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SUMMARY: The thermal degradation of poly(methyl methacrylate) has been studied under nitrogen and air.
The presence of oxygen increases the initial decomposition temperature"By Ti0e stabilizing effect of
oxygen is explained by the formation of thermally stable radical species that suppress unzipping of the poly-
mer. This assumption is supported by the experimental fact that introduction of NO into the gaseous atmo-
sphere increases the initial decomposition temperature by more thag.100

Introduction

The thermal degradation of poly(methyl methacrylate)
(PMMA) has been extensively studied in nitrogeéd as
well as in oxygen and &if>°%113-20) The stabilizing 80 |
effect of oxygen on the thermal degradation of PMMA
was first reported by Bresler et Hl.Recently Hirata et o
al® reported that in the oxygen containing atmosphere, Sy 60
the initial temperature of degradation increases by about 2
50°C as compared to that for degradation in nitrogen. = 40
Kashiwagi et al®'® proposed mechanistic explanations
to this effect.

In this study we employ thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to

100

study the thermal degradation of PMMA in both pure O

nitrogen and oxygen-containing atmospheres. The presen T
work provides further insight into the stabilizing effect of 0 100 200 300 400 500 600
oxygen on the initial stages of PMMA degradation. T/°C

. Fig.1. TGA curves for PMMA degradationunder various
Experimental part atmogpheric conditions.1.6%indicatesthe concentratiorof NO
The PMMA samples (AldrichM,, =996 000) were dried at in its mixture with N,. Data obtainedat heating rates of 0.5
~120°C overnight. TGA experiments were performed by(dotted line)and18 C * min (solid lines)
using a Rheometric Scientific TGA 1000M+. PMMA sam-
ples of 1-2 mg were placed in aluminium pans and heated steps occur in the temperature ranges of 180—-358nd
heating rates of 0.5-2C * min™* up to 600C. The experi- 350_40(fC, respectively. At a heating rate of
ments were conducted in flowing atmospheres of nitrogem,5°C * min one may observe an additional degradation
air, and in a mixture of 1.6 vol.-% nitric oxide with nitrogen step that occurs below 25@. Unlike the degradation
at flow rates of 100 mt min™. The gas supply line was e hitrogen, the process in air proceeds in one step.
equipped with a valve that allowed for quick switch of gasse

while an experiment was being performed. A Mettler-ToIedoiddltlonalIy' we can see that the initial temperature for

DSC82F was used to conduct DSC runs. PMMA Samplegegradation under a_lir is about XD higher than that for
(10—15 mg) were placed in open aluminium pans and heatd@e process under nitrogen. _
at 20°C * mint up to 600°C under air and nitrogen flows ata  Fig. 2 presents DSC data collected under nitrogen and

rate of 80 ml* min. air. The thermal degradation under nitrogen shows three
overlapped endothermic peaks with minima at 260, 300,
Results and 380°C. Under air, however, DSC data shows only a
. . single broad endothermic peak that stretches from 200—
Degradation in nitrogen and air 450°C. The instability of the DSC signal in the vicinity

As seen in Fig. 1, the PMMA degradation under nitrogeof maximum has been reproduced in three successive
shows two steps at the heating rate of @8 min_. The runs. The integral heat consumption in the temperature
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Fig.2. Overlayof DSC scanscollectedunderair (dashel line)
andnitrogen (solid line). The masse®f PMMA sampksare 9.8
and 15.5mg for scansunder N, and air, respectively Heating
rateis 20°C * min

region 140-440°C hasbeenevaliuatedas 1080 and 550
J* gtfor respetive degradabnsunder nitrogenandair.

Effectof switchingbetweerair andnitrogenon
degradation

Fig.3 shows that switching of gaseos atmosphees
betweenair and nitrogenaffects the thermaldegradéon
of PMMA. In air this processs charactezed by a slow
rate.Uponswitching to a nitrogenatmospherethe degra-
dation rate increasessignificantly Switching backto air
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Fig.3. TGA curveshowingthe effect of switching of gaseous
atmospheredetween air and nitrogenon the thermal degrada
tion of PMMA at200°C
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causedhe reactionrate to immedately slow down. This
switching of reacton atmosplereswasrepeatedat regular
intervalsuntil a 9% massloss was achiewed. The effect
appearsto berevesible.

Visual analysisof partially degradedsamples

Se\eralrunsperformed undervarious atmospleric condi-
tions were stoped at 20% mass loss and analyzed
visually. The sampe decompagedin nitrogenwasa white
powder material similar to the original PMMA sample.
The sampe degadedin air was a single chunk of clear
glassymaterialthat containeda few bukbles.

Discussions

Degradationin nitrogen

The two stepdegradabn of PMMA wasfirst noticed by

Grassieand Melville?:?2 who suggestedthat the process
is initiated at vinylidene endgroups, which resultedfrom

a bimolecular radical termination during polymeriza

tion®. Once the vinylidene terminated chairs have
unzpped, the further degradtion is initiated by random
sdssionthat corespondgo the secondmassloss stepg®.

At slower heathg rates,one may observean addtional

stepthat precedeghe two abovementionedsteps.Kashk

wag et al.l? assignthis stepto degrad&bn initiated at

abrormal head-tehead linkagesthat were formed as a

resut of terminationby combimtion of growing polyme

chans. Our TGA and DSC data (Fig. 1 and 2) suggest
thatthe processsof degadationinitiated at the abnormal
linkagesand vinylidene end groups are strongly over

lapped.

Stabilizingeffectof oxygen

The initiation at both vinylideneendgroupandthe head
to-head linkage resultsin formation of the polymerradi-
cal,R’

Hs

R—CH;—C*
)
" O—CH;

In an oxygen-cotaining atmosphere,this radical is
Iik,(,aly to read with oxygento form anewpolymerradical
(RY)

Hs Hs
R—CH/C* +0, = RCH/ O O* o)
) ¢
O—CH; O—CH;
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As comparel to R, we estimateé® R” to be more ther
mally stableby =100kJ* mol™ and, therebre, able to
suppressinzipping of the polymer chain If unzpping is
suppresseddegradtion follows only random scission
that prodwcesonly high molecularweight species, which
do not vaporize. As a reslt, the TGA experimentscon-
ductedunder air showa noticeabé delayin the massloss
ascomparedo the experimets performedundernitrogen
(Fig. 1).

Accordng to our data(Fig. 3), formation of the poly-
mer radical (R") is reversible.In expeimentsperformed
underair, the amountof oxygensignificantly exceed the
stoichiomety requiredby Eq. (1). This means that the
reversibe processis shifted toward formation of =
Sincethis procesds exothermic,anincreasen tempen-
ture shouldfavor the reversereacton. Therefore, further
heatingshouldcauseR" to ultimatdy decompseto oxy-
genandtheoriginal radicaI(R').

The propsedschemealsoexplainstheinitial accelea-
tion of degradabn under air asconparedto degradtion
undernitrogen,asfollows. Oxygen delays degadationby
deactivathg potential reaction centers(R’) formed as a
result of initiation at the vinylidene end groups or the
head-to-leadlinkages.Hence,the potental reactioncen-
tersare accunulated in a lessreactve form of the poly-
merradcal R”. In the vicinity of 240°C, =4 decanposes
quickly releasingthe highly readive reacton centersR.
Thereleaseof a greatnumker of R'-radicalsover a short
period of time causesa noticeabk acceleation of the
initial degradtion of PMMA in an oxygen containing
atmosphee.

The TGA cunvesfor degadationunder nitrogenandair
crossat approxmately 20% of massloss(Fig. 1). At this
point the PMMA sampes decanposeduncer the corre-
sponding conditions are at the sane temperatue and
extent of degradabn. Howeer the appeaance of the
quenchedsampes is markedy different Under air, the
separatgrainsof PMMA coalese into a singlebodythat
suggest that the decommsing polymer is a viscous
liquid. This sample has a markedy lower molecula
weight than the sample decommsed under nitrogen,
which consbts of separategrains.This conclusio agrees
with measuementsof viscosity? andthe numberaverlge
molecubr weighf. The esapeof gaseais productsfrom
PMMA is acconpanied by the formation of bulbles,the
poppingof which causeghe instability in the DSC signal
at 270-330°C (Fig. 2). As a decreaein M, is primarily
causedby randomscission,we may assumehat oxygen
promotesthis processBesidethat, oxygencausesighly
exotherm¢ oxidation that significantly diminishes the
overallendothemicity of degradtion (Fig. 2).

Brown and Kashwagi'® have recently propcsed a
mechanism to explan the stablizing effect of oxygen.
The mechanismassunes that oxygen attackshydrogen
activated by the terminal vinylidene group to form a
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hydroperoxde. The latter undegoesBscissim forming a
hydroxy-temminated polyme and a cartonyl vinyl ester
compound. According to this mechanism oxygen also
promotesrandomscissionthat resultsin acceleation of
degadationat the later stage This processis acconpa-
nied by eliminaton of an ester compound and water
neither of which have beenexpeaimentally observedby
Sang et al.*®, who studiedthe productsof PMMA degra-
dation in the presenceof oxygen. The major oxidation
product (2.2 vol.-%) was 2-methybxirane carbonicacid
methyl eder that resultedfrom main chain scissior®.
The secondmajor oxidationproductwasmethyl pyruvate
(0.37 vol.-%). Therefae, the abore-mentiored mechan-
ism doesnot agreewith the expeimentaldataby Sang et
al.®

Another mecanism was earlier proposedby Kashi-
wag et al.’® This mechanismincludesanirreversibe for-
maton of R” (cf. Eq. (1)), which after rearrangeents,
traps oxygenin the polymer chainandeliminatesmethyl
pyruate, which has been experimentally detected by
Sang et al.*® Note that the amountof metyl pyruvae
found (0.37 vol.-%) significantly exceedshe maxmum
theaetical yield obtained under the assumption that
metyl pyruvae is formedonly in areactioninitiatedata
weak link which presunably is presentin eachpolymer
chah. This indicatesthe exisienceof analterndive chan
nel that alsoyields this produwct. Therefore the detetion
of metyl pyruvate doesnot provide an unequiwcal evi-
derce for the above mechanism. Neverttelessthis does
not discardthis mechanismasa plausibleexplanationfor
thestabilzing effect of oxygen.

The only wealnessof the medanism propased by
Kashwagi et al.}? is that it is specificaly developedfor
oxygen.For this reasonit doesnot predictthe stabilizing
effect of other species.On the contrary our mechanism
predictsthatany speciesf a low electronaffinity should
causea stabilzing effect similar to thatof oxygen.

Degradationin NO-containingatmosphes

The thermd degraddabn of PMMA in a NO-containirg
atmospherehas been conduced to provide the further
evidencein supportof the radicalreacton (1) asbeing a
processthat delays degradabn of PMMA. According to
our mechaism any speciesof a low electron affinity
shoud alsodemonstrat a stabilizing effect. Nitric oxide,
which is a stabk radicalin its groundstate wastherebre
a natual chace. As seenin Fig. 1, introductionof NO in
the atmosphereof decomsingPMMA hasincreasedhe
onsé temperatureof PMMA degadationby =100°C as
conparedto that for degradabn under nitrogen. The
initial 5% masslossis likely to resut from formation of
volatile bypraducts of a reaction between NO and
PMMA.
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Conclusion

A medanismhasbeenproposé to explan the stabliz-
ing effect of oxygen on the thermal degradéion of
PMMA. This mechanismexplans the initial delay of
degradabn aswell asthe subsguentacceleation of the
processThe proposednechanisnpredictsthatother spe-
ciesof low electran affinity shouldalso causea stabiliz-
ing effect, which has been confirmed by conduding
degradabn in the NO-contaning atmosphere.
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