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The results of thermoanalytical investigations of polyimides are considered. It is shown that 
combined application of methods of thermal analysis makes it possible not only to determine the 
thermal and strUctural characteristics of polyimide articles but also to observe the formation of 
polyimides, their thermal degradation and transformation into new structures under the 
influence of high temperatures. 

It is well known that polyimides are unique thermally stable polymers exhibiting 
important properties that permit their use for the manufacture of items operating 
under very severe conditions (high, or extremely low temperatures, high radiation 
levels, aggressive media, etc.). 

The properties of-these polymers and materials made of them, have been 
described in a number of monographs and review papers. Thermal analysis which 
provides the possibility of investigating this class of high molecular weight 
compounds over a wide temperature range, has been widely used. Over a thousand 
publications have appeared in which the application of thermal methods to the 
investigation of polyimides in the temperatt~re range from - 190 to + 1500 ~ has 
been described. However, most papers deal with the temperature range from room 
temperature to 900-1000 ~ . This range may be tentatively divided into three parts: 
1) from room temperature to 300 ~ 2) from 300 to 500 ~ and3) from 500 to 1000 ~ 
What are~ the characteristic features determining the thermal behaviour of 
polyimides at these temperature ranges? Up to 300 ~ polyimides does not undergo 
any changes in its chemical structure and physicochemical properties for a long 
time, for many samples even for several years. From 300 ~ to 500 ~ the polyimides 
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1118 SAZANOV: HIGH-TEMPERATURE TRANSFORMATION OF POLYIMIDES 

retain their properties for only limited periods of time that in many cases decrease 
exponentially with temperature. At about 450-500 ~ , the chemical structure of the 
polymer is transformed fairly rapidly. The temperature range above 500 ~ is 
characterized by violent reactions~ Depending on conditions, polyimides undergo 
oxidative and hydrolytic degradation reactions, reactions of thermal cracking, 
restructuring, carbonization and graphitization. All these processes together 
determine the overall kinetics of chemical reactions and the properties of the 
products formed in this temperature range. The high thermal stability ofpolyimides 
in the first temperature range, limits the possibility of obtaining useful information 
with the aid of thermal analysis. Only some methods, such as TG, mass 
spectrometric thermal analysis (MTA), or DSC, can be used for determination of 
defects of polyimide materials due to poor processing from prepolymers. In th is  
temperature range the thermochemical transformations of prepolymers into 
polyimides is of interest and thermal analysis methods have been consideraly used 
for the solution of some practical and theoretical problems in this field [1-9]. For  
instance, with prepolymer of the best known polyimide PM, based on pyromellitic 
dianhydride and diaminodiphenyl ether in a dimethylformamide solution, the 
methods of thermal analysis were used to study in detail the process of its thermal 
transformation into polyimide both under iso- and non-isothermal conditions at 
100-300 ~ [10-12]. The combination of these methods with mass-spectrometric 
thermal analysis (MTA) has permitted the determination of the mechanism of this 
reaction, the structure of the solvates and their role in the thermochemical 
transformation of the prepolymer into polyimide [13-24]. At this range the MTA 
method has made it possible to determine the chemical structure of the reagents 
[25-28] and of the technological conditions of the processing of items [29, 30] on the 
mechanism of formation of polyimides of different chemical structures. The 
thermomechanical analysis of prepolymers has made it possible to follow up the 
formation of a polyimide with the optimum combination of mechanical properties 
[31-37]. To summarize, the formation mechanism of polyimides has been 
investigated in detail by methods of thermal analysis in combination with spectral 
and other physical methods. 

The temperature range 300-500 ~ is the range of the widest application of 
polyimide materials and products and hence many thermoanalytical investigations 
of polyimides relate to this range. These investigations may be divided into two 
categories. One of them includes results of routine analyses which appear in almost 
all papers on polyimides; the other consists of sophisticated studies which lead to 
definite conclusions on the mechanism of thermochemical transfomations, the 
effect of chemical and physical characteristics on the course of reactions and the 
properties of products and enable us to predict possible changes which may occur 
during the thermal treatment of polyimides. 
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Reaction in the temperature range 500 ~ 1000 ~ can be divided into those occurring 
below 800 ~ and those which occur above.this temperature, but the attention of most 
investigators was directed to the initial stage of the high-temperature degradation. 
Depending on the method of analysis, different parameters were employed. These 
parameters characterize one or several quantitative changes as functions of 
temperature or of time at isothermal conditions. These quantities include mass loss, 
gas evolution, heat absorption or evolution, changes in mechanical properties at the 
beginning of the reaction, at extreme points and at arbitrarily chosen temperatures, 
etc. On the basis of this information combined with other physical characteristics 
obtained by independent methods of analysis under similar conditions, the authors 

\ 
reveal the relationships between structure and properties. 

The main problem in the tl~ermoanalytical investigation of polyimides is the 
determination of the dependency of thermal stability on a number of conditions. 
The solution to this problem depends on the practical purposes of the investigations, 
consequently, the therm "thermal stability" is often defined differently by different 
authors. It can be seen from the literature that the thermal stability of polyimides is 
determined by thermal analysis and is related to the chemical structure of the 
reagents [38-58], the method of synthesis of polyimides and manufacturing 
technology of the products made from the polyimides [59-74] the macromolecular 
structure [75-85], conditions of use [86-90], and conditions thermal analysis 
[91-94], etc. 

Apart from the determination of thermal stability by the methods of thermal 
analysis, either per se, or towards specific goal, problems related to the degradation 
mechanism, the interaction with other substances, the environmental effect of the 
degradation products and other problems related to the overall problem of 
reactivity of organic polymers have also been studied. The results of these 
investigations are in part reported in the above mentioned publications. They are 
not discussed in the present Review Article. 

The temperature range above 500 ~ has been studied recently. Although, as 
mentioned above, many experiments on thermal stability of polyimides have been 
carried out up to 1000 ~ most authors reported only the parameters determining the 
temperature of complete degradation of pol3,imides, or the percentage of the 
carbonized residue. However, detailed studies of polyimide coke-like products, and 
of the formation mechanisms at temperatures above 500 ~ became recently of 
considerable interest. It is well known that in this temperature range ( + 30-50~ the 
chemical structure of polyimides undergoes the most profound changes accom- 
panied by the evolution of considerable amounts of gaseous products relatively 
simple in composition. The quantity of gaseous products is profoundly affected by 
the same factors as thermal stability of the polyimide. In addition, the surrounding 
gaseous medium is of particular importance. Thus, under the conditions of thermal 
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oxidation, the polyimide is entirely transformed into volatile products at 650 + 20 ~ 
In an inert atmosphere or under vacuum a carbonized residue is formed at 
900-1000 ~ in the amount of 40-80% of the initial weight of the sample. The amount 
and the chemical composition of this residue depend on whether it was formed 
under vacuum or in the presence of an inert gas. 

On e of the earliest descriptions of the formation of the Carbonized residue upon 
thermal degradation of polyimide PM is due to Bruck [95, 96]. By isothermal TG, he 
found that when polyimide PM was heated in vacuum at 585-632 ~ for two hours, a 
carbonized residue was formed in the amount of 60% of the weight of the initial 
sample. The gas products consisted mainly of CO2, CO and H20. The quantity of 
CO2 depended on the degree of cyclization of the polyimide prepolymer. The 
quantity of evolved CO2 is the greatest difference between the thermal degradation 
of commercial H-films and of films that have been carefully freed of impurities (H- 
film, Kapton and polyimide PM are different names of the same polyimide). When 
the temperature was increased from 620 to 850 ~ , the isothermal treatment showed 
that the restructuring of polyimide (H-film) profoundly affected its properties (Fig. 1) 
[96]. As a result of this restructuring, a polymer compound was formed exhibiting 
semiconductor properties. In the same paper a scheme is given for speculated 
structures which are formed at various stages of the thermoanalysis of the H-film 
(Fig. 2). However, this scheme has not been confirmed by adequate experiments. 
No data is given on material balance of gaseous and solid products of the thermal 
degradation. The reported results of elemental analysis indicate that the change in 
composition for C, H, O and N in this temperature range is small and these results 
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Fig. 1 Specific resistivity and density of  H-film as a function of  temperature of  pyrolysis 
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Fig. 2 Scheme for the formation of  products of thermolysis of  the H-film 

do not correspond to the approximate composition of these elements in accordance 
with the proposed scheme. 

Further investigations of high-temperature degradation of polyimides have 
shown that mass spectrometric thermal analysis (MTA) is one of the most 
informative methods. This method makes it possible to follow the kinetics of gas 
evolution in the thermal degradation of pglymers, just as the thermovolumetric 
method [97, 98] but differs from the latter in the possibility of carrying out 
simultaneously qualitative analysis of gaseous products. Thus, a combined 
TG-MTA method (Fig. 3) showed that at 700? and at highest temperatures the main 
gaseous products of the vacuum thermoanalysis of  polyimide fibers with various 
chemical structures are H 2 and CO (Fig. 3)[99]. In this case the polyimide fibers 
undergoing pyrolysis retain their shape. At 750 ~ their weight decreased by not 
more than 25-30%, and did not change even at higher temperatures. The main 
gaseous products in the thermolysis of polyimide fibers [100] based on pyromellitic 
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Table 1 Characteristics of PAA and PI fibers with the general formula 
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d[anhydride and some aromatic diamines (Table 1), are CO, CO2, H 2 0  and H 2 

(Fig. 4). Their ratio varies markedly with the chemical structure of the aromatic 
diamine. A relatively small amount of gaseous nitrogen compounds is obtained, 
although two nitrogen atoms are present in each polyimide unit. This peculiarity 
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Fig. 5 Formulae of diamines used in the synthesis of nitrogen-containing polyimides 
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has been neglected by most authors, but it has been realized [101-103] that the 
nitrogen of the imide ring remains in the pyrolized products. More detailed 
in,cestigations of the role of nitrogen in thermal and thermooxidative degradation 
of polyimides have  shown that nitrogen increases the thermal stability of 
polyimides in which its content is higher than in the conventional polyimide PM 
(Fig. 5). Nitrogen atoms also play a certain role in the formation of a coke residue, 
amounting up to 75-80 weight % of the initial sample.This value depends on the 
position of the nitrogen atom in the polyimide structure. Elemental-analysis has 
shown that nitrogen content decreases on the average to 55-60% with respect to the 
initial amount for polyimides containing "additional" nitrogens which are not a 
part Of the in(ide ring. Ring nitrogen on the other hand, remains almost completely 
in the coke residue. In order to confirm this fact, the thermal analyses of 
acrylonitrile, polyphenylene oxadiazol, nylon-6,6-phenylone and polypyromelht- 
imides based on diaminodiphenyl ether and p-phenylene diamine were carried out 
under similar conditions. The nitrogen content of these polymers is 26.2, 19.3, 12.3, 
11.0, 7.3 and 9.6%, respectively. After thermolysis up to 900 ~ the residues of these 
polymers contained 1.5, 32.3, 0, 48.2, 70.7 and 84% nitrogen, i.e. the nitrogen of the 
imide ring takes hardly any part in the gaseous products of the thermolysis. 

As a result of the wide use of polymeric polyimide materials under extreme 
thermal conditions, some papers on the study of carbonization of polyimides and 
the properties of the resulting products formed during carbonization have appeared 
recently [104, 105]. These papers deal with isothermal treatments of the reactants at 
high temperatures. The analysis Of the products is made mainly by spectroscopic 
methods and not by conventional thermal analysis. 

Thermal analysis of polypyromellitimides (PPI) combined with spectroscopic 
measurements (NMR and IR) and electric conductivity have made it possible to 
determine some features of carbonization of aromatic PPI [106]. When PPI is 
heated in vacuum, carbonized products are formed and the coke residue is equal to 
60-75%, depending on the initial chemical structure (Fig. 6). These values suggest 
that during the thermal degradation PPI undergoes restructuring into compounds 
similar to glassy carbon. High yields of the carbonized residues in the pyrolysis of 
PPI have suggested that these samples are similar to various carbon-graphite 
materials. 

Figure 7 shows the TG curves for the thermooxidative degradation of graphite, 
soot, charcoal and PPI-PM pyrolyzed at 550 ~ If the rates of weightloss (2.5 %/min) 
are compared with heating rates (5 deg/min) it can be seen that the degradation 
process o f  pyrolyzed polyimide approaches that of soot and graphite. In the 
temperature scale the thermal stability of PPI occupies an intermediate position 
among the carbon-like samples investigated. The absence of data on the thermal 
hydrolysis of PI above 900 ~ prevents the possibility of drawing unequivocal 
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Fig. 7 TG curves of thermooxidative degradation of I)charcoal, 2)a pitch-graphite mixture, 
3) PPI-PM, 4) soot and 5) graphite 

conclusions. The above difference is evidently due to the insufficient information on 
the high temperature treatment of PPI when the carbonization of the polymer 
structure starts. 

In order to establish the changes occurring in PPI with increasing temperature of 
pyrolysis, PPI samples were prepared in different temperatures between 500 and 
900 ~ under conditions analogous to those performed during the tbermovolumetric 
study of polyimide PM [ 107]. In their appearance the PPI fihns differ from the usual 
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PI-PM films only in the intensity of colour: with increasing i~yrolysis temperature, 
the film colour turns from yellow to black passing all the shades of orange-brown. 
Above 700 ~ a metallic glitter appears and becomes more pronounced at higher 
temperatures. Elemental analysis reveals a considerable decrease in the content of 
oxygen and hydrogen in PPI in the temperature range 500-900 ~ (Fig. 8). This effect 
is particularly marked in the 550-680 ~ range, as confirmed by the chromatographic 
and mass-spectrometric data (a drastic increase in the amounts of the evolved CO, 
H2 and water is observed). The content of elements in the PPI pyrolyzed up to 
500-900 ~ is 80-85% C, 4-5% N and 1-1.5% H. Subsequent heating of PI above the 
temperature of carbonization shows that traces of nitrogen remain in PPI up to 
1500 o. 

The NMR 13C spectra of representative PPI samples are illustrated in Fig. 9 
showing that the heating of PM up to 600 ~ profoundly affects its structure, that is 
the spectral line at 165.0 ppm due to the carbonyl group in the inside ring 
completely disappears, the intensity of the signal at 155-151 ppm of the carbon 
atom of ether bond in the diamine component drastically decreases, the signal at 
136.7 ppm of the benzene ring conjugated with the imide ring is transformed and a 
general broadening of the bands at 127-124.3 ppm is observed, which indicates that 
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Fig. 8 Relative dependence of 1) the mass of PPI and its elemental composition, 2) C, 3) O, 4) H, 5) N 
on the thermolysis temperature 
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Fig. 9 NMR spectra 13C of 1) initial PPI, 2) samples pyrolyzed at 600~ 3) samples pyrolyzed at 900 ~ 

the degree of aromatization of the entire polymer increases. The PPI spectrum at 
900 ~ essentially corresponds to that of carbon-graphite materials. The IR spectra of 
the PPI samples also unequivocally show that the most important changes in the 
PPI structure occur in the temperature range 500-600 ~ The appearance of the 
985 cm-I  band in the IR spectrum suggests the formation of interchain crosslinks. 
Broadening of the 820-880 and of the 1600 cm- 1 bands confirms the aromatization 
of the polyimide structures as the pyrolysis temperature increases with the 
simultaneous formation of the C = N bond. At the same time the 1020 cm-1 band 
diappears indicating that the bonds in the diamine component are broken. When 
the samples are heated to 700 ~ or higher temperatures, the IR spectra exhibit the 
presence of the 1680 cm- 1 band indicating the presence of the C = O groups in the 
extended chain. 

An interesting feature of these PPI samples which shows their similarity to 
carbon-graphite materials is the marked decrease in the Q value with increasing 
pyrolysis temperature (Fig. 10). With regards to their stability to thermal oxidation, 
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according to the TG data, the stability of PPI samples in the temperature range 
investigated, remains on the same level as for PM (Fig. 11). Moreover, PPI 
pyrolysed at 750-900 ~ contains a portion subjected to low temperature oxidation 
with a weight loss from 5 to 12%. This phenomenon is evidently caused by the 
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TaMe 2 Elemental composition of cord polyimide heated to 3000 ~ 

Found,% 
L~  

C H N 

Untreated sample 79.08 3.56 4.50 

500 80.08 3.40 3.82 

550 86.79 1.30 3.53 

600 86,52 1.44 3:29 

650 87.52 1.36 2.86 
700 92.50 1.30 2.50 

900 93.52 0.88 2.20 
1200 96.57 - -  1.30 

1500 98.05 0.44 1.26 
2000 98.86 0.19 0.89 

2500 99.09 Het 0.58 
3000 99.60 Het 0.33 

formation of a porous surface of samples a t temperatures above 750 ~ Due to its 
porosity, this surface is highly exposed to air oxygen. 

The study of the carbonization and graphitization of cord polyimide based on 3, 
31, 4, 41-benzophenontetracarboxylic acid and aniline fluorene in an inert 
atmosphere in the temperature range 500-3000 ~ [108] showed that the elemental 
composition of  the samples subjected to thermolysis suffered drastic changes and 
that traces of  nitrogen were detected even at very-high temperatures (Table 2). The 
gases evolved in vacuum thermolysis support the suggested mechanism of the 
thermal degradation of the polyimide with the given structure (Fig. 12). Hence, at 

A 

5 

250 400 550 700 850 
Temperature, ~ 

Fig. 12 MTA curves for the thermolysis of cord polyimide 1) HE, 2) N2, 3) HCN, 4) H20, 5) CO + Ns, 
6) CO2, 7) benzene and 8) phenol 

J. Thermal Anal. 34, 1988 



SAZANOV: HIGH-TEMPERATURE TRANSFORMATION OF POLYIMIDES 1131 

700-750 ~, the formation of the coke residue consisting of 92.5% carbon is 
essentially completed (Table 2). At these temperatures, the properties of polyimide 
change markedly: electric resistance becomes 180-210 Ohm m -1 and the coeffi- 
cients of thermal conductivity and diffusivity decrease from 0.230 (for the unheated 
sample) to 0.700 wt/m deg and from 1.10 to (3.5-4) 10 -7 wt/m deg, respectively. 

Investigation of solid pyrolysis products heated above 700 ~ has been mainly 
carried out by X-ray analysis and EPR. These studies Show that above 700 ~ 
fragments of polyimide molecules are recombined into larger condensed aromatic 
species. 

Higher temperatures lead to a gradual carbonization of the material and to the 
perfecting of the structure of the carbonized products. The diffractograms and the 
characteristic X-ray parameters which depend on the heating temperature, show 
that these thermal products are typical nongraphitized materials with the 
turbostratic structure. The absence of graphitization in these thermal products may 
be due to the structural features of the preheated material: considerable 
macroporosity and the occurrence of crosslinks between the carbon chain polymers 
which are thermally transformed into a crosslinked carbonized product. 

When these products are heated in the temperature range 1300-1600 ~ a second 
maximum of the EPR absorption appears. The excessive paramagnetism of 
nitrogen-containing polymers is induced by nitrogen atoms. Above 1700 ~ , the 
nitrogen content in the carbonized ~:,roducts decreases and the concentration of 
PMC decreases. 

When the carbonized products are heated to 2900 ~ their X-ray diffractograms 
exhibit the composite line (002) indicating the presence of two crystalline phases 

with interp!anar distances d = 0.344 and 0.336 nm. The latter value is character- 
ized by much larger crystallite dimensions. 

The photographs of materials undergoing thermai treatment up to 1200 and 
2800 ~ show that they contain virtually no pores. 

Figure 13 shows the TG curves of the initial carbonized products and of those 
obtained after various stages of thermal treatment. The figure shows that the 
thermal oxidative stability of carbonized materials is much higher than that of the 
initial polymer. This stability increases with the treatment temperature. 

These data suggest that it is advisable to use carbonized products for the 
preparation of carbonized materials, in particular glassy carbon. The above 
considerations show that the classical methods of therm~ai analysis are quite 
satisfactory for the investigation of high-temperature transformations of 
polyimides if used in combination with spectroscopic methods, in particular, with 
those applicable for the determination of  the chemical changes occuring on the 
surface and in bulk of the solid products. In this field the method ofphotoelectronic 
X-ray spectroscopy (XPS) is very promising. For instance the surface analysis of 
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Fig. 13 TG curves of cord polyimide: 1) initial sample and samples heated to 2) 900 ~ 3) 1200 ~ and 
4) 2000 ~ 

aromatic polyimides based on diaminodiphenyl ether and dianhydride s of 
pyromellitic and benzophenontetracarboxylic acid in an example for the com- 
bination of methods. In this study the analysis of carbon, oxygen and nitrogen was 
used to show their chemical interdependence for the samples of the polyimide 
prepolymer as well as for the polyimide itself, to determine the cyclization 
mechanism of the prepolymer and to determine the relationship between the 
chemical bonds on the surface of the polyimide and the technology of its 
preparation. The XPS method in combination with TG was used for the study of 
thermolysis of the Capton film in argon at 600 and 900 ~ [110]. As in other papers, it 
has been shown that above 600 ~ the weight loss of the sample is small and the 
changes in the chemical structure as a result of breaking of the C- -N  and C ~  
bonds lead to the formation of a new condensed structure. The electric conductivity 
of the new phase is higher by a factor of 102o as compared to the initial Capton film. 
The authors explain this effect by the possibility of the existence of the tunnel effect 
of  conductivity. A carbonized film obtained by heating the Capton film between 
two quartz plates exhibits high thermal stability in air, very good adhesion to glass, 
ceramics and metal and satisfactory mechanical properties. The study of the 
thermal degradation of polyimide PM by the XPS method has been described in 
greater detail in [111]. In this study a series of samples heated under vacuum at 
temperatures 650, 820, 890, 1000 and 1200 K has been investigated. The XPS 
method permitted the detection of changes in the chemical structure of surface 
layers of the polyimide film subjected to thermolysis in the temperature range of the 
most intensive processes of thermal restructuring of polyimides. It was found that 
the structure of the surface layers of polyimide cyclized at 650 K slightly differs 
from the stoichiometric structure. Analysis of oxygen, nitrogen and carbon bonds 
shows that upon heating the film in vacuum, the bonds undergo great changes. 
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When the absolute quantity of oxygen in the film decreases with increasing 
temperature, it is distinctly observed that the carbonyl bonds disappear first. Ether 
bonds in the diamine fragment are thermally more stable. The restructuring of 
nitrogen-containing fragments was characterized by the formation of the four 
possible structures ofimine-, nitrile-, amide- and nitrogen-containing heterocycles, 
in particular at temperatures above 800 K. The structure of carbon bonds varied 
as nitrogen, oxygen and hydrogen were burned out, and at high temperatures 
polynuclear structures were formed but up to 1200 K graphitization was not 
observed. The methods of PGC and XRS were used for the study of thermochem- 
ical transformations occurring on the surface of the polyimide PM film subjected to 
the temperatures of about 900 ~ [113]. From the yield of the gaseous products by 
pyrolysis gas chromatography (PGC) and the investigation of solid pyrolyzed 
residues (XPS) it was concluded that the main degradation processes occur in the 
temperature range 50ff4i50 ~ In thisrange, considerable evolution of carbon oxides 
due to the opening of the imide ring and a change in XPS are observed. The peaks of 
carbon and oxygen of the carbonyl group upon heating up to 600 ~ decrease in 
intensity. The XPS spectra of nitrogen exhibit a change irt the bond energy from 
400.4 to 400.1 eV. The decrease in the bond energy indicates that the electron 
density on the nitrogen atoms increases and qualitatively confirms the decrease in 
the concentration ofcarbonyl groups. The diphenyloxide fragment is more stable to 
the temperature effect, and the intensity of lines of carbon and oxygen of this group 
is virtually invariable up to 650 ~ . These results are in good agreement with the data 
of MTA and high resolution NMR in a solid body. At temperatures of 650 ~ and 
higher, the degradation processes become more pronounced. Phenol, benzene, 
benzonitrile and hydrocarbons by PGC and MTA are detected among the volatile 
products. In other words, thermal degradation affects all the elements of the 
polyimide structure. These thermal transformations are reflected in the XPS 
spectra, and at a given temperature, the intensities of the photoelectron lines CIs 
and OIs of the carbonyl and diphenyloxide groups decrease. The broadening and 
splitting of nitrogen lines show that chemically non-equivalent nitrogen atoms 
appear in polyimide. Upon further increase in temperature (700-850, 900~ the 
polyimide structure is aromatized but the presence of nitrogen and oxygen in the 
structure of the pyrolyzed residues suggests that some heterocyclic structures which 
were formed during heating, are retained. Hence, as a result of the temperature 
effect, the polyimide undergoes restructuring and the structure of polymeric carbon 
is obtained. The dynamics of this restructuring may be represented by a scheme 
which is given in Fig. 14 [113, 114]. At three temperatures, 525, 575 and 625 ~ , 
averaged over the investigated range, a group consisting of three units of polyimide 
PM is considered. These units are separated by the authentic intermolecular 
distances at which a condensation between the individual groups of atoms occurs 
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T~525~ 

0 / 

Fig. 14 Scheme for the formation of carbonized products of PPI at temperatures 1) 525, 2) 575, 3) 625 ~ 
and 4) higher 

with the formation ofcrosslinked structures. This condensation is accompained by 
the evolution of a number of  gaseous products. There is a correlation between the 
amount and composition of volatiles which may be determined by MTA, TVA and 
TG, and the amounts and composition of the solid residue which are determined by 
XPS, NMR, IR spectra and elemental analysis. Weight loss which is determined by 
TG, is attributed to the evolution of gases during the condensation of individual 
groups coincide in the range of 10 ~ At 525 ~ the "memory" of the polyimide 
structure is still distinctly detected, although gas evolution is considerable. 
Subsequently radicals are generated as a result of hydrogen removal. Their 
recombination is confirmed by, MTA and EPR. At 650% the temperature of the 
most intensive degradation, a condensed aromatic skeleton is obtained with 
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hydrogen heteroatoms in the structure and with oxygen atoms on the periphery of 
the. condensed structure. 

Further increase in thermolysis temperature leads to a~l increase in the density of 
the entire carbonized structure and to condensation which result in the removal of 
oxygen of the diamine fragment in the form of phenol (Fig. 14, scheme 4). In 
conclusion, it should be noted that the investigations in the range of high- 
*~emperature transformations of polyimides deal in a more detailed study with the 
properties of carbonized polyimide materials [115, 116]. The main emphasis of these 
papers is on the electrical properties of these materials: the generation of the 
conductivity and semiconductivity effect. The results indicate that the properties of 
the pyrolyzed material can be described by the formation of carbonized islands in 
the matrix of the insulator and that the current is carried by charge hopping or 
tunneling between carbonized islands. The far ~1~ spectroscopy, the transmittance 
and reflectance and the resistivity as a function of' temperature, at1 suggest that the 
pyrolyzed H-films are composed of two-phase, one phase being essentially pure 
carbon, the other an organic "glue". The evidence for this is 'very persuasive if not 
decisive. The strongest evidence is the far IR spectroscopy and its resemblance to 
that for carbon black including the wavelength dependence of transmittance which 
is characteristic of Rayleigh scattering. The temperature dependence of resistivity 
and charge limited tunneling model are remarkably welt. In this m0dell tiny carbon 
grains are isolated from one another by an insulating matrix and electronic 
conduction takes place by tunneling. On the other hand, this temperature 
dependence is identical with that of two dimensional, variable range hopping in a 
single-phase, conducting polymer. Parenthetically we note that we fitted the 
resistivity data to the fluctuation-induced tunneling model Pingsheng used to 
describe the electrical properties of carbon black in a polymer matrix. Statistically 
significant departures from this model were observed at the highest and lowest 
temperatures. 

Hence, at present the thermal analysis studies of the mechanism ofthermolysis of 
polyimides and the properties of the resulting carbonized products have passed into 
the new phase of fundamental investigations of entirely new polymer structures. 

References 

I N. A. Adrova, M. I. Bessonow, L. A. Laius 
and A. P. Rudakov, Polyimides new class of 
thermostable polymers (in Russian), Nauka, 
Leningrad, 1968, p. 248. 

2 M. M. Koton, M. I. Bessonov and Yu. N. 
Sazanov, Plasl. massy, 1981, n5, 22---26. 

3 M. I. Bessonov, M. M. Koton, V. V. Kud- 
rjavtzev and L. A. Laius, Polyimides-class of 
tlae~ mostable polymers (in Russian), Nauka, 
Leningrad, 1983, p. 327. 

16" J. Thermal Anal. 34, 1988 



1136 SAZANOV: HIGH-TEMPERATURE TRANSFORMATION OF POLYIMIDES 

4 Polyimides, Synthesis, Characterization and 
Application, Vol. l, 2; Ed. by K. L. Mittal, 
Plenum Press, N. Y., L. 1984.. 

5 A. N. Fraser, High Temperature Presistant 
Polymers, Intersci. Publ,  N.Y., L. Syd., p. 
297. 

6 B. A. Zubanov, I. A. Arkhipova and O. A. 
Almahekov, The new thermostable hetero- 
cyclic polymers (in Russian), Nauka A. A., 
1979, p. 251. 

7 V. V. Korshak, The thermostable heterocy- 
clic polymers (in Russian), Nauka M. 1969, 
p. 407. 

8 Technica i Nauka, N 1 (1986). 
9 M. M. Koton and Yu. N. Sazanov, Nauka i 

chelovechestvo 279 (1986). 
10 Yu. N. Sazanov, G. N. Fedorova and L. M. 

Sheherbakova, J. Appl. Polym. Sci., 19 
(1975) 2335. 

I 1 Yu. N. Sazanov, G. N. Fedorova and L. M. 
Sheherbacova, Thermochim. Acta, 17 (1976) 
119. 

12 Yu. N. Sazanov, L. V. Krasilnikova and L. 
M. Sheherbakova, Europ. Polymer J., 1 ! 
(1975) 806. 

13 Yu. N. Sazanov, L. A. Shibaev, S. A. 
Dauengauer, A. N. Krasovsky and K. K. 
Kalninsh, J. Thermal Anal., 24 (1982) 75. 

14 S. A. Dauengauer, Yu. N. Sazanov, L. A. 
Shibaev, T. M. Bulina and N. G. Stepanov, J. 
Thermal Anal., 25 (1982) 441. 

15 M. M. Koton, Yu. N. Sazanov, L. A. 
Shibaev, S. A. Dauengauer and N. G. 
Stepanov, Zh. Org. Chim., 48 (1982) l115. 

16 V. M. Denisov, L. A. Shibaev, S. A. Dauen- 
gauer, Yu. N. Sazanov and A. I. Koltzov, Zh. 
Org. Chim., 19 (1983) 1277. 

17 L. A. Shibaev, Yu. N. Sazanov, S. A. 
Dauengauer, N. G. Stepanov and T. M. 
Bulina, J. Thermal Anal., 26 (1983) 199. 

18 Yu. N. Sazanov, L. A. Shibaev, T. A. 
Kostereva, S. A. Dauengauer, N. G. 
Stepanov, V. M. Denisov and A. I. Koltzov, 
J. Thermal Anal., 29 (1984) 273. 

19 S. A. Dauengauer, Yu. N. Sazanov, L. A. 
Shibaev and T. M. Bulina, lzvest. AN SSSP 
Ser. Chim., 8 (1984) t783. 

20 L. A. Shibaev, S. A. Dauengauer, V. M. 

Denisov, A. I. Koltzov, Yu. N. Sazanov and 
T. I. Zukova, Acta Poly0a., 35 (1984) 291. 

2t Yu. N. Sazanov, S. A. Dauengauer, L. A. 
Shibaev and G. N. Fedorova, J. Thermal 
Anal., 28 (1983) 317. 

22 L. A. Shibaev, S. A. Dauengauer, N. G. 
Stepanov, M. K. Bukina, V. M. Denisov, N. 
K. Antonov, A. I. Koltzov and Yu. N. 
Sazanov, Vysokomol. Soed., A 27 (11) (1985) 
2403. 

23 N. S. Magomedova, L. A. Tchetkina, V. K. 
Belsky, Yu. N. Sazanov, S. A. Dauengauer 
and L. A. Shibaev, Zh. Struct. Chim., 27 (4) 
(1986) 135. 

24 N. S. Magomedova, L. A. Tchetkina, V. K. 
Belsky, Yu. N. Sazanov, S. A. Dauengauer 
and L. A. Shibaev, Zh. Struct. Chim., 27 (5) 
(1986) 118. 

25 L. N. Korzavin, L. A. Shibaev, S. V. Bron- 
nikov, T. A. Antonova, Yu. N. Sazanov and 
S. Ya. Frenkel, Vysokomol. Soed., A22 
(1980) 2027. 

26 Z.A. Kobilov, T. M. Muinov, L. A. Shibaev, 
Yu. N. Sazanov, L. N. Korzavin and N. R. 
Prokopehuk, Thermochim. Acta, 28 (1979) 
333. 

27 I. E. Kardash, A. Ya. Ardashnikov, F. S. 
Yakushin and A. N. Pravednikov, Vyso- 
komol. Soed., AI7 (1975) 598. 

28 L. A. Shibaev, Yu.  N. Sazanov, N. G. 
Stepanov, T. M. Bulina, T. I. Zukova and M. 
M. Koton, Vysokomol. Soed. 

29 B. G. Bagrov, Thesys. L. Len. Tekst. Inst., 
1975, p. 150. 

30 V. I. Kolesov, V. P. Skliskova, V. V. 
Kudrjavtzev, B. G. Belenky, S. Ya. Frenkel 
and M. M. Koton, Dokl. AN SSSR, 232 
(1977) 848. 

31 M.M. Koton, S. Ya. Frankel, T. Sz6kely, N. 
R. Prokopchuk, L. N. Korzavin and Yu. N. 
Sazanov, J. Thermal Anal., 12 (1977) 187. 

32 M. I. Tsapovetsky, L. A. Laius, M. I. 
Bessonov and M. M. Koton, Dokl. AN 
SSSR, 240 (1976) 132. 

33 V. E. Smirnova, L. A. Laius, M. I. Bessonov, 
S. V. Bushin, T. I. Garmonova, M. M. 
Koton,  V. S. Skazka and L. M. Shcherba- 
kova, Vysokomol. Soed., A17 (1975) 2210. 

J. Thermal Anal. 34, 1988 



SAZANOV: HIGH-TEMPERATURE TRANSFORMATION OF POLYIMIDES 1137 

34 M. I. Tsapovetsky, L. A. Laius, M. I. 
Bessonov and M. M. Koton, Dokl. AN 
SSSR, 243 (1978) 1503. 

35 Yu. G. Baklagina, N. V. Efanova, N. R. 
Prokopchuk, L. N. Korzavin, A. V. 
Sidorovich, F. S. Florinsky and M. M. 
Koton, Dokl. AN SSSR, 221 (1975) 600. 

36 V. I. Vettegren, S. V. Bronnikov, V. M. 
Vorobev, L. N. Korzavin and S. Ya. Frenkel. 
Vysokomok Soed., B26 (5) (1984) 390. 

37 V. I. Vettergen, S. V. Bronnikov, L. N. 
Korzhavin and S. Ya. Frenkel, Mech. Polym. 
Mat., N5, 920 (1983). 

38 B.M. Kovarskaja, A. B. Blumenfeld and I. I. 
Levantovskaja, The thermal stability of he- 
terocyclic polymers (in Russian), M. China, 
1977, p. 264. 

39 V. V. Korshak, The temperature character- 
istic of polymers (in Russian), M. Nauka, 
170, p. 462. 

40 Yu. N. Matveev, A. A. Askadsky, I~ V. 
Zuravleva, G. L. Slonimsky and V. V. 
Korshak, Vysokomol. Soed., A23 (1981) 
2013. 

41 V. V. Korshak, A. A. Askadsky, G. L. 
Slonimsky, S. L. Sosin, L. I. Zakharkin, A. I. 
Kovedrov, K. A. Bytcho, B. P. Antipova and 
Z. S. Zadumbekova, Vysokomol. Soed., 
A23, (1981) 2051. 

42 M. M. Koton, ZH. Prikl. Chim., 8 (1969) 
1841. 

43 H. Kambe, Oye butsuri, 3 (1967) 1008. 
44 A. N. Pravednikov, I. E. Kardash, E. N. 

Teleshov and B. V. Kotov, Vysokomol. 
Soed., AI3 (1976) 425; 

45 C. Sroog, J. Polymer Sci. Macromol. Rev., 11 
(1976) 161. 

46 S. V. Vinogradova, G. L. Slonimsky, Ya. S. 
Vygodsky, A. A. Askadsky, A. I. Mzelsky, 
N. A. Churachkina and V. V. Korshak, 
Vysokomol. Soed., AI 1 (1969) 2725. 

47 M.M. Koton, Vysokomol. Soed., A21 (1979) 
2496. 

48 B. M. Kovarskaja, N. G. Annenkova, V. V. 
Gurjanova and A. B. Blumenfeld, Vysok- 
omol. Soed., AI5 (1973) 2458. 

49 V. K. Beljakov, Vysokomol. Soed., AI6 
(1973) 99. 

50 C. Arnold and B. K. Bergman, Amer. Chem. 
Soc. Polymer Prepr., 12 (1971) 296. 

51 P. N. Gribkova, V. V. Rode, Ya. S. 
Vygovsky, S. V. Vinogradova and V. V. 
Korshak, Vysokomol. Soed., A12 (1970) 220. 

52 M. M. Koton, Vysokomol. Soed., AI5 (1973) 
1654. 

54 M. M. Koton and Yu. N. Sazanov, Vysok- 
omol. Soed., A17 (1975) 1469. 

55 M. M. Koton and Yu. N. Sazanov, J. 
Thermal Anal., 7 (1975) 165. 

56 N. A. Glukhov, M. M. Koton, Yu. N. 
Sazanov and L. M. Shcherbakova, Vysok- 
omol. Soed., B17 (1975) 330. 

57 Yu. N. Sazanov, L. M. Shcherbakova, T. A. 
Maricheva, V. A: Gusinskaja and G. N. 
Fedorova, Vysokomol. Sped., B20 (1978) 
720. 

58 Yu. N. Sazanov, F. S. Florinsky and M. M. 
Koton, Europ. Polymer, J., 15 (1979) 781. 

59 G. A. Lougran and F. F. Arnold, Amer. 
Chem. Soc. Polym. Prepr., 18 (1977) 831. 

60 P. Beilly, Europlast Mon., 45 (1972) 89. 
61 B. M. Van Krevelen, Adv. Chem. Thermal 

Stabls Polymers, Warszawa, 119 (1977). 
62 C. I. Arnold, J. Polymer Sci.-Macromot. 

Rev., 14 (1979) 266. 
63 R. Dien-hart, D. Parker and W. W: Wright, 

Brit. Polymer, J., 3 (1971) 222. 
64 L. C. Scala, W. M. Scala and W. M. 

Hickman, J. Appl. Polymer Sci., 9 (1965) 
245. 

65 R. K. Traeger and E. A. Salazar, Amer. 
Chem. Soc. Polymer prepr., 12 (1971) 292. 

66 R. A. Jewll, J. Appl. Polymer Sci., 15 (1971) 
1717. 

67 T. Sz6kely, M. M. Koton, Yu. N. Sazanov, 
N. R. Prokopchuk and L. N. Korzhavin, 
Chim. Volokna, N1 (1977) 25. 

68 E. P. Krasnov, V. P. Aksenova and S. N. 
Harkov, Volokna iz Sintet. Polym. M. 
"Chimja',  40 (1970). 

69 J. K. Gillham, K. D. Halleck and S. J. 
Stendnick, Amer. Chem. Soc. Polymer. 
Prepr., 13 (1972) 221. 

70 V. V. Rode, P. N. Gribkova, S. V. Vinogra- 
dova, V. V. Korshak, G. M. Tzeitlin and V. I. 
Azarov, Vysokomol. Soed., AI 1 (1971) 1617. 

J. Thermall Anal. 34, 1988 



1138 SAZANOV: HIGH-TEMPERATURE TRANSFORMATION OF POLYMIDES 

71 V. V. Korshak, V. V. Rode, S. V. Vinogra- 
dova and P. N. Gribkova, Izv. AN SSSR, 
Scr. Chim., 2267 (1967). 

72 Yu. N. Sazanov, L. N. Korzhavin and G. N. 
Fedorova, Inter. Symp. Macromol. Chem. 
Tashkent, 4, (1978) 72. 

73 O. Ya. Fedotova, E. I. Nesterova, T. 1. 
Vinokurova and A. V. Tresvov, VysokomoL 
Soed., A16 (1974) 2066. 

74 Yu. N. Sazanov, M. M. Koton, L. M. 
Shcherbacova, L. A. Shibaev, Z. A. Kabilov 
and A. Toirov, VIII. Internat. Symp. 
Polycond., A. A., 1981, p. 119. 

75 V. V. Korshak, A. L. Rusanov, R. A. 
Katzarova and A. S. Tugushi, Izv. AN SSSR, 
Scr. Chim., 1654 (1968). 

76 T. M. Birstein, V. A. Zubkov, I. S. 
Milevskaja, V. E. Eskin, I. A. Baranovskaja, 
M. M. Koton, V. V. Kurjavtzev and V. P. 
Sklizkova, Europ. PO|ym. J., 13 (1977) 375. 

77 L. N. Korzhavin, N. R. Prokopchuk, Yu. G. 
Baklagina, F. S. Florinsky, N. V. Efanova, 
A. M. Dubnova, S. Ya. Frenkel and M. M. 
Koton, VYsokomol. Soed., A16 (1976) 707. 

78 M. I. Bessonov, N. P. Kuznetzov, N. A .  
Adrova and F. S. Florinsky, Vysokomol. 
Soed., AI6 (1974) 2092. 

79 L. A. Laius, E. N. Dergatcheva, M. I. 
Bessonov, V. V. Kudrjavtzev and M. M. 
Koton, Vysokomol. Soed., B23 (1981) 712. 

80 L. A. Laius, E. N. Dergatcheva, E. M. 
Petrova, T. I. Zukova and F. S. Florinsky, 
Vysokomol. Soed., B24 (1982) 66. 

81 N. A. Adrova, A. I. Artyuchov, Yu. G. 
Baklagina, T. I. Borisova, M. M. Koton, E. 
V. Kuvshinsky, A. Mirzaev, A. V. Mik- 
hailova, V. I. Nikitin and A. V. Sidorovich, 
Vysokomol. Soed., 14 (1972) 2166. 

82 M. I. Tzapovetsky, L. A. Laius, M. I. 
Bessonov and M. M. Koton, Dokl. AN 
SSSR, 243 (1978) 1503. 

83 L. A. Laius, M. I. Bessonov, M. M. Koton 
and F. S. Florinsky, Vysokomol. Soed., A 13 
(1971) 2006. 

84 O. S. Karehmarchic, V. V. Muravjeva, A. N. 
Shuster, S. M. Yakapson and I.?N. Shelman, 
Chim. Volokna, N3 (1975) 2 7 . -  

85 H. Zimmerman and J. Bandlisch, J. Thermal 
Anal., 1 (1969) 107. 

86 C. E. Sroog, S. V. Abrama, C. K. Berr, W. W. 
Edwards, A. L. Andrey and R. L. Oliver, 
Amer. Soc. Polym. Prepr., 5 (1964) 132. 

87 S. Hishisani and S. Fukami, Chem. Soc. Jap., 
66 (1973) 382. 

88 A. A. Husainov, L. N. Korzhavin and B. E. 
Geller, Mechan. Polym., 4 (1961) 764. 

89 L.C. Scala, W. M. Hickam and I. Marschik, 
J. Appl. Polymer Sci., 12 (1968) 2339. 

90 S. R. Rafikov, Zrudy V mezdunarod. Symp., 
Varna, Sofia 125 (1976). 

91 W. Wendlandt, Thermal Methods of Analy- 
sis, Wiley Inters. Pub. 1974, p. 528. 

92 Yu. N. Sazanov, J. Thermal Anal., 10 (1976) 
391. 

93 Yu. N. Sazanov, J. Thermal Anal., 23 (1982) 
65. 

94 Yu. N. Sazanov and L. A. Shibaev, VII 
Vsesojuzn. Konf. Termich. Anal. M. Kuiby- 
shev, 1982, p. 159. 

95 S. D. Bruek, Polymer, 6 (1) (1965) 49. 
96 S. D. Bruck, Polymer, 6 (3) (1965) 319. 
97 I. C. McNeill, Europ. Polymer J., 6 (1970) 

373. 
98 Yu. N. Sazanov and V. A. Sysoev, Europ. 

Polymer J., 10 (1974) 867. 
99 Yu. N. Sazanov and T. Sz6kely, IX. Vseso- 

juzn..Soves~h. Termich. Anal., Uzgorod 1985, 

p. 8~ 
100 Z. A. Kabilov, T. M. Muinov, L. A. Shibaev, 

Yu. N. Sazanov, L. N. Korzhavin and N. R. 
Prokopchuk, Thermochim. Acta, 28 (1979) 
333. 

101 F.P. Gay and C. E. Berr, J. Polymer Sci., A1 
(1968) 1935. 

102 C. F. L. Ehlers, K. R. Fisch and W. R. 
Powell, J. Polymer Sci., AI, 8 (1970) 3511. 

103 Yu. N. Sazanov, G. N. Fedorova, E. M. 
Nekrasova and T. M. Kiseleva, Vysokomol. 
Soed., A25, 5 (1983) 949. 

104 E. Fitzer and H. Burger, Pat., 2204749 
(BRD), 1972. 

105 H. Burger, E. Fitzer, M. Heym and B. 
Thermish, Carbon, 13 (N) (1975) 148. 

106 A. V. Gribanov, N. A. Shirokov, E: F. 

J. Thermal Anal. 34, 1988 



SAZANOV: HIGH-TEMPERATURE TRANSFORMATION OF POLYMIDES 1139 

Kolpikova, G. N. Fedorova, T. I. Borisova, 
A. I. Koltzov, N. V. Mikhailova, L. G. 
Gladkova, T. Sz6kely and Yu. N. Sazanov , 
Vysokomol. Soed., A27 (11) (1985) 2351. 

107 Yu. N. Sazanov, Kinetica i Mechanizm 
MakromoL Reakzi, 8 (1983). 

108 A. S. Fialkov, E. F. Kolpicova, L. G. 
Gladkova, D. S. Konstantinova, Ya. S. 
Vygodsky, S. V. Vinogradova and V. V. 
Korshak, Vysokomol. Soed., B27, (Ni l )  
(1985) 818. 

109 H. J. Leary, Jr. and D. S. Campbell. Surface 
Interface Anal., i (N3) (1979) 76. 

110 C.Z. Hu and I. D. Andrale, J. Appl. Polymer. 
Sci., 30 (1 I) (1983) 440. 

I l l  A. T6th, I. Bert6ti, T. Sz6kely, Yu. N. 
Sazanov, T. A. Anlonova, A. V. Shchukarev 

and A. V. Gribanov, Surface Interface Anal., 
8 (1986) 261. 

112 T.A. Antonova, A. V. Shchukarev, A. T6th, 
I. Bert6ti, Yu. N. Sazanov, T. Sz&ely and A. 
V. Gribanov, Vysokomol. Soed., A3 (1987). 

113 Yu. N. Sazanov, T. Sz6kely, A. V. Gribanov, 
I. Bert6ti, T, A. Antonova and A. T6th, XI. 
Microsymposinm for Polycondensation, 
Prague. 

114 Yu. N. Sazanov, A. V. Gribanov, T. A. 
Antonova, I. S. Milevskaja, T. N. 
Lukashova, T. Szekely, A. T6th and E. 
Jakab, 4th ESTAC, Jena, 1987. 

115 H. B. Brom, Y. Tonkflwicz, A. Aviram, A. 
Broers and B. Sumurs, Solid. State Comm., 
35 (1980) 135. 

116 J. 1. Gittleman and E. K. Sichel, J. Elect. 
Mat., 10 (2) (1981) 327. 

Zusammenfassung - -  Die Ergebnisse thermoanalytischer Untersuchungen von Polyimiden wurden 
ausgewertet. Es wird gezeigt, dass eine kombinivrte Anwendung thermischer Analysenmethoden nicht 
nur die Bestimmung der thermischen und Strukturmerkmale yon Polyimidprodukten erm6glicht, 
sondern auch die Beobachtung der Bildung yon Polyimiden, sowie deren thermischer Zersetzungs- und 
Umformungsprozesse zu anderen Strukturen unter dem Einfluss h6herer Temperaturen. 

P e 3 m M e  - -  O63op noca~ulen HpoG:teMe Hcno.qb3oBaHH~ TepMoaHa-~HTH~eCKHX MeTO,~OB .t],.ff$1 
HCCJICj!OBaHH~I TepMOXHMHqeCKHX npeBpalHeHH~ HOJIHHMH~tOB, HX ~opuo.rlHMepOB H MO,~eJIbHI,IX 
COC,~HHeHHfi B IIIHpOKOM TeMnepaTypHOM ,~Hana30He. KpoMe K.liaccHqecgnx MeTOj1OB TepMHq~KOFO 
aHaaH3a, pacCMOTpeHbl pe3yJlbTaTbl CneKTpa3lhHbIX H ,~py.FHX aHaJIHTHqeCKHX MeTO~4K B llO~[TBep- 
)K~[eHHe ,~aHHblX TepMHqeCKOFO anaJiH3a. [~n6J1HoFbat~Hg 116 HaHMeHOBaHHfi. 
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