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The thermal degradation of aromatic
polyimides in nitrogen at T700°C
—by-n

D.P. Bighop and D.A. Smith

The thermal degradation of aromatic polyimides in nitrogen at 700°C
was studied using pyrolysis gas chromatography, infra red sgpectroscopy,
and radiochemical techniques. Degradation med anisms were postulated to
account for the breakdown products found. Particular attention was paid
to the ratio of COZ/CO evolved during pyrolysis and this was found to vary

with the moisture content of the polyimide and with the pyrolysis temperature.
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Aromatic polyimides (Fig. 1) have been well publicised as 'high
temperature polymers', 1™ S and although their behaviour at high
temperatures has been studied T * 1, the mechanism of their thermal

degradation is not well established.

FIG. 1 AROMATIC POLYIMIDES.

A number of workers have carried out thermogravimetric analyses on
polyimides in air and in various inert atmospheres. 1-3,6=11
Bruck, and Heacock and Berr? have collected and identified volatile degradation
productes, and Bruck has also investigated the nature of the 'tar' and the
"char' which are formed on pyrolysis in inert atmospheres.”s8

As a result of these studies, which are summarised in Tables I and IT,
it is known that aromatic polyimides beginrég'break down between 450 and 500°C
in air and between 500 and 600°C in inert atmospheres, depending on the

nature of R (Fig. 1) and on the purity of the cured polymer.
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: Author S.D. Bruck? Heacock and Berr?
Standard H-film Standard H-film | Purified H-film Standard H-film
Experi=- 1 610°C. L4 hours 600°C 4 hrs 600°C. L hrs 540°C 2 hrs.
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Details closed system Liguid Ny traps 'Liquid No traps Closed system
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é HCN 1.3 5.6 none 1.2
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The major volatile degradation products are carbon monoxide and carbon

dioxide but the relative quantities of these products vary widely with

pyrolysis conditions and sample purity (Table II).

Little effort has been made to establish the mechanlsms of the formation




of these products, but some suggestions have been put forward. Bruck”
suggests that carbon monoxide is evolved as a result of primary cleavage
of carbonyl carbon - nitrogen bonds followed by cleavage of aromatic=
carbonyl carbon bonds. He also suggests that carbon dioxide is formed
by elimination from polyamic acid remaining as impurity in the polyimide.
The quantities of carbon dioxide found seem too large to be accounted
for in this way however, and it scems likely that it is also eliminated
from imide groupings. In fact Cotter and Dine-Hartl®found that carbon
dioxide is a major breakdown product when aromatic imides are subjected
to electron impact. Since it has been established that strong similarities
often exist between the thermal breakdown of molecules and breakdown brought
about by electron impact in the mass spectrometer,l3"15the work of Cotter
and Dine-Hart may be taken as strong evidence for the evolution of carbon
dioxide from imide groupings in polyimides at high temperatures.
In the present work pyrolysis gas chromatography has been used in
conjunction with other analytical techniques to obtain further information

on the thermal degradation of polyimides in inert atmospheres.

Materials

The three different polyimides used in thie work were supplied by
Wright and Dine-Hart of the Royal Aircraft Establishment, Farnborough in
£ilm form. The samples are referred to as DDE/PMDA, DDM/PMDA and DBPh/PMDA

where:
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Q-0

poly=[ NN «(pp ~diphenylether )pyromellitimidel

IOt

poly=[ NN! «(pp’ ~diphenylmethane )pyromellitimidel

LCO~ ~CO_
e J L oA,
S Mo N’

poly-[ NNV «(pp’ «benzophenone Jpyromellitimidel

DDE/PMDA

i

DDM/PMDA

Infra red spectra of these materials are shown in Figs. 2al, thevprinciple
absorptions have been discussed elsewhere © and will not be enlarged on
here. A sample of DDE/PMDA,wasvprepared in these laboratories using
pyromellitic dianhydride (PMDA) which was *C labelled at the carbonyl
groups, this sample is referred to as DDE/PMDA’

Experimental details for the preparation of these materials afe reported

le

in the literature 5 the sample of %*C labelled PMDA was prepared by

Yarsley Research Laboratories, Chessington, Surrey.

Erperimental
-

Polyimide samples were pyrolysed on an electrically heated nichrome
filament in a stream of nitrogen which was also the carrier gas for the
gas chromatograph. A fixed pyrolysis temperature of T700°C was used except
when the effect of pyrolysis temperature on the relative quantities of
volatile degradation products was béing studied. The sample size was

varied between 5 and 30 mg with no apparent change in the relative anounts of

the pyrolysig products. A variety of columns, oven temperatures and



carrier gas flow rates were used for separating pyrolysis products.
Typical pyrograms are shown in Figs. 5«7 together with the column details
and operating conditions.

Serarated degradation products were identified by their retention
times and by infra red spectroscopy where possible. The *C labelled
CO and COp evolved from DDE/PMDA" were detected and estimated using a flow
through scintillation counter and integrator comnected to the exit port of

the gas chromatograph. This assembly, has been described in detail elsewherel”

Results and discussion
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Volatile degradation products
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The volatile degradation products identified by us for the three
polyimides are listed in Table III. pPossible nechanigms for their formation

are suggested at the end of this section.

Table ITI

S a8 G0 00t B G

Yg%atile_degradatﬁon E{Oducts of aromatic polyimideg
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DDE/PMDA DDM/PMDA DBPh/PMDA
Hydrogen Hydrogen Hydrogen
Carbon monoxide Carbon monoxide Carbon monoxide
Methane Methane Methane

Carbon dioxide Carbon dioxide Carbon dioxide
Unknown (HCN?) Unknown (HCN?) Unknown (HCN?)
Water Water Water

Benzene Benzene Benzene

Phenol Toluene Benzonitride
Benzonitride Benzonitride




High boiling degradation products
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The high boiling degradation producte or taré which condensed on
the wallg of the pyrolysis tube were dissolved in acetonevand transferred
to an agate mortar. The acetone was evaporated and the tars were ground
with dried KBr and pressed into discs for I/R amalysis. The I/R spectra
of these Férs are shown in Figs. 8«10, they suggest that the tars consist
largely of short fragments of polyimide chains probably with N«H, =NHs or
«C=N end groups. The characteristic imide absorptions at 1780 cm T and
725 em™ ! are still discernible in all three tér spectra, he principle
absorptions of DDE/PMDA at 1725 cm™*, 1500 cm *, 1375 cm * and 1230 cm”*
are still present in the DDE/PMDA tar, and similarly the principle
absorptions of the other tars correspond to absorptions of the original
polymers. All three tars have an absorption band at 3350 em” * which
corresponds to the N-H stretching frequency and suggests N-H or possibly
=H- end groups. This peak is much smaller in the spectra of the original
polymers and should not be confused with the 0-H bands at 3450 and 3600 cm *
which are discussed later. The btars also have an absorption at 2250 em *

which may be due to «C=N end groups.

Solid resldues or chars

The nature of the solid residue which remained on the pyrolyser wire
after pyrolysis was studied by weighing, by elemental amalysis, and by I/R
spectroscopy.

Approximate weight loss experiments showed that the polyimides all
lost about 40% by weight on complete pyrolysis at T00°C in nitrogen. A
typical elemental analysis gave C, 78.8%; H, 2.79%; N, 5.87%; 0, (by

difference) 11.54% for a DDE/PMDA char. The original DDE/EMDA requires
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C, 69.1%, H, 2.62%; W, 7.33%; 0, 20.94%. The I/R spectrum of a
typical char is shown in Fig. 11.

The elemental analyses of the chars were consistent with the loss
of large quantities of CO and COs, and also indicated a considerable loss
of nitrogen. The quantities of benienitrile detected amongst the
volatile products were not sufficient to account for this loss, and since
the predominant odour of the volatiles wasg that of a cyanide it seems
likely that some nitrogen was lost as HCN although the latter was not
poeiltively identified in this work.

Before discussing possible mechanisms for the formation of the
various degradation products it is important to consider the effect of
uncyclised units in the polymer chain. Any polyimide sample contains
more or legs uncyclised material depending on the curing sequence given

to the polyamic acid (Fig. 12) precursor.

oo G
E 7 CK\N R
Ny i !
,CO//%\\\\ ~co H
= OH In
Fig. 12 Polyemic acid structure

Some measure of the number of uncyclised units can be obtained from
the I/R spectra of the cured polyimide films. In the detailed spectrum
ghown in Fig. 13, N-H (stretching) and carboxylic OH (stretching) vibrations

give rise to the peaks at 3350 cm™t and 3600 em - respectively. Calculations
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based on the intensity of the N-H band *® indicate one uncyclised

ring per nine polymerléepeat units, assuming that the polymer has no

«lH, end groups. (A fairly safe assumption because a slight excess of
anhydride was used in the polymerisation, and also NHo groups would almost
certainly be destroyed in the final curing stage; 3 minutes at 400°C in air).
Similar calculationg based on the intengity of the carboxyl OH band indicate
one uncyclised ring per eight polymer repeat units.,

The absorption band at 3450 em * has been agsigned to water (OAH
stretch) absorbed on the polyimides. On heating to 250°C, 2.0 to 2.5% of
water is reversibly desorbed from polyimide films'®, this amounts to about
one molecule of water per two polymer repeat units. The assigrnment of
this absorption band to water is strengthened by the fact that it is
unaffected by treatment with hot dimethyl sulphate, the peaks at 3600 cm *
and %350 cm * being virtually eliminated by methylationl®

It has already been stated that CO and COs are the major degradation
products of aromatic polyimides, and that the ratio 00/002 appears to vary
with pyrolysis conditions and polymer purity. In the present work the
CO/COE ratio was measured using the radiochemical technique described
earlier and it was found that CO/COZ varied with pyrolysis temperature
and with the moisture content of the polyimide. A typical 'radio=
pyrogram' is shown in Fig. 1k, and some values of CO/COZ are given in

Table IV.



- 11 -

Table IV .

Values of CO/CO- for DDE/EMDA®
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Moisture | Pyrolysis ' €0/COs (reproducible
content temperature to within 5%)
Dried at 300°C }_ 600°C 1.66
immediately before use 700°C 1.k2
2=2.5% water-sample
}' £00°C 1.50
stored under normal
 atmospheric
: }' 700°C ‘ 1.25
conditions,
Saturated -~ stored
in saturated 700°C \ 0.79
atmosphere

In view of these results it is clear that COp does not originate from
uncyclised units only.

Polyamic acid units may be expected to dehydrate or decarboxylate on
heating (I), but when water is present hydrolytic scission followed by

decarboxylation may occur (II):
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Assuning that all the imide carbonyl groups yield CO, and all the polyamic

acid groups breask down according to mechanism II, then C0/COz = 15 (1 polyamic
acid group per eight polymer repeat units gives 2C0s + 30 CO).  Since the
analysis of the chars indicated that a high percentage of the carbonyl
groups were lost on pyrolysis, it must be concluded that the imide rings
yield both CO and COp when low CO/COs ratios are recorded.

The following degradation mechanisms are suggested to explain the

findings of the present work:
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The variation in CO/C02 with pyrolysis temperature is accounted for
if the relative contributions of mechanisms ITI and IV vary with temperature.
This may well be the“case because the removal of COs probably regquires a
higher activation eﬁergy than the removal of CO and hence mechanism IV
would tend to occur more readily at higher temperatures.

The increase in COo yield with increasing moisture content of the
polyimide may be attributed to mechanism VI and possibly to direct hydrolysis

of the polyimide followed by decarboxylations

o | co\
% N N,
4
e N0
4&! 2H.0
: v
s ALO0H
’ + NH, .
Ry~ ~COOH
{1 +2C0,
™

The only degradation products found but not accounted for are hydrogen
and methane. Hydrogen is stripped from aromabic nuclei at temperatures
[+
above 600°C (e.g. benzene 6?2 ¢ diphenyl + Hp), but the formation of methane

is not easily explained.
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