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The mechanisms of thermal degradation processes in polypromellitimide films were 
investigated by mass-spectrometric thermal analysis and high-resolution NMR spectroscopy in 
the solid state. Both the structures of the solid residues of pyrolysis products of the PM polyimide 
and the process of carbonization proper up to 1200 ~ were studied. It was established that the 
breaking of the Ca,---O----Ca, bond in the diamine moiety is not the primary act of degradation of 
the molecular structure of the polymer, as might be expected on the basis of the value of the bond 
energy. The process of intermolecular crosslinking following polymer degradation under high- 
temperature conditions is completed by the formation of a complex nitrogen-containing 
heterocyclic structure. 

The search for promising methods of increasing the thermal stability of 
polyimides is related to the investigation of thermochemical processes occurring 
when polymers are heated at temperatures higher than that of the beginning, of 
degradation [1]. The directed process of the carbonization and graphitization of 
polyimides to prepare artificial carbon from them [2] is also impossible without 
investigation of the main relationships of the high-temperature transformations of 
the polymers. 

A num 9er of papers have been published on the processes of thermal degradation 
of polyimides under vacuum and in an inert medium [3-7]. The problem of a 
detailed mechanism for the degradation of polyheteroarylenes, and polyimides in 
particular, remains unsolved, although many hypotheses and mechanisms have 
been suggested to explain the qualitative and quantitative compositions of the 
thermal degradation products [4, 5, 8, 9]. In most papers, the mechanism of 
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thermal degradation has usually been derived to account for the gaseous products 
evolved from the polymer. Information about the structures of the solid products of 
polyimide pyrolysis is much more scarce, although these products can provide 
important information about the relationships of the transition of polyimide into 
artificial carbon upon high-temperature heating [2, 10, 11]. 

The present paper considers some concepts of the mechanism of degradation 
processes in polyimides by making use of the data both from the well-known 
method of mass-spectrometric thermal analysis (MTA) and from the relatively new 
method of high-resolution NMR spectroscopy in a solid body (NMR HR SB). Thi~ 
method, just as the usual method of high-resolution NMR, provides useful 
information on the structures of macromolecules, and in particular polyimides. 
Moreover, in this case the insolubility of the samples does not preclude the 
investigation of their structures [12]. 

Experimental 

The samples under investigation were polyamic acid films based on dia- 
minodiphenyl ester and pyromellitic dianhydride (PAA PM) and Arimide PM, an 
industrial polyimide film. PAA PM films 20-30 p.m thick were prepared by casting 
PAA solutions in DMF on a glass support, with subsequent drying at 40 ~ 

Gaseous products evolved during the heating of the polymers were analysed by 
means of MTA using a commercial MKh-1320 mass-spectrometer (USSR). A 
polymer sample (1 mg) was placed in a quartz ampoule fixed to a valve unit for 
direct input into the ion source of the mass-spectrometer. The ampoules containing 
the samples were heated in the oven ofa MOM derivatograph (Hungary) at a rate of 
3.5 deg/min. In order to avoid the plugging of the ionic-optical system of the mass- 
spectrometer with resinous products of PM degradation, a refrigerator cooled with 
running water was placed between the valve unit and the ampoule. The quartz 
ampoule was connected to the refrigerator through a special connector also cooled 
with water. 

The 13C NMR spectra were obtained with a CXP-200 Bruker spectrometer 
(BRD). The thermal treatment of the film samples was carried out under vacuum at 
a rate of 5 deg/min up to 900 ~ 

Discussion 

In the description of the processes of thermal degradation of polyimides, the 
problem of the formation of such products as H20 and COz, for which no "blanks" 
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exist in the elementary unit of this polymer, is still unsolved. Traditionally, it is 
considered that polyimide contains a sufficient number of amic acid groups and 
end-groups to ensure the introduction into the reaction zone of a sufficient amount 
of water molecules and hydrogen, leading to the hydrolytic and free-radical 
reactions. These reactions occur at low activation energy values, thereby resulting 
in the accelerated degradation of the main polyimide structure. The compositions 
of the products of polyimide thermal degradation, and also the types of the 
reactions leading to the formation of these products, are profoundly affected by the 
medium in which the process takes place (vacuum or an inert gas) and by the 
conditions of thermal treatment (dynamic, isothermal or stepwise heating). The 
higher the rate of dynamic heating, the more rapidly the temperatures at which the 
homolytic processes of the degradation of the macromolecules occur can be 
attained. In this case the significance of defective amic acid units, end-groups and 
the corresponding reactions is at a minimum. At a low heating rate, with the 
transition to isothermal conditions, after a certain period of time the situation can 
become just the opposite. 

In this investigation the degree of imidization of the PM film was 94-96%, the 
molecular weight was several ten thousand, and thermal degradation was carried 
out under relatively high vacuum at a high heating rate (3-5 deg/min). Therefore, it 
may be assumed hat the water formed as a result of the degradation of a small 
number of defective end-units in the early stages of heating will have little effect on 
the type of degradation of the main polyimide structure; hence, it will not be taken 
into account in the subsequent discussion. 

Another main product of the thermal degradation of the polyimide, CO2, has 
been a subject of discussion since the first publication on this subject. The absence 
of a "blank" for this molecule in the elementary unit of polyimide has led to the 
development of a number of hypothetical mechanisms for the formation of this 
compound [8]. The most important of them include: 

1) the degradation of "defective" units in anhydride and carboxy groups, 
2) the tautomeric transformation of the imide into the isoimide ring, 
3) the condensation of isocyanate groups formed in the free-radical opening of 

the imide ring, 
4) the hydrolysis of the imide ring. 
From our standpoint, these reactions of formation of CO2, including reaction 4), 

cannot e: plain its amount and the character of its evolution, if for no other reason 
that that there is no explanation of the formation of H20 in sufficient amounts 
during thermal degradation. Another mechanism for the formation of CO2 should 
also be mentioned: this is oxygen transfer, proposed by Johnston and Gaulin [4]; 
there is also a similar, but less likely mechanism of interaction between the carbonyl 
groups, with the formation of a crosslinked structure [5]. 
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As regards the formation of CO, most authors are of the opinion that this 
product is a result ofhomolytic opening of the imide ring. However, this mechanism 
is realistic at temperatures much higher than 500 ~ since the imide ring loses its 
relatively high stability. It is usually assumed that the degradation of polyimides 
starts as a result of the degradation of the "joining" of "linking elements" in the 
structure of polyheteroarylenes, namely heterocycles and "pin-joint" atoms and 
groups [8]. However, at least in the case of the PM polyimide, this does not seem 
evident to us. Let us consider the MTA data on PAA PM film in the temperature 
range 20~1200 ~ at a heating rate of 3 deg/min under vacuum (Fig. 1). The choice of 
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Fig. 1 Output curves: 1) m/e 18 (HzO), 2) m/e 17 (OH, NH3) , 3) m/e 73 (DMF); 4) m/e 44 (CO2) , 
5) m/e 28 (N2, CO, C2H2) , 6) m/e 94 (phenol), 7) m/e 27 (HCN), 8) m/e 103 (benzonitrile), 9) m/e 
2 (Hz), 10) m/e 78 (benzene) 

the PAA PM film as a sample rather than that of the polyimide iselfis due to the fact 
that the water evolved during cyclodehydration, in an amount of 2 moles per 
elementary unit of the polymer, makes it possible to carry out the normalization of 
the spectra with respect to H20 for the main products of thermal degradation (CO, 
CO2, H20, benzene, benzonitrile and phenol). Figure 2 shows the picture of 
thermal degradation in the range of the start of degradation ofthe main polyimide 
structure (560~ The ordinategives the rate of evolution of the product in moles per 
unit time. It is clear that CO and CO2 are evolved simultaneously and at 
approximately the same rate. H20 and phenol (in a much smaller amount) are 
evolved in the same range. The numbers of CO, CO 2 and H20 molecules evolved 
per phenol molecule are 15, 10 and 4, respectively. Alternatively, it might be 
assumed that the breaking of the C, ,~O--~a ,  bond in the diamine component is 
not the primary act of structure degradation, although from an energetic aspect 
these bonds are not stronger than those of the five-membered imide ring. This 
suggestion is confirmed by the results obtained with the aid of high-resolution 
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NMR in the solid state. Figure 3 shows the high-resolution 13C NMR spectrum ot a 
commercial PAA PM film taken after dynamic heating of the film under vacuum at 
a rate of 5 deg/min. It can be seen that an appreciable broadening of the absorption 
bands occurs in the same temperature range as that in which the main gaseous 
degradation products begin to be evolved in the MTA. The changes in intensity of 
the 165 and 136 ppm lines of the spectrum relate to the same temperature range. 
According to Ref. [12], this fact corresponds to a decrease in the contents ofC 3 and 
C2 atoms in the polyimide: 
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The intensities of the signals of the C 2 and C 3 nuclei are approximately equal and 
decrease regularly with increasing temperature (Fig. 4). However, the signal with 
centre at 156 ppm in the spectrum, and corresponding to carbon 7, decreases 
relatively slowly and does not disappear completely until the main signal is 
markedly broadened. In this case the residue of the 156 ppm signal is absorbed by 
the left wing of the main signal. Hence, the formation of water molecules is possible 
mainly as a result of the participation of hydrogen atoms in the reaction of oxygen 
contained in the d!anhydride component because, as has just been shown, this 
oxygen remains for a long time in the solid residue. 
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Fig. 3 HR NMR spectra in SS in heated PM 
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lqg. 4 Change in the intensity of  PM lines in the NMR ~aC spectra: 1 ) C3, 2) C a, 3) C 7 , 4) C I + C 4 + 
C5+C6,  5) C . . . .  
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It is clear from Fig. 1 that the formation of large amounts of CO, CO 2 and H20 is 
not accompanied by the appearance of free hydrogen. It might be suggested that at 
first the reaction between the carbonyl group and hydrogen takes place until the 
C--H bonds are completely broken as a result of thermal motion. To put it another 
way, it is the bimolecular reaction that occurs, rather than the monomolecular 
degradation of the aromatic structure with subsequent reaction of hydrogen with 
the carbonyl group. 

When the temperature is increased to 500 ~ atomic hydrogen appears in the MTA 
curves (Fig. 1); hence, above this temperature, chain processes with the 
participation of atomic hydrogen become possible. 

As a result of the interaction between the hydrogen contained in the aromatic 
fragments and the carbonyl group of the imide ring, hydroxyl radicals and, 
subsequently, water molecules are formed. Their formation, in turn, leads to the 
hydrolysis of imide rings and the formation of carbon dioxide. 

Another result of this interaction may be the intermolecular transfer of oxygen, 
again with the formation of CO 2 molecules (see reaction scheme). 

Coming back to the problem of the relative stability of the diamine and the 
dianhydride moieties of the elementary unit of PM polyimide, it should be pointed 
out that nitrogen-containing degradation products are formed at higher temper- 
atures than the main degradation products: CO, CO2, H20 and phenol. Thus, the 
maximum of benzonitrile evolution is at 615 ~ while that of hydrogen cyanide 
evolution is 635 ~ the evolution of the latter continues up to 900 ~ The first intensity 
maximum of an ion with mass 14 is in the range of evolution of the main 
degradation products, whereas the second maximum is observed at 1100 ~ Similar 
effects have previously been reported for polyimide fibres [13]. Hence, these data 
show that the diamine moieties are more stable and that nitrogen plays a specific 
role in the stabilization of a number of intermediate structures in the carbonization 
of the polyimide structure. In the temperature range 5204550 ~ this effect is. 
probably due to the formation of nitrile groups instead of the imide rings 
undergoing degradation, and to the process of cyclization and formation of 
heterocyclic nitrogen-containing condensed systems, the final rearrangement of the 
structure of which occurs with nitrogen evolution at 1000-1200 ~ This suggestion is 
confirmed by the appearance of a slight shoulder in the range of 110 ppm on the 
envelope of the broad NMR signal at temperatures above 580 ~ (Fig. 3). This 
shoulder may be assigned to heteroaromatic rings, because polycyclic aromatic 
compounds containing no heteroatoms do not exhibit absorption signals in this 
range. 

All the processes of degradation of the primary and intermediate structures occur 
on the background of the crosslinking and condensation of aromatic structures 
accompanied by hydrogen evolution. The maximum of this evolution is at 745 ~ 
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(Fig. 1), after its start at 560 ~ and evolution in appreciable amounts continues up to 
1200 ~ A considerable broadening of the adsorption lines in the NMR spectra with 
increasing temperature of heating of the film (Fig. 3) indicates the occurrence of 
intense intermolecular crosslinking in the temperature range 520-600 ~ This change 
in the signals has usually been interpreted in terms of an overall decrease in the 
molecular mobility of the polymer under investigation. With increasing temper- 
ature, the spectrum undergoes further changes. Above 600 ~ , it loses its discrete 
character and becomes relatively broad, with a centre in the range of absorption of 
aromatic and polyaromatic compounds. 

Analysis of the data of the methods used in this work (MTA and high-resolution 
NMR in the solid state) definitely suggests that upon the high-temperature heating 
of polypyromellitimide the imide ring is the weakest link, rather than the diamine 
moiety. The subsequent process of intermolecular crosslinking is completed by the 
formation of a complex nitrogen-containing heterocyclic structure, as has already 
been suggested [9]. 

However, additional methods should be employed in order to obtain a complete 
picture of the thermochemical process of polyimide carbonization. 
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Zusammenfassung --- Der Mechanismus der in Polypyromellitfilmen ablaufenden thermischen 

Zersetzungsprozesse wurde dutch massenspektrometrische thermische Analyse und hochaufl6sende 

Festk6rper-NMR-Spektroskopie untersucht. Sowohl die Struktur des festen Rfickstandes des 

Pyrolyseproduktes des PM-polyamids als auch der Prozel3 der Verkokung bis 1200 ~ wurden 
Untersucht. Es wurde festgestellt, dab das Aufbrechen der Bindung Ca,--O--Ca, im Diaminteil nicht der 

prim/ire Schritt der Zersetzunf ~ der molekularen Struktur des Polymers ist, wie nach dem Wert der 

Bindungsenergie zu erwarten write. Der auf die Hochtemperatur-Polymerzersetzung folgende Prozel3 

der intermolekularen Vernetzung endet mit dcr Bildung einer komplexen stickstoffhaltigen hetero- 

zyklischen Struktur. 

PeatoMe - -  B c-raThe nponoaz-rca aHaaM3 ,AaHHbIX MeTO,/1OB Macc-cneK-rpoMeTpuqecgoro TepMFfqecKOFO 

aHa~naa (MTA) a cnerTpoc~onmi a,aepHoro MaranTnoro peaoHaaca ablcoKoro pa3pemenna B 

Taep~oM Te~te (5IMP BPTT) "rag o cTpyrType TaepablX OC-raTroa npoaygToa nnpo~naa no.aaaMnaa 

HM, TaK It CaMOM npouecce rap6oanaalmn BILJIOTb ,/10 -reMnepaTypbl 1200 ~ B pa6oTe paccMaT- 

pHBaIOTC~I HeKo-ropbIe Ilpe~IcTaBYleHII~I O MexaHH3Me ~a~cTpyKTHBHblX rlpolleCCOB B I10.T'IHHMI, I~e. 

l'IoKa3aHo, qTO pa3pbIB CBSI3H Cap--Cal: B ,/1HaMHHHOH KOMIIOHeHTe He ~IB.rDICTC~I HepBHqHbIM aKTOM 

pa3pymeHna cTpyKTypbl XOT~ 3HepFeTHqecKH 3Ta CB~I3b He npoqnee, qeM CB$13H HMH~HOFO IlnK,~a, a a 

U~J1OM npH F.rly6OKOM nporpeBe flO.rlnm4poMe.aJlnTHMnlla nocJle,tlylolRn~ 3a llecTpyKttne~ no.~nMcpa 

npoUecc MeXMO~eKy:IapHmx Cm~IBOK aaBepmaeTca o6paBoaanHeM C.qOmHO~ a3oToco~tepx~aulefi 

reTepotlnr;m~ecKoh cTpygTypbl. 
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