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Summary 

The thermal degradation of polytetrafluoroethylene oxide has been exam- 
ined by the isothermal and thermogravimetric methods in the temperature 
range 450 to 650°C. The main components of the volatile gas are trifluoro- 
acetyl fluoride, carbonyl fluoride, and tetrafluoroethylene. The thermo- 
gravimetric decompositions of polytetrafluoroethylene oxide and of poly- 
tetrafluoroethylene have been compared. 

The available results on the thermal stability of fluorinated pol- 
ymers concern mainly polytetrafluoroethylene, which has been 
studied by several authors (1,2). 

Recently polytetrafluoroethylene oxide has been prepared by 
solid-state y-irradiation of the monomer (3). This polymer with 
oxygen atoms in the main chain is the first example of heterochain 
fluorocarbon. In this work an investigation of the thermal decom- 
position of this polymer was made. The nature of the products given 
off and the rate of the reaction were also examined. 

EXPERIMENTAL 

Material 

Polytetrafluoroethylene oxide (PTFEO) was prepared by y-irra- 
diation of tetrafluoroethylene oxide in the solid state (3). Samples 
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of various molecular weights were obtained from different prepara- 
tion and used without fractionation. Polytetrafluoroethylene (PTFE) 
was a commerical sample. 

Apparatus and Procedure 

Thermal decomposition was measured by the isothermal method 
and by thermogravimetry. The apparatus used for the isothermal 
decomposition consisted of a fused quartz spring balance and a 
platinum crucible. 

The heating furnace was a nichrome wire-wound quartz tube 
connected to a vacuum line. The quartz spring balance was cooled 
by a condenser through which water was circulated. The tempera- 
ture was controlled with two chromel-alumel thermocouples placed 
near the platinum crucible suspended in the center of the furnace. 
The temperature could be kept within +3"C. 

The experiments were carried out with samples of 50 mg or more 
in vacuum ( torr) and the gas evolved was trapped in a liquid 
nitrogen condenser. The time to warm-up to the temperature re- 
quired was about 3 min. Thermogravimetric experiments were car- 
ried out with an A.D.A.M.E.L. thermobalance system P. Chevenard 
No. 243, at a heating rate of O.SC/min under an argon flow. 

Analyses and Viscosity Measurements 

The pressure of condensed gas obtained from pyrolysis in vac- 
uum was measured in a known volume. The gas was analyzed by IR 
spectrophotometry with a Perkin-Elmer Infracord apparatus. The 
absorption bands used for the quantitative determinations of the 
products were 1960 cm-' for carbonyl fluoride, 1900 cm-' for tri- 
fluoroacetyl fluoride, and 1030 cm-' for SiF,. Viscosity determina- 
tions were carried out at 25°C in C8F160 (FC75-3M mixture of 
isomers). 

RESULTS 

Isothermal Method 

The decomposition of polytetrafluoroethylene oxide has been 
examined in the temperature range 450 to 585°C. The results of 
these experiments are shown in Fig. 1, where the conversion rate 
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conversion 
0 

FIG. 1 .  Rates of thermal degradation as function of conversion for PTFEO 
at: 0,500"C; 0, 515°C; A, 545°C; 0,560"C; ., 565°C; A, 575°C. 

is plotted versus the per cent of conversion. The decomposition 
curves differ markedly from one another, depending on the tem- 
perature. At temperatures below 515"C, an initial rapid weight 
loss is followed by a slow reaction with an invariance of the conver- 
sion rate. Assuming for this decomposition a zero-order reaction, 
the Arrhenius plot gives a fairly straight line with an activation 
energy of 50 kcal/mole. 

It should be noted that in the initial rapid stage, the final weight 
loss increases with decomposition temperature. The curves of Fig. 1 
refer to experiments made on the same sample with [q] = 0.365. 
The viscosity during decomposition at 515°C does not seem to 
change significantly. As shown in Fig. 1, a first-order decomposition 
takes place at higher temperature. This trend is shown also in Fig. 2 
at three temperatures. A value of 83 kcal/mole for the activation 
energy is obtained in this temperature range. As shown in Table 1, 
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conversion 

FIG. 2. Rates of thermal degradation as function of conversion for PTFEO 
at: @,565"C, A, 575°C; 0,585"C. 

the first-order decomposition rate does not depend on the molec- 
ular weight of the polymer. 

The pyrolysis in vacuum leads to a volatile fraction collected in 
the liquid nitrogen condenser and a nonvolatile product that re- 
mained in the cool part of the furnace. The volatile fraction in- 
creased with decomposition temperature and in the experiments at 
high temperature accounted for about 100% of the polymer decom- 
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FIG. 3. Ratio between CF,COF and COFz obtained in thermal degrada- 
tion of PTFEO as a function of temperature. 
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posed. In the low-temperature range, most of the volatile gas is 
formed during the slow reaction. The condensed gas in the first 
rapid stage accounts for only about 20% of the weight loss. This 
volatile fraction was analyzed by IR spectrophotometry at various 
stages of the reaction, and trifluoroacethyl fluoride, carbonyl flu- 
oride, SiF4, and small amounts of C2F4 were the main components. 

The ratio between CF3COF and COF, formed at the end of the 
pyrolysis is plotted in Fig. 3 against decomposition temperature. A 
decrease of this ratio with temperature may be observed. Decom- 
position of CF,COF to form COF, at higher temperature cannot 
justify this result, as direct experiments have shown. 

Thermogravimetric Method 

The thermal stabilities of PTFEO and PTFE have been com- 
pared by carrying out thermogravimetric decompositions under the 
same conditions. 

1 h. 

FIG. 4. 
1 / ~ . 1 0 ~  

Therrnogravirnetric (a) and differential thermogravimetric 
curves for thermal decomposition of PTFEO. 
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FIG. 5. Kinetics of the thermal decomposition of PTFEO by thermo- 
gravimetry . 

1 

FIG. 6. Thermogravimetric (0)  and differential thermogravimetric (0) curves 
for thermal decomposition of PTFE. 
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The curves of thermogravimetric analysis have been treated 
according to the modified method of Freeman and Carroll (4,5) 
based on the following equation: 

(1) 

where dw/dt and x are the rate and the order of reaction, respec- 
tively. AE is the activation energy, Wr = AWc - AW is proportional 
to the amount of reactant present, AW is the weight loss when the 
rate is measured, and AWc is the total weight loss. 

Polytetrafluororoethylene Oxide. In Fig. 4 a typical thermogravi- 
metric curve with the first derivative for the pyrolysis of the poly- 
mer is shown. The decomposition rate has a maximum at 628°C. 
The plot of Fig. 5 is obtained from the graph of Fig. 4 using Eq. (1). 
Accordingly, between 595 and 625"C, a first-order reaction takes 
place from 8.5% up to 85% of weight loss. The activation energy is 
98 kcal/mole. 

Polytetrafluoroethylene. The thermogravimetric curves for the de- 
composition of this polymer are shown in Fig. 6. The maximum rate 
is observed at 568°C. A first-order reaction (0.88) between 523 and 
571°C is confirmed and the activation energy is 85 kcal/mole. 

log (dwldt) = x A log Wr - (AE/2.3R) A (1/T) 

DISCUSSION 

The rate curves of Fig. 1 for the isothermal degradation of PTFEO 
show a different trend at low and at high temperature, respectively. 
At temperatures below 515"C, the kinetic curves show first a reac- 
tion with a rapid weight loss followed by a zero-order decomposi- 
tion. A detailed study of the rapid reaction in this range of tempera- 
ture could not be made under the experimental conditions adopted 
in the present work. The reaction was almost completed during the 
time of heating to the temperature of the experiment. This rapid 
weight loss is due to volatilization of low-molecular-weight poly- 
meric material, as indicated by the fact that in this stage only a 
small amount of volatile gas is formed. Further, the infrared spectra 
of the viscous oil formed on the wall of the furnace is similar to that 
of the initial product. This volatilization however, does not seem to 
change significantly the average molecular weight as determined 
by viscosity measurements. 

The slow reaction that follows, with a zero-order kinetics, would 
indicate a thermal degradation end-initiated, with small zip length. 
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According to this mechanism, the degree of polymerization should 
decrease with conversion and coincide with the diagonal of the plot 
(6-9). This is not the behavior found. The viscosity measurements 
of the polymer at various stages of the thermal treatment at 515°C do 
not show an appreciable change from the initial product. 

A definitive conclusion on the mechanism of degradation in this 
range of temperature cannot be drawn. The rate curves would 
suggest that the materials is most heterogenous and that at low 
temperature the depropagation process has a short zip length, so 
that much material may volatilize. 

Above 565"C, up to 585"C, a linearly decreasing rate of decom- 
position as a function of conversion is observed. This trend is pre- 
dicted by the theory either for end or random initiation with large 
zip (6-9). A distinction between the two mechanisms may be ob- 
tained by examining the decomposition rate of samples of different 
molecular weight. Random initiation would produce a higher rate 
with samples of a higher molecular weight. With end initiation and 
large zip the rate of decomposition should not depend on the mo- 
lecular weight of the initial polymer, as actually found for the 
samples of PTFEO examined (Table 1). 

TABLE 1 

First-Order Rate Constants for Decomposition of Samples of PTFEO 
of Different Intrinsic Viscosity at 585°C 

[?I, dl/g k, min-' 

0.585 0.095 
0.475 0.133 
0.365 0.098 
0.195 0.099 

The experimental results obtained from the isothermal and from 
the thermogravimetric methods, respectively, seem to be in fairly 
good agreement. The two methods have both shown the first-order 
process in the high-temperature range (565%) and provide reason- 
able values of the activation energy (83 and 98 kcal/mole). A com- 
parison of the results of the low-temperature processes would be 
meaningless. At low temperature the weight loss determined ther- 
mogravimetrically corresponds to the rapid reaction observed by 
the isothermal method. 
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The activation energy for the first-order decomposition is 98 
kcal/mole for PTFEO and 85 kcal/mole for PTFE (previously found, 
80 kcal/mole) (10). A comparison between these values that were 
obtained from thermogravimetric measurements under the same 
experimental conditions would indicate that PTFEO is a more 
stable polymer. It should be pointed out that the activation energy 
obtained by thermogravimetry may correspond to the theoretical 
value only in the low conversion range (11). At high conversion, 
Ecalc > Etheoru. A higher thermal stability is also shown from the 
maximum of the decomposition rate that was found at 628°C for 
PTFEO and at 568°C for PTFE. Transfer reactions in the depoly- 
merization reaction probably may be neglected for both polymers, 
since fluorine-atom abstraction is a highly energetic process. 

It could be suggested that radicals formed in PTFEO degradation 
may be more stable than in PTFE. The end-initiated pyrolysis of 
PTFEO may be represented as follows: 

I I 

I ' T  7 I :  y 
+c-c-o+C-c-o' + X '  

11 

F F  F F  
I I  I I  

I I  
F F  

I 1  
F F  

-c-c-0-c-c-0-x 

C2F4 COF, COFz 

+ X '  

The exact nature of the terminal groups cannot be defined. At 
some early stage of the degradation process unzipping may lead to 
monomeric units that by fluorine-atom transfer ultimately give 
trifluoroacetyl fluoride. Unzipping may alternatively produce car- 
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bony1 fluoride and tetrafluoroethylene. This latter process is favored 
at high temperature. 
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Zusammenfassung 

Der thermische Abbau von Polytetrafluoroathylen durch isotherme und 
thermogravimetrische Methoden wurde im Temperaturbereich von 450 
bis 650” untersucht. Die Hauptbestandteile des fliichtigen Gases sind 
Trifluoroacetylfluorid, Carbonylfluorid und Tetrafluoroathylen. Die ther- 
mogravimetrische Zersetzung von Polytetrafluoroathylenoxid und Poly- 
tetrafluoroathylen werden miteinander verglichen. 

Resume 
L’Ctude de la degradation thermale de I’oxyde de  polytetrafluoroethyli.ne 

par des methodes isothermales e t  thermogravimetriques dans I’intervalle 
de tempCratures de 450 B 650°C. Les composants principaux des gaz bola- 
tiles sont le fluorure de  trifluoroacethy, le fluorure de carbonyle e t  le tetra- 
fluoroethykne. La dkcomposition thermogravimetrique de I’oxyde de 
polytetrafluoroethylhe et du polytbtrafluoroethylene est comparee. 
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