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ABSIRACT 

The thermal cyc!ization of a polyjamic acid) powder to polyimide and the ther- 
ma! decomposition of the polyimide have been studied using thermal analysis. 
Activation energies for the thermal cyclization and decomposition are reported 
in both oxidative and non-oxidative atmospheres. Compositions of the pyrolysis 
residue consistent with previously postulated decomposition mechanisms are reported. 

IM-RODUCITON 

Polyimides are a relatively new class of commercially available polymeric 
materials. The development of polyimides was prompted by the need for reliabie 
thermally stable materials, consequentiy, the thermal behavior of polyimides has been 
studied by a number of investigators’-“. 

Polyimides are prepared by a two stage polycondensation reaction_ In the first 
stage of the reaction, a dianhydride and diamine are reacted, usually in an aprotic 
dipolar solvent, as shown in Eqn. (I). 
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This soluble po!y(amic acid) is processed to the desired form or shape needed in the 
final application and then converted to the nearly always infusible and insoluble 
polyimide by heat or chemical means as shown in Eqn. (2). 
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In Eqns (!) and (21, R and R’ can be either aliphatic or aromatic groups, however, 

the most thermally stable polymers are based on aromatic dianhydrides and diamines. 

The poly(amic acid) and polyimide used in this study were from I ,2,4,5-benzene- 

tetracarboxylic dianhydride (pyromehitic dianhydride, PM DA) and I ,4diaminoben- 

zene (p-phenylenediamine, PPD). A detaiIed thermal anaIysis of this system has not yet 

appeared in the literature_ This study reports an apparent activation ener_gy and reac- 
tion order for the therma cyclization of this poly(amic acid) to polyimide and activa- 

tion energies for the decomposition of the polyimide in both oxidative and non-oxida- 

tive atmospheres_ Compositions of the pyrolysis residue and probable structures for 

the residue are presented. 

EXPERIMESTAL 

Polr_mer preparalion 

PoIy-(p-phenylene pyromellitamic acid)s used in this study were synthesized by 
a method simi!ar to those reported in the literature”-“. Solid PM DA was added to a 

soIution of PPD in N,ZV-dimethyiformamide (DMF) as shown in Eqn. (3). 

n 0:faf;O f n H2NeNH2- 
/ (3) - 

b 5 

.4II syntheses were conducted at a concentration of 5% solids; reaction temper- 

atures were varied from 5 to 5O’C. After a 2-h reaction time, the poIy(amic acid) 

solution was diluted by a 5: 1 addition of 2-methoxyethanol (ethylene glycol monomethyl 

ether)_ The polymer was precipitated by dropwise addition of the polymer solution 

into benzene. The poly(amic acid) was recovered by Ii&ration, washed with benzene, 

and frozen in liquid nitrogen. The polymers were pIaced on a freeze-drier for 72 h to 
remove as much soIvent as possible. Poly-(p-phenylene pyromellitamic acid)s pre- 

pared by this method were very fine amorphous yellow powders. A detailed descrip- 

tion of this synthesis procedure is availabIeZ3. 

Characteriza f ion techniques 

Simultaneous thermogravimetry (TG) and differential thermal anaIysis (DTA) 

were obtained using a Mettler Thermoanalyzer. Analyses were made in g-mm plati- 

num crucibles on sampIes weighing approximately 40 mg. The heating rate was 4°C 

min. Both flowing-air (5.7 liters/h) and flowing-argon (4.6 Iiters’h) atmospheres were 

used. AIuminium oxide (AlzO,) was used as the reference material for DTA measure- 

ments 

1R spectra were obtained using a Beckman IR-I2 Infrared Spectrophotometer. 

Spectra were obtained by preparin g KBr pellets of the polymers_ Sample concentration 

was approximateiy 0.7 weight per cent; path Iength of the pellets was about 0.5 mm. 
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Scanning electron microscopy (SEM) of the poly(amic acid) powders was 

performed using a JEOLCO JSM-2 Scanning Electron Microscope. SampIes were 

adhered to copper sample mounts with a conductive silver paste_ Since the polymers 

were non-conductors, a thin gold film was vapor deposited onto the surface. 

DISCUSSIOS AKD RESULTS 

SoIvents for poIy(amic acid)s must be capab!e of very strong polymer-solvent 

interactions. Conseqcently, when poIy(.amic acid)s are precipitated, solvent molecules 

remain bound to the polymer moIecuIes”-*9-22-‘“. Solid poly-(p-phenylene pyromel- 

litamic acid)s subjected to thermal analysis had DMF molecules associated along 

the polymer molecule, the‘association presumably due to hydrogen bonding between 

the carbonyl oxygen of the DMF and the hydrogen of the carboxyl groups in the 

poIymerz~~26. Since the dissociation ener_gy of the hydrogen bonds between the DMF 
and the polymer is low-er than the dissociation energy of the covalent bonds in the 

polymer backbone, heating the polymer shouid free it of associated solvent before 

pal\-mer degradation occurs. Heatin g the poIy-(p-phenyiene pyromelIitamic acid) 

should aIso convert the polymer to poly-(p-phenyIene pyromellitimide) as shown in 

Eqn. (4) prior to the occurrence of pofymer degradation. 

(4) 

Therefore, the TG curve obtained on heating the polymer shows weight losses due to 

dissociated DMF molecules and water eliminated in polyimide formation, followed 
by weight Ioss due to polymer degradation. 

TEernral anaipis in air 

A typical TG curve for poIy-( p-phenylene pyromellitamic acid)-poIy-(p-phenyl- 

ene pyromellitimide) is shown in Fig. I. The TG cu_rve can be divided into four 

essentially linear regions. These regions are numbered I-IV in Fig. 1. 

Weight Ioss regions I and II couid be due either to associated solvent (DMF) 

being released as hydrogen bonds are dissociated, or to the escape of water formed 

during the conversion of poly(amic acid) to polyimide. A series of experiments were 

designed using TG and IR to determine the mechanism causing the weight Ioss in 

regions I and II. Individual samples were heated to 50, 75, 100, 125, 150, 175, and 

2OO’C and maintained at their respective temperatures until they reached constant 

weight. IR spectra were then obtained on the polymer remaining after the heating 

procedure_ Fi g_ 2 shows the portion of the IR spectrum from 2500 cm-’ to 3400 cm-’ 

for poIy(amic acid) samples heated at 100, 125, 156, and 175°C. The peak at 2920- 

2930 cm-’ can be assigned to aliphatic C-H stretch which is attributed to the asso- 
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Fig_ I _ Thermogravimetry of poiy+phenyIene pyromellitamic acid)-poly-@-phenylene pyromellitim- 
idc) in air. 
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ciated DMF. Examination of Fig. 2 shows the disappearance of this peak between 

125 and 150°C indicating that much of the associated DMF has escaped. Fig_ 3 

shows the portions of the IR spectra from X30-750 cm-’ and 1600-1850 cm-’ for 

poly(amic acid) samples heated at 75, 100, 325* 175, and 2OO’C. Conversion of poly- 

(amic acid) to polyimide can be followed by the disappearance of the amide peak at 

1660 cm-’ and appearance of imide peaks at 725 and 1779 cm-‘. Examination of 

Fig. 3 shows that cyclization (ring closure) begins near 1OO’C and continues up to 

2OO’C. Appreciable cyclization occurs from 175-200°C. These infrared studies indi- 

cate that region I in the TG curve, shown in Fi,. * I, is predominately due to the escape 

of DMF which wasassociated with the polymer. Region II is predominantly due to the 

escape of water eliminated during the conversion of poly(amic acid) to polyimide- 

Extrapolation ‘of the linear weight loss portions of the TG curr-e results in the inter- 
section of region I and region II at about I35 2 5X_ 

Region III shows only a small weight Ioss and represents the region in which the 

polyimide is thermally stable_ All possible cyclization and solvent removal have occur- 

red prior to this region but oxidative decomposition has not yet begun The slight 

weight loss (<3%) in the linear portion of region III could be due, in part, to removal 

of the last amounts of water and solvent or decomposition of low molecular weight 

polyzter. As shown in Fig_ I, region III extends from about 210% 10 to 535 220 ‘C. 

The polymer undergoes total decomposition in region IV. Rapid decomposition 

begins at about 545&2O”C and continues until the polymer is totally decomposed at 
670f 15°C. An elementa microanalysis of the partiaiIy pyrolyzed residue remaining 
after heating to 6OO’C was obtained_ ApproximateIy 50% of the polyimide (material 
present at 35O’C) remains at 600°C in air. The composition of the residue is: 
C, 66.19%; H, 1.62%; N, 11.62%, and 0, 20.57%; (by difference)* and can be 
represented by the empirical formula (C I 3_3 HJW,N,03)X. The theoretical composition 
for the poIyimide (C , 6H6NZ04)x is C, 66.21 o/o, - H, 2.08% ; N, 9.65% : and 0, 22.05%. 
The microanalysis shows that the composition of the residue has not changed a great 
deal upon heating, even though about half of the polyimide present at 350X has 
decomposed_ Much of the polymer must still have its original composition_ A possible 
structure for severai repeat units of the polymer, which is consistent with the decom- 
position mechanism proposed by Bruckq, and the composition of the residue after 
pyrolysis in argon (to be discussed in the next section) is: 

*Elemental microanalysis was performed by Galbraith Laboratories, Knoxviille, Tennessee. 
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Fig_ 3_ Chzmgcs in the IR spectrum of poly-lp-phtnylsnc pyromtllitamic acid) during cyclization, 

700-750 cm- * and 1500-1550 cm- I 3’ five diikcnt temperatures_ 

The composition of this structure approaches the composition of the residue. The 
hish oxygen content of the residue indicates that chain scission with release of CO or 

CO2 is probably not the principal mode of decomposition_ A unit-by-unit destruction 

of the polymer molecules proposed by Scala and Hickam’ and supported by Shufman 

and Tusing’ provides a decomposition mechanism which allows the polymer chains 

to remain intact The unit-by-unit mechanism involves a chain depolymerization 

(unzipperin~) with oxidation of the fragnxnts. 

Weight loss data u-ere obtained from the TG curves as functions of both time 

and temperature in the cyciizzation and decomposition regjons. Data from the initial 

portion of a weight Ioss region [shape of the derivative thermogravimetric (DTG) 

cute is negative] were used in a kinetic analysis. The data were found to obey Arrhe- 

n&-type kinetics. A typical Arrhenius plot for the cyclization and decomposition 

reactions is shown in Fig- 4. 

The apparent activation eneqy for decomposition of poly-(p-phenyIene pyromel- 

litimide) over the temperature range 475585’C is 41.9 kcaI/mole (standard deviation 
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Fig_ 4. Arrhenius-type plots for polycamic acid) cyclization (ring closure) and polyimide decom- 
position. 



= 3.6 kcalj’moie for 5 samples)_ Activation energies for the decomposition in air of 
duPont’s H-fIm (from PMDA and 4,4’-diaminodiphenyl ether) have been pubIished. 
Bruck*-3 has reported activation eneqies of 31 and 33 kcaI/mole, and Heacock and 
Be&’ have reported a value of 39.9 kcal:‘moIe for the decomposition. 

The apparent activation energy for the cydization reaction of poIy-fp-phenylene 

Fig. 5. SEM microgaphs of poly-@-phenylene pyromcllitamic acid). 
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pyromellitamic acid) over the temperature ranse I30-175°C is 7.1 kcaI/mole (stan- 
dard deviation = O-7 kcalJmoIe for 5 samples) Aithough this value is well within the 
range of values of activation energies for gases diffusing through poIymers2’, diffusion 
control is believed to be unimportant. The average value of 7.1 kcal:‘moIe was obtained 
on analyses of polymers passing a IOO-mesh screen (139-micron opening). An 
average apparent activation energy of 6.9 kcal/mole (standard deviation = I kcaI/- 

mole for 4 samples) was obtained upon analyses of polymers passins a 325mesh 
screen (U-micron opening). The activation energies are not statistically different_ 
Scanning eiectron microscopy of the poly(amic acid) (Fig. 5). shows that the polymer 
particles are thin platelets with an estimated thickness of 0.1-0.2 Itm and pianar dimen- 
sions of 3-4 x 1-2 llrn. SEM also revealed that the particles exist as IooseIy bound 
agglomerates and that the products passing the IO@ and 325mesh screens differed 
onIy by the sizes of the a&o.merates. The loosely bound agglomerates and thin parti- 
cIes would be Iess likely to result in a diffusion controlled process than thicker particles. 
Kinetic data for the therma cychzation of this poly(amic acid) have no: appeared 
in the literature; however, data have been published for the poly(amic acid) from 

PiMDA and 4,4’-diaminodiphenyi ether. Kruez er aZ.‘j studied cy-ciization of poly- 
(amic acid) films and reported a two step cyclization. a slow step beIow 15O’C with 

an activation ener_q of 23&7 kcai/moIe foilowed by a rapid step with an activation 

ener_g of 26-&3 kcaI/moIe. Laius et a!.” reported activation energies of 23-30 kcaI/ 

mole, the activation ener,g increasing as the cyclization reaction progressed. Koles- 

nikov” reported an activation energy of 24.0 kcaI/moIe for the cyclization reaction. 

Some of the kinetic data were treated by the method proposed by Friedman30 

in order to estimate an apparent kinetic order for the cyclization reaction_ Friedman’s 

method yielded small positive values (~0.0s) or negative values for the reaction order 

indicating that the cyclization reaction obeys zero order kinetics over the l30-175’C 

temperature range subjected to kinetic analysis. If the cyclization reaction obeys zero 

order kinetics, the rate of decrease in weight of the polymer with respect to time wouId 

be represented by -dirrjdO=k, where k is a rate constant_ Since the reaction appar- 

ently foIIows Arrhenius-type kinetics, the effect of temperature on the rate constant 
is represented by the Arrhenius equation k = Ae(-‘ra.‘Rr’. The two equations may be 

combined to yield Eqn. (5) 

-dm,/do = A e(-E*:Rr) (5) 

which is the non-isothermal rate equation for a zero order reaction_ For the 7.1 kcali 

mole activation ener=Sy found in this study, Eqn. (5) predicts that the rate of weight Ioss 

during the thermal cychzation of the poIy(amic acid) shouid be essentially constant 

from 130°C to 2OOC, varyins Iess than 0.2%. Thermogravimetric (TG) and derivative 

thermogravimetric (DTG) curves are reproduced in Fig_ 6. Examination of Fig 6 
shows that the TG curve is linear and the DTG curve is constant from approximately 

155-185’C. These TG results are consistent with zero order kinetic behavior_ Devia- 
tion from zero order kinetics is observed below 150-155 ‘C and above 1 S5-19@‘C_ 

Departure from zero order kinetic behavior below 155’C could be due to the presence of 
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Fig. 6. Thermogravimct~- and derivative rhermogravimctry for poIyQmic acid) cyclization. 

residual solvent_ If DMF remains hydrogen bonded to some of the carboxyl soups 

of :he poly(amic acid), the cyclization of these soups to imide linkages may foIIow 

somewhat different kinetic behavior to that which would result if the associated 

soivent were not present_ The departure from zero order kinetics above 1 S5 ‘C could 

result from the decreased chain mobility, which would resuIt as poIy(amic acid) 

was converted to poIyimide_ Localized stiffness in the poIymer chains could retard 

proper orientation of the amide and carboxyIic acid groups for cycIization_ Zero order 

kinetics also indicates that the observed behavior in the cycIization step is not diffusion 

controlied. If the process were diffusion controlled, the rate of weight Ioss wouid be 
proportional to the concentration of the diffusin, a species and would not dispiay 

apparent zero order kinetic behavior_ Studies of the reaction order for cyclization 

OF other poIy(amic acid)-poiyimide systems reported in the literature have been 

contradictory. IR studies of the thermal cycIization of the poIy(amic acid) from 

PMDA and nr-phenylenediamine in dilute solution yielded a reported31 order of 

I _ IO_ Kruez er ai_‘* studied thermal cyclization of the poIy(amic acid) from PIMDA 

and 4,4’-diaminodiphenyI ether by IR. Their data did not allow an unequivocai 

determination of the reaction order; however, first order behavior was assumed on 

the basis of studies with model campounds. They point out, however, that kinetic 

similarities between poIy(amic acid) and mode1 compound cyclizations are limited. 

Laius et aI_“, in IR studies of the PMDA-4,4-diaminodiphenyI ether system, 

reported a reaction order chantin, 0 from 2.2 to 3.2 between 16O’C and 250°C. 

The DTA curves for poiymers heated in air were al1 very simiiar. A broad endo- 

therm esists between 100520and 200&2O”C with itspeak near 170& IO’C. Thisendo- 

therm may be part of a broader endotherm \i-hich begins below 50 ‘C. If this broader 

endotherm esists, there is a second, Iess-intense peak at 7Oi 10%. A definite state- 
ment as to the existence of this second peak can not be made. This possibIe broad 

endotherm begins immediately after the start of the analysis. Consequently, an 

initial baseline for the DTA curve can not be obtained after anaIysis is begun. Defi- 
nite determination of the CTA baseiine is also compIicated since there is probabIy a 
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difference in heat capacities of the poIy(amic acid) and polyimide which would cause a 
change in the DTA baseiine during the broad endotherm_ The DTA curve does show 
that the net process of imide ring formation, dissociation of hydrogen bonds between 
the soivent and polymer, and escape of solvent and water is endothermic_ A broad, 
intense exotherm occurs from the onset of rapid oxidative decomposition of the 
polyimide near 475’C until decomposition is compfete. The peak of this exotherm is 
at 58O_t 10°C. 

Thermal behar-iar in argon 

A typica TG curve for thermal anaIysis of the poIy(amic acid) is shown in 
Fig. 7. The sample was heated to 900°C and maintained at 900 ‘C for 100 min. The 
TG curve in argon can aIso be divided into four distinct regions. 

Region I of Fig. 7 corresponds to region I and II of Fig. I. In this region, the 
hydrogen bonds associating DMF along the polymer chain are dissociated and the 
cyclization reaction occurs. Region I extends to approximateIy 215 + IO ‘C, nearly the 
same temperature marking the end of soivent removai and cyciization in air. 

Region II of Fig. 7 corresponds to region III of Fig_ 1 representing the tempera- 
tures at which the polyimide is thermaIIy stable. This region extends to about 600-& 
25’C, about 50% higher than the temperature for an oxidative atmosphere. 

In region III the polyimide undergoes rapid degradation. The rapid degra- 
dation occurs between 600525 ‘C and 650+25 ‘C 

O 
0 200 400 SO0 935 

TEMPERATURE, “c 

Fig. 7. Thermogravimetry of poiy-(p-phenylent pyromeilitamic acid)-poly-lp-phcnylene p>-romelliti- 
mide) in argon. 
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4bove 7OO’C in region IV, the pyrolyzed residue resulting from the polymer 

exists. Approsimately 4%50% of the material present at 35O’C remains after heating 

the polyimide tc 9OO’C and maintaining the 9OO’C temperature for a minimum of 
60 min_ An elemental microanaI_vsis of the pyToIysis residue was obtained and shows 

t!-Je residue composition to be: C, S4ASoib ; H, 0. IO>;: N, 6.39% ; 0,9.03% ; (by differ- 

ence)*_ An empirical formula for the residue is (C70_9HN4 a0s_7)r_ The only possible 

structure for such a carbonized residue would be the fused aromatic structure prooo- 

sed by Bruck;_ 

The rveight loss data obtained from the TG curves were subjected to the same 

type of kinetic treatment used in analysis of samples heated in air. The data obeyed 
Arrhenius-type kinetics with Arrhenius pIots similar to those for heating in air shown 

in Fig. 3_ 

The apparent activation energy for decomposition of poiy-(p-phenylene pyro- 

mellitimide) in argon over the temperature range 540-63O’C is 53.9 kcalfmole 

(standard deviation = 5-O kcaIjmoIe for 4 samples). Activation energies for the non- 

oxidative degadation of H-film have been reported by Bruck to be 73-74 kcaIjmoIe 

for degradation in vacuum *-’ Heacock and Berr’ found activation energies of 54.0 _ 

kcaI/moie in helium. 

The apparent activation energy for the cyclization reaction in arson of poly- 

(pphenylene pyromellitamic acid) is 6.3 kcaI/moIe over the temperature range 13O- 

175:C (standard deviation = I_3 kcaI/moIe for 4 samples). This value is not statisti- 

ctllly different than the vaIue for cyclization in air_ The weight loss data in arson appear 

to follow zero-order kinetics_ The similar results obtained in arson and air suggest 
that the cycIization reaction is independent of the atmosphere. 

The DTA curves for polymers heated in argon and air are identica1 up to 
350cC, showin_e a broad endotherm. Above 35O’C, the DTA curve in argon shows a 

vlery broad but weak exotherm from about 500 to 65O”C, the same temperature range 

over which the rapid degradation of polyimide occurs. 

l iElemertal mic.ro~x&sis M-Z performed by Galhrakh Laboratories, Knoxville, Tennessee. 



CONCLUSION 

The thermal cychzation of poly-&-phenyIene pyromellitamic acid) powders 
follows zero order kinetic behavior and has an apparent activation energy of approx- 
imately f3-7 kcal/moIe. The apparent activation energies for decomposition of poly- 
@-phenylene pyromel!itimide) are approximately 42 kcaI/mole in air and 54 kcal/mole 
in argon. Composition of the pyrolysis residue indicates a unit-by-unit oxidative 
degradation. The residue resulting after pyrolysis in argon appears to be primarily an 
aromatic carbon matrix. 
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