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SYNOPSIS 

The thermal degradation of Nafion-H, Nafion-K, and the mixture of each of these with 
poly (methyl methacrylate) (PMMA) has been studied. A mechanism is proposed for the 
thermal degradation of Nafion-H that involves an initial cleavage of the carbon-sulfur 
bond leading to SO2 an OH radical and a carbon-based radical. This carbon-based radical 
then undergoes further degradation. The addition of PMMA to Nafion-H inhibits further 
degradation of the Nafion carbon-based radical and instead radical recombination reactions 
between PMMA fragments and this Nafion radical dominate the reaction scheme. The 
replacement of the hydrogen in Nafion-H with a potassium (i.e., Nafion-K) produces a 
much more robust material that does not degrade under conditions similar to those used 
for Nafion-H. Nafion-K has little effect on the degradation of PMMA. 

INTRODUCTION 

The thermal decomposition of PMMA has been 
studied by many The consensus is that 
it breaks down to give substantial amounts of 
monomer. PMMA prepared by a free-radical process 
has double bonds at the chain ends, and degradation 
is initiated at these sites at temperatures as low as 
270°C. Polymer prepared anionically does not con- 
tain such double bonds, and degradation does not 
commence until 350°C. The identity of the pyrolysis 
products is believed to be little effected by an in- 
crease in temperature."'" The principal product of 
degradation is monomer produced by an unzipping 
reaction; most references cite PMMA as a polymer 
that produces exclusively monomer in its degrada- 
tion. 

In this laboratory, we have been concerned with 
developing an understanding of the thermal degra- 
dation of PMMA and in using that understanding 
to develop efficacious flame retardants for PMMA. 
We have investigated the reactions of several ad- 
ditives with the polymer and its models. Red phos- 
phorus interacts with PMMA with the formation 
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of anhydride and methy1,methoxy phosphonium 
 ion^.'^.'^ The anhydride is formed only intramolec- 
ularly so the products are soluble. Since the red 
phosphorus investigation has established the car- 
bonyl as the locus of reaction in the polymer, we 
next chose an additive that would be expected to 
interact effectively with this group. Wilkinson's salt, 
CIRh( PPh3)3, is well known to react with acyl ha- 
lides, at room temperature, to form a rhodium car- 
bonyl and an alkyl halide; l4 thus it might be expected 
to react with an ester at elevated temperatures. In- 
deed, Wilkinson's salt does interact with PMMA by 
an oxidative addition process and leads to the for- 
mation of anhydrides.l57l6 Of greatest interest is that 
these anhydrides are formed by an intermolecular 
process and thus are crosslinked. For reasons of 
toxicity, color, and expense Wilkinson's salt is not 
suitable as a flame retardant. Cobalt compounds 
were investigated in order to circumvent these 
problems. Two cobalt compounds that are known 
to function as hydrogenation catalysts, K4c0 ( CN)6 
and HCo [ P ( OPh)3]4, have also been shown to ef- 
fectively inhibit the degradation of the p01ymer.l~ 

In this study we report on another route to cross- 
linked anhydride formation, reaction with strong 
acid. The strong acid that we have used is Nafion- 
H, a poly (tetrafluoroethylene) (PTFE) polymer 
containing pendant sulfonic acid groups. Nafion-H 
has a wide variety of commercial applications, these 
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depend on the resistance of the material to chemical 
attack and to its selectivity, which allows cations, 
but not neutrals or anions, to migrate through a Na- 
fion Catalytic reaction, such as al- 
cohol dehydration and aromatic isomerizations, dis- 
proportionations, and alkylations are promoted by 
Nafion-H. The useful temperature range extends to 
about 190°C for short times. 

RESULTS AND DISCUSSION 

Degradation of PMMA 

Previous work on the degradation of PMMA has 
suggested that only monomer is produced. When the 
degradation is carried out in a sealed tube a t  375"C, 
we observe the formation of small amounts of CO, 
COP, CH,OH, oligomers, a trace of anhydride, as 
well as monomer. A 1.0-g sample of polymer pro- 
duces 56% monomer, 36% PMMA and nonvolatile 
oligomers, 6% COP, 1% CO and CH,, 3% insolubles, 
and traces of methanol. A 2.0-g sample produces 
44% monomer, 48% PMMA and nonvolatile oligo- 
mers, 5% C02, 1% CO and CHI, and 2% insolubles. 
Infrared analysis of the PMMA fraction shows weak 
bands attributable to anhydride vibrations. Note 
that there is some difference in the product mix for 
a different charge to the vessel. A smaller sample 
leads to a greater yield of monomer and lower 
amounts of polymer. This is probably due to in- 
creased pressure forcing more reoligomerization. 

The thermolysis of 1.0 g of monomer under iden- 
tical conditions yields 64% monomer, 35% PMMA 
and nonvolatile oligomers, and 1% Cog.  Thus CO, 
methanol, anhydride, and most of the COP must be 
produced by PMMA degradation, not from reactions 
of the monomer. Obviously, sealed tube reactions 
produce a different product mix than is obtained in 
open degradation. We conclude that in a sealed tube, 
PMMA degrades to monomer that may reoligomer- 
ize. The formation of CO and COz must arise from 
decarbonylation and decarboxylation, presumably of 
the anhydride; methanol probably is a result of the 
loss of methoxy radical followed by hydrogen scav- 
enging. It is worthwhile to note that photodegra- 
dation of PMMA produces similar products: CO, 
COz, CH30H, CHI, and Hz. The formation of these 
products has been attributed to decomposition of 
the ester.20 Presumably, ester degradation also oc- 
curs under thermal conditions in a sealed tube be- 
cause the contact time is relatively long, while it 
does not occur under open conditions where the 
contact time is much shorter. 

Degradation of Nafion-H 

Little work has been reported on the degradation of 
Nafion-H. DuPont trade literature suggests that 
SOz, COP, CO, HF, carbonyl fluorides, and fluoro- 
carbons are produced. Some of these products must 
arise from degradation of the poly (tetrafluoro- 
ethylene) (PTFE)  backbone. PTFE is one of the 
most thermally stable linear polymers. This thermal 
stability is attributed to the C-F bond strength and 
the shielding effect of the very electronegative flu- 
orines. There is no significant degradation below 
450"C, and even heating the polymer for 2 h a t  500°C 
leads to only 30% weight loss. HF, SiF4, CO, and 
C02 are produced at quite high temperatures. SiF4 
arises from the attack of HF  upon glass. The pro- 
posed mechanism for thermal degradation of PTFE 
a t  modest temperatures proceeds by a random scis- 
sion followed by formation of a difluorocarbene. This 
reactive carbene leads to the observed monomer and 
oligomeric p r o d u ~ t s . ~ ~ - ' ~  

The study of Nafion-H degradation has been 
carried out both by sealed tube reactions and ther- 
mogravimetric analysis (TGA) . Heating a 1.2-g 
sample of Nafion-H pellets to a temperature of 
375°C for 2 h results in a 16% weight loss; the gases 
SO2, C02, CO, and SiF, were detected. The beads 
are observed to fuse and significantly darken in these 
experiments; however, they remain hard. 

Since the presence of sulfonic acids in Nafion-H 
produces its distinctive chemistry, attention must 
be paid to degradation of sulfonates. Ehlers et al.24 
subjected poly ( arylene sulfonate ) to thermal deg- 
radation in vacuum. They observe that SO, is 
evolved by cleavage of the C - S bond; the maximum 
evolution occurs between 250 and 350°C. 

The TGA curve for Nafion-H is shown in Figure 
1. There is little degradation until a temperature of 
about 380°C is reached. In these experiments the 
TGA was coupled to an FT-IR spectrometer, which 
permits the identification of the evolved g a ~ e s . ' ~ . ~ ~  
Between 35 and 280°C about 5% weight loss occurs, 
and the gases are identified as H20, SO2, and COP. 
The water results from the fact that Nafion-H is 
quite hygroscopic; vacuum-dried films still retain 
2.7% water. SO, results from cleavage of the C-S 
bond with the formation of a CF2 radical and a S03H 
radical; this last radical may lose SO, and produce 
a hydroxyl radical. It is also possible that the OH 
radical is lost first. This is then followed by loss of 
SO2 with the formation of the same CF2 radical. A 
series of reactions (Scheme 1 ) has been suggested 
by a referee to account for the formation of CO,. In 
this scheme an initial loss of water from the sulfonic 
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Figure 1 
at a scan rate of 20°C/min. 

Thermogravimetric analysis curve for Nafion-H, run under inert atmosphere 

acid produces anhydride, this anhydride may react 
with another sulfonic acid to produce a sulfonate 
ester.27 Reaction of this ester with water will produce 
a carboxylic acid that can undergo decarboxylation 
to produce C02. 

A weight loss of 7% is recorded between 280 and 
355°C. The evolution of SO2 and COz increase 
throughout this region while that of water decreases. 
SiF, (1026 cm-'), CO, HF, as well as substituted 
carbonyl fluorides (1957 and 1928 cm-') and ab- 
sorbances in the C-F stretching region also appear 
in this region. A t  the highest temperatures, 355- 
560°C, 88% of the sample volatilizes. The amounts 
of SO2 and CO decrease dramatically at 365°C and 
are no longer of consequence. The major absorbances 
in this temperature region are due to HF, SiF,, car- 
bony1 fluorides, and C -F stretching vibrations. A 
mechanism that accounts for these observation is 
presented in Scheme 2. 

The bond that is initially broken is the C-S 
bond, giving a carbon-based radical and an S03H 

R,-SO,H - (R,SO,),O + H,O 
(R,SO,),O + R,SO,H 4 R,SO,-0-R, + SO, 
R,SO,-0-R, + H,O 4 R,CO,H + HF + R,SO,H 

radical [ Eq. ( 1 ) , Scheme 21. This last radical cleaves 
to produce SO2, observed very early in the degra- 
dation, and a hydroxyl radical [ Eq. (2)  1. As previ- 
ously noted, an alternate explanation is the initial 
cleavage of the S-0 bond, forming an OH radical 
and a sulfur-based radical. This latter radical may 

-(-CF,-CF,-)a-(-CF,-CF-),- 
I 
0 - CF,-CF - 0- CF,-CF,- S03H (1) I 

CF3 c 
-(-CF,-CF,-),-(-CF,-CF-)y- 

I 
O-CF,-CF-O-CFz-CF~ + .S03H (2) 

I 
CF3 c 

0-CF,-CF-0--CF, (3) 

c 

-(-CFz-CF,-)x-(-CFz-CF-)y- + :CF, + SO, + .OH 
I 

I 
CF3 

-(-CF,-CF,-)z-(-CFz-CF-)y- + :CF, 
I 
O-CF,-CF-O. (4) I 

CF3 c 

c 

-(-CFz-CFz-),-(-CFz- CF -)r + CF= 0 
I I (5) 0-CF; CF, 

-(-CFz-CF,-)x-(-CF,-CF -),.- + O=CF, 

Scheme 1 Scheme 2 
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then lose SO2 giving the same CF2 radical. The fluo- 
rocarbon radical [ Eqs. ( 2 )  and ( 3  ) ]  loses two di- 
fluorocarbenes and produces an  oxygen-based rad- 
ical. This radical [ Eq. ( 4 )  ] may lose a substituted 
carbonyl fluoride and [ Eq. ( 5 )  ] carbonyl fluoride 
itself. The remaining polymer is now PTFE, which 
will degrade as noted earlier. 

Interaction of Nafion-H and PMMA 

There are some obvious differences between the 
thermolysis of the mixture compared to  the sum of 
thermolysis of the individual components. The re- 
sults from sealed tube reactions show that the 
amount of methyl methacrylate monomer is signif- 
icantly decreased, more CO and COP are obtained, 
and the amount of SO2 may be reduced. An addi- 
tional difference is that the infrared spectrum of the 
chloroform-soluble products of the reaction shows 
strong absorptions in the anhydride region (1805, 
1760, 1020 cm-'). 

Thermolysis of a blend of 2.0 g PMMA and 1.2 
g Nafion-H produces 4% CO and CHI, 19% CO,, 
13% methyl methacrylate, 18% solubles, and 41% 
insolubles. Approximately the same amount of in- 
solubles are recovered as the amount of Nafion 
charged to the system. Since it is known that SO, 
and C2F4 oligomers are lost, this suggests that the 

mass that is added is roughly equivalent to that lost. 
To  provide a comparison with PMMA alone, we 
shall indicate the fate of the polymer ignoring the 
amount of Nafion added. The 2.0 g of PMMA appear 
as 6% CO, 30% COP (this fraction contains SO2 
also), 21% monomer, and 29% nonvolatile oligo- 
mers. This accounts for 86% of the PMMA charged 
to the vessel (actually less since some SO, is counted 
as  C 0 2 )  leaving a t  least 14% of the polymer incor- 
porated with the Nafion. The pronounced decrease 
in monomer and oligomers must indicate that these 
materials are incorporated into the Nafion. Likewise 
the great increase in COa leads to decarboxylated 
species, probably radicals, which may also combine 
with the Nafion. The reaction charge contains ap- 
proximately 1 mmol of sulfonic acid groups and 0.1 
mmol of polymer or 20 mmol of monomer units. 
Based upon these numbers, the maximum number 
of attachments is 1 Nafion to 20 monomer units or 
10 Nafions per PMMA chain. This level of additive 
should lead to a retardation of monomer formation. 

TGA/FT-IR studies of a blend prepared by cast- 
ing a PMMA film onto a Nafion-H film also indicate 
a significant difference from that of the individual 
components. Both PMMA and Nafion-H have 
completely volatilized a t  500°C; the blend shows 
about 10% residue remaining a t  600°C. The TGA 
of the blend is shown in Figure 2 and that of PMMA 
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Figure 2 
under inert atmosphere a t  a scan rate of 20°C/min. 

Thermogravimetric analysis curve for a blend of Nafion-H and PMMA, run 
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Figure 3 Thermogravimetric analysis curve for PMMA, run under inert atmosphere at 
a scan rate of 20°C/min. 

in Figure 3. Degradation of the blend seems to occur 
in three stages. In the first stage (120-265"C), 11% 
of the sample is volatilized. The gases are water, 
which is tenaciously retained by Nafion, and chlo- 
roform. Chloroform is the solvent from which the 
PMMA was cast, and some is clearly retained by 
the blend. The onset of degradation of this blend 
does not begin until about 265°C. 

The bulk of the degradation occurs in the second 
region: 52% of the sample is volatilized between 265 
and 430°C. The onset of degradation in this stage 
occurs about 80°C higher than that of pure PMMA. 
Water is lost until 365°C; CO and C02 are observed 
at 270°C and grow in intensity until 430°C. SO2 is 
observed at  280°C and begins to decrease near the 
end of this region. Methanol, a species observed in 
the degradation of PMMA alone, is seen between 
270 and 305°C. SIF4, from HF and glass, is first 
observed at 325°C and is strong throughout the re- 
gion. Monomer is observed at 270"C, grows in in- 
tensity until 415"C, and then significantly decreases 
(C=O absorption at  1750 cm-'). This appears to 
be the major product in this region. 

About 30% of the sample volatilizes during the 
third region, 430-575°C. The products in this region 
are similar to those observed in the degradation of 
Nafion-H alone with two major differences. The 
fluorinated species that are observed in Nafion-H 

alone at 350°C are not seen in the blend until 450°C. 
The carbonyl fluorides were seen in Nafion-H alone 
at 280°C. In the blend only a very small amount of 
carbonyl fluorides are observed, and these are not 
evolved until 480°C. A possible mechanism to 
account for these observations is presented in 
Scheme 3. 

-(-CF,-CF,-)x-(-CF,-CF-)y- 
I 
0- CF,-CF -0- CFz-CF2- S03H 

I 
CF, 

4 
- (- CF ,- CF,-),- (- CF,-CF 

I 
0- CF,-CF -0- CF,- CF; + *SO,H 

I 
CF, 

y 3  y 3  - CH,-C-CH,-C- 
I I 
c=o c=o 
I I 
CCH, 'OCH, 

4 

-(-CF,-CF,-),-(-CF,-CF-)y- 
I 
0-CF,-CF - 

I 
CF, 

7H3 y3 
O-CF,-CF,-CI+C-CH,-C- + SO, + .OH 

I I 
c=o c=o 
I I 
OCH, OCH, 

Scheme 3 
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The presence of SO2 suggests that the initial step 
is the cleavage of the C-S bond, generating a fluo- 
rocarbon radical and an S03H radical. The S03H 
radical yields SO2 and a hydroxy radical. The ab- 
sence of carbonyl fluorides indicates that propaga- 
tion of radical sites along the Nafion chain is halted. 
The fluorocarbon radical may combine with a 
PMMA radical, as shown in Scheme 3. The de- 
creased yield of fluorocarbon oligomers indicates 
that some of these CF2 radicals do react in this way. 
An alternate reaction for the CF2 radical is the loss 
of difluorocarbene, yielding PTFE oligomers and an 
oxygen-based radical. Radical propagation along the 
Nafion chain must cease at this point since carbonyl 
fluorides are absent. The cessation of radical prop- 
agation must arise by the stabilization of this oxy- 
gen-based radical, either by hydrogen abstraction 
from a PMMA methyl group or radical combination 
with a PMMA radical. Hydrogen abstraction from 
PMMA would yield a double bond that would be 
very susceptible to radical formation. This may lead 
to the possibility of Nafion attachment to both ends 
of a PMMA unit with a concomitant increase in 
stability. One must also note that the great amount 
of C02 that is produced indicates that some radical 
sites are produced on the polymer backbone by loss 
of carbomethoxy groups. These radicals would also 
be able to interact with the Nafion radical by radical 

recombination. In any case one would expect that 
the PMMA fragments would be stabilized and less 
subject to depolymerization. The formation of an- 
hydride must be attributed to the formation of the 
hydroxyl radical. This may interact with the ester 
functionality with the formation of methanol and 
lead to the production of anhydride. 

Nafion-K Pegradation 

In order to verify these schemes Nafion-K was pre- 
pared and its interaction with PMMA examined. 
One may expect that the cleavage of the C-S bond 
will be more difficult for a potassium salt than for 
an acid, it has been shown that the thermal stability 
of amine arenesulfonates is greater than that of the 
corresponding sulfonic acids.28 Sealed tube reactions 
show that no gases are lost from Nafion-K upon 
thermolysis, and the weight of material recovered is 
identical with that charged to the reaction vessel. 
Thus the C-S bond is much less susceptible to 
thermal cleavage. 

Nafion-K is quite stable by TGA/FT-IR. The 
curve is shown in Figure 4. The onset of degradation 
is about 100°C higher than is observed for Nafion- 
H. A small amount of water is lost initially; there is 
no further weight loss until 39OoC, and 88% of the 
material is volatilized between 390 and 535°C. The 
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at a scan rate of 20°C/min. 

Thermogravimetric analysis curve for Nafion-K, run under inert atmosphere 
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only products that are observed are COZ, SIF4, and 
fluorinated hydrocarbons. No SO2 is produced. The 
degradation of Nafion-K produces products more 
like those of PTFE than those of Nafion-H. 

Interaction of Nafion-K and PMMA 

The thermal degradation of blends of Nafion-K and 
PMMA were studied by sealed tube reactions and 
TGA/FT-IR. From sealed tube reactions, one may 
conclude that Nafion-K has no effect on the deg- 
radation of PMMA. Of the starting PMMA 42% is 
found as monomer and 49% as nonvolatile oligo- 
mers. No anhydride is found in these oligomers. 
These quantities are very similar to those produced 
from the thermolysis of PMMA alone. 

For the TGA/FT-IR studies PMMA was cast 
onto Nafion-K films. An immediate difference is 
noted between Nafion-H and Nafion-K. One may 
quite easily cast an adherent coating of PMMA onto 
Nafion-H; however, acetone or chloroform solutions 
of PMMA do not wet the surface of the Nafion-K 
and one is left with a non-adherent coating. This 
suggests that the gross morphology of the potassium 
compound is quite different from that of the acid. 
Nafion-K is expected to behave as an ionomer with 
the potassium ions clustered at the center with a 
very hydrophobic surface of fluorocarbon. Nafion- 

H, on the other hand, has a surface with both hy- 
drophobic and hydrophilic groups, and the PMMA 
may interact with that surface. Casting of PMMA 
upon a Nafion-K surface could only be achieved by 
dipping the film into a solution and permitting the 
PMMA to completely encase the Nafion-K. 

The TGA of the Nafion-K PMMA blend is shown 
in Figure 5. The amount of residue remaining at  
600°C is the same as observed for Nafion-K alone. 
A small amount of degradation does occur at rela- 
tively low temperature; however, the curve is much 
more similar to that of Nafion-K than it is to 
PMMA. From ambient temperature up to 285"C, 
4% of the sample volatilized. The material evolved 
consists of water, visible until about 280"C, and 
monomer, which begins to evolve at 235°C. Between 
285 and 340°C the only material that is observed is 
monomer; 4% of the weight is lost in this region. In 
the third region, 34O-41O0C, 16% of the sample is 
lost. The gases consist only of monomer and COZ. 
Carbon dioxide appears at 350°C and steadily grows 
in intensity throughout this region. The bulk of the 
sample was lost in the highest temperature region, 
66% volatilized between 410 and 550°C. The gases 
in this region were monomer, COZ, fluorocarbons, 
and SiF4. Monomer falls off rapidly at  these tem- 
peratures and is replaced by fluorocarbons at 440°C. 
Carbon dioxide and fluorocarbons are observed until 
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Figure 5 
under inert atmosphere at a scan rate of 20"C/min. 

Thermogravimetric analysis curve for a blend of Nafion-K and PMMA, run 
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about 500°C. The only product that evolves above 
this temperature is SiF4. 

The sealed tube reactions indicate that there is 
essentially no effect by Nafion-K on PMMA deg- 
radation. The TGA studies do indicate some effect. 
The onset of degradation is at a higher temperature. 
Nonetheless degradation does still occur, and the 
products are identical with those observed in studies 
of the independent materials. This change is prob- 
ably a result of physical, rather than chemical, effects 
since the quantity and identity of the products are 
unchanged at  375°C. Since the difference between 
Nafion-K and Nafion-H degradation is the absence 
of OH radical and SO2 formation, and hence fluo- 
rocarbon radical formation, in Nafion-K, these spe- 
cies must be extremely important in PMMA sta- 
bilization by Nafion-H. 

CONCLUSION 

The degradation of Nafion-H proceeds by a radical 
pathway and initially produces a fluorocarbon rad- 
ical, SO2, and a hydroxyl radical. Both radicals ef- 
fectively interact with PMMA and lead to stabili- 
zation. The fluorocarbon radical combines with 
PMMA radicals and produces a new, crosslinked, 
polymer. The hydroxyl radical interacts with the 
PMMA with the formation of anhydride units. 

EXPERIMENTAL 

Materials 

Poly ( methyl methacrylate) and Nafion-H were ac- 
quired from the Aldrich Chemical Company. Na- 
fion-H beads and film were also kindly provided by 
E. I. DuPont Company. Solvents used were pur- 
chased from EM Scientific or Aldrich Chemical. 
TGA work was carried out using a Perkin-Elmer 
Model TGA-7 instrument. TGA/FT-IR work was 
performed on an Omnitherm horizontal balance 
TGA instrument interfaced to a Digilab FTS-60 FT- 
IR spectrometer with a heating rate of 10"C/min 
and a 50 cc/min flow of argon. Proton NMR spectra 
were obtained on a Varian EM360; 13C-NMR spectra 
were obtained on a JEOL FX6OQ or a GE 300QE 
spectrometer. FT-IR spectra were obtained on a 
Analect FX 6200 spectrometer. 

Thermolysis of PMMA 

A 1.0-g sample of PMMA was placed in a standard 
vessel and thoroughly evacuated. After the vessel 

was sealed off from the vacuum line, it was placed 
in an oven maintained at 375°C and heated for 2 h. 
After this time the vessel was removed from the oven 
and immediately cooled in liquid nitrogen. The ves- 
sel was then opened and the contents, 1.0 g, were 
removed. Some reactions were performed in break- 
seal equipped vessels. These were reattached to the 
vacuum line and opened, and the gases identified by 
infrared spectroscopy. Caution: Vessels have been 
known to explode upon removal from the oven; care 
must be exercised. A small amount of noncondensible 
gas was identified as CO and methane by IR. Con- 
densible gases consisted of C02, monomeric methyl 
methacrylate, and traces of methanol. These were 
transferred to an open vessel and the C02 allowed 
to evaporate. The vessel was then removed from the 
vacuum line and treated with acetone or chloroform, 
yielding a soluble and an insoluble fraction. The sol- 
uble fraction showed a very weak anhydride absorp- 
tion (1800, 1760, 1020 cm-') . The 1.0-g sample of 
PMMA yielded 0.56 g monomer, 0.36 g PMMA and 
nonvolatile oligomers, 0.06 g COP, 0.36 mmol CO 
and CH4, 0.03 g insolubles, and traces of methanol. 
Thermolysis of a 2.0-g sample gave 0.88 g monomer, 
0.96 g PMMA and nonvolatile oligomers, 0.09 g C02, 
0.52 mmol CO and CH4, and 0.05 g insolubles. 

Thermolysis of Nafion-H 

A 1.2-g sample of Nafion-H pellets was placed in a 
standard break-seal vessel, thoroughly evacuated, 
and heated for 2 h a t  375°C. The gases consisted of 
SO2 (1325 cm-'), C02 (2350 cm-'), CO (2100 
cm-' ) , SiF4 ( 1024 cm -' ) , and fluorocarbons ( 1000- 
1400 cm-') . 

Preparation of Blends 

For TGA and TGA/FT-IR work these blends were 
prepared by pouring a solution of PMMA in chlo- 
roform onto Nafion film and allowing the solvent to 
evaporate. For sealed tube reactions Nafion beads 
and PMMA powder were poured into a reaction ves- 
sel and mixed by shaking. 

Thermolysis of a Blend of Nafion-H and PMMA 

A 2.0-g sample of PMMA and 1.2 g of Nafion-H 
were combined in a standard break-seal vessel and 
treated as described earlier. The material contained 
4.5 mmol CO and CH4, 0.60 g COz, 0.42 g monomer, 
0.57 g solubles, and 1.29 g insolubles. The soluble 
fraction shows strong anhydride vibrations in ad- 
dition to the normal ester vibration. The infrared 
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spectrum of the insolubles shows both C-H and 
C-F stretching vibrations. 

Preparation of Nafion-K 

A sample of Nafion-H, either pellets or film, was 
stirred overnight with a 50% solution of aque- 
ous KOH. 

Thermolysis of Nafion-K 

A 1.2-g sample of Nafion-K pellets was placed in a 
standard break-seal vessel and heated to 375°C for 
2 h. No gases were detected upon reattachment to 
the vacuum line. After removal from the line 1.2 g 
of material was recovered. 

Thermolysis of a Blend of Nafion-K and PMMA 

A 2.0-g sample of PMMA and 1.2 g of Nafion-K 
were combined in a standard break-seal vessel and 
heated to 375°C for 2 h. The composition of the 
material in the vessel consisted of 0.84 g monomer, 
0.97 g PMMA and oligomers, 1.2 g insolubles (Na- 
fion-K ) , and traces of CO and C02. 
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