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1NTRODUCTION 

The response of poly(methy1 methacrylate) 
(PMMA) to ionizing radiation has been extensively 
investigated. 1-3 The polymer undergoes random 
mainchain fracture with a G value of 1.6 and with- 
out exhibiting any concurrent crosslinking reac- 
tions. Partial protection against degradation has 
been achieved by incorporating benzoquinone and 
other radical traps. The instability of the polymer 
towards radiation extends to its copolymers, and 
Shultz has demonstrated that crosslinked methyl 
methacrylate-ethylene dimethacrylate copolymers 
are converted into soluble polymer by low radiation 
doses.4 

Recently reported work on the irradiation of 
poly(viny1 chloride) and cellulose acetate in ad- 
mixture with allyl esters6r6 has now been extended 
to an examination of the effect of radiation on 
PMMA plasticized with diallyl sebacate. When 
irradiated in the pure state, this allyl ester under- 
goes conversion to polymer with a G value for 
loss of allyl unsaturation of 30. Similar rates of 
conversion have been obtained for solid solutions 
of PMMA in diallyl sebacate while, at the same 
time, the polymer is rendered insoluble. 

EXPERIMENTAL 

I.C.I. Perspex sheet was cut up into fragments, 
milled with diallyl sebacate, and pressed into 
sheets. The initial compositions of the sheets were 
determined by dissolving samples in methylene 
chloride and adding the solution slowly to excess 
methanol. The precipitated PMMA was separated 
by centrifuging and drying to constant weight 
in vacuo at G O O .  The composition found in this 
way showed very good agreement with that found 
spectroscopically. 

* Present address: BX Plastics Ltd., Lawford Place, Nr. 
Mannington, Essex, England. 

t Present address: Courtaulds Ltd., Coventry, England. 

Densities of the unirradiated and irradiated 
samples were measured at 20" by floating frag- 
ments in 10 cc. of aqueous potassium carbonate of 
known strength. Distilled water was added drop- 
wise from a buret until the fragments began to 
sink. The concentration of the solution could be 
calculated so that its density and hence that of the 
samples could be found by interpolation.' 

Transition temperatures were measured by using 
a falling ball rebound apparatus similar in essentials 
to that described by Gordon.8 The rebound 
height of a ball impinging on the sample is deter- 
mined as a function of temperature so that when the 
frequency imposed by the ball matches the natural 
mode of vibration of the specimen the energy 
absorption passes through a maximum. The 
peak absorption temperature under these conditions 
corresponds to the transition temperature a t  an 
applied frequency of about a millisecond. 

The loss of allyl unsaturation in the plasticized 
samples after irradiation was established spectro- 
scopically by measuring the absorption change 
produced in the 1.65-p band in the near infrared. 

The samples were irradiated at  normal tem- 
peratures with 2-m.e.v. electrons produced by a 
Van de Graaff accelerator under operating con- 
ditions such that each pass through the beam re- 
sulted in a delivered dose of 1 megarad. 

RESULTS 

Measurements of density changes following ir- 
radiation were used as a preliminary indication 
of the conversion of allyl groups. A control ex- 
periment showed that the density of unplasticized 
Perspex (1.188 at 20") underwent no detectable 
change after 80 megarads. The results obtained 
with the plasticized samples are shown in Figure 
1. Additional and quantitative evidence of the 
loss of unsaturation is furnished by the spectroscopic 
results plotted in Figure 2. The reduction in 
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Fig. 1. Poly(methy1 methacrylate) plasticized with 1 6 9  
25.8, and 32.2% diallyl sebacate. Abscissa: radiation dose, 
megarads; ordinate: density at 20%. 

allyl group concentration per megarad is in- 
dependent of the initial concentration and linear 
with dose, at least in the early stages of the reac- 
tion. (This has also been observed with the 
conversion of triallyl citrate in the presence of 
cellulose acetates). The average conversion rate 
of allyl groups is 29.8 pmole/g./Mrad., which cor- 
responds to a G value of 30. The same valueap- 
plies to the monomer when irradiated under the 
same conditions. 

Irradiated samples were immersed in methylene 
chloride at  room temperature in order to indicate 
whether insoluble and, by implication, crosslinked 
structures had been formed. Over a certain dose 
range, which depended on the initial plasticizer 
concentration, coherent, swollen gels were obtained. 
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Fig. 2. Effect of radiation on concentration of allyl 
groups in poly(methy1 methacrylate) plasticized with (0) 16, 
( A )  25.8, and (0) 32.2% diallyl sebacate; (0) pure plasti- 
cizer. Abscissa: radiation dose, megarads; ordinate: % 
unsaturation. 
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Fig. 3. Poly(methy1 methacrylate) plasticized with 16% 
Abscissa: 

0 I0 2 0  3 0  4 0  5 0  6 0  7 0  

diallyl sebacate; extracted with CH2C12, for 15 hr. 
radiation dose, megarads; ordinate: % soluble material. 

At lower doses dissolution occurred, giving slightly 
turbid solutions; at high doses, the samples 
disintegrated to insoluble globules. The solu- 
tion behavior was established more rigorously 
by exhaustive extractions with methylene chloride 
in a Soxhlet apparatus. Figure 3, which is based 
on these results, shows the unusual type of solu- 

Fig. 4. Energy absorption spectrum of unplasticized, 
unirradiated poly(methy1 methacrylate). Abscissa: tem- 
perature, 'C.; ordinate: '% energy absorbed. 
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Fig. 5. Energy absorption spectra of poly(methy1 methacrylate) Plasticized with 16% diallyl sebacate and irradiated at 
various doses: ( a )  0, 20, and 40 Mrad; ( b )  10,30, and 60 Mrad. Abscissa: temperature, OC.; ordinate: yo energy absorbed. 

bility curve obtained. Obviously, a reversal of the 
crosslinking process has occurred, and the curve 
superficially resembles those obtained with poly- 
(dihydroperfluorobuty1 acrylate) ,9 where degrada- 
t,ive attack by fluorine liberated from side chains 
was postulated. The most coherent swollen gel 
was obtained at  10 megarads, well before the 
minimum in the sol curve. 

The influence of radiation on the plasticized 
PMMA was also revealed by dynamic relaxation 
measurements. Figure 4 shows the energy absorp- 
tion spectrum of unplasticized unirradiated PMMA. 
The peak temperature occurs a t  155', which is in 
good agreement with a published value of 160' 
oLtained with the use of a similar apparatus.8*10 
The prominent shoulder at 110' is attributed to the 
mobility of the methyl ester side groups in the 
glassy state," alt,hough its position on the curve 
is at  variance with that reported elsewhere.8e10 
(Irradiation, in causing scission of the side chains 
would be expected to affect the shape of the curve 
in the region of the shoulder. It was found that, 
after a dose of 10 megarads, the shoulder was much 
less perceptible ; furthermore, the specimen began 
to bubble a t  145'). A family of energy absorp- 
tion curves for an irradiated series of one plasticized 
PMMA composition has been separated in Figures 
5a and 5b for clarity. The effect of radiation is to 

increase the transition temperature (i.e., the peak 
temperature) to a constant value between 20 and 30 
megarads, after which it shows a decline. The 
shoulder is apparent only at 10 and 20 megarads. 
An initial increase in transition temperature is in 
accordance with expectation and corroborates 
the solubility curve in reflecting the overall reduc- 
tion in internal mobility consistent with the forma- 
tion of a network. When the crosslink density 
reaches its optimum, degradation begins to make a 
larger contribution, and plasticization of the struc- 
ture by degradation products causes the transition 
temperature to fall (see Table I). 

TABLE I 
Gel Fractions and Resonance Peak Temperatures of 

Irradiated Plasticized PhlRiIA 

Dose, 
Mrad 

16% Diallyl sebacate 25% Diallyl sebacate 

Gel, % T,, "C.8 Gel, 70 T,, "C: 

0 
10 
20 
30 
40 
50 
60 
70 

0 113 
74.1 136 
87.2 147 
87.9 147 
86.3 134 
82.0 

137 
75.3 - 
_ _  

0 88 
0 99 

107 - 
- 68.9 

a T, for unplasticized: unirradiated PMMA was 155OC. 
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DISCUSSION 
The simplest approach in interpreting the effect 

of radiation on this system is to consider that each 
component reacts independently in its own charac- 
teristic manner. This postulate requires the diallyl 
sebacate to polymerize and form an insoluble 
network as soon as the critical conversion for 
gelation is exceeded. From results reported for 
this monomer by Holt and Simpson12 it may be 
deduced that the critical conversion in terms of 
loss of allyl unsaturation is 15%. Simultaneously, 
the PMMA suffers degradation with a dislinking 
parameter13 PO = 1.7 X 

The rate of loss of unsaturation is available from 
the present data, and the average primary chain 
length of the poly(dially1 sebacate) is assumed to 
be the same as the value of 19.4 found by Holt 
and Simpson.12 Accordingly, the G value for 
radical initiation in the system is 1.5. This will 
include all initiating radicals, whether formed 
directly in the diallyl sebacate, by hydrogen abstrac- 
tion reactions from the PMMA, or as a consequence 
of disruption of the PMMA molecules. Since the 
weight of gel exceeds the weight of plasticizer 
present, it follows that the PMMA must become 
linked to the network at a rate exceeding the frac- 
ture rate. This can be achieved simply by the 
initiation of allyl polymerization chains by poly- 
meric radicals. 

The condition necessary for crosslinking to occur 
is that the probability of forming a crosslinked unit 
should be at least half the probability of dislinking, 
i.e., po/qo < 2 .  If po for PMMA is unaffected by 
the presence of diallyl sebacate, then qo must 
exceed 0.85 X or the G value for junction 
point formation must exceed 0.8. However, this 
merely states the condition necessary for gel to 
appear. Larger ratios of qo/po are indicated here 
by the substantial proportions of gel observed. 
According to the theory developed for gel accumula- 
t ion in systems undergoing simultaneous cross- 
linking and dislinking, po/qo is equal to the min- 
imum value of (s + d), where s denotes the sol 
fraction. From Figure 3, the ratio of soluble 
PMMA at the minimum is 0.14, whence (s + 
4;) = 0.5. Thus po/qo is 0.5, and the limiting 
crosslink density is 4 crosslinked units per weight- 
average molecule. Since the maximum G value for 
initiation is 1.5, this implies a maximum value of 
0.75 X for PO, approximately 44% of that 
iound for pure PMMA. 

Further implications of the proposed mechanism 
may now be considered. Gel should not be formed 

at  doses insufficient to convert 15% of the diallyl 
sebacate. Furthermore, after 30 megarads, when 
81% of the allyl groups have reacted, the G 
(initiation) value must tend to fall below the mini- 
mum necessary to sustain the gel. Thereafter 
radiation can be assumed to produce degradation 
only. Both features are shown in Figure 3, viz. 
absence of gel below 5 megarads and an increase 
in sol fraction above 30 megarads. 

In the range 40-70 megarads the sol fraction 
increases at approximately 0.3% per megarad. 
This rate is considerably less than that observed 
by Shultz4 for highly crosslinked methyl meth- 
acrylate-ethylene dimethacrylate copolymers. 
Shultz's equation for the formation of sol by deg- 
radation of a random PMMA network can be 
written : 
(81 - s2) + ( 6 1  - 6 2 )  = (TI  - r z ) p ~ , / 1 0 0  
where s1 and s2 are the sol fractions at  doses r1 
and r2 and M ,  is the average molecular weight 
between junction points. For a maximum value 
of 0.75 X for po, the present data lead to the 
value M ,  = 9OOO as characterizing the network at 
the minimum in the sol curve. Since it has been 
deduced above that there are four junction points 
per molecule, a molecular weight of 45,000 is in- 
dicated for the primary chain of the network at  the 
sol minimum. 

CONCLUSIONS 

The semiquantitative interpretation of the curve 
in Figure 3 has served merely to test the validity 
of the assumption that the two components of the 
sample respond independently to radiation. This 
assumption has not been controverted, although 
the evidence points to a lower dislinking probability 
for the plasticized PMMA than for the pure 
polymer. This is not unexpected in view of the 
many examples of protection of PMMA degrada- 
tion exercised by additives. 

The disappearance of allyl unsaturation per unit 
radiation dose is identical, within experimental 
error, in the presence of PMMA as in the pure 
diallyl sebacate. The gel/dose curve can be ac- 
counted for by assuming radicals produced by 
radiation on the PMMA chains to be the principal 
initiating species. When the gel is depleted of 
allyl monomer, further radiation causes degrada- 
tion. A similar reversal of behavior is apparent 
from the energy absorption curves. 

The authors wish to thank the Chairman of Tube Invest- 
ments Ltd. and the Chairman of BX Plastics Ltd. for per- 
mission to publish. 
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synopsis 
Poly (methyl methacrylate) (PMMA) normally undergoes 

random main-chain fracture when exposed to ionizing radia- 
tion. In the presence of radical traps, partial protection 
against degradation may occur, but no crosslinking reactions 
have hitherto been observed. In this work, diallyl sebacate 
has been incorporated into PMMA prior to exposure to 
ionizing radiation (2 m.e.v. electrons). The plasticized 
PMMA had a low softening point, which was increased by 
irradiation due to  polymerization of the diallyl ester. At 
the same time, the PMMA was rendered insoluble. With 
methylene chloride as solvent, the gel fraction greatly ex- 
ceeded the fraction of diallyl ester present, proving that the 
PMMA had become crosslinked or incorporated into the 
allyl network. Beyond a certain dose, however, which 
varied with the diallyl sebacate weight fraction, continued 
irradiation led to increased sol fractions and reduced transi- 
tion temperatures. Spectroscopic measurements showed 
the disappearance of allyl unsaturation per unit radiation 
dose to be identical, within experimental error, in the pres- 
ence of PMMA as in the pure diallyl sebacate. A semi- 
quantitative examination of the gel/dose curve and dynamic 
energy absorption curves for a sample containing 16% diallyl 
sebacate has pointed to radicals produced by radiation on 
the PMMA chains to be the principal initiating species, 
these becoming junction points to the allyl network. When 
the gel is depleted of allyl monomer, further radiation causes 
degradation of the PMMA segments. 

R6sum6 
Le polymethacrylate de methyle subit normalement des 

ruptures statistiques de la chaine principale sous l’action 
d’une radiation ionisante. En presence de pihge B radical, 
une protection partielle contre la dbgradation peut &re 

obtenue mais on n’a pas observe jusqu’ici de reactions de 
pontage. Dans ce travail, on a incorpore du sebacate de 
diallyle B du PMMA avant exposition aux radiations ioni- 
santes (6lectrons de 2 Mev). Le PMMA plastifie possbdait 
un bas point de ramollissment; il a 6t6 61ev6 par irradiation 
grlce B la polymerisation de l’ester de diallyle. En meme 
temps le PMMA devenait insoluble. Avec du chlorure de 
methylbne comme solvant, la fraction gelifike d6passait 
largement la fraction d’ester de diallyle presente, ce qui 
prouve que le PMMA avait 6th ponte en incorpor6 dans le 
rkseau allylique. Au delh d’une certaine dose, cependant, 
qui variant avec la fraction en poids de shbacate de diallyle 
une irradiation prolongee faisait augmenter les fractions de 
sol e t  abaissait les temperatures de transition. Des mesures 
spectroscopiques ont montre que la disparition de l’insatura- 
tion allylique par unit6 de dose de radiation 6tait indentique, 
dans la mesure des erreurs experimentales, en presence de 
PMMA et  dans le sebacate de diallyle pur. Un examen 
semi-quantitatif de la courbe gel/dose et  des courbes 
d’absorption d’6nergie dynamique pour un Bchantillon con- 
tenant 16% de sebacate de diallyle ont montre que des 
radicaux produits par radiation sur les chaines de PMMA 
constituaient la principale espbce initiatrice, ceux-ci deven- 
ant des points de jonction avec le reseau allylique. Quand 
le gel est depourvu de monomere allylique, une irradiation 
ulterieure cause une degradation des segments de PMMA. 

Zusammenfassung 
Bei der Einwirkung von ionisierendcr Strahlung erleidet 

Poly(methylmethacry1at) (PMMA) normalerweise eine 
statistische Kettenspaltung. In Gegenward von Radikalab- 
fiingern kann ein partieller Schulta gegen den Abbau vor- 
handen sein, es wurden aber bis jetzt keine Vernetzungsreak- 
tionen beobachtet. In  der vorliegenden Arbeit wurde dem 
PMMA vor der Einwirkung der ionisierenden Strahlung 
(2 MeV Elektronen) Diallylsebacat zugesetzt. Das weich- 
gemachte PMMA hatte einen niedrigen Erweichungspunkt, 
der durch Bestrahlung infolge der Polymerisation des 
Diallylesters hinaufgesetzt wurde. Gleichzeitig w r d e  das 
PMMA unloslich. Bei Verwendung von Methylenchlorid 
als Losungsmittel war die Menge der Gelfraktion vie1 grosser 
als der Anteil an Diallylester; das beweist, dass das PMMA 
vernetzt oder in das Allglnetzwerk eingebaut worden war. 
Oberhalb einer gewissen Dosis, deren Grosse vom Gewichts- 
bruchteil an Diallylsebacat abhing, fuhrte eine fortgesetzte 
Bestrahlung au hoheren Solfraktionen und zu einer herab- 
gesetzten Umwandlungstemperatur. Spektroskopische Mes- 
sungen zeigten, dass innerhalb der Versuchsfehler das 
Verschwinden der ungesiittigten Allylgruppen pro Bestrah- 
lungsdosis-Einheit bei Gegenwart von PMMA und im 
reinen Diallylsebacat identisch war. Eine halbquantitative 
Uberpriifung der Gel/Dosis-Kurve und der dynamischen 
Energieabsorptionskurve bei einer Probe mit 16% Diallyl- 
sebacat liess erkennen, dass hauptsachlich die durch die 
Strahlung an den PMMA-Ketten erzeugten Radikale als 
Starter wirken und dabei zu Verbindungsgliedern zum 
Allylnetzwerk werden. Sobald das Gel an Allylmonomerem 
erschopft ist, fiihrt eine weitere Bestrahlung aum Abbau 
der PMMA-Segmente. 
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