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At temperatures above 350 ~ polypyromellitimides exhibit continuously increasing 
deformations. The temperatures of glass transition and melting were determined in 
their homologous series. 

For the determinations, thermomechanical and combined thermogravimetric mass- 
spectrometric measurements were performed. Glass transition temperatures were also 
calculated on the basis of the structure of the repeating unit. Conclusions could be 
drawn on the structures and rigidities of the molecules. The roles of groups introduced 
into the diamine fragment could be determined. 

The considerable interest aroused by polyimides in recent years is quite under- 
standable, since this class of thermally stable polyheteroarylenes provides great 
possibilitie~ for obtaining the required ratio cyclic to linear fragments of the chain- 
repeating unit in a controllable synthesis. The synthesis and subsequent processing 
lead to different wares, such as fibres, coverings, plastics, etc. with a required 
combination of properties [l - 3]. 

One of the methods for regulation of relaxational and mechanical properties 
of polyimides consists in changing both the thermodynamic and the kinetic flexi- 
bilities of macromolecules by introduction of "pin-joint" groups ( -  O - ,  .- CO - ,  
- S - ,  - C O O - ,  - N H C O  , CH2- ,  etc.) or bulky lateral groups into the 
polymer chain [1, 4]. 

It should be noted that little or no information is available in the literature oll 
the glass transition and melting temperatures of polyimides with the exception 
of ref. [1, 5] where it has been shown that polyimides containing "pin-joint" 
groups in both the dianhydride and the diamine fragment of the repeating unit, 
or bearing bulky (polar) groups, exhibit a distinct first-order transition. According 
to the data presented in these papers, at temperatures above 350 ~ polypyro- 
mellitimides exhibit continuously increasing deformations. Several authors indi- 
cate that glass transition temperatures exist for the best-known polypyromellftimide 
PM, however, as pointed out in [4], these data are very contradictory and require 
further confirmation. (Thus, for polypyromellitimide diphenyloxide) (polymer 8 
in Table 1) the glass transition temperature is 250, 380 and 500 ~ according to 
different sources.) 

The use of polymers as plastic materials in machinery or engineering etc. is 
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often de te rmined  by the distance o f  their  glass t rans i t ion  and melt ing tempera tures  
f rom the required opera t ing  tempera tures  o f  the cor responding  article or  ware.  
Consequent ly ,  our  main  a t tent ion was directed to the de te rmina t ion  o f  these 
tempera tures  in a given homologous  series o f  polypyromell i t imides, .  

In  addi t ion ,  it is necessary to know the glass t rans i t ion  and  melt ing tempera tures  
of  po lypyromel l i t imides  in o rder  to select the mos t  favourable  condi t ions  for  
their  crysta l l izat ion and ul t imate  condensa t ion  dur ing  thermal  t rea tment  and ho t  
draw.  This makes  possible to  ob t a in  po lymer  chains stat is t ical ly homogeneous  
in compos i t ion  and exhibi t ing a more  perfect  supermolecular  organiza t ion  in the 
cor responding  wares,  since the mobi l i ty  o f  po lymer  chains appear ing  as a result  
o f  the rmomechan ica l  t rea tment  above  the glass t rans i t ion  t empera tu re  facili tates 
any s t ructural  changes in these polymers .  

Experimental 

In order  to est imate the glass t rans i t ion  and  mel t ing temperatures ,  a the rmo-  
mechanical  me thod  was used in combina t ion  with mass  spec t romet ry - the rmal  
analysis,  the rmograv imet ry  and  some addi t iona l  da t a  on the t empera ture -depen-  
dence o f  the dynamic  elast ic  modulus  [6]. F o r  completeness o f  the picture,  glass 
t rans i t ion  tempera tures  o f  po lypyromel l i t imides  were also de termined by calcula-  
t ions based  on the chemical  s t ructure o f  the repeat ing  unit,  fc l lowing the procedure  
p roposed  in [4]. 

Table 1 

Glass transition and melting temperatures 

Configuration of  
the diamine fragment 
of the polypyromellit- 

imides 

1 .  

2. 
3, 
4, 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

Glass transition temperature 

from depen- 
dence s = f ( T )  

from depen- 
dence Eg = f ( T )  

-~ 470 
430--440 
420--430 
380--390 
410--420 
390--410 
380--420 
300--360 
260--300 
270--280 
250--255 

460--480 
430--440 
400--430 
380--440 
410--445 
390--420 
380--426 
305--340 
250-- 310 
270--290 
220--300 

Calculated 

553 
-" 475 

432 
422 
419 
425 

403 
328 
283 
270 
253 

Softening* 

from depen- 
dence e = f ( T )  

m 

490--500 

400-  430 
380- 440 
410-445 
390- 420 

465 
4 5 5  

360 - 445 
370--440 
360 - 390 

* Softening is meant as: first-order transition (melting)for crystallizable polymers 1-3 
and 8-12; process reverse to glass transition for non-crystallizable polymers 4-7. 
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Synthesis of polypyromelli t imides and  preparat ion of  fibres from them were 
ca r rkd  out  according to s tandard  methods described previously [1, 7]. The chemical 
structure of the elementary uni t  of  the polypyromelli t imides was varied by the 
use of different diamines;  their formulae and  designations are given in Table 1. 

Thermomechanica l  characteristics were determined as described irt=-ref. [8]. 
The heating rate was 6~ and  the load for all samples investigated was 1 
kg /mm 2. The max imum error in measurements  of  e and  T values did no t  exceed 
one per cent. The thermomechanical  curve for polymer N 8 (Fig. 1) illustrates the 
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Fig. 1. Determinat ion  o f  glass transition and melting temperatures from the thermo- 
mechanical curve 

of polypyromellitimides 

t empe ra tu r e  

f r o m  depen-  Acc.  to 
dence  Eg = f (T)  MTAdata 

T5 %~ St ruc ture  1 - - f  ZglTm, K 

490--500 

4 2 0  - 4 3 0  
380--390 
410 -420 
390--410 

460 
465 

400--420 
420 

370 - 380 

490 

420 
380 
415 

465 

410 
420 

550 
510 

435 
460 
465 
515 
490 
505 
445 
500 
455 

C 
C 
C 
A 
A 
A 
A 
C 
C 
C 
C 
C 

1 
1 
1 
0.5 
0.67 
0.67 
0.67 
0.67 
0.5 
0.4 
0.5 
0.34 

m 

0.99--0.95 

0.94--0.88 
0.84--0.78 
0.92-- 0.74 
0.84--0.76 
0.89--0.76 

C - -  Crystallizable, A - -  Amorphous. 
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use of the thermomechanical method for determination of the glass transition and 
softening temperatures of the irtvestigated polypyromellitimides. 

Investigations of the temperature-dependence of the dynamic elastic modulus 
edyn = f ( T )  were carried out with a device for the determination of the complex 
dynamic Young modulus under the force vibration conditions described in ref. 
[9]. Operating temperatures ranged from 20 to 500~ the frequency was 72 Hz. 

The heating rate was 5~ and the span of the sample was 15 ram. Absolute 
values of the complex dynamic Young modulus (X) vs. temperature for fibres 4, 8 
are shown in Fig. 2. 

Temperature ~~ 

100 200 300 ~00 500 0 
~ I ~ I 1Ta iTf I 

' ~ ' o  I %ee t 

-o.~ i %e'~"e"~ 
- 0 , 3  - 

! 

Fig. 2. Determination of glass transition and softening temperatures from the temperature- 
dependence of the elastic modulus 

The procedure for calculation of glass transition temperatures was based on the 
chemical structures of the polypyromellitimides [4]. The glass transition tempera- 
ture was determined from the equation: 

ZK7 
log = --N'AyA V, + A 

i 

K* being a parameter related to the packing coefficient and the volume expansion 
coefficient. Values of K* in the sum 2; K* are adopted from ref. [4]. s  i designates 
the Van der Waals volume of the repeating unit, being the sum d Vi of the volumes 
of all atoms in this unit. Increments of volumes A V,. of atoms and atomic groups 
in the repeating unit of the polymer reported in ref. [10, 11 ] were used to calculate 
2; A V i. The NA in the preceding formulae is Avogadro's number, and A is a constant 
parameter equal to 1.435 for all linear polymers, irrespective of their chemical 
structure. 

Thus, for polyimide 8 the value of Z K* represents the sum of the increments 
K* of twenty-two carbon atoms and two nitrogen atoms in the main chain, four 

J. Thermal Anal. 12, 1977 



K O T O N  et al.:  G L A S S  T R A N S I T I O N  O F  P O L Y P Y R O M E L L I T I M I D E S  191 

oxygen atoms in the side groups, one oxygen a tom in the main chain and ten 
hydrogen atoms, and numbers relating to two dipole-dipole interactions and the 
symmetry coefficient, since all benzene rings in the main chain are substituted in 
the para position. 

I K *  = 22• + 2x2.185 + 4•  + 1(-5.244) + 10(-1.248) + 
+ 2 • + 10.50 = 263.8 

The volume of the repeating unit of  this polymer is therefore the sum of  increments 
for ten aromatic CH groups, eight aromatic carbon atoms, one oxygen atom 
bonded to aromatic carbon atoms, four carbonyl groups and two atoms of  nitrogen 
in the imide ring: 

I A V ~  = 10• + 8•  + l x 3 . 4  + 4(17.8 + 5.85) + 2 x 0 . 9  = 314A 3. 
N A I A V i " 6.02 • 10  23 mole -1 x 3.14 • 10  - 2 ~  c m  3 = 189 cm3/mole 

263.8 
log Tg = 18~9- + 1.435 = 1.395 + 1.435 = 2.83 

Tg = 676 K. 
The effective flexibility of  the polymer chains was estimated ia terms of  the 

Flory flexibility parameter:* 

number of  "flexible" bonds 
f = - -  

number of  "flexible" bonds + number of  "rigid" bonds 

Iri our case all bonds about  which even a restricted rotation of  the adjoining part  
of  the chain is possible are considered as "flexible" or "pin-joint" bonds. "Rigid"  
bonds are those about which only torsional vibrations of  single fragments of  the 
macromolecule involving no changes in its conformation are possible, or bonds 
about  which no rotations or vibrations are possible at all. 

Thermal analysis of  poFypyromellitimides was carried out by thermogravi- 
metric analysis (TG) and mass-spectrometric thermal analysis (MTA). Experi- 
ments were made in an air flow (flow rate 50 cm3/min) with a Du Pont 951 thermo- 
analyzer, and in vacuum with a Mettler thermobalance connected with a Balzers 
Quadrupole mass-spectrometer. The sample weight was 3 -  5 mg, and the heating 
rate was 5~ 

It  is known that the thermal stability of  a polymer according to TG data is 
determined by the temperature of  onset of  weight loss (To) or by temperatures of  
5 or 10 per cent weight loss (T5 and Ta0 ) [12]. Investigations of  the thermal stabil- 
ities of  various polyimides [13] have shown that in many cases the values of  T O 
depend on the presence of low molecular weight impurities. Their separation may 

* Determination of the conformational parameter of the flexibility of polypyromellitimide 

macromolecules from the ratio ~ ----- (h'~) qS:lz (h2) 01/z, where (h z) r are the unperturbed dimen- 

sions of coils in the solvent 0 and (h 2) 0 ljz are the dimensions corresponding to free rota- 
tions, is impossible because these polymers are insoluble. 
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change the T o value greatly, irrespective of  the chemj~cal structure of  the poly- 
imide. 

The value of T5 reflects the relationship between the thermal stability of the 
polyimide and its chemical structure more reliably, because up to this temperature 
low molecular weight products are removed, and the rate of  weight loss attains 
the value of  0.1 per cent and subsequently starts to increase exponentially. Hence 
the value of  T5 may be adopted as the temperature of thermal degradation of a 
polyimide. 

> l  

E 

J 
CO 

300 z, O0 Tf 500 600 700 

Temperature ~ ~ 

Fig. 3. Determination of melting temperatures from mass-spectrometric thermal analysis data. 
Curve L -- evolution of CO; curve 2 -- evolution of CO2 during thermal degradation of a 

sample of polyimide fibre 

TG data indicate the limit of thermal stability of a polyimide, whereas the MTA 
method, which is more sensitive to changes occurring in the polymer in the early 
stage of thermal degradation, permits estimation of the softening temperature 
range of the polymer from the beginning of gas evolution. The appearance of 
traces of gaseous products of thermal degradation indicates that macromolecules 
become more mobile and as a result low molecular weight products which were 
"locked" in a rigid polymer structure at lower temperatures are "liberated". 
As the temperature is raised, gas evolution increases, leading to a sharp weight 
loss indicating degradation of  the main structure (Fig. 3). The point of transition 
from the slow initial process to a rapid reaction, determined from the intersection 
of the gas evolution curve tangents according to MTA data, relatively accurately 
characterizes the softening temperature T I, which is in good agreement with the 
data determined from the dependences 2; - - f (T)  and e = f(T) (Table 1). 

Results and discussion 

The following points should be noted concerning the results shown in Table 1 : 
The chains of polymers 1 -  3, which have no "pin-joint" in the diamine frag- 

ment, are very rigid and therefore the number of possible conformations for each 
part of the chain is very restricted. 
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Due to this, their melting temperatures are located near or somewhat above 
the temperatures of thermal degradation and the glass transition temperatures and 
also turn out to be close to the temperatures of their intense thermal decomposi- 
tion. A slight decrease in the glass transition temperature in the order 1 > 2 > 3 
when the number of para-phenylene groups in the diamine fragment increases is 
probably due mainly to increasing possibilities of rotation of chain fragments 
about the C - C  bonds and a decreasing concentration of strongly polar CO 
groups responsible for the intermolecular interactions of neighbouring chains. 

The introduction into the diamine fragment of - O - ,  - C H 2 - ,  - S - ,  or 
- CO - groups, or of the benzene ring in the meta-configuration (polymers 4 - 8) 
leads not only to an increase in the chain flexibility and to a certain general de- 
crease in the thermal stability, but also to the appearance of a distinct range of a 
high elasticity state (cf. polymers 1 -  3). 

Moreover, as was to be expected, for polymers 4 - 7  with an amorphous struc- 
ture the values of the glass transition and softening temperatures coincide. 

On the other hand, the glass transition temperature of polymer 8 was at least 
50 ~ lower than its melting temperature and 70 ~ lower than the temperature of 
thermal degradation. 

Quite a different situation is observed when various numbers of oxyphenylene 
groups are introduced into the diamine fragment ~polymers 9 -  12). The increasing 
thermodynamic flexibility of the chains of these polymers leads to a certain widen- 
ing of the temperature range within which polypyromellitimides are characterized 
by a considerable increase of deformability. 

It is important that, irrespective of the number of "pin-joint" groups introduced 
into the diamine fragment, polymers 9 -  12 retain high values of thermal stability 
as estimated from the 5 per cent weight loss, whereas the glass transition tempera- 
tures of these polymers are approximately 100 ~ lower than their melting tempera- 
tures and 200 ~ lower than the temperatures of their sharp thermal degradation. 
By varying the nature and number of "pin-joint" groups introduced into the 
diamine fragment of the chain, it is possible not only to regulate the structure and 
thermomechanical properties of these polymers, but also to change the tempera- 
ture range of their high elasticity state. This possibility in turn makes polymers 
10-12 promising with regard to the possibility of direct melt processing. 

The unusually high Tg/T,, ratios for polypyromellitimides with an ordered 
structure deserve special consideration. For a rigid-chain polypyromellitimide 
(polymer 2) without bending distortions, Tg/Tm is approximately 0.97, whereas the 
increase in the thermodynamic and kinetic flexibilities of the chains of polymers 
8 -  12 due to the introduction of a certain number of oxyphewlene groups into 
the diamine fragment leads to a decrease in this ratio to 0.94-0.74. The obtained 
Tg/Tm ratios for the polypyrcmellitimides show that the empirical rule assumed 
for flexible-chain polymers: Tg/Tm ~-0.67 [14] is no longer valid in our case. 
Possible reasons for the strong deviation from the "rule of two-thirds" have been 
discussed by Lee and Knight [15], who report values of Tg/Tm = 0.97-0.25 for 
a very wide variety of polymers of substantially different chemical structures. 
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Our data for the glass transition and melting temperatures of polypyromellit- 
imides also clearly indicate that the Tg/Tm ratio depends strongly on definite pecu- 
liarities of the chemical structures of the polymers. However, abnormally high 
Tg/T m ratios may be explained qualitatively in a more direct manner in terms of 
the model of Rudakov [9], according to which at least pairs of adjacent chains 
may exhibit only concordant mobility due to strong carbonyl-carbonyl interac- 
tions; in other words, a single-chain polymer in the condensed state (and for the 
polyimides investigated this is the only state) exhibits "pseudoledder" properties up 
t o  r g .  

Our data for the softening temperatures of polypyromellitimides obtained by 
using the MTA method are in good agreement with the softening temperature 
values found from the dependences edy n = f(T) and e = f(T). This suggests that 
the MTA method may be extended not only to the determination of the dynamics 
of polymer degradation and to the characterization of their thermal stabilities, 
but also to the determination of the temperature range of polymer softening. 
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RI~SUM~ -- Les polypyromeHitimides montrent  des d6formations qui augmentent de mani6re 
continue aux temp6ratures sup6rieures ~t 350 ~ On a d6termin6 dans leurs sdries homologues 
les temp6ratures de transit ion vitreuse et de fusion. 

Ces d6terminations ont 6t6 compl&6es par des essais thermom6caniques ainsi que par  des 
mesures combin6es en thermogravim6trie et en spectrom6trie de masse. Les temp6ratures 
de transit ion vitreuse ont 6galement 6t6 calcul6es sur la base de la structure unitaire. On en 
d6duit des conclusions sur la structure et la rigidit6 des mol6cules. Le r61e des groupes in- 
troduits dans le fragment diamine a pu &re d6termin6. 
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Z U S A M M E N F A S S U N G  - -  Polypyromel l i t imide  weisen bei T e m p e r a t u r e n  obe rha lb  von  350 ~  
st/~ndig z u n e h m e n d e  D e f o r m a t i o n e n  auf.  Die  T e m p e r a t u r e n  des G l a s - U b e r g a n g e s  u n d  des 
Schmelzens  w u r d e n  in ih ren  h o m o l o g e n  Re ihen  bes t immt .  

Zu r  B e s t i m m u n g  w u r d e n  t h e r m o m e c h a n i s c h e  u n d  kombin i e r t e  t h e r m o g r a v i m e t r i s c h -  
m a s s e n s p e k t r o m e t r i s c h e  M e s s u n g e n  durchgefiJhrt .  Die  G la s - lAbe rgangs t empe ra tu r en  w u r d e n  
a u c h  a u f  G r u n d  der  S t ruk tu r  der sich wiede rho lenden  Einhei t  er rechnet .  Schlfisse fiber die 
S t ruk tu r  u n d  Rigidit/it  der  Molekfi le  k o n n t e n  gezogen werden.  Die  Rol le  der  in das  D i a m i n -  
F r a g m e n t  e ingeff ihr ten G r u p p e n  k o n n t e  b e s t i m m t  werden.  

Pe3roMe - -  YIOYIrmHpoMe~YmTnMrl~bI n p a  TeMnepaTypax B~,Ime 350 ~ rtpO~B~flIo~ HenpepbmHO 
yBe~nHrtBa~o~tec~ ~eqbopMaun_v~. Bt,iytrI orlpe~eYlen~,i B HX roMo~ornqecrl~iX cepn~x TeMnepa- 
TypbI CTeKJIOBarlII~ H IlYlaBYleHI~. ~ I  3THX onpe~e~eHn~ 6BIY[H HCIIOYlB3OBaHBI TepMOMeXaHl,I- 
~ecrae  r~ KOM~HrIpOBaHHBIe TepMOFpaBHMeTpHHecKHe-MaCC-CrleKTpOMeTpHHecKHe H3MepeHn~t. 
TeMrtepaTypt, i CTeK Y~OBaHH~ 6BIYIH TaK~e BBIqHC~teHBI Ha OCHOBaHHH cTpyKTypbI nOBTOpaIott~e.~ca 
e~I~HK~BL B~IBe~eHbI 3ar~roqenH,q 0 CTpyrType rt )KeCTKOCTH 3TI, IX MoY[eKyYL Onpe~e~eHa po~b 
rpynn ,  BBe~eHHBIX B ~!~IaMHHOBylO qaCTb MO~IeI~yY~. 

4* J. Thermal Anal. 12, 1977 


