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The method of comparative thermal analysis has been used to determine the thermal 
stability of polyimides and their model compounds. The extent of defects in the in- 
vestigated polyimides was determined by gas chromatography. The dependence of  
the extent of  the defects on the chemical structure of the initial components and the 
supermolecular structure of  the polyimides was established. 

It has previously been shown (taking as examples polyphenylenes and poly- 
ketophenylene oxides, as well as corresponding model compounds [1-3])  that 
CTA can be used to evaluate both the thermal stability of the main structure of 
these polymers and the extent of distortions of the structure. This method is still 
more important for the investigation of the most widely-used and promising, 
thermally-stable polymers: polyimides. There is no other class of thermally-stable 
polymers in which such a number of compounds differing in the structure of the 
elementary unit have been synthesized. The main difficulty in establishing a 
relationship between their structure and properties is that polyimides differ not 
only in the chemical structure of the main unit, but also in the number of defects 
along the chain. This sometimes leads to similar properties of polyimides with 
different chemical structures. Hence, to solve the principal problem, that of the 
establishment of the relationship between the structure and the properties, it is 
necessary to develop a method for the synthesis of "non-defective" polyimides 
or, at least, to establish the extent of the distortions in the structure with com- 
paratively high precision. 

The results of most existing methods for the determination of the extent of these 
distortions, and in particular the extent of incompleteness of imidization in poly- 
imides, are unreliable, and the unreliability of their results increases at high degrees 
of imidization. Thus, the determination of the extent of incompleteness of imidiz- 
ation by quantitative analysis of the IR-spectra of polyimides [4] is complicated 
by band superposition and by the difficulty of interpreting the spectra at degrees 
of imidization of 80 % and higher, although the preparation of polyimides with 
a degree of imidization close to 100~ is of particular interest for the attainment 
of optimum physico-mechanical properties. Moreover, this method is useful for 
the determination of the extent of structural distortions for polyimides in solutions, 
in films and, to a lesser extent, in powders, but it does not give good results for 
fibres. 
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During thermal treatment the defective structures are usually degraded earlier 
than the main polyimide structure. Hence, it is quite reasonable to attempt to 
determine the degree of imidization by mass-spectrometric investigation of the 
products of thermal degradation of polyimides [5]. This method consists in the 
measurements of the amount of carbon dioxide in the products of thermal de- 
gradation at 420-470 ~ It is based on the concept that during heating the un- 
imidized amido acid units of polyimide undergo hydrolysis, with subsequent de- 
composition of carboxylic groups and the formation of carbon dioxide molecules. 
However, it is uncertain whether the hydrolysis proceeds to the end and whether 
other degrading processes in amido acid sequences, leading to the formation of 
[aseous products, are possible. 

In this work, data on the thermooxidation of polymers and model compounds 
obtained during isothermal heating in a closed volume are used to determine the 
structural distortion in polyimide materials: powders, films and fibres (mostly 
the latter). 

Experimental 

Thermal oxidation of samples of the polymer and model compounds in the 
amounts of 0.0200 g was carried out in sealed double chamber pyrex ampoules 
with a breakable partition [1, 6]. The initial pressure of 02 in the ampoule was 
0.25 atm at 20 ~ 

The ampoules were placed in a furnace in which the temperature was main- 
tained to within +_0.5 %. Thermal oxidation was carried at a certain temperature 
in the range from 200 ~ to 450 ~ . 

The volume of gaseous pyrolysis products was determined as follows. In order 
to avoid the penetration of air into the ampoule the partition was broken under 
a layer of a saturated NaC1 solution. Gaseous products were introduced into 
measuring burette with a syringe. The amount of gaseous products (CO + CO2) 
evolved in the course of thermal oxidation was measured with a Tsvet-4 gas 
chromatograph [7]. 

The method for the preparation of model compounds has been described in ref. 
[8]. Polyimide fibres were obtained according to the data in ref. [9]. 

Discussion of results 

Figure 1 shows the rates of formation of gaseous products (CO + CO2) v s .  

temperature when the thermooxidation in a closed volume is carried out for 
polyimide fibres with the following structures: 
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As a rule, these curves exhibit three parts: the initial portion up to 330 ~ the  
shoulder region from 330 ~ to 390 ~ (400) ~ and the final sharp rise above 390 ~ . 
This character of  the curves may be explained (by analogy with refs. [1, 2]) by 
study o f  the thermal oxidation of  model compounds.  For thus purpose the fol -  
lowing model imides were synthesized: 
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Figure 2 shows the curves o f  thermooxidation of  these models in a closed volume 
in an oxygen atmosphere during isothermal heating for 1 hr. Each point on the 
curve corresponds to the rate of  thermooxidation in g.mole of  the gas evolved per 
g.mole of  the sample per hr at the same temperature. All the curves have one com- 
mon feature: thermooxidation starts above 390 ~ i.e. all these models remain 
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Fig. 1. Rates of formation of gaseous products (CO + CO2) v s .  temperature in the thermo- 
~xidation of polyimide fibres in a closed volume. Ordinate: g.mole of gas]g.mole of sample 

per hr 
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Fig. 2. Rates of formation of gaseous products (CO + CO~) v s .  temperature in the thermo- 
oxidation of model imides in a closed volume 

stable during heating in an oxygen atmosphere for 1 hr (oxygen pressure in the 
ampoule at room temperature is 0.25 atm). Figure 3 shows the thermooxidation 
curve of  diphenyl ether (DE). It is clear that this compound, which serves as model 
for fragments often present in polyimides, is also stable up to approximately 
the same temperatures. Evidently these data suggest that phthalimide, pyromellit- 
imide and diphenyl oxide structures are very stable. It should be noted that the 
third portion of the thermooxidation curves of  fibres, relating to a sharp increase 
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in the evolution of  gaseous oxidation products, also lies above 390 ~ If  it is assumed 
that above this temperature thermooxidation of  the main imide structures occurs, 
the gas evolution in the temperature range from 330 to 390 ~ should be explained 
by the thermooxidation of  less thermally-stable, defective structures. Benzoic 
acid (BA), N-phenylbenzamide (PhBA), pyromellitic dianhydride (DP) and 
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Fig. 4. Rate of the formation of CO and CO 2 in the thermooxidation of dimethylformamide 

diaminodiphelyl ether (DDE) were used as models for these structures in poly- 
imides. Figure 3 shows the thermooxidation curves of  these compounds. It is clear 
that the curves of  the first three of  these lie in the temperature range denoted by us 
as the second portion in the thermooxidation curve for fibres. Hence, these com- 
pounds, differing greatly in their thermal stability from imides and diphenyl ether, 
are probably actually models for similar defective structures in polyimides, and the 
characteristic shoulder in the curves of  the thermooxidation of  fibres in the tem- 
perature range from 330 to 390 ~ (Fig. 1) appears because, under these conditions, 
the process of  thermooxidation is of  the successive character, i.e., the defective 
fragments are "burned out"  before the main structures are oxidized. The form- 
ation of  gaseous products at temperatures below 330 ~ may be due to two factors. 
First, as Fig. 3 shows, diaminodiphenyl ether starts to decompose at temperatures 
below 200 ~ and, consequently, it might be expected that amine end-groups in poly- 
imides will also oxidize at very low temperatures. Secondly, some amounts o f  
residual solvents, such as dimethylformamide (DMF), N-methylpyrrolidone, etc., 
are present in polyimides. Figure 4 shows the thermooxidation curve of  DMF,  
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indicating that DMF is completely oxidized at a much lower temperature than 
330 ~ . 

The fact that each curve obtained in the thermooxidation of  polyimide fibres 
differing in their chemical structure and physical characteristics (such as glass 
transition temperature) exhibits three portions, each of  which lies in a certain 
temperature range, shows that the processes of phase transition of  the polymer 
do not affect the rate and order of the thermooxidation of  solvent residues in 
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Fig. 5. Schematic plot of thermooxidation rate of polyimides vs. temperature 
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Fig. 6. Rates of formation of gaseous products (CO + CO s) in the thermooxidation of model 
compounds. Ordinate: g.mole of gas/g.mole of sample per hr 

the fibre and defective and main polyimide structures. The probable explanation 
is that, under these conditions, at high temperatures the rate of  oxygen diffusion 
into the fibres is not the limiting stage of  the entire thermooxidation process. 

It thus follows that the portion in the thermooxidation curve for fibres from 
330 to 390 (400) ~ and, more precisely, the height of  the shoulder, characterizes 
the extent of  distortions in the polyimide structure. Gas evolution in the first 
portion of  the curve may sometimes be neglected, but when it is high, the height 
of  the shoulder should be "corrected" for it, i.e. decreased by it. The schematic 
curve of the thermooxidation of  polyimide fibres, films and powders is shown 
in Fig. 5. The value of  (H-h) characterizes the extent of structural distortions in 
the polyimide, or, more precisely, the gas evolution occurring as a result of  the 
thermooxidation of  amide and amido acid sequences, as well as anhydride and 
acid end-groups- It can be shown that for polyimide fibres and films, the molecular 
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mass of which usually exceeds 20 ,000-  30,000, the amount  of  gaseous products 
formed after the thermooxidation of anhydride and acid end-groups does not 
exceed 1 -  2 ~o of the total amount of  gaseous products. 

As no independent method of  determining the degree of  imidization was avail- 
able for the establishment of  its relationship to the value of (H-h) ,  another approach 
to the calculation of the degree of  incompleteness of  imidization was used to in- 
crease the reliability of  the proposed method [10]. This approach was based on 
the observation of the oxidation rate (in g.moles of  gases per g.mole of  the sample 
per hr) of  model compounds containing an amide bond. Figure 6 shows thermo- 
oxidation curves for model amides: 

0 0 0 

The thermooxidation rate of  PhBA and DA at 390 ~ was 1 and 2 g. mole of  gas/ 
g.mote of  sample per hr, respectively. It should be noted that for a model ester 

0 0 

(DEth) the oxidation rate was also 2. In other words, in the thermooxidation of  
these models at 390 ~ for 1 hr, one mole of  gas was evolved per each amide 
or ester bond. These bonds can be regarded as a preliminary structure 
for CO and CO 2 formed during thermooxidation. The reaction conditions (the 
amounts of  sample and oxygen, and the temperature and duration of  thermal 
oxidation) were chosen in such a manner that oxygen was consumed first for the 
thermooxidative breaking of these bonds, whereas aromatic structures were de- 
graded later. It was of  interest to elucidate whether this regularity is maintained on 
passing to polymer samples. The thermooxidation rate was determined for fibres 
of  polyamidoimide, the elementary unit of  which has the following structure: 

o 
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o 

i.e., it contains two amide bonds per elementary unit. The value of  (H-h)  for this 
polymer was 2 g.mole of  gas per g.mole/hr. Hence, it seems possible to use these 
data to calculate the degree of  incompleteness of  imidization in polyimide. When 
incomplete imidization is related to interchain crosslinking, occurring as a result 
of  the formation of  an amide bond between two polyimide molecules, one ele- 
mentary unit in which imidization has not proceeded contains four amide groups. 
In this case thermooxidation at 390 ~ for 1 hr should lead to the formation of  4 
moles of  gas per unit. When incomplete imidization is due to the presence of a 
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free acid group, the unit that did not undergo unimidization contains two amide 
and two acid groups. For the thermooxidation of benzoic acid at 390 ~ the values 
of the thermooxidation rate were close to unity. Assuming that, just as for amides, 
the thermooxidation rate of fragments containing an acid group is approximately 
the same as that of the model acid, we suppose that in this case too the thermo- 
oxidation of one unimidized unit at 390 ~ yields four molecules of gas per hour. 

Hence, the degree of incompleteness of imidization, D, can be calculated from 
the following equation: 

(H - h) 
D = - -  �9 100% 

V 

where (H-h) is the measured thermooxidation rate at 390 ~ for polyimide units 
that are not imidized, and V is 4 g. mole of gas/g.mole per hr, i.e. it is the hypo- 
thetical thermooxidation rate of the polymer if it is assumed that imidization has 
not occurred at all. 

This relationship was checked in the determination of the degree of incomplete- 
ness of imidization for model imides. Actually, it is not always possible to com- 
plete cyclization even in the synthesis of model imides. Thus, in the synthesis 
of N-phenylphthalimide various authors have obtained samples differing in the 
melting temperature by 7 - 8  ~ [11, 12]. In contrast to polyimides, for model com- 
pounds the number of amido acid units that have not undergone cyclization can 
be determined spectroscopically with high precision [13]. The percentage of amido 
acid in three samples of N-phenylphthalimide, determined spectroscopically and 
from the results of thermooxidation, is given below. 

Amido acid content  

Sample Melting Spectroscopic From the results of  
No.  temperature method thermooxidation 

I1 
IV 
V 

206--207 ~ 
201--204 ~ 

204 ~ 

I% 
9% 
9% 

2% 
13% 
13% 

In other words, the "degree of imidization" of N-phenylphthalimide determined 
spectroscopically was 99, 91 and 91 ~o, and according to the results of the thermo- 
oxidation method it was 98, 87 and 87 ~o, respectively. These data may be con- 
sidered to be in good agreement. 

The good agreement of these results with the values obtained in the study of 
the mechanical properties of the fibres proves indirectly that it is possible to deter- 
mine the degree of incompleteness of imidization from CTA data. 

It is known [14] that the Young modulus of crystalline oriented polymers 
depends on the elastic moduli of crystallites Ecr and amorphous parts E~m and on 
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the degree of  crystallinity x: 

E =  Ecr'Eam 
E c r ( 1  - -  K)  -I- E a m "  /r 

If we consider polyimides as random copolymers of the corresponding imides 
and amido acids, and use the models of alternating introduction of rigid (Ecr) 
and flexible (EpAA) elements, it is possible to calculate formally the degree of 
imidization: 

i = Ecr(Erib - EpAA) " 100 Z 
E f i b ( E c r  - E p A A )  

where Ec,, Efib and EpA A a re  the elastic moduli of  the crystallite, the investigated 
fibre and the polyamic acid fibre, respectively, and i is the degree of  imidization 
[151. 

Date in Table 1 show that the values of  the degree of  incompleteness of  imidiz- 
ation, D, and those of  (100 - i) for a number of  fibres determined by the two 
above methods (calculation and the CTA method) are in good agreement. 

Table 1 

Degree of incompleteness of imidization of polyimide fibres according to the data of thermal 
degradation and mechanical tests 

No. 

9 
10 
11 
12 

13 

Initial reagents Degree of  incomplete- 
ness of imidization 

Thermal Calculation 
Dianhydride Diamine degrada- from model 

t/on D, % (100K) 

Pyromellitic acid 

Pyromellitic acid 

Bis-(4-aminophenyl ether) of 
hydroquinone 

Bis-(4-aminophenyl ether) of 

19 

10 

Pyromellitic acid 
Pyromellitic acid 
3,3',4,4'-Tetracarboxy-diphe- 

nyl oxide 
3,3',4,4'-Tetracarboxy-diphenyl 

oxide 
3,3',4,4'-Benzophenone tetra- 

carboxylic acid 
Pyromellitic acid 

Pyromellitic acid 
Pyromellitic acid 
Pyromellitic acid 
3,3',4,4'-Diphenyl tetracarbo- 

xylic acid 
Bis-(3,4-dicarboxyphenylic 

ether)-hydroquinone 

resorcine 
Phenylene-diamine 
Phenylene-diamine 
Phenylene-diamine 

Phenylene-diamine 

Phenylene-diamine 

4,4'-Diaminodiphenyl 
phide 

2,7-Diaminofluorene 

sul- 

4,4'-Diaminobenzophenone 
Benzidine 
Benzidine 

Phenylene-diamine 

10 
8 

19 

10 

8 
4 

11 
4 

15 

20 

9 

10 

17 

8 

9 
6 
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Assuming that these values of D actually characterize the degree of incomplete- 
ness of imidization, it may be concluded that the limiting degree of this process 
is related to the chemical structure of the polyimide unit (under the condition 
that the same method of fibre preparation is used). A comparison of the values 
of D for fibres 1 and 2, 3 and 4, and 5 and 6, shows that a change in the position 
of the phenylene rings in the diamine component from the para- to the meta- 
position leads to a considerable increase in the homogeneity of the fibre structure. 
This can be due to the fact that this change in structure leads to the formation 
of less rigid polyimide chains, because in the meta-configuration of the benzene 
ring the chain segments rotate more freely [16]. In fact, fibres with amorphous 
structure (Nos. 8 and 10) exhibit the lowest degree of incompleteness of imidiz- 
ation. Hence, the distortion in the chemical structure and the thermal stability 
of polyimides are related to the molecular mobility of the polyimide chains. The 
latter can be determined by crystallization processes occurring during the imidiz- 
ation of fibres, by hindrances to the rotation of single fibres and interchain cross- 
linking. 

These data show that the CTA method can be used to evaluate the thermo- 
oxidative stability of single fragments in the polyimide unit and the extent of 
structural distortions in the polymers, to carry out changes in the method of prep- 
aration of polymers so as to decrease these defects, and also, in some cases, to 
establish the relationship between them and the supermolecular structure of the 
polymer. 
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R~suM~ - -  La  m 6 t h o d e  d ' ana lyse  t h e r m i q u e  compar6e  (CTA)  a 6t6 utilis6e p o u r  6tudier  la 
stabilit6 t h e r m i q u e  des po ly imides  et de leurs compos6s  mod61es. O n  a d6termin6 pa r  c h r o m a -  
tog raph ie  en  phase  gazeuse  l '6 tendue des d6fauts  dans  les po ly imides  6tudi6s. On  a 6tablie de 
m~me  les r appor t s  qui  exis tent  ent re  1'6tendue des d6fauts  dans  la s t ruc tu re  ch imique  des  com-  
p o s a n t s  in i t iaux et la s t ruc tu re  supermol6cula i re  des polyimides .  

ZUSAMMENFASSUNG - -  Die M e t h o d e  der  verg le ichenden  T h e r m o a n a l y s e  wurde  zur  B e s t i m m u n g  
der Hitzestabil i t / i t  von  Poly imiden  u n d  ihren  M o d e l l v e r b i n d u n g e n  eingesetzt .  Das  A u s m a s s  
der Defek te  in den  un t e r such t en  Po ly imiden  wurde  g a s c h r o m a t o g r a p h i s c h  bes t immt .  Die  
Abh/ ingigkei t  des U m f a n g s  der  Defekte  v o n d e r  chemi schen  S t ruk tu r  der  A u s g a n g s k o m p o n e n -  
ten  u n d  der s u p e r m o l e k u l a r e n  S t ruk tu r  der Po ly imide  wurde  festgestell t .  

Pe310Me - -  MeTO)IOM cpaBHHTe2IbHOFO TepMIIqeCKOFO aHaJIrl3a rlpoBe/IeHo nCCJle~IoBaHae Tep- 
MOOKHCJIHTeYlbHOfI CTa~H2IbHOCTH papa  HOJIHHMH~IOB~ CI4HTe3HpOBaHHblX Ha OCHOBe apoMaTri- 
qeCKIIX jIHaMHHOB H ~IIIaHI'I4/IpHjIOB C pa3JIHqHblM KOJII4tleCTBOM H pacnoJ~o~KeHI, IeM OKClI~eHI,I- 
JleHOBblX 3BeHbeB. IIoKa3aHa 3aBHCI, IMOCTb TepMocTa~HJIbHOCTH FIO.rlHaMH/IOB OT CTeReHH fix 
jleqbeKTHOCTrt II CTpOeHna 3JleMeHTapHoro 3BeHa rlOJlHMepa. IIo:IyqeHa xopotua~ Koppea~Ilrt~ 
MeTo~Ia TepMnqeCKnM H cneK/paJIbHbIM CnOCO6OM oripe~eJtenHn cTenerm HMn~l~I3attrt~ noarI- 
MepnblX 06pa31los. 
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