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Thermogravimetry of polyimides based on dianhydrides of pyromellitic, diphenyl-
and diphenyloxidetetracarboxylic acids and a series of diamines has been used to deter-
mine their temperature characteristics and calculate their activation energies. The
dependence of the thermal stability of the polyimides on the structure of their diamine
component was established. It was shown that the effect of the thermal stability of
the polyimides progressively weakens with the increase in the rigidity of their chemical
structure.

Investigations of the thermal stability of polymers by thermogravimetric anal-
ysis are very widely used for rapid determination of their relative chemical resist-
ance to high temperature. A method for establishing weight losses with progres-
sively and linearly increasing temperature used in TG permits a relatively rapid
determination of the effect of the chemical structure on thermal stability for poly-
mers of the same class synthesized under similar conditions. In this respect a
widely-used method of isothermal analysis yielding more information on the
polymer behaviour in the course of prolonged heating at a fixed temperature has
an important disadvantage: when a polymer sample is maintained for a long time
at a high temperature, cross-linking occurs. Thermogravimetry enables us to
avoid this disadvantage to a considerable extent and to determine the contri-
butions of different chemical structures to the thermal stability of the polymer on
the basis of several comparative criteria obtained under identical conditions of
analysis. One of these criteria used in recent literature [1]is the temperature char-
acterizing a definite point on the TG curve, such as the temperature of the onset
of weight loss (Ty), determined in most cases as the point in which the TG curve
deviates from the initial horizontal portion. These criteria also include tempera-
tures of 5, 10, 50 and 1009 weight loss, and the values of the weight loss at fixed
temperatures (200, 300, 400°, etc.).

Much work is in progress on the synthesis and investigation of high-temperature-
resistant polymers of the polyimide class, which, owing to their thermal sta-
bility and many valuable physico-mechanical properties, occupy a very important
place in the manufacture of polymer materials. A comparison of the thermal sta-
bilities of different aromatic polyimides and establishment of their temperature
characteristics make it possible to determine the effect of the chemical structure
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of the polyimides on their properties and to improve the methods for their syn-
thesis. In recent years many polyimides have been synthesized with different aro-
matic groups and heteroatoms in the diamine and dianhydride components
[1—3]. Polyimides based on pyromellitic acid are very widely used. Polyimides
based on other aromatic tetracarboxylic acids have also been prepared [3—8].
Nevertheless, investigation of the thermal characteristics of these polyimides
and determination of the optimum conditions of their thermal treatment and
behaviour at elevated temperatures are not progressing as rapidly as the work on
synthesis.

Using in this work some of the above criteria for evaluating thermal stability
from TG data, and in particular using the value of T, we have made an attempt
to characterize the thermal stabilities of a series of polyimides synthesized in our
laboratory in accordance with the chemical structures of the diamine and dianhy-
dride components, and to follow the effects of different substituents on the thermal
stability of the polymers.

Experimental

The synthesis and preparation of the polymer films cast from polyimides ana-
lyzed in this work have been carried out by the usual procedure — a two-stage
process described previously [9—13]. Thermogravimetric analysis has been car-
ried out with a “MOM” Derivatograph (Hungary) in an air flow (200 ml/hr) at
a heating rate of 4.5°C/min over the temperature range from 20 to 900°.

Results and discussion

Temperature characteristics of the thermal degradation of a series of polypyro-
mellitimides with different structures of the diamine component are shown in
Table 1. A comparison of the T, values of the polyimides investigated shows that
the polymers with aliphatic units in the diamine component exhibit the lowest
thermal stability. The replacement of a hexamethylene chain by a tolyl group
increases the thermal stability of the polymer slightly, but the presence of two
labile NH —COO-groups in the diamine structure prevents the increase of T,
by more than 15—20° as compared to sample 1. On passing from a flexible nitro-
gen-containing urea group to a more rigid benzimidazole bond (samples III —V),
the rigidity of the whole polymer molecule increases and, correspondingly, the
thermal stability of the polyimides increases to 310°. It is interesting to note that
samples 111 —V serve as examples showing the relationship between the increase
in the thermal stability of the polymers and the distance between two benzimid-
azole rings. This factor, defined in the literature as the degree of ring fusion [6],
is evidently essential for characterizing the thermal stability from the standpoint
of chemical structure. As the structure of the polyimides is saturated with aromatic
and heterocyclic units, the thermal stability progressively increases. However,
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Table 1

Temperature characteristics of polypyromellitimides with the general formula
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after passing the thermal stability limit determined by the T, value of 350°, the
change in the chemical structure of the polyimides affects their thermal stability
less and less. Thus, the results given in Table 2 for polypyromellitimides containing
diphenyl, terphenyl, diphenyloxide, benziphenone and phenoxthine groups in the
diamine component show that they exhibit a high thermal stability in the range
from 370 to 420°. Polyimides based on the same diamines and anhydrides of diphe-
nyl- or diphenyloxidetetracarboxylic acids differ as little in their thermal stability
as do polymers of pyromellitic acid. In the polyimide series investigated the polyi-
mides with a phenoxthine group in the diamine component exhibit the highest
thermal stability. This effect is quite natural since in this case the phenyl rings
are attached by two bonds ensuring the high thermal stability of the diamine com-
ponent. The above-mentioned decreasing effect of the chemical structure on the
thermal stability of the polyimides is presumably due to a considerable increase
in the ridigity of the macromolecule. This increase leads to a marked decrease in
the mobility of the macromolecules, to the formation of infusible products and
to considerable difficulties in the final stage of imidization.

Thus, for rigid-chain polyimides stable up to 350° thermal degradation starts
at those weak points or bonds which are essentially independent of the chemical
structure of the diamine or dianhydride components of the polyimide.
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Another parameter characterizing the thermal degradation of the polymers is
the temperature of a 109 weight loss according to TG data. As a rule, this value
refers to that stage of pyrolysis in which the initiation of thermal degradation has

Table 2

Temperature characteristics of polyimides with the general formula
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already been completed but the process has not yet attained the maximum rate.
Nevertheless, this value permits certain qualitative comparisons to be made when
the mechanism of thermal degradation does not change with time. Thus, an anal-
ysis of the Ty, values shows a correlation between the chemical structure of the
diamine component and the thermal stability determined from the values of T,
for samples 1 —VI (Table 1). In many cases the values of T, for rigid-chain
polyimides (Table 2) are close to each other. However, a regular increase in the
Tyo value is observed in passing from heterocyclic to carboxylic units with the
exception of the polyimides with phenoxthine groups.

The absence of heteroatoms from the diamine and dianhydride components
evidently accelerates the carbonization of the polyimides in the course of their
thermal degradation. The carbonized residues of polyimides based on diphenyl
and terphenyldiamines are characterized by a high value of T, ,,, and particularly
of Tj4 (the temperature of complete weight loss). Thus, the value of T, for ter-
phenyl-containing polyimides exceeds by 100 —150° the corresponding values for
other polyimides.

Considering the values of the activation energy (E,) of thermal degradation of
polyimides calculated for the entire range of weight loss from the TG curves [14],
it should be noted that these data are averaged values reflecting the overall effect
of thermal degradation. Consequently, it is natural that in the cases in which
thermal degradation is a complex process with thermal effects overlapping each
other (samples I-III to a greater extent, samples IV—VI to a lesser extent),
the scattering of the calculated values of E, is high. When thermal degradation
proceeds at a high rate up to 85—909%; (which is evidenced by close values of T,
for rigid-chain polyimide — Table 2) and is essentially characterized by one high
exothermic effect according to the DTA data, the values of E, are determined
with a much greater precision. When the E, values for the different polyimides
investigated, as well as their temperature characteristics, are compared, a regular
increase in the values of E, with thermal stability is observed for samples I —VI
(Table 1). As for the rigid-chain polyimides in Table 2, the activation energy in
the thermal degradation of these polymers is much higher than for samples [— V1.
When the structure of the diamine component is changed, the identical change in
the E, values is observed for each of the three dianhydrides in the following
order:

T A0 ) 0
y L) OO

When the structure of the dianhydride component in the polyimide is changed,
but the diamine remains the same, the values of the activation energy for the poly-
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imides based on diphenyl and diphenyloxide dianhydrides are equal; they are
slightly higher for polypyromellitimides.

Thus, the observed temperature characteristics and the values of the activation
energy of the polyimides investigated yielded important initial information con-
cerning the effect of chemical structure on the thermal stability of polyimides and
permitted determination of the temperature ranges of their thermal degradation.

Conclusions

1. Temperature characteristics and values of the activation energy in thermal
degradation have been determined for polyimides based on dianhydrides of pyro-
mellitic, diphenyl- and diphenyloxidetetracarboxylic acids and a series of aromatic
diamines.

2. The dependence of the thermal stability of the polyimides investigated on
the chemical structure of the diamine component has been shown.

3. It has been established that an increase in the degree of ring fusion in the
polyimides leads to a progressive weakening of the effect of chemical structure on
the thermal stability of the polyimides.
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REsumE — On utilise les données TG des polyimides & base des dianhydrides des acides
pyroméllitique, diphényl et diphényloxydetétracarboxylique ainsi que d’une série de diamines
pour établir leurs caractéristiques thermiques et leurs énergies d’activation. On établit la
corrélation entre la stabilité thermique des polyimides et la structure de leur composant
diamine. On montre que la stabilité thermique des polyimides diminue progressivement
avec Paugmentation de la rigidité de leur structure chimique.

ZUSAMMENFASSUNG — Die dynamische TG von Polyimiden wurde an Dianhydrides von
Pyromellit-, Diphenyl- und Diphenyloxydtetracarbonsiure, sowie einer Reihe von Dia-
minen zur Bestimmung ihrer Temperaturcharakteristika und zur Berechnung ihrer Akti-
vierungsenergien herangezogen. Die Abhingigkeit der Thermcstabilitit der Polyimide von
der Struktur ihrer Diaminkomponenten wurde bestimmt. Es wurde gezeigt, daB3 der Thermo-
stabilitéiitseffekt der Polyimide mit zunehmender Rigiditdt der chemischen Struktur progressiv
geschwicht wird.

Pesrome — MeronoM aunamMuueckoro TIT ompenenieHsl TEMIIEPATYPHBIC XAPAKTEPHCTHKHE M
pacuMTaHBl JHEPIWH AKTHBAIMH HOpOIECCa TepMOAECTPYKIIMH IIOMMHIOB, CHHTE3UPOBAHHBIX
Ha OCHOBE AWAHLHAPOB IHMPOMENIMTOBOM, TuheHII- 1 THGEHAIOKCHATETPAKapOOHOBOM KHCIIOT
¥ pANa TMaMHHMB. YCTAHOBJIEHA 3aBUCUMOCTE MEXAY XUMHYECKAM CTPOCHHEM AHAMMHHON KOM-
TOHEHTHl M TEPMOCTAGHIBHOCTEIO MoJMMHUAA. I10ka3aHo, YTO MO MeEpPEe YBETHUYCHHS CTCHICHH
KOHACHCHPOBAHHOCTH IUKIIHYECKUX 3BEHBEB B MAKPOMOEKYJIe IIPOUCKOJMT IIOCTENEHHOE OCliat-
JIEHHE BIIMAHHS XUMMYECKOTO CTPOEHHs NOJHAMMIA HA €r0 TEPMOCTAOHMIIBHOCTD.
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