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Abstract- ESR and gel permeation chromatographic measurements of poly (methyl 

methacrylate) y-irradiated between 77 K and 300 K have been carried out to 

elucidate the mechanism of radiation-induced degradation of the polymer. It 

is revealed that the scission of the main chain is not taken place 

immediately after the absorption of radiation energy but is induced by the 

intramolecular radical conversion of the side-chain -COOCHa radical to the 

tertiary -CHa-C(CH3}- radical followed by the main-chain 0-scission of the 

latter radical. The degradation is not taken place below 190 K, because the 

side-chain radical starts to convert only above 190 K. The residual monomer 

in the polymer reacts with the side-chain radical below 190 K to generate 

the stable propagating-type radical, so that the degradation is suppressed 

even after warming the polymer to the ambient temperature. 

INTRODUCTION 

Effect of ionizing radiation on polymers is generally divided into main-

chain scission (degradation) and crosslinking. Although both processes are 

taken place in parallel in many polymers, if the scission predominates the 

crosslinking, they are termed degrading polymers. Degrading polymers such as 

poly(methyl methacrylate), PMMA, are possible to be used as high-resolution 

positive-type resist materials in X-ray and electron beam lithography. 

The molecular structures of degrading-type polymers with alkane main 

chains are generally expressed as [-CH2-CRR'-]n, where one of alkyl groups, 

R or R', is possible to be replaced by a hydrogen atom. The function of the 

alkyl group is considered to introduce strain into the main chain. It has 

been believed that the strain prevents the recombination of primary alkyl 

radicals generated by direct rupture of a main chain, or accelerates 

conversion of primary polymer radicals into scission-type radicals 

accompanying the 0-scission of the main chain. 

The degradation efficiency of degrading-type polymers has been known to 

depend strongly on the irradiation temperature. For example, Wall and Brown 

(1957) fond about three-hold increase of degradation efficiency of PMMA by 

increasing the irradiation temperature from 77 K to 300 K. Although it is 

generally explained that the increase of the temperature causes the increase 

of chain mobility, which in turn causes the decrease of the recombination 

probability of radical pairs generated by homolytic chain cleavage, the 

detailed mechanism of degradation and the temperature effect is not known. 

The present paper summarizes our recent studies on radiation-induced 

degradation of PMMA (Ichikawa and Yoshida, 1990, 1991, 1994, Tanaka et al., 
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1990). We will prove that the decrease of the G value of main-chain scission 

at low irradiation temperature is not due to the change of the chain 

mobility but the addition of residual MMA monomer below 200 K to the 

primary-generated side-chain -0CH2 radical which otherwise causes the 

scission of the main chain above 200 K by intramolecular radical conversion 

to the main-chain -C(CH3)- radical followed by conversion to the scission-

type C(CH3)(COOCH3)- radical by main-chain 0-scission . 

EXPERIMENTAL 

Four types of PMMA samples were prepared from commercial PMMA with the 

average molecular weight of Mn=15000: PMMA as received (crude PMMA), PMMA 

purified by repeated precipitation from tetrahydrofuran solution into 

methanol and vacuum-dried (purified PMMA), purified PMMA but was allowed to 

stand for 2 months before irradiation (aged PMMA), purified PMMA but was 

exposed to the vapor of methyl methacrylate monomer for 1 hr (monomer-doped 

PMMA). Deaerated PMMA sealed in a quartz tube was irradiated with eoCo y-

rays with the dose rate of 20 kGy/hr. The irradiation temperature was 

controlled by immersing the sample in the slurry of organic solvents. The 

irradiated samples were then stored in liquid nitrogen. 

The molecular weight was measured at room temperature by gel permeation 

chromatography using calibration with polystyrene standard and appropriate 

corrections. The ESR spectra of the samples y-irradiated to a dose of 10 kGy 

were measured on a Varian E9 X-band spectrometer. The modulation width and 

the incident microwave power was carefully chosen to minimize the spectral 

distortion. 

RESULTS and DISCUSSION 

GPC analysis. The Dose-Afn curves of y-irradiated PMMA followed a well-known 

equation of l/W„(Z))=l/Wn(0)+GoZ>/9.65
2 

The G values of the scission, G(s), 
at 300 K irradiation temperature 

were the same for all the samples 

and was about 1.5. However, as 

Table 1. Effect of pretreatment 

on the G value of the scission 

by 77K-irradiation 

PMMA sample G(s) 

Crude, as received 0.30 

Purified 1.50 

Purified but aged 0.26 

Purified but MMA-doped 0 

Fig. 1. Temperature dependence of the G-value 

of the scission for (O) purified, (O) crude 

and (• ) MMA-doped PMMA. 
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summarized on Table 1. the G values at low temperature strongly depend on 

the samples. The main-chain scission was completely suppressed by the 

addition of MMA monomer. This indicates that M M monomer, no matter whether 

it is remained in the crude PMMA, generated by unzipping during the 

storage period, or artificially added, acts as a scission prohibitor at low 

temperature. As shown in Figure 1. the function as scission prohibitor was 

completely lost above 200 K. 

ESR analysis. Figure 2 shows the change of the ESR spectra during warming 

of the purified PMMA r-irradiated at 77 K. As indicated in the Figure, y-

irradiation of the purified PMMA at 77 K causes the formation of three major 

radical species which are the side-chain -C(0~)0CH3 radical anion with broad 

singlet ESR line, the side-chain -C00CHa radical with triplet lines, and the 

main-chain -CH- radical with doublet lines. A small amount of formyl radical 

(doublet ESR) and methyl radical (triplet ESR) are also formed, but they do 

not play any role in the main-chain scission. These radicals are thermally 

stable at least up to 170 K, so that the ESR spectrum below 170 K consist of 

the overlapping spectra of these radicals. The side-chain radical anion 

starts to convert to the scission-type -CHa-C(CH3)C00CH3 radical (5+4 lines) 

by the detachment of the side chain followed by /?-scission of the main 

chain, as, 

-COOCHz > -CH2-C(CH3)(C00CH3)-CH2- + CO, CH20 

-CHa-C(CH3)(C00CH3)-CH2- > -CH2-C(CH3)(C00CH3)=CH2 
+ -C(CH3)(COOCH3)-CH2-

Only the scission-type radical and the main-chain radical are therefore 

observed at 270 K. 

Figure 3 shows the ESR spectra for the crude PMMA r-irradiated at 

several temperatures. The ESR spectra for the monomer-doped PMMA and the 

aged PMMA are essentially the same as those for the crude PMMA. The ESR 

spectrum markedly changes between 163 K and 192 K. The spectra were measured 

at 77 K because of preventing the gradual change of the ESR spectra due to 

reaction between impurity molecules and radical species during the ESR 

measurements. The major radical observed above 192 K seems the scission-type 

radical. The ESR spectrum of the scission-type radical is much sharper than 

that for the purified PMMA, which indicates that at least a part of the 

radical is generated by the addition of the monomer to another radical, as, 

CH2 = C(CH3)(COOCH3) + -R > R-CH2-C(CH3)(C00CH3) . 

Although the generated radical is not the scission-type but a propagating-

type, the molecular structure and the ESR spectrum of the propagating-type 

radical are the same as those of the scission-type radical. The main-chain 

radical converts to the propagating-type radical by increasing the 

temperature to 273 K. 

The major spectral component for the crude PMMA irradiated below 163 K is 
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a sharp triplet which can be assigned to the allyl-type radical anion of the 

monomer molecule generated by electron capture, as 

H2C=C(CH3)(COOCH3) + e~ » H2C-C(CH3)-C(0
_)OCH3 . 

Exposure of the samples to visible light at 77 K eliminates the allyl-type 

radical anion. The ESR spectra of the photo-illuminated sample are much more 

complex than those for the purified PMMA. They show more than seven ESR 

lines. The radical species remaining after the illumination are probably the 

side-chain radical, the main-chain radical, the scission-type radical 

generated by reaction (2) during r-irradiation, and the monomer radical 

(septet ESR spectrum) generated by the addition of a hydrogen atom to the 

monomer. Warming of the 77K and 163 K irradiated samples to 273 K gives the 

same ESR spectrum as that of the 273 K irradiated sample, which indicates 

that the scission-type or the propagating-type radical is the most stable 

radical in monomer-contaminated PMMA. 

The experimental results mentioned so far undoubtedly indicate that the 

monomer molecules in PMMA act as an inhibitor of the radiation-induced main-

chain scission at low temperature. Scission of the main chain necessitates 

the presence of the side-chain radical and survival of the radical up to 180 

K. The side-chain radical may be generated by direct action of ionizing 

radiations: 

-COOCH3 + y » -C0OCH2 + H , (1) 

by proton transfer of the side-chain radical cation: 

-COOCH3 + y » -COOCHV* + e", 

-COOCBV* > -COOCHa + H* , (2) 

which can be suppressed by charge transfer to MMA, as 

-COOCBV* + CH2=C(CH3)(COOCH3) » -COOCH3 + CH2=C(CH3) (C00CH3)"~ (2') 

or by hydrogen abstraction: 

-CO0CH3 + H » -C00CH2 + H2 . (3) 

which can be suppressed by hydrogen-atom addition to MMA. as 

CH2=C(CH3)(COOCH3) + H > *C(CH3)2(CO0CH3). (3') 

Since the activation energies for reactions (2') and (3') are lower than 

those for reactions (2) and (3), respectively, suppression of side-chain 

radical formation is favorable at lower temperature. 

The side-chain radical converts to the scission-type radical during 

warming the sample to room temperature, as, 

-C00CH2 » -CH2-C(CH3)(COOCH3)-CH2- + CO, CH20 , 

-CH2-C(CH3)(COOCHa)-CH2 » -CH2-C(CH3)(COOCHa)=CH2 
+ -C(CH3)(CO0CH3)-CH2- . (4) 
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which competes with reaction: 

-COOCH2 + CH2=C(CH3)(CO0CH3) -COOCH2-CH2-C(CH3)(COOCH3), (4') 

Reaction (4') is approximately the reverse reaction of (4) and is 

exothermic by approximately 13 kcal/mol (heat of polymerization). Reaction 

(4') is therefore preferable at lower and higher temperature. In any 

reaction mechanisms, the monomer molecules act as an efficient degradation 

inhibitor at lower temperature. -CH-

-CH2-C(CH3)(C00CHJ) 

~~~ " 1 

iocHs 

170K 

£HJ -CH-
•C-CHJ-

OCOCHa 

Fig. 2. Change of the ESR spectrum of 

Purified PMMA r-irradiated at 77 K 

during warming the sample to room 

temperature. 

MMA~ 

Fig. 3. Effect of irradiation tem

perature on the ESR spectrum for 

crude PMMA. Dotted line shows the 

spectra after photoillumination. 
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