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Chemical Activity of Gamma-Irradiated Polymethyl
Methacrylate '
Leo A. Wall and Daniel W, Brown

In atudies of polymworsation and depolymerization with ~irradisted

ymathyl meth-

acrylate, efects were observed indicative of long-lived fres radicals in the solid polymer,

With = dose of 10f roentgens, the free-radicsl concentration, &8 measured by both t:.r{a-aa
exporlinetd, ia cetimnated to be gt leagt 103 mole per liter, When

containg peroxide structures of &t least 107 tole pur liber concentratiob,

of these peraxidie groups 18 accelerated by t-eﬂ:-%

produciion of selgzions in the polymer ehain

1. Intreduction

Consideruble evidence [1,2] # has been reportad for
the presence of radicalz in frozen materials, held at
ahout 90° K and irradiated with some type of irra-
diation, either ionizing or ultreviolet, In addidion,
it has been reported that polymerizations producing
gelled material leave trapped considerable concen-
trations of radicals, up to 107 mole per liter |3].
HRecent paremagnetie resongnce studies [4] have
demonstrated the existence of froe radicals m pre-
viously X-irradiated plastica. These experiments
wera carried oub at room temperature.

Tha work reported herein was undertaken for the
purpose of demonsirating by chemical means the
presence of immobilized free radicals, and of deter-
mining something of the natore of the various stroe-
tures produced in solid polymers by vy-radiation.
Furthermore, it is hoped that the results will help
elucidate the mechaniem of radiation effects in
plastics,

2. Experimental Procedure

Methyl methacrylate and styrene monomers were
ohtained from the Rohm & Hass and Thow Chemical
Companies, respectively, Both monomers were
flash-distilled at about 35° C immediately before use
in order to remove inhibitora. Only aboui 50 percent
of the monomer wae distilied; the residues were
discarded.

Hydroguinone and benzoquinone were chomically
pure grades ohtained from Fisher Scientifie Co, The
teri-butyl catechol was a technical grade obtained
from Enstmsan Kodak,

The polymer ured for rradiation was prepared in
12-percent conversion from twice-degazsed methyl
methacrylate at 60° C, vsing 0.0082 mole per liter
of benzoyl peroxide. It was precipitated with
methanol and dizsolved in benzene three tittes. The
third benzene solution conteined mbout 5 weight-
percent of polymer; it wes frozen, and the henzena
was subliied off in a vacuum. The residuoe was

1 Praseneed st tha 12700 Meating ofthe Aigrlene Chemloal 3ockely, Cintlunot],
Ohlo, Mareh 2o Aprl] 7, 1.
v Flgures in brackets inilicate the [Lletuture relenitoas et [ wnd of this paper.

131

of
¥rer
The decompasitian
usyl catechol and ie aEsociated with tho

irradinted inair the po

heated for 10 days at 60° C in & vacuum oven. Its
intrinsic ¥iseosity in benzens 2t 208.3° C wons 1.66.

Each irrediation tube contained 0.200010.0005 g
of the ahove material. Before exposure, each tube
was heated at 100° C for 20 bhr on 4 high-vacunrm line.,
After cooling, the samples to be Irradisted in &
vacunm were sealed off; the others were removed and
stoppered.

Most of the wradistions were performed at the
Naval Rosearch Laboratory, Washington, It C.
The NRI: sourca hag been deseribed {§). The tubes
were exposed in the inver cell in & holder that kept
them in l-vm anpelar o within the eell. The
polymer samples wera each distributed through a
cylindrical volume 0.3-cm diameter by 1.5 £0.2 em
high. The dose rates calculsted were those st the
center of ench annular ring at the average height of
the centers of the polymer sarmnples. Individual
polvmer samples roceivod dozes difforent from thoee
ealenlatad becanza of varigtions in tha height of the
sample nnd variations in the dose rate around each
sonular ri It ia estimated that such variations
amount to abouot 5 porcont.

The ircedistions reported in fgure 6 wers per-
formed with a Z00-curie cobalt-60 eource at the
Bureau. This is a4 single piece of cobelt, and as the
samples were positioned very close to it, the doaes
reported are opders of magnitude only. Thesze
sanrples weighed gbout 0.035 ¢ each and were pre-
parcd as described above,

The drop in viseosity with time after addition of ~
terl-hutyl catechol {fg. 3) waa studied by adding the
catechol to a seletion of the air-irradiated polymer
in & bbelohde viscometer and by mensuring the
viscosity at different times.

To test samples se low-temperature polymerize-
tion initistors the tubes were scratehed lightly wiik
& file and pleced in viscometers like that sketchod in
figure 1. The viscometer was tipped, causing the
sample tube to move inte side arm D; side arm C
could then be closed off at the dotted line without
prrolyzing the polymer. After cooling, the asmple
tube was returned to side arm C. If desired, in-
hibitor was added in benzepe solution, and the
viscomnetor wns evacuated to dryness. Freshly
dietilled moncmer was then pipsted into the vessel
through A, and a glass-encased piece of iron wae
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placed gently on the tip of the sample tube, and the
viscometer wea waxed into a vacuum line al A
The monomer wae degasred by {reeze-evacuato-melt
eycles.  During the third evacuation the iron weight
waa raised with & magne: and dropped en the tip
of the sample tube, which broke sl E. After the
gaars in the semple tube were pumped out snd the
pressure had bean reduced to sbout 107* man Hg,
the iron weight was raised hy & magnet, and the
vizrometer was zealed off at B. The viscometer was
then fmmersed in tha 29.3% C bath and the sample
dizsolved by pouring monomer on and off the
polymer. Time was meagored froim the instant of
immersion; the polymer zoemed to dissolve within
25 to 30 min. a visoosity was measured by
inverting the tube to fill the viscometer, reinveriing
it, and timing the fow. Kinetic-enrrgy corractions
were made,

In some of the early work, attempts were made to
distill monomer directly inte the viscometer tubes,
but the amgunt of monomer could not be acenrately
controlled.

The polymerizations at 707 C were perforined in
appargtus like thet sketched in firure 2. After
cloging off tha sidearm at the dotted line, monomer
waas pipéted into eontainer I, the system waa
degazsed, the Eﬁ]ymer tube opened, and the systemn
seled off at B as before. The polyiner was dis-
solved ot room temperature and poured inte G
thro the calgillarr, The whole device was then

laeed o a 70° C 0l bath. Time was measvred
rom the instant the solution stopped flowing from
the capilary into IF. Because the dilatometer was
calibrated from H to F, as well as below F, poly-
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polymmer in fnitioling polymerizalion,

merizution eould be measured hi'? recording the time
it took for the menizcus to reach F and then following
the drop of the meniseus with a cathetometer.
This procedure made possible the u=e of fine eapil-
laries, s0 that 1 parcent of polymerization resulted
in a4 to 5cem change in the pesition of the meniscus.
The volume from lge to H was small, equivalent to
about .3 poereent of conversinn.

3. Resylts
3.1. Tert-Butyl Catechol Effect

In an earlier inveslization it had been noted [6]
that irradiated polymetliyl methacrylate and poly-
atyrena had measurably lower ntringie viscosities
when dissolved in benzene containing 0.05 percent of
fert-butyl catechol than when dissolved in pure
benzene, Tha object of measuring Intrimsie viscosi-
ties of samples dissolved in inbibitor-containing
solvents was to ohtain evidence for immohilized free
radicals. The concept was as follows. If radicals in
an irradisted polymer combine when the material is
dissolved in benzense, s certain intrinsic wscosity
would be observed. Dissolving the seme material in
i benzene solution comtaimng en effective mono-
functional terminator should then result in the

- observation of a somewhat lower intrinsic wiscosity,

Of course, if the radicals terminated by dispropor-
tionation, then no difference in viseositiee would be
observed. For detection in this maoner, greater
than 100* mole per liter of recombining radieals
would be necessary.

In this work, experiments on polymethyl metha-
crvlate radiated in a2 vacuum showed no detectable
differances. However, the affect waz obhserved on
samples irradiated in the presence of air. Further-
morn, on ndding teri-butyl catechol to the polymer
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solution, the viscosity of the solution was observed
to drop slowly over a period of several hours. Freure
3 ahows a typical curve at 21 §° C, These resulta
appear to indicnte a labile structurs, probably a
percxide type, the decomposition of which leads to
or involves n scission of the polymer chains, The
decomposition process is also evidently promoted by
tert-hutyl catechol. Several other poasible pro-
moters were tried. Thoese that were efective were
hydroquinone and dimethy! aniline, whereas benzo-
ﬂuinune, phencl, and diphenﬁ'l picryl hydrazine pro-

uced negligible effects. The changes observed in
the flow times amounted to about 20 sec out of 350,
With unirradiated polymer, the presenee of inhibitors
raises the flow times only slightly.

3.2 Puhrmﬂ-nmhon Near Boom Temperiimre

A second test for free radicals was the sffect of
ircadiated polymer in producing ;l:olj,rmerizntiun at
temperatures below those ususelly required for
perozide decomposition, A temperatvra of 20° O
wis uged, which should be adequats for the propaga-
tion of radicals already formed. However, when
polymethyl methacrylate has not been s-irradiated
it is known to bave some ecatalytic activity for
Eal}rmeﬁzat.inn [(. This activity is removed by

eating the polymer [B]. Most of the polymethyl
methperylate was thercfore heated prior to the
various experiments for 20 hr at 100° C in & vacuum.
Such polymer in referred to as deactivated. The
technique for preparing tubes for messurement of
viacosity changes was described above, zee figura 1,

In fizure 4 the catalytic setivity of +-irradiated
polymer it shown compared with nonirradiated
materia] and also with nomirradisted material with
an added trace of benzoquinone. It i3 evident that
irradiation haa considerable, although not impressive
cffect., The induction period for the nonirradia
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material iz believed due to traces of oxygen not
removed by the vapuum pumping. It is seen that
the oxygen inhibition is equivelent to an appreciahlie
quantity of quinone.

In figure 5 the retarding wifect of qumone on the
polymerizaiion in the presence of irradiated polymer
is shown. The effect of air exposure on s polymer
previously exposed to radiation in a vacoum is shown
t¢ give i considerable reduction to the activity of the
irradiatad polymer. Neaither storage for 7 dayz nor
the amount of inhibitor usad was sufficient to aonihi-
late the activity due to y-irrediation (compare fige.
4 and §). In subzequent polymerization studies at
TW0° 0, e ure of irradiated polymers to air resulted
in & catalviic eifect.
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Ircadiation, as shown in fgure 8, produced som -
catalytic effect compared with undeactivated non-
irradiated polymer. Poralle] runs with a amall
amotnt of hydroguinone added show similar Dbe-
havior, that is, that undesctivated nonirradiated
puIymer js somewhat less active than irradiated
desctivated polymer.

The interpepts in these fisures were estimatad from
the intrinsic viscosites in banzene of polymer samples
irradiated under the same conditions.

The results of two experiments in which aiyrene
monomer was polymerized in the presence of ir-
radiated and nonirradiated polymethy] methacrylate
are shown in figure 7. The polymerization behavior
observed is similar to that in ﬁlium 3, except that
styrena is B]DWBI‘ ::-lvmerlza a1 methy] metha-
crylate, “irradiated polymer shows
greater aclmt_v tl:um the umirradiated.

3.3, Polymerization at 70° C

In order to obtain further evidence for starage of
radicals in irradiated pelymethyl methacrylate, a
gerice of oxpemiments was ommicd out by usmg
sonsitive dilatometers at 707 C. This temperature
was chosen in order that the activity due to peroxides
forimed m the polymer would be effective. IL was
anticipated that the free—mdwul affect W‘-JUId hc
mognified by exposure to air of th tJa:»c:;l:,flmar irrad
ated mm & vacuum, i e, o oxyzen throuph the f-:rr-
mation of peroxides. Tt is reasonable to expect that
considerably more paroxide groupes would he formed
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than radicals present after irradintion, Hence s
greater metivity for polymerization should ha ob-
sarved at 70° C with irradiated polymer atored in
air. Previously it wae demonstrated, figure 5, that
polymerization at 20.3° ¢ was curtailed by sto

in air. The results shown in figure 8 support the
concept deseribed, & preater rate of polymerization
occurring when irradiated polymer was expozed (o
air. (K course, irrediation in air produced nn &ven
preater effoct.

3.4. Depolymerization of Irmadiated Polymer

It bas been suggestad that the foaming [9] in
pelymethyl methserylate ohserved when previous
irradizted polymer is heated is due to the expansion
of gazes formed during the irradiation at a lower
tem ture,

raxluce monomer, which may alao eause hubble
ormation.

In table 1 the resulta of some experiments Lo
test this hypothesis are given. All samples of
polymethyl methacryiate studied were in a finely
divided form and were deactivated by a prior heat-
img m & vacuum for 20 hr at 100° (1, After the
treatment indicated in table 1 the wolatile products
were analyzed by means of 8 mass spectrometer.
Il is seen ihat irradiation alone produces relativel
small amounts of pazes, most of which are the reanlt
of radiolysis of the ester groups in the polvmer.
It ie noted that in this case no monomer was detected.

Without prior icradiation, heating alone produced
some mongmer. The bengene observed comes from
the solvent, which was used in the preparation of
the samples, stidl remainiog in the polymer. It is
estimated from this yield that the polymers con-
tained at least 2 pereent of benzene, The trace of
hydrogen is somewhat surprising in view of the
fact that the material had not been irradinted, This
is also partially trua of the fact that more hydregen
Was ]]lrn::ntfluoenci’v “trom the irradiated and heated
samples than from the irradiated unheated sample.

en heatod after irradiation more monomer is
produced, and if the irradietion is cartied cut in
the presence of air, an even larger guantity of
mronomer g produced. The benzens decrenses
slii;ht-l}f, which may indicate some radiolysis of ihis
salvent.

Taove 1. Velakile praducts oblained fram y-frradimied
palymelhyl methacrylole
I mobes & Ld kg o polrmer.)
- Treatment given polymer +
Proaduct | : . _
. 1
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= AN polymer semopled were Lrevloualy dessdlvlat~d by beacing 30 he at 100° .
4 Luge, Irradiabed In FRcunm, dose 2910 ® el 1o, vedlaced I abr, dess
3810 ev)g; H, hested 3 hr at 126° .

Another possibility is that redicals
produced during the rradiation depropagnte to-

4. Discussion

The viscosity decrease observed when feri-butyl
cathechol i: added to solutions of polymers which
wore irrediated in sir, is tentatively believed to ba
the result of & peroxide strecture, the decomposition
of which leads to or involves a acission of the polymer
chaini’ From the wiscosity change= and by assuming
one sgiseion is equivelent to & poroxide strueture it
in estimated that at least 107% mole per liter of such
structures were produced for sn irradiation of 10° r.

The number of radieals in the polymer irradiated
in & vacuum was estimated n ssveral waya. From
the data in fipures 4 and 5 it can be assumed that
thé air inhibition i=s equivalent to sbout 3.3 x 10—+
of benzoguinone per liter of monomer and that eac
benzoquinone molecule eaptures two radicals.  This
leads to a radical conecentration in the polymer after
irradiation of 1.5<10~¢ mole of radicals per liter.
This wvalue is probably & minimum since during the
diszolving process many of the radicals may self-
ferrmingte.

From the dala on monomer yield presented in
table 1, the radieal concentration was rstimated
nssuming that cach radical depropagates to the end
of a molecula producing monomer. Hence the
radieal econcentration is approximately the yield of
monomer based on a liter of polymer iv'ldﬁl‘ly by tho
degree of polymerization. After irradiation the
degree of polymerization is 33107,  After correctin
for the tonomer yield from the nonrradia
polymer the radical concentration as estimsated from
the depolymerization data is {456—11.7) 1033 x
1F=1.210" mole per liter, which ia probably a
low estimate also. e concentrationz arc not
too different from those reported from paramegnetic
resonance studiea [4]-

it ia unlikely that very large effects can ba pro-
duced in polymerizetion experiments of the type
deseribed because of the reapid termination of radieals
in solution. The time for & hundredfold decay of
methyl methacrylate radicals in monomer solution,
using 107 Liters mole~! sec=' [10] for the rate of Ler-
mination, i@ given by =109107 K, I the initisl
radical concentration, By, is 1075 mole per liter, then
only 1 sec alapses before the radical concentration
dropa te 1077 mole per liter. '

Such decay timee for radicals in the solid polymer
can also be estimated, using for the terminetion rate
constants at verious temperatures, values obtained
from the relation &,=3X 10" ¢ WET Jiters mole!
gag! [lgll.p At the temperature used in the depolymeri-
zation the hundredfold decay time i= estimated to be
17 mmn, for &n initiel radicel concentration .of 107
mole per hiter. It can elso be estimated from the
depropagation rate conetant of Cowley and Melville
[11] that one-hell of & polymer molecule would
require 10 zoe for completn decomposition o mono-

mer, Thus it would appesr that depropagation of
most of the polymer radicals to the end of their
ehains would oceour before termination end the

method of caleulation based on depolymerization
appears reasonable for rough estimates. At the end
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of 19 sec about 60 percent of the original 10~ male
per liter concentration of radicals would remain,
provided no complate depropagaticn occurroed.

At room temperature the rate of termination is
approximately unity, and 16~* mole per liter of
radicals would require about 4 months to decsy to
& concentration of 1077 mole per liter. The experi-
ments presented were cartied cui frem days o
several weeks after the irradiation of the polymers.
No attempt was made to mensnre the deeny time
in the solid polymers at room temperature bacause
of the small magnitude of the effects observed and
hecpuse of the tedious and complicated nature ol
the experiments, For instance, merely aging the
polymers in Bir 8t room temperature tends to rescti-
vato them. The results with undeactivated polymer
guggesta that during storage exidative processes lead
to small concentrations of fres icals in the

lymer.

pe erhape the best indications of radicsl activity are
the reswlts obteined with polymers irradisted in
vacuum and subseguently exposed to air. The
inhibition observed at 29° és ests that the oxygen
agsisted in terminating & gooduﬁfmtion of the radicals
with the formation of peroxider which catalyzed
pelymerization st 70° C.

The authors express their appreciation to J. L.
Schulman, Wm. Price, J. Willis, and Lee Johnson of
the Naval Besearch Laboratory, and to T. Loftus of
the Radiological Equipmont Section of the Bureau
{or assistance in irradisting the material.
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