methyl metl~acrylate (h4MA) 
(0.75 to 2.5 Mrad) and other monomers in 
the wood and paper polymer composite 
literature (Davies et nl. 1969; Siau et al. 
1965). 

The classical polyn~er characterization 
tecl~nicl~ies, used  for assessing precise 
kinetic constants of steitdy-state polymer- 
izations, such as precipitation and gravirn- 
etry, molecular weight deternlinatio~l by 
either osmometry, light scattering, ultra- 
centrifuge, sedimentatio'n, viscometry or 
dilatornetry (Stille 1962), are not only too 
involved b1lt can he used only at low levels 
of conversion ( up to 10% ) . Furthermore, 
these methods are destri~ctive in the sense 
that solutions of the polymers have to be 
produced in order to carry out these mea- 
sureinents. Such a procedure may pose a 
formidable task with poly~ners grafted to 
already existing polymer backbones ( such 
as cellulose and lignin i r ~  case of wood and 
paper),  and copolymers having thermoset 
properties. For these re:lsons values of 
n~onoiner conversion were ex~ressed in 
terms of polymer loading following evap- 
oration of the unpolytnerized monomer 
i Siau 1968: Kent 1964) From these mea- 
slirernents, however, no irlfor~nation is de- 
rived \vith respect to the actual degree of 
co~~vercion. 

It is a characteristic ol free radical poly- 
merizations that reactioi 1s proceed with the 
cvoll~tion of heat. The exothermal condi- 
tions cl~lminate in a m:~simum, at which 
time the polymerization process is es- 
sentially complete with only an insignificant 
amount of unreacted munomer trapped in 
tlle lx)lymeric networli. The exotherm 
illasimliin was described by Oleesky and 
Alolir ( 1964) and by Schildknecht ( 1956). 
In wood lx)lymer compo\ite work, evotherm 
plot5 ( tei11p(~r,iture-ti111c plot\) were first 
~ntrodilcrd 11y Ueall cl al. ( 1966), who 
iiscd th(>sc nlcasurenient5 to discern curing 
rate dittcrcnces, anticipatetl with direct 
iiiid radio-frc,clticilcy heating in thermal 
tlccomposition of pcrouiclc catalysts for the 
polymerization of vinyl monomers. The 
s'tmc technicluc was usod by Davics et al. 

( 1969), Kcnag:i (1970), ;ind l'esek et al. 

( 1969 ) . Davics ct al. ( 1969 ) , in accordance 
with Beall and coworkers ( 1966), divided 
the exothermic curve into three kinetically 
important stages ( the initial stage in Real1 
et al.'s [1966] classification applies only 
to the heat/catalyst system for the case 
when thc peroxide is added to the system 
prior to raising the system temperature 
to the aml~ient reaction temperature) 
namely: 

I. Slow temperature rise, during which 
the inhibitors are destroyed (In- 
duction Period, I )  ; 

11. Rapid temperature rise, during 
a ion which most of the polymeriz t '  

occurs ( Exotherm Stage, I1 ) ; 
111. Cooling stage, during which heat 

dissipation occurs to the system and 
the polymerization is essentially 
complete. 

The significance of these stages in poly- 
merization was reiterated recently by 
Duran and Meyer (1972) in an effort to 
study the actual temperature rise in wood- 
monomer systems, produced during co- 
polymerization of methyl methacrylate with 
a trifunctional cross-linking agent ( trimeth- 
ylol trimethacrylate ) , in basswood. In such 
studies the assumption is made that tlle 
polymerization rate relates to heat evolu- 
tion froin a given amount of monomer as 
controlled only by the rate at which the 
polymerization initiating free radical spe- 
cies was generated. 

Earlier studies on bulk polymerization 
of new monomer systems, applicable to 
formulating improved wood and pnper 
polymer conlposites, showed the usefulness 
of exotherm recordings to monitor the - 
curing rates of cross-linked systems 
(Paszner 1970). The need for methods of 
assessing the critical polymerization param- 
eters became cruite obvious in an effort to 
(pantify the observed differences in poly- 
merization rates before and after gelation. 
Further, reproducibility of data was of 
importance in examining the basic hypoth- 
esis of the research program at large, i.e., 
that radiation polymerization of vinyl inono- 
mers may be accelerdted by forming gelled 
three-dimensional networks. Such poly- 
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merization techniques were assumed to 
provide the handle through which ele- 
mentary steps of the polymeriz a t ' ion reac- 
tion (mainly propagatio~~ and termination) 
could be moderated or adjusted. On that 
l~asis characteristics of exotherm curves 
were iiitensively studied. The purpose of 
this paper is to describe a method of de- 
riving critical polymerization parameters 
oil which kinetic or qualitative judgments 
can 1)e based. 

111 all experiments reported here, 5- 
ml portions of methyl methacrylate 
(MMA)-tetraethylene glycol dimethacry- 
late ( TEGDMA) comonomer mixture ( vol/ 
vol ) were placed in small glass vials, which 
were sealed in a nitrogen atmosphere with 
ru1)l)er stoppers. Purification of the nlono- 
lners was omitted since numerous pre- 
liminary radiation polynlerizatioll studies 
showed no inhi1)ition periods on exotherm 
curves derived with either of the monomers 
used herewith. The exotherm curves of 
purified monomers were identical to those 
of the ~iiipurified experinlental material. 
The radiation polymerization was done in 
a C:annnacell 220 at a dose rate of 0.812 
Mrad/hr as determined by the Fricke 
dosimetry method ( Cho 1970). The vials 
and contents were first coiiditioned to the 
;~ml)ient Gamrnacell chamber temperature 
(36 C )  i l l  irradiation position set in  a 
styrofoam seat, which provided reproduc- 
ible thermal conditions and positions within 
the chamber. In each case, the released 
cxothernlic heat of polymerization was mea- 
sured with inserted copper-constantan ther- 
mocouples with signal sent to a time base 
strip chart recorder, calibrated against an 
ice-water reference junction. This tech- 
nique, as previously described in detail 
by Ilavies et al. ( 1969), inakes the as- 
smmption that polymerization rate relates 
to heat evolution and that sucll compari- 
soils may be used between monomer 
systems. 

lteproducibility of critical polymerization 
parameters, as derived from exotherm re- 
cordings 11y analysis of the e ~ o t l i e r ~ i ~  curves 

t~~~ tMnx 
Time (t), min 

Ibse ( D l ,  Mrad 

FIG. 1. Solution of a typical polymerization 
exotherm curve, including derivation of "Gel 
Effect Point" ( GEP ), "Cure" (MAX), and show- 
ing "Activation" ( I ) and "Accelcration" ( I1 ) 
periods. 

( Fig. 1 ) , was estimated on two comonorner 
systenls composed of methyl methacrylate 
( M M A )  and a divinyl compound (tetra- 
ethylene glycol dimethacr~late, TEGDMA) 
of 95:5 and 70:30 ( vol/vol) mixing ratios, 
respectively. Nine runs of each mixture 
were made with identically prepared sam- 
ple mixtures and carefully controlled ir- 
radiation conditions. The replicate exo- 
therin curves were analyzed for the critical 
polymerizatioil parameters by three in- 
dependent operators. Using these data, ap- 
propriate standard deviations and medians 
were calculated to assess the variability 
of these critical parameters caused by 
changing operators. Furthermore, on the 
basis of these data, the necessary number 
of replicate samples was calculated for the 
cases when the acceptable errors were *l 
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TABLE 1. Polymerization parameters, derived from exotherm curves, for the 95:5 MMA-TEGDMA 
comonomer system ( E r  series) 

s 
o L GE P MAX 

Polymerization rate 
.- o coefficients OC/min 
% e 

PRC I P R C ~  I 

and k0.5 for times ( t )  and 3 and 1 C for 
thc temperatures observed. 

IZESULTS AND UISCUSSION 

An idealized radiation poly~nerization 
exothernr curve, characteristic of MMA- 
divinyl cross-linked comonomers, is given 
in  Fig. 1. The three basic stages of the 
r;ltliation polymerization process are clearly 

evident in this time-temperature record. 
The stages of slow temperature rise ( I ) ,  
rapid temperature rise ( I1 ) , and cooling 
( 111 ) contain general characteristics of 
the curing process by radiation. As is 
evident in this figure, Duran and Meyer's 
( 1972) and Reall et al.'s ( 1966) first stage, 
inhibition, a characteristic stage of poly- 
merization of unpurified monomer by the 
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TAI~I .E  2. Polyn~eriwtion pammetelg, derived f~om exotherm curves, for the 70:30 M M A - T E G D M A  
comononler system (Er series) 

s 
L 
o GEP MAX 

Polymerization rate 
.- 
u w coefficients OC/min 
P F 

' MAX 
OC 

PRC I 

heat/cataly\t system, is practically absent 
in accelerated radiation polylnerization. 
Contrary to 11ornln1 euperiences with heat/ 
catalyst curing systems, the effects of usual 
il~hibitor concentratioiis ( 2 0  to 4 0  ppill 
i ~ r  MhlA and 70 ppin in TEGDMA) were 
totally undetectable on any of the poly- 
merization stages during accelerated radia- 
tion polymerization of vinyl/divinyl co- 

inonomer systeins. The cooling stage (111) 
is esse~itially without consequence frorn LL 

polymerization kinetics point of view. 
Kinetically only the first two stages are 

important : 
1. Slow temperature rise, characterizing 

the Activation Period ( I )  ; and 
2. Rapid temperature rise, called the Ac- 

celeration Period ( 11) .  
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I 3 .  Calculutetl .sta~idard deciations, medians, and necessary ilzrnlher of replications of polymer- 
i z u t i o ~ ~  paranaeters for the El series 

F a c t o r  a 
L 
O t~~~ T~~~ t~~~ ?MAX 

Standard  1 

D e v i a t i o n  2 

3 

Median 

Necessary 21 m i n  
Number o f  
Rep1 i c a t e s  & t . 5  m i n  

1 .ll 0.87 - -  
1 .17  0 .44  1 .31  

1.03 1 .OO --  

46.5 61 - - 
46.0 59 57.0 

46.0 60 - - 

7 t1  min 4 

21 t 3  t 1 I : t . 5  rnin 13 

"umber o f  o b s e r v a t i o n s  N-9 

Initiation, or the stage of slow temperature 
rise, is the only stage truly affected by 
radiation as it contributes significantly to 
the dose rate dependence of radiation poly- 
inerization. 

Thus. lnlder unaerobic conditions, in the 
beginning of the radiation polymerization 
reactioi~ ( I ) , the temperature rises linearly 
with time from the anrbient (:ammacell 
cha~nber temperature (36 C ) . This part 
of the polyn~erization process is identical 
with the steady-state stage of polymeriza- 
tion ant1 is characteristic of all vinvl mono- 
mers polymerized under bulk conditions. 
The polymerization rate during this stage 
is proportional to the square root of the 
rate of free radical initiation, whereby it 
is dependent oil the dose rate of radiation. 
For a mixture of compounds, irradiated 
11y gainma rays, the absorbed dose becomes 
proportional to the suiii of the components 
present and the weighted inass energy ab- 
sorptioi~ coefficiellt derived for the com- 
ponent mixture. 

Following the Activation Period ( I ) , the 
rate of change of reaction temperature 
deviates considerably from linearity and 
increases at an accelerated rate to a well- 
defined exotherm maximu~n ( Fig. 1 ) .  
During this Acceleration Period ( I1 ) , the 
overall polyinerizatioil rate increases be- 
cause of the gel effect phenomena. Ac- 

celeration actually arises as a result of 
decreased termination reaction in the 
highly viscol~s and partly cross-linked 
medium. The overall reaction rate (ORC) 
during this stage is thus proportional to the 
ratio of propagation (k,,) and square root 
of termination ( k t )  rate constants: ORC = 
k,/k,'/. 

Considering the above two stages, the 
temperature (T ,  OC) versus time ( t ,  min) 
data provide the following detailed poly- 
merization characteristics (Fig. 1, Tables 
1 and 2 ) :  

1. Initial collditio~ls of the systems: 
( Tsc;, t o )  . 

2. Gel Effect Point (GEP)  : by geo- 
metric solution as the exotherin curve 
intersection by the perpendicular 
through a common point obtained by 
extrapolating the early and late curve 
stages. The estimated components of 
GEP are: ToIclB and t(;EP. 

3. Exotherin maxiinurn with components: 
TuIa,, and t,,,;,,. 

4. Activation Period ( I )  : the time in- 
terval to reach GEP, calculated as: 
( tGl~;P - to). 

5. Acceleration Period (11) : the time 
interval between GEP and the exo- 
therin niaxirnum and calculated as 
(tI,,,,X - t,;I<:lb). 
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TABLE 4. Culct~lated standard deviatio~~s, medians, arid t~ecessary number of  ~eplications of  polymer- 
ization parameters for the E,  series 

- - 

Standard 1 

Dev ia t i on  2 
3 

Median 

Necessary i 1  min 
Number o f  ? 
Rep l i ca tes  ? . 5  min 

- - - - -p - 

1 .OO 1.96 --  - - 
0.70 2.29 0.95 4.85 
0.56 2.06 --  --  

18.0 68 - - - -  

19.0 68 24.0 144 

18.0 68 --  --  

5 ?1 min 6 

12 t . 5  min I 17 

a Number o f  obse rva t i ons  N=9 

As shown also in Fig. 1, dose ( D )  may 
1)e substituted for time ( t )  by using the 
appropriate dose rate factor, thereby de- 
scribing radiation requirements at the 
single dose rate applied. These parameters 
fully characterize the polymerization pro- 
cess of vinyl monomer systems that ex- 
hibit a well-defined maxiinurn exotherm 
at near complete conversion to polymer. 
Resides providing a visual, continuous, and 
permanent record of the reaction, the exo- 
therm curve allows quantification of pa- 
rameters of importance in comparing the 
polymerization l~ehaviour of monomer 
systems studied under identical or coni- 
p;uable conditions. 

Furthermore, the accelerating ability of 
divinyl nionorner components in copoly- 
merization can be derived from polymer- 
ization rate coefficients (PRC) as deter- 
mined from data on Activation Period ( I )  
( PRC, ) and Acceleration Period (I1 ) 
( PRC,, ) . The polymerization rate coef- 
ficients, PRCI and PKCrr, may be calcu- 
lated for a particular set of exother~n data 
as ratios of partial differential temperatures 
and times required for activation ( I )  and 
acceleration ( I1 ) , respectively. 

For euample, in case of the 95:s mixture 

of MMA:TEGDMA (Series El,  Table 1 )  
the calculated average curing rate before 
gelation (PRCI) was 1.8 and that of PRClr 
(rate coefficient of acceleration) 15.5. 
Similarly, in case of the 70:30 MMA: 
TEGDR4A mixture (Series E2, Table 2) the 
appropriate averages were 0.52 and 9.0, 
respectively. These differences in curing 
rates indicate practical and econon~ic 
aspects of time measurements to GEP and 
T,,,,,, and directly determine the usefulness 
and proportion of cross-linking agent re- 
quired as accelerator for a particular vinyl 
and possibly other type polymerization. 
The ratio of these polyn~erization rate coef- 
ficients (PRCII/PRCr) numerically ex- 
presses the increase in curing rate due to 
the accelerated gelation, which can be 
brought about in any particular comonomer 
system. This ratio was found to be an 
excellent numerical indicator of the in- 
creased polymerization rate due to the gel 
effect phenomena ( Micko 1973). 

The polymerization rate coefficients, al- 
though important in the quantification of 
different curing rates that occur before and 
after GEP, do not characterize the overall 
curing rate of the polymerization reaction 
or the rate of gelation of a particular system. 
These paran~eters, which now relate the 
structure and particular concentration of 
the cross-linking agent used, may be com- 
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piled I)y location of the time to n~axinlum 
and time to reach GEP on the exotherm 
curve. Thus the reciprocal of the time re- 
quired to attain maximuln on the exothemi 
curve can be used adva~~tageously in com- 
parisons as a measure of the overall rate 
of cure (ORC = l / t  ,,,,,, ). By analogy, the 
reciprocal of the time to reach GEP (1,' 
t(+T.:.:l.) refers to the overall gelation rate 
and characterizes the efficiency of the cross- 
liilking agent to cause onset of the gel ef- 
fect phenomena. 

The overall curing rate (ORC) is a 
kinetic parameter that characterizes the 
overall acceleration efficiency of a cross- 
linking agent in a particular comonomer 
system. It  can also be viewed as an index 
of the acceleration efficiency of the cross- 
linking agent at different concentration 
levels in the same system. Such data can 
be readily derived from a series of mixtures 
containing varying proportions of cross- 
linking agent. 

On examination of the average polyiner- 
ization parameters in Tables 3 and 4, it 
is found that the median t,,,,, values for 
the series E2 (70:30 MM'4:TEGDMA) and 
El (95:s MMA:TEGDMA) runs give ORC 
values of 4.17 x min-I (1/24), and 
1.75 x 10-%in-' (1/57). I t  is surprising 
that a six-fold increase in TEGDMA con- 
centration (from 5% to 30%) resulted in 
only a two-fold increase of ORC. Explana- 
tion of this phenomenon seems to lie with 
the diffusion controlled propagation rate 
found in highly cross-linked networks. The 
higher cross-linker concentration in the 
70:30 inixt~~re becomes a diffusion barrier 
to chain propagation and thus affects the 
overall rate of cure. As found earlier 
(Micko 1973), the accelerating ability of 
TEGDMA, as measured by ORC, is pro- 
portional to the cross-linking agent con- 
centratio11 only within the 0 to 10% 
concentration range. Outside this range in- 
creasing amounts of TEGDLIA become less 
effective. This important observation is 
useful n o t  only in setting practical limits 
to accelerated polymerization, but most of 
all allo\vs for considerable savings in mono- 
mer costs. Hunning si~ch concentration 

series and evaluation of the above critical 
curing parameters provide means for 
double economy. The true significance of 
these parameters for accelerated polymer- 
ization in vinyl-divinyl comonomer mixtures 
is fully realized when a choice between 
available accelerating agents (di-, tri-, 
tetra- and multifunctional) must be made. 

Reproducibility of the critical parameters 
just described is demonstrated on n = 9 
replicate runs in Tables 1 and 2, with sum- 
mary of the statistical analyses in Tables 
3 and 4. Even the two parameters, derived 
by a somewhat arbitrary solution of GEP 
in Fig. 1 (with components tGE:P and TGII:l,), 
are reproducible by different operators to 
a satisfactory degree. Replicate calcula- 
tions indicate 5 to 7 as a satisfactory num- 
ber of replicate samples when the accept- 
able errors are el min and 3 C. Only if 
a high degree of reproducibility (20 .5  
min) is required does the necessary number 
of replicate determinations become exces- 
sive [approximately 12 (E2 Series) and 21 
(El  Series)]. The data also indicate that 
the higher the maximum exotherm tem- 
perature, the better the reproducibility 
of the data between similar runs under 
carefully controlled irradiation (curing) 
conditions. This phenomenon seems to re- 
late to the sharpness of the exotherm peak. 

CONCLUSIONS 

Polymerization exotherm records were 
found to provide useful data in deriving 
critical curing parameters for vinyl-divinyl 
colnonomer systems. An arbitrary method 
for assessment of these parameters related 
to gelation (GEP)  as well as cure (repre- 
sented by the exotherm maximum) com- 
pletely eliminates the guesswork in deter- 
mining when a particular sample reaches 
the theoretically cured stage. Statistical 
analysis on the individual parameters in- 
dicates good reproducibility between runs 
and operators assigned to evaluating the 
data. Only 5 to 7 replicate runs seemed 
to be necessary when the acceptable level 
of error was set at .tl min and 5 3  C. 

Beyond this advantage the basic informa- 
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tion available from the exotherm curve 
with respect to GEP, Activation Period 
( I ) ,  and Acceleration Period (11) pro- 
vides important parameters in evaluating 
efficiencies of cross-linking agents. The 
particular sensitivities of PRC values lend 
themselves well for quick sorting among 
activators and/or accelerators used in radia- 
tion copolymerization studies. Further, 
plots of PRC ratios or overall rate constants 
( OKC ) against the particular accelerator 
concentration could be used for assessment 
of the optimum cross-linking agent con- 
centration that is both effective and eco- 
nomical. Such plots also provide decisive 
infosination in comparing cross-linking 
agents with widely varying degrees of re- 
activity. 
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