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_ ABSTRACT

A study has been made of the pyrolysis of eight aliphatic polyesters prepared
from various diacids and diols. The polymers start to degrade at about 275°C
by random scission of the ester linkage and are comparable to poly(ethylene
terephthalate) with respect to thermal stability., Providing a ,B ~hydrogen atom
is available in the diol portion of the ester, which was the case for the polymers
studied, the classical cyclic mechanism observed for the decomposition of
simple esters is applicable, Differences in degradation behavior are best ex-
plained in terms of secondary reactions which are dependent upon the nature of
the end-groups formed by scission and on the chain length of the acid and diol
used to prepare the polymer, Thus, olefinic end-groups break down to aldehydes,
dienes, cyclic ethers, and enols while acid end-groups give carbon dioxide,

cyclic ketones (05-07 diacids), and cyclic anhydrides (C 4 05 diacids). Water
is produced by anhydride formation and dehydration of hydroxyl end-groups.

|

|

|

I

The overall kinetics were consistent with a random mechanism but deviations
from the simple random picture were concluded for some polymers and probably
resulted from cross linking, Kinetic parameters were evaluated from pro-
grammed TGA data; activation energies of approximately 40 kcal/mole and

12

preexponential factors of about 10 min-1 were obtained,

!

iii




AFML -TR-68-182
Part1

TABLE OF CONTENTS

SECTION
1 INTRODUCTION
II REVIEW OF PREVIOUS WORK ON ESTER PYROLYSIS
III EXPERIMENTAL
v RESULTS

DISCUSSION

<

VI CONCLUSION

REFERENCES

PAGE

28
39

40




AFML-TR-68-182

Partl

FIGURE

1.

ILLUSTRATIONS

DTG Rate Curves for Polymer O1 at Several Heating
Rates

Comparative DTG Curves for Polyesters Heating Rate
at One Heating Rate

Rate-Conversion Curve for Polymer O4 at One Heating
Rate

Activation Energy Vs Conversion Relationships for
S Polymers

Activation Energy Vs Conversion Relationships for
O Polymers

Rate-Law Plots, Log [A F(W)] , for Polyesters
Important Peaks in MTA Spectra for S Polymers
Important Peaks in MTA Spectra for O Polymers

Degradation Rates for Early Stages of Weight Loss
for Polyesters

vi

PAGE

10

12

13
15
24

25

38




Partl

TABLE

I

111

v

VII

VIII

IX

AFML-TR-68-182

TABLES

Properties of Polyesters

Observed Kinetic Parameters

Percentage Condensate Fraction of Total Weight Loss
Isothermal Weight Loss Results

Properties of Degradation Residues from
Isothermal Studies at 342°C

TGA Condensates
Isothermal Degradation Condensates

Mole Percent Product Distributions of S Polymers
by GC/MS Analysis

Mole Percent Product Distributions of O Polymers
GC/MS Analysis

vii

PAGE

14

16

17

18

19

20

22

23




AFML-TR-68-182
Part 1

SECTION 1

INTRODUCTION

Because of the predominant use of the condensation type of polymers for
high-temperature applications and the continuous search for thermally stable
structures, there is a growing need to systematically study the thermal deg-
radation of condensation polymers. To this end, this research has been devoted
to a detailed study of polyesters and this first part of the report is concerned
with aliphatic polymers which, owing to their ease of dissolution, purification,

and characterization, are amenable to systematic study.

The specific objectives of the study were to establish the major reaction
mechanisms in aliphatic systems, to examine the kinetics of degradation, and to
observe the effects of varying the acid or glycol parts of the polymer on the

thermal stability and reaction mechanisms.

Two series of polymers were investigated. For the first, the acid part
(sebacic acid) was common and the glycol part varied; for the second, the reverse
situation was effected using octamethylene glycol and succinic, glutaric, adipic,
and pimelic acids. These can be represented by the structures,

0 0
i I
40 + CHp 47 0C + CH, 3 C 4

Sebacates x=2,3,4,5, y=8

Octamethylene polymers x=8, y=2,3,4,5
Kinetic studies of the degradation of the above polyesters were made by
temperature-programmed thermogravimetry. Comparison of stabilities by this
method was supplemented by isothermal studies. Information concerning the
reaction mechanisms involved in the degradation was obtfained by product
analysis, Infrared spectroscopy and combined gas chromatography-mass spec-
trometry were among the techniques employed for this purpose. The polymers
were also studied by time-of-flight mass spectrometry, which in theory can
yield both kinetic and analytical information, but which in this study was used

mainly as an analytical tool.
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SECTION II

REVIEW OF PREVIOUS WORK ON ESTER PYROLYSIS

Very little has been published on the degradation of aliphatic polyesters,
The original work by Carothers (Reference 1)onpolyesters is sometimes quoted
as the standard reference for aliphatic polyester pyrolysis. It should be noted,
however, that Carothers was interested in synthesizing macrocyclic structures
for synthetic perfume bases and used catalysts to obtain cyclic lactones from

polyesters.

Most ideas about the reaction mechanisms are inferred from analogy to
simple esters and poly(ethylene terephthalate) which, because of its great
commercial importance, has been studied in detail. The gas-phase pyrolysis of
simple esters has been extensively investigated. Anelimination reaction forming
acid and olefin usually prevails when a B—hydrogen atom is available in the
alcohol part of the ester., A cyclic transition stage is generally accepted and
very consistent kinetics have been observed for a wide range of esters (Refer-
ences 2 through 5). A study of di-(2-ethyl-hexyl) sebacate, a good model for the
polymers being presently studied, showed that the liquid phase decomposition
followed first-order kinetics with an activation energy of 47 kcal mole—1 and

12 geet (Reference 6). This compared very well

preexponential factor of 10
with the Ea values of about 45 kcal mole-1 found for the gas-phase decomposition

of simple esters,

For poly(ethylene terephthalate), the pyrolysis is much more complex;
reactions competing with the elimination described above and secondary re-
actions of the products of primary scissions have to be considered (References 7
through 10). A random thermal cleavage of ester groups is observed but small
amounts of water can provide an alternative hydrolytic path, Secondary reactions,
e.g., decarboxylation, decarbonylation, and anhydride formation, are observed,
Vinyl ester groups formed by primary scission breakdown to give acetaldehyde
in copious quantities. In Ritchie’s paper (Reference 9), a brief mention of
saturated aliphatic polymers and models is made and it was concluded that the
the size of the acidpart did not noticeably affect the stability of the ester linkage.
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Two recent studies of aliphatic polyesters have appeared in the literature,
a thermo-~oxidative study of poly(ethylene adipate) and poly(ethylene sebacate)
(Reference 11) and a nonoxidative degradation study of several adipate polyesters
(Reference 12). This latter work is particularly relevent and comparable to the
present research, Olefin, carbon dioxide, and cyclopentanone were the important
degradation products. The kinetics were found to be first order with Ea = 44+2
kcal mole—l. It was concluded that the stability of the polyester increased with

increasing chain length of both acid and glycol parts of the ester,

SECTION III
EXPERIMENTAL

POLYMERS

All but one of the polyesters were prepared under contract AF-33(657)~
10819 by Wyandotte Chemicals Corporation. The polymers were white, powdery
solids and had properties listed in Table I The polymers were reprecipitated
from benzene solution before use; this caused anincrease in the number average
molecular weight, which is shown in the table. The tetramethylene sebacate
polymer was prepared in this laboratory by Dr, M. Tessler, using trans-
esterification techniques (Reference 13). A small excess of glycol is normally
used in such polymerizations so that the end-groups are usually hydroxyl groups

rather than carboxylic acid groups.

M. W. MEASUREMENT

Number average molecular weights (Mn) were measured using a Mechrolab
vapor-phase osmometer, model 302 (Hewlett-Packard Co,). Benzene was the
solvent, The experimental technique employed has been described by Goldfarb

and Meeks (Reference 14),
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TGA WEIGHT LOSS STUDIES

The apparatus used for temperature-programmed TGA studies has been
previously described (Reference 15). The thermobalance was the commercially
available ‘‘Ainsworth Thermobalance.”” Samples weighing 50 to 100 mg were
degraded under high-vacuum conditions by raising the temperature from 25° to
500°C at a controlled, approximately constant heating rate, Weight and temper-
ature were continuously recorded. Each polymer was subjected to at least four
heating rates in the range 1.3 to 7.5C°/minute. The method used to obtain
kinetic parameters from this TGA data has been fully discussed in another report
(Reference 16) and is essentially that described by Friedman (Reference 17) and
reviewed with other methods by Flynn and Wall (Reference 18). Calculations
were done on an IBM 7094 computer. The computer programs are fully described

in Reference 16,

ISOTHERMAL STUDIES

Polymer samples, 100 to 200 mg, were pyrolyzed isothermally on a con-
ventional, manifold type of vacuum line. Pyrolysis was stopped after a pre-
determined time and the weights of residue, condensate, and volatiles were

determined. Product analysis was performed on the separated fractions,

GAS CHROMATOGRAPHY/MASS SPECTROMETRY (GC/MS)

Volatile product fractions, i.e., those products collected in a liquid nitrogen
trap, were submitted for GC/MS analysis. The analyses were done by Monsanto
Research Corporation under AFML (Analytical Branch) contract No, F33615-67~
C-1363, Components were separated and identified using an F&M 700 gas
chromatograph. Typical separating conditions consisted of a 12-ft 20% Triton
X-305, 60/80 mesh Gas Chromium Z column, 275°C flame ionization detector,
helium carrier gas (80 psi., 50 ml/min) and programmed temperature (50° to
170°C, 8°C/min). Quantitative calculations were then made from a composite

mass spectrum obtained from a CEC 21-100L rapid-scan mass spectrometer,

TIME OF FLIGHT MASS SPECTROMETRY

The polyesters were submitted for mass spectrometric thermal analysis
(MTA) to Dr. H, Friedman and Dr, H. Goldstein of General Electric Company
(USAF Contract No. F33615-67-C-1372), Drs. Friedman and Goldstein have made
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a full description of the apparatus and technique in References 19 and 20. In the
general MTA procedure, individual masses, M/e = 1-210, are continuously
scanned as the temperature is programmed from 25° to 900°C, so that individual
intensity-temperature profiles are obtained for each mass. In theory, both
kinetic and quantitative product analyses can be obtained. Since the full possi-

bilities of MTA are still being developed, a qualitative approach was adopted
with respect to the polyesters. To simplify qualitative analysis and to allow the

data for different polymers to be easily compared, MTA results were reduced
to conventional bar graphs by plotting the maximum intensities of product peaks
against M/e,

IR SPECTROSCOPY
A Perkin-Elmer Model 521 spectrophotometer was used. Samples were
examined as pressed KBr films (solids) and films between salt plates (liquids).
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SECTION IV
RESULTS

TGA RATES AND KINETICS
Since the treatment of TGA data to obtain kinetic parameters has been fully

discussed in Reference 16, a less detailed description is given here.

From the weight, temperature, and time data obtained from the experimental
thermograms, rates of weight loss and temperatures were calculated by
computer for constant conversion increments, 1%, 2% . . . 99%. For aliphatic
polyesters, no residue is formed so that, in deriving rates and conversions,
percent sample weight and percent weight loss are equivalent, eliminating any
confusion over choice of units, The calculations were repeated for each heating
rate (B). To illustrate the effect of heating rate, a typical set of derivative rate
(DTG) curves is shown in Figure 1. It is interesting to compare these DTG
curves for the series of polymers as is done in Figure 2, in which, for clarity,
only one heating rate is represented. The same observations are made for any
heating rate. Several of the rate curves in Figure 2 are very similar both in
position and shape. It must also be realized that the heating rate is only approx-
imately constant, ranging from 2.45 to 2.70°/minute., The apparent higher
stability of S1 and the broader, low maximum curves of S1 and S2 stand out as

differences beyond any experimental error or heating rate change.

Rate-conversion curves are less useful for comparison among polymers
and a typical curve is shown in Figure 3. It was observed that most of the
polymers gave curves which were slightly concave initially. The conversion
corresponding to the maximum rate was difficult to locate precisely since the
results tended to be somewhat scattered over the broad maximum, Thus, rate
maximums were observed between 50 and 709 conversions although most curves
had the maximum in a smaller range, 55 to 60%. As will be discussed later,
rate-conversion curves are of considerable diagnostic value, as are the corre-

sponding curves in isothermal treatments (Reference 21).
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Activation energies (Ea) were computed as a function of conversion from
the rate-temperature data discussed above. The basic Arrhenius type of equa~

tions used for the calculations are given below:

rate = (—-VIV—O ;:?—)B = A exp(- RTGB ) « F (W) (1)
log (rate) = — 22%3R (T'B ) + log [A F(W)] (2)

In these equations, dw/dt is the rate of weight loss, W0 is the total weight lost
in the degradation or sample weight in these polyester samples, F(W) is a non~
defined function of weight, T is temperature, A the prexponential factor, Ea the
activation energy, and R the gas constant, The suffix, B, indicates that the rate
and temperature are dependent upon the heating rate employed. At each con-
version, it is assumed that log [A F(W)] is a constant, independent of heating
rate, B, so that, when the rate-temperature data corresponding to various heat-
ing rates are plotted according to Equation 2, a straight line results, from which
Ea is easily calculated. Calculated activation energies are shown in Figures 4
and 5 as a function of conversion. Except for the initial and final stages of the
degradations, the activation energy was approximately constant and an average
value for the conversion range, 10 to 80%, was calculated. The fit of the data in
each individual Ea calculation was examined by computingthe standard deviation
of the fitted least~squares line (Table II).

To establish the functionality of W from Equation 1, i.e., the rate law
governing the kinetics, average Ea values were used in Equation 2 to compute
log [A F(W)] as a function of conversion, Results were plotted as shown in
Figure 6 and salient kinetic features summarized in Table IL The significance

of these results is discussed later,

PRODUCT ANALYSIS

In both isothermal and programmed studies, the total weight loss was
composed of condensate and volatile fractions; condensates remained in the
degradation column immediately above the hot zone, and ¢volatiles’’ were
trapped in a liquid nitrogen trap. Table III gives approximate distributions of the

fractions, which are limited by errors involved in retrieving small amounts of

11
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Note:
Ec Values Used Are In Tabie IL

\

Kol 25%
02 Conversion

03 l
| 12.0 04 .
|

\

\
.O.X*sz)
.

(A .2 .3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
LOG( % REMAINING)

Figure 6. Rate-Law Plots, Log [A F(W)] , for Polyesters
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TABLE 1II

PERCENTAGE CONDENSATE FRACTION* OF TOTAL WEIGHT LOSS

% Condensate Fraction
Programmed TGA Isothermal Wt. Loss

S1 53 58

S2 68 80

S3 87 76, 87

S4 Not measured

01 72 76

02 72 77, 77

03 93 89, 77

04 83 89, 85

*Remainder corresponds to volatile fraction.

material from a bulky glass system. Volatile fractions were derived by difference
rather than by direct weighing, In the TGA of aliphatic polyesters, no residues
were obtained since complete volatilization of the sample took place during the
main degradation step (270° to 450°C). To study residues, isothermal reactions
were not carried to complete degradation but were stopped at a point which
would provide residues amounting to 60 to 85% of the starting polymer weight
(Table IV).

Residues

The residues obtained ranged from waxy materials to tough, hard rubbers.
They were yellow to light brown in color, except for polymers S2 and O1 which
were dark brown in color, The IR spectra of residues from isothermal degrada-
tions at 300°C showed no visible changes from the original polymer, The IR
spectra obtained from experiments at 342°C showed some slight changes, as

listed in Table V with some other observations.

16
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TABLE IV
ISOTHERMAL WEIGHT LOSS RESULTS
Percent Weight Loss
360 min at 300°C 60 min at 342° C
S1 - 15.2
S2 19.2 20.6
S3 12.5 25.8
01 27.0 40.0
02 19.7 31.4
03 11, 9% 24,2
04 15.9 25.8

*Time was reduced to 200 min instead of 360 min,

The tendency for polymers to become insoluble inbenzene under the mildest
of degradation conditions prevented detailed M.W. studies to be made. The few
measurements which were made suggested that the M,W. tended to decrease
gradually with conversion and no dramatic fall in M.W, was observed. Suspected

gellation, however, made these observations unreliable.

Condensates

The condensates from programmed runs consisted of a yellow to brown oil
near the top of the furnace, and for some polymers, S2, S3, O3, and 04, a clear
wax could be discerned above the oil. The wax fraction was 10 to 30% of the total
condensate. The oils were soluble in benzene and carbon tetrachloride, the
waxes somewhat soluble in these solvents and soluble in methanol, Conclusions
drawn from IR spectral investigations are given in Table VL The oils were
identified as low M.W. oligomers, a fact confirmed by VPO; the molecular
weights formed from the oils from O1 and O3 polymers were 745 and 836
respectively, These molecular weights correspond to approximately 3.5 repeat

units. The waxy materials were of lower molecular weights, as concluded from

17
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TABLE VI
TGA CONDENSATES
Polymer Lower Condensate Upper Condensate
S1 THF fractions: mainly ester some None

COOH, C=C groups.
MeOH fraction: mainly ester with
OH and new absorptions at 1600,
1640, 1660 cm~1, Small amounts
of [3-diketone or similar struc-
ture may be present,

S2 Ester with some COOH groups. No end-groups ob-
served. Possibly
cyclic "dimer. "

S3 Ester with some COOH groups and Mixture of acid-

olefinic groups. ester and sebacic
acid.

o1 Ester plus a - 3 unsaturated ester. None

02 Ester with olefinic groups, trace Similar to lower

COOH. condensate.
03 Ester with COoH and olefinic Similar to lower
groups. condensate. Stronger
COOH and C=C groups.
04 Ester with COoH, C=C, and possible Same as lower con-

conjugated C=C (1610 cm-1),

densate.

the much stronger end-group intensities in the IR and probably consisted of one

or two repeat units. In one case, O3, the dibasic acid itself was suspected.

Isothermal condensates could also be divided into two fractions, a colorless

oil near the hot zone and a smaller weight of white wax above the oil. In this

case, however, as shown in Table VII, the upper condensates could be much
better defined, These observations applied to both the 300° and 342°C degrada-

tions., Generally speaking, the upper condensate was the dibasic acid and in the

cases where it was not observed, it was found that the acid part had carried over

to the trap in the form of the anhydride (polymers Ol and 02). The lower con-

densates were similar to the starting polymers except that small amounts of

19
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TABLE VII
ISOTHERMAL DEGRADATION CONDENSATES
Polymer Lower Condensate Upper Condensate

S1 Ester group dominates but C=0 Strong acid absorption
absorption complex, possibly competing with ester
COOH, anhydride. group.

S2 Ester with strong acid and Sebacic Acid
anhydride absorptions.

S3 Ester with acid, anhydride, and Sebacic Acid
olefinic groups.

S4 Ester-acid. Sebacic Acid

o1 Ester with hydroxyl and olefinic Very small amount
groups. of crystalline 1, 8-

octanediol (1),

02 Ester with COyH, C=C and possible None (2)
OH groups.

03 Ester with COoH, C=C groups. Adipic Acid

04 Ester with CO9H, anhydride, and Pimelic Acid
olefinic groups.

Notes: (1) Succinic acid was found in "volatile" trap after volatiles had
been transferred. Succinic anhydride also found in several
experiments.

(2) Glutaric anhydride was found in "volatile' trap.

other groups, presumably end-groups, were now seen. It was not a simple matter
to identify those small groups since the intense ester group and sometimes the
acid carboxyl group tended to mask small peaks developing in that region, The
formation of ketones could be easily missed in the IR for this reason,

Color Formation
In an attempt to determine the structure(s) responsible for the development
of yellow to brown coloration in the residues and condensates, several condensates

were examined in the UV and visible ranges. In most samples examined, no
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changes could be detected, but one condensate fraction which was very dark in
color, showed new absorptions in the form of a doublet with maxima at 427 and
455 mu, A literature search revealed only one structure which would give such
an absorption and would also be compatible with possible ester reactions; this
was the @ -diketone grouping which was concluded to form in small amounts

during degradation,

Volatile Products

The results of GC/MS analysis are given in Tables VIII and IX; MTA data
in the form of bar graphs are given in Figures 7 and 8, Quantitative analysis of
the MTA results was prevented by lack of calibration data for the complex
mixture of products. A comparison of the MTA data can be used to check the
reliability of the GC/MS data.

In Figure 7, differences resulting from the changing glycol part of the
polymers are readily observed. In the S1 spectrum, the strongest peaks are
M/e = 15, 29, and 44 corresponding to acetaldehyde. In the spectra of S2 and
S3, the strong CO

2
corresponding to the diene and, to a lesser extent, the enol or isomer, derived

peak dominates the spectrum. In S3, however, the peaks

from the glycol part of the ester, become important. For $4, the corresponding
peaks of butadiene (M/e = 56) and tetrahydrofuran (M/e = 72) are both strong,
suggesting a much higher THF content than observed by GC/MS; the respective
base peaks of M/e = 39 and 42 are the strongest in the spectrum, The water
peak at M/e = 18 is more important than it appears, since water has a low base-
peak sensitivity. A comparison of the ratios of the 18-to-44 peaks for the
various polymers suggests that the low water conicni observed for S1 in the
GC/MS analysis is erroneous. The relative amount of water as measured by the
H2 o/ 002 ratio was highest for the lowest M.W, polymer (S4) and lowest for the
highest M.W, polymers, Sl and S2, The remaining S and O polymers gave inter-
mediate values but no conclusive correlations were made. Clearly, a study of
M. W, fractions of a single polymer would be more satisfactory for attempting to
relate water formation with the starting concentration of hydroxyl end-groups.
MTA also suggests a significant amount of carbon monoxide (M/e = 28) which is
not observed in the GC/MS since the trapping techniques used in preparing the
samples allow CO to pass through., Without detailed quantitative analysis, the
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TABLE VIII

MOLE PERCENT PRODUCT DISTRIBUTIONS
OF S POLYMERS BY GC/MS ANALYSIS

S1 S2 S3 sS4
Carbon dioxide 38,7 25.5 14.6 28.2
Water 3.2 26.9 21.9 20.2
Acetylene - 1.0 - -
Ethene 3.2 0.8 0.7 6.0
Propene 1.4 13.4 2.2 5.8
Butene 0.7 0.2 1.8 3.1
Pentene 0.4 3.3 - 1.0
CG olefin 0.2 2.1 1.5 0.3
C7 olefin - 0.6 2.9 -
Acetic acid 0.5 0.4 - -
Acetone 0.7 - - -
Cyclohexane - - 1.8 -
Cyclohexene - 2.1 - -
Cyclohexadiene - 0.3 - -
Butadiene 0.2 0.4 0.4 31.9
1, 4 Pentadiene 0.7 - 4.4 -
Acetaldehyde 50.1 1.4 1.2 -
Allyl alcohol - 6.7 - -
Propanaldehyde - 13.4 - -
Butanaldehyde - 1.4 - -
1, 3 Pentadiene - - 29.1 1.0
4-Pentene-1-o0l - - 17.5 -
Tetrahydrofuran - - - 2.5
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TABLE IX
MOLE PERCENT PRODUCT DISTRIBUTIONS
OF O POLYMERS BY GC/MS ANALYSIS
o1 02 03 04
Carbon Dioxide 17.3 17.6 14.7 32.4
Water 33.3 38.1 16.9 23.5
Cyclohexene 9.8 32.3 20.3 32.1
Butadiene 2.7 - 0.4 0.6
Acetone* 18.0 1.9 9.0 -
Ethene 3.0 3.9 5.6 -
Propene 2.0 0.5 3.4 0.2
Butene 2.6 0.1 0.4 0.5
05 olefin 2.7 0.4 - 0.6
05 diolefin - 0.5
CG olefin 1.2 0.1 - 0.4
C,7 olefin 0.2 0.6 0.1
C7 diolefin - - 0.7 -
C 8 olefin 0.5 2.3 - -
CS diolefin 1.9 - 0.4 0.6
Acrolein 3.8 - - -
Cyclobutanone - 1.6 - -
Cyclopentanone - - 28.2 -
Cyclohexanone - - - 8.4

* Probably an impurity
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actual amount of carbon monoxide is difficult to establish since ethylene and
fragments from higher M.W. products contribute to the M/e = 28 peak,

In Figure 8, MTA of the O polymers can be compared with Table IX. In
the MTA spectra, the fragmentation derived from the CS part of the ester
dominates and causes much similarity in the spectra. Except for Ol1, the poly-
mers have the strongest peak at M/e = 41, The anomalous peak, M/e = 28, in
Ol is caused by the succinic anhydride for which 28 is the base peak, Compared
to the spectra for the S polymers, the HZO and 002 peaks are much smaller,

Judging from the MTA spectra, the GC/MS technique has failed to analyze
the C8 and related products properly. It is possible that these higher products
were not seen in the GC and contributions from these in the MS were wrongly
assigned, Thus, high values of cyclohexene are observed in the GC/MS table.
Peaks corresponding to a C8 diolefin in the MTA are quite significant, but in
the GC/MS table, the CS diolefin is scarcely detected. The highest product
observed was a very small peak at 128, (Some higher ones in the 133 and 205
regions can be attributed to silicon grease components and mercury respec-
tively.) This finding corresponds to an octenol or isomeric species, and the
product thus identified could be important since the parent peaks of alcohols are
generally very small, The structure of these higher compounds is uncertain
since, as has been observed in the S polymers, rearrangements, double~-bond
shifts, and cyclization can take place in the splitting out of the linear glycol
fragment. Since numerous peaks occurred from the C8 part of the O’polymers,
differences deriving from the acid part are less noticeable. In Ol succinic
anhydride (M/e = 100) and acrolein (M/e = 56) are diagnostic. In 02, 03, and O4
peaks corresponding to cyclobutanone (M/e = 70), cyclopentanone (M/e = 84),
and cyclohexanone (M/e = 98) are observed.

The above discussion of volatile products by MTA concurs with the obser-
vations made by Friedman on the MTA of polyesters (Reference 22). The data
presented represents the main degradation process occurring at about 400°C in
the MTA. Specifically, the peaks correspond to the maximum evolution of
products, Several other features were discerned by MTA; some polymers,
especially S1 and S3, showed some early evolution giving a small mass peak or
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tail before the main degradation peak, The ability to observe this depends on the
intensity of the major peak which, if strong, may mask small initial peaks. For
S1, peaks could be observed at M/e = 18, 31, 45, 60, and 78, but no assignations
were attempted. Traces of solvents and impurities could be seen at lower
temperatures, 100° to 200°C, A curious feature of the MTA peaks was the
tendency for long tails to show in the temperature range 500° to 900°C, This was
ignored in the present analysis since TGA showed more than 99% weight loss

at 500°C for all the aliphatic polymers.
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SECTION V

DISCUSSION

KINETICS OF DEGRADATION

One of the objectives of this study was to obtain precise values of kinetic
parameters which would allow comparisons between closely similar polymers.
It is clear from the scattering of results that this aim has still to be achieved.
The results for some polymers were less gratifying than others and, in retro-
spect, reasons for this became obvious. It was found, e.g., that polymer S4
tended to splutter, especially at high heating rates, causing the thermograms to
be ‘‘noisy’’ and subject to irregularities. If loss occurs because of spluttering,
higher rates of weight loss are observed at higher heating rates, so that the ob-
served activation energy is higher than it should be. The reason for scattered
results in polymers 02, O3, and O4 was that smaller samples (50 mg) were de-
graded at chart speeds which were foo slow. As a result steep thermograms
were produced which were more difficult to reduce to accurate weight-time data.
The experimental arrangement used is also subject to a serious procedural
error. In this method, the accurate measurement of temperature is of critical
importance since the shift in temperature caused by varying the heating rate is
relatively small. Thus, e.g., a change in heating rate from 1.3°/min to 7.5°/min
gave a temperature range of about 35° to 40°C for the occurrence of a given
weight loss. For the apparatus used, calibrations were performed to relate the
actual polymer temperature to that of the recording thermocouple which was not
in contact with the sample. As suspected, a heating lag existed which increased
with heating rate and varied during the degradation. In the present study, approx-
imate corrections were made based on heating rate alone and the results given
for activation energies are some 5 kcal mole"1 higher than would have been
obtained if corrections had not been made. Since corrections were not made as
a function of conversion, or more appropriately, as a function of rate, further
errors may result. This may be responsible for the slump in the Ea-conversion
curves of some of the polymers, e.g., S3, S4, 02, and O4. The true activation
energy may be a little higher, therefore, than was generally observed. In future
work, we hope to measure polymer temperature directly to obviate errors of

this nature.
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The overall rate loss can be discussed in terms of Figures 3 and 6. Flynn
and Wall have examined hypothetical examples and discussed the differences
caused vy varying kinetic parameters in the resulting TGA curves (Reference 18).
Thus, the curve presented in Figure 3 is consistent with a random mechanism;
the fact that the maximum rate occurs at 55 to 60% conversion does not distinguish
between a random mechanism and a pseudo first-order scheme but the two mech-
anisms are resolved by the initial part of the curve where concavity is a strong
indication of a random degradation. The log [A F(W)] plots in Figure 6 lend
stronger support to this conclusion. In the temperature-programmed method,
this plot is somewhat analogous to the rate-conversion curve in isothermal
studies. In suchstudies, ‘‘random’’ rate curves are well known (Reference 23) and
are distinguished by a maximum at 26% conversion. This is equivalent to what
occurs in Figure 6, although the maximums tend to be somewhat scattered. It
should be realized that any errorin Ea used to compute log [A F(W)] is reflected
not only in the value of log[A F(VV)]maX but also in its location. In the classical
equations developed for random degradation (References 23 and 24), the func-
tionality of W is complex:

F(W = (L—I)W/Wo —(I—a)L (N-L)(L-1}/N (3)

in which L
N-1
a

critical chain length for evaporation,

initial chain length, and
fraction of bonds broken.

This complex function is not linear with respect to weight so that plots
against weight functions as in Figure 6 are not linear. If F(W) could be assigned
a theoretical value, the experimental data could be tested in a similar log-log
plot. This can be done using the empirical function used by Flynn and Wall

(Reference 18).

FIW) =N(c® +a, ¢ +a,c +ay) (4)

where N is a normalizing factor, C is the conversion (1 - and 215 2gs and

W

W, )s
ag can be calculated for various boundary conditions. Experimental data was
tested against functions of this type and linear log-log plots obtained. It was
noted that the slopes for such plots were approximately unity for the O samples

but usually higher than one for the S samples. This agrees with Figure 6 in
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which it is shown that the S polymers especially S2 give steeper slopes toward
higher conversions than do the O polymers. This effect is probably caused by
representing the degradation by an average Aanhen in some polymers there was
a distinct upward trend in Ea throughout the degradation. If the upward trend is
real, the use of an average Ea would skew the log A F(W) plot in the direction
observed. It is usual in kinetic evaluations to determine the preexponential
factor A (Equation 1) corresponding to the activation energy observed. The
complexity of F(W) in the random case makes this extremely difficult since is

unknown, being itself a function of the various Arrhenius parameters for bond

scission.
-Eq
a = | —exp[—-A (exp )f] (T constant) {5)
RT
T E
Q= l—exp[— —A—f exp(——g—) . dt] (T programmed) (6)
B T, RT

This problem is usually circumvented by using an approximation developed in
Reference 23 for the maximum rate. In the present treatment, the equivalent
equation would be:

log [A F(W)] =log A + log L/e (7)
max

The validity of this approximation is suspectunless the rigid boundary conditions
for Simha and Wall’s derivations are adhered to. The important condition is that
the initial chain length should be very much greater than the chain length which
evaporates (L in Equation 3). This condition is not met, since the initial M.W.
for those condensation polymers is low. Note, however, that the log L/e term
max

can be used as an approximate log A value. The observed values (Table II) of

log [A F(W)]give A values, 10™! to 1013 min-l, where the units have been

in Equation 6 is very small compared to the log A term. Thus, log [A F(W)]

changed from weight percent to weight fraction.

A further important consequence of the complexity of F(W) is that temper-
ature has not been completely accounted for and there is doubt as to whether
F(W) is really constant for constant conversions (W/WO) and whether it is also
independent of heating rate. By developing Equation 6 it can be shown that is
constant for a given weight loss, providing that log B vs 1/T is a straight line.
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The latter relationship is the basis for the kinetic method used by Ozawa
(Reference 25) and it does hold., Therefore, our kinetic treatment survives this

complication,

The random degradation discussion has so far been made in theoretical and
mathematical terms, A more chemically descriptive look at this type of degra-
dation can now be taken, Random degradation means essentially that degradation
takes place at any position in the polymer chain and volatilization results from
such scissions only (no pronounced unzipping as is observed in some vinyl
polymers). During the initial stages of degradation, a polymer of high M. W.
yields very little volatile material because, statistically, it is more probable
that long chains give nonvolatile fragments, As the M, W, is rapidly reduced by
scission, the probability, that the next scission will produce a volatile fragment
increases, and a rate buildup is observed. The rate maximum, theoretically pre-
dicted to occur at 26% conversion, corresponds to the point at which a balance
is reached between chain scission, which increases the total number of molecules
and volatilization, which removes molecules from the system, The total number
of chain ends is at a maximum at this point. After the maximum is reached, the
rate curve falls in amanner similartoa first-order curve. Since the degradation
reaction does not necessarily produce a volatile fragment, it is obvious that
studying bond scission by following M.W, changes would bring a better under-
standing of the degradation, The fraction of bonds broken could be measured,

and meaningful kinetic parameters deduced.

The above theories of random degradation were developed for chain degra-
dation schemes in vinyl polymers but are based on the simpler case of stepwise
random degradation observed for the pyrolysis of cellulosics and similar
materials (Reference 26), It is considered likely that, primarily, polyesters
degrade in this latter fashion since chain reactions and depolymerization are
less easily conceived in a condensation polymer, There is also evidence that
these polyesters show considerable deviations from the ideal random case,
Although here the products of degradation consist of a spectrum of oligomeric

species, as would be expected from random degradation, the weight loss consists
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of significant amounts of small M.W. volatiles which would not be expected from
pure random scission. In some polymers, e.g., S1, this volatile fraction is about
as large as the heavy fraction. These low M,W. products arise from reactions
subsequent to the random scission and introduce a nonrandom component to the
overall reaction. The overall random picture is maintained, however, because
the secondary reaction is particular to the end-groups produced by random
scission and the rate of such reactions will reach a maximum corresponding to
the situation where the concentration of end-groups is highest. A more puzzling
feature is the absence of M.W, data to confirm the random mechanism. M.W.
characteristics are generally very diagnostic of random scission. For the
polyesters, the initially low degrees of polymerization would make any fall in
M.W. less dramatic and would reduce the discrepancy between the initial and
maximum rates, but a drop in M.W. would still be observed. In practice, no drop
in M.W. could be observed and a cross-linking reaction, possibly arising from
secondary free-radical reactions, was suspected. Ester interchange reactions
(Reference 27) would also tend to maintain the M,W. but this would not produce
insoluble material. It is difficult to predict what the effect of cross-linking
should be on the kinetics of degradation. It would depend on the type and degree
of cross-linking and on whether the cross-linking took place prior to degradation
or during the degradation. The critical factor is whether the concentration of
end-groups in the system is changed and whether classical M.W. correlations
are applicable. In Reference 28, a linear polymer and a cross-linked sample
derived from the former gave identical rates since the number of chain ends was
not altered. Since the position of the maxima in the polyesters is unchanged, it
would appear that the chain-end conversion characteristics are not altered by
the cross-linking process. It is felt intuitively, however, that chain ends must
be involved in the cross-linking process. Both olefinic and free-radical groups
could take part in such processes although other reactions may also occur. The
chain cross-links would be chains themselves and would be broken down by the
same ester scission as the normal chain. Thus, in a 16ose network of this type,
degradation can still go to completion without residue formation. The retention
of the random kinetic features may simply result from the fact that the cross-
link density is not high enough to significantly disturb the scission processes
and the buildup of chain ends. The probable exception of Sl is discussed further

in Section V.
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REACTICN WMECHANISMS

It is concluded from MTA results that the overall degradation does not
change noticeably over the temperature range studied; all of the intensity-vs-
temperature curves for the numerous M/e values were similar both in shape
and location. This suggests that a single basic mechanism applies and that no
new mechanisms become available at higher temperatures. In analogy to the
findings for poly(ethylene terephthalate), References 9 and 10, it is postulated
that scission of the ester group to olefin and carboxylic acid groups is the primary
degradation reaction. The cyclic concerted mechanism is upheld by the low
temperature at which it occurs and the low Ea involved. Probably most of the
volatile products are derived from secondary breakdown of the end-groups created
by ester scission. The secondary reactions are fast enough to allow formation
of small volatile products before a neighboring ester scission permits a chain
fragment typical of a random degradation to distill out of the system. Some
general reactions are formulated below.
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Polyester:

Minor
acyl-oxy fission
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+
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Dehydration of
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~WC-(-CH2 )x—C_O+CH2)y —Crr~
l Major breakdown
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LA
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~~v - + = ~—~
C-(-CHZ-);C OH CH2 CH-(-CHZ-)-y_zO
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Within the general scheme, some specific reactions are found for the individual polymers:

1]
S| Ester scission CH2 = CH— 00— C~~ Second scission to
—_ o give CH=CH not ob-
Vinyl ester served.
|

' . R

Acyl-oxy fission Rearrangement Recombination
(0] 0 CH
. 1l w13
(cH2=CH-0 ) O=CH-CH2—CM~ ~~~C-0-CH-0-C~~~
H abstraction ACHZ'-CHO

*Observed in References 9ond I0.

s2 —— Corresponding allylic ester undergoes several competitive modes of breakdown.

Il
CHZ-CH—CHZ—O—C“”"

0
: 1
= - N~ - — - )®
(CHZ-CH CHZ) -.l-o/c (CH2 CH (:H2 0*)
| _ CH,=CH~CH, OH
H abstraction H abstraction
aliyl
Propene CH,-CH,CHO alcohol
propionaidehyde
0 .
1 Major
$3;84  ——— ~~ C-O+CH 3} —CH=CH, y= CH, =CH-CH=CH,
Minor
CTZ— C|H2
CH CH
N /2
0
Diene formation Oxygenated species*

CH2=CH—CH2--CH=CH2 CH2=CH—CH2— CHZCHZOH

+ or
CH3- CH=CH-CH =CH2 /CHZ
CH CH
Conjugated isomer 2 I 2
favored I
CH CH

* Enol isomer concluded from GC/MS analysis but tetrahydropyran suggested by significant parent and p-1
peaks in the MTA spectrum.
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In the O series, reactions dependent on short acid-chain length are observed.

0 0, 0
I 1 NN\ A _ -
ol ~~0C-CH_CH_-C-OH c C succinic anhyride
2 2 —_—— | |
CH —CH
(or possibly ester itself) I-% 2

i
Ester —== ~~0QCHO + CH2 =CH-C-0~ —» CH2=CH—CH0 acrolein

Acid breakdown may be competitive with ester scission
02 Both anhydride and cyclic ketone formation

03,04 Cyclic ketone formation,e.q*

CH 0
Il 2 i
~~0C-CH \ ~~0-C-CH-CH, CH,—CH,
2 CH, __ - I | |
°§c L. CH, CH, CH,
/" CH, i }:H/ N s/
L - CH.— CH
or | 2 2 + Co,
~0H+ C CH
N\ /7 2
o “cH
/
COOH

RELATIVE STABILITIES

Farre~Rius (Reference 12) has observed that the stability of polyesters
increases if either the acid or diol chain length is increased, and that the rate
increases as the number of ester links per standard weight of polymer increases.
When total weight loss is being measured, however, this effect should diminish
because higher homologs can lose more weight per act of scission, The present
study clearly shows that the situation is not as simple as this; thus, polymers
Ol and S1 have the same empirical formula, the same concentration of ester
groups, but different rate curves (Figure 2) and different types of reaction
mechanisms. Thus, the availability of specific secondary reactions to some
polymers and not to others, and the varying relative importance of such sec-
ondary breakdowns to the overall random mechanism, can effectively mask any

chain-length effect and cause anomalies from behavior predicted on a chain-
length basis.
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Initial stabilities can be examined by comparing initial TGA rates (Fig-
ure 9); supplementary information is also obtained from low-temperature
isothermal studies (Table IV), Comparisons should be made with caution since
other factors such as differences in initial M.W. would be expected to contribute
to variations in initial rates. Correlations between rates and chain length are
difficult to make and they depend on the temperature being used. Significant
observations include the greater stability of Sl and the initial instability of O1
and 02, It is possible that Ol and O2 degrade at first by decomposition of the
acid part, e.g., splitting out of anhydride, which is eventually superceded by the

normal ester decomposition.

The apparently greater stability of S1 was also observed in the overall rate
curves (Figure 2). S1 showed a further unusual feature, that of a high proportion
of volatiles to condensates, almost 50/50, It is reasoned, therefore, that the
reactive vinyl end-groups formed by ester scission cross-link at low tempera-
tures but rearrange and decompose to acetaldehyde at higher temperatures. The
effect of this is an initial inhibition of volatilization and a reduction in its total
amount, It also affects the kinetics by distortingthe random nature of the degra-
dation to something intermediate between random and pseudo-first~order kinetics.
Thus, in Figure 6, the maximum for S1 is pushed toward the origin, Since a
first-order mechanism gives a more diffuse TGA rate curve than a random
mechanism (Reference 18), the shape of the rate curve of S1 compared to the
others confirms this conclusion, From the position of the rate curve, S1 must
also have a higher Ea (or lower A)than the other polymers. Due to experimental
errors, this could not be confirmed by the kinetic analysis performed. It is
again reasoned that the degradation of S2 is intermediate between that of 81 and

that of the other polymers.
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SECTION VI
CONCLUSION

The overall degradations of eight polyesters suggest that a similar basic
degradation applies and that differences arise from secondary reactions of end-
groups formed by ester scission. Most of the polymers studied follow approx-
imately a random mechanism although numerous deviations from the classical
view of random kinetics are observed. The first-order kinetics concluded by
Farre-Rius and Guiochon (Reference 12) does not contradict the present findings
since a close study of their data shows that the rate curves undergo a maximum,
and this is incompatible with first-order kinetics. Only if cross linking becomes
important or if the initial M,W. approaches the critical evaporation size, can
the kinetics tend toward the first-order case. Appreciable amounts of small
volatile products arise from secondary breakdown of end-groups so that larger
volatile fractions are observed than would be expected from a simple random
mechanism. Most products can be explained without recourse to competitive
ester decompositions (Reference 12) and it is concluded that the cyclic concerted
decomposition observed in simple esters is the important first step in polyester
pyrollysis. The observed kinetic parameters, Ea ~ 40 kecal mole-1 and A ~ 1012
min —, are lower than those observed for simple ester pyrolysis, but this is
hardly surprising in view of the greater complexity of polyester degradation and

the secondary breakdowns which contribute to overall activation energies.
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