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Al3slRAc-r 

Polyamido acid (PAA) synthesized from pyramellitic dianhydride and diamino- 
diphenykther has been subjected to thermal analysis by a coupled simultaneous 
techni@e (TG, DTG, DTA, TVA). It was dblished that amide solvents-dimethyl 
formamide, dimethyl acetamide and N-methyI pyrrolidone-profoundly afkct the 
process of transformation of PAA into polyimide (PI) and thermal characteristics of 
rhe latter. It was found that the thermal stability of PI depends on conditions of the 
preparation of PAA films (drying time and film thickness) and on the boiling point 
of the solvent, The necessity for a combined approach to the evaluation of thermal 
stability of PI is shown. 

lNIRODUCTION 

One of the most important problems in the synthesis of polyimides is the choice 
of the solvent for the preparation of the prcpolymer (polyamide acid) which strongly 
influences the properties of polyimide materials. Analysis of the literature shows that 
the most widespread solvents for this purpose arc solvents of the amide type and that 
dimethj4 formamide iS the most widely used solvent among themle5. As has been 
shown previ~usly~‘, this solvent activeIy interacts with the prepolymer and pro- 
foundly affects the thermal characteristics of poryimide. In this connection, it was of 
interest to investigate the behavior of other amid& solvents, such as dimethyl acetamide 
and N-methyl .pyrrolidone which are also used in the synthesis of polyimides and 

_ 
materials based on them. 

T&e following sokents were used for the preparation of polyamidoac!d (pti) 
and polyimide (PI): dimethyl formamide (DMF), dimethyl a&amide @MA) and 
N-methyl pyrrolidone (MP). In&I m&als for the preparation of PI were pyr& 
mellitic diankydride aid diaminodiphenyl ether. The methods for the purification of 
the so~lve$ and initial reagents and the preparation of PAA solutions have been 
described prq&sly6_ The transformation of f6e PM solution into PAA films with 
their sqbsequen? thermal degradation at high tempfxatures was &cd out with a - 



1 1 
2 
3 
.4. 
5 

_.6 
7 S 
8 -5 
9 5 
IO 5 
II 5 
12 5 
I3 5 
14: 5 

15. . 5 

16 ..s 
.: 17 -5 

1s '5 : 

-J.g_: -. .5 .-~ I 

120 : . . . . 

MOM derivatograph (Hungary) and a DuPont-990, TG-951 thermozinalyzer. For 
the preparation of PI films the PAA solution w-as applied to flzt plate holder% of the 
baIancc of these thfxmoanalyzrs- In the course of the experiment the following 

mters were continuousIy tirdedr the changein the sampIe weight caused by 
Chn drying at room temperature, the transformation of PAA films into PI films by 
thermal dehydkqcIiz&on of PAA and thermaI degradation of PI at a constant rate 
of the-tem@erature rise_ Simultaneously DTA u-as used to record thermal effects 

accompanying these proasses. Gas evolution was inv=%igatcd with a TVA apparatus 
by a method descrii previousIys. The infIuencc of the nature of the solvent, the 
thickness of the PI fihxx and conditions of its preparation tin its thermaI characteristics 
were investigated and compared. E&x~mexital conditions and data of thermal 
anaiysis are given in Table I. 

TABLE 1 . 

CONDtiONS OF THERM&RAM METRIC! ANALYSIS OF 
PM AEiD PI AND -THERMAL CHARACTERISIICS.OF 
PAA AND PI OBTAINED FROM TG DATA 

- 

MB were carried out with iMOM dcrivatograph (Hungary), the rate of the temperature 
iise was 12-c min-‘. a standard poIypIatc holder u--as used. Q is the ratio of the PAA tilm weight 
dkrapaiodofdryingatroom temperature to the weight of the PM solution used for the prep-- 
ti~ofti#PAAfilm-Risther;ltioofLheacightlossofthtsampleon~gfromu)to~oC 
to The uiigin Ioss of the szrspIc on hc;iting from 250% to complete sample voIazitiz+ion- To is l & 
tanperaturc of the start of thcrmaI degradation of PI dctereacd from Ihk bc8im&g of the deviation 
ofthTG ante from irr ho&onraI position in TG_ 

=W& No. of rsln D0+% SIc.mt Q TO P 
Na .plhwb - fhcaf 

u_holhb cwd loom femp_ 

<&WI 

: 

40 1 DMA ’ 0.33 4s0 20 
40 3 DMA 0.21 470 1.0 
40 1 MP 0.85 460 6.0 
40 3 _ Mp O-58 440 ‘.31 :- 

40 1 DMF 0.24 _ 480 1.3 -. 
40 3 _- DMF 0.20 490 0.85 , 
S 1 Dti -0-17 440‘ o-7 - 
5 ‘3 DMA 0.l 440 0.65 
5 1 MP 0.80. 400. 53% 
5 3 MP O-49 430 38 
5 3 DMF 0.16 500 0.63 
IO 1 DMA 055 380 1-O 

3 I%A 0.32 400 0.66 
1 -MP : .: o:ss 380 61 
i ..MP DMF : 0.70 

0.20 
380 4.75 0.59 : . 

_._.410; _ _ 
40 1 DhJA -0-87 -460 .:ss. 
40 -3 .‘- D&&f/- 0.67 -; ‘.&- .4_7 -- 

-40 11:..-,-. .., -- ._Mp 1 -_ 096 470: -- 7.5 _. , 
40 3.. . 

~.-3,“. 
-I- _ hlI:. -:_ 0.94 -~. %Q _ 4.q _- 

40 ..DMF O+ '_ '420 0.83 
: -( (_ 

-_; 
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DIscussION OF RESUL.IS 

For the con~cnience of di scussion of results the numbering of the TG, DTA, 
DTG and TVA cuws corresponds to numbers of experiments shown in Table I, 

.After the PAA sohtion is applied to the plate holders ofthe baIance oftbe 

thermoardyzer, the evaporation of the solvent from the surface begins immediately 
at room temperature. The evaporation rate was determined from the weight loss of 
the sample; it depends on many factors, the most important of them are the thickness 
of the Iayer of the PAA soiution, the rate of the removal of the solvent vapors from the 
surface and the partial pressure of the vapors depending on the nature of the soIvent. 
Thus, Fig. 1 shows that as the film thickness and the boiling point of the sokent 
in-, the relative rate of the solvent removal decreases. It is aLso shown that the 

1 2 3 

The days 

Fig. 1. JEffii of drying time on the residuai amount of the solvent in the PM fiIms. T, DMF; 
---, DMA; _ .._.., Mp; Q,sosTab:e 1. 

ralues of Q in the initial and final st&cs of film drying differ greatly. Moreover, it is 
seen that with-in creasing drying time the evaporation of the solvent completely 
stops, particuIarIy. with DMF. However, the minimum values of Q observed in the 
experiments are still higher-than Q = 0.125 characterking complete absence of the 
solvent in the PAA film-Thus, PAA fdms dried during 3 days stii contain a certain 
amotit of the solvent which depends on its nature and the Finn thickness. It was 
impossibre to remove the residual solvent by the prolongation of the drying period at 
rqoti temperature; this is evidently associa@ with the formation of a PAA crust on 
the%h&surf& and with a &neraI in&ease. m the s&ent viscosity. l%erefow it was 
attemptedtoattainamore completeremoval ofthesoiventbyincrekngtheratezof 
the withdrawal of solvent vapors from-the fihn surface It was achieved,by passing a 
stream of helium or air over the fihn surfkcc:at different rates and also by using open 
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plate holders in a static atmosphere (experiments l-6). A comparison of vaiues of-Q 
for open and sectional pIate holders shows that the evaporation from open surfaces 
takes place faster; neverthe?css, in this case, too, the removal of the solvent stops 
before Q = 0.125 is attained. The effect of the fi ow-rate is shown in Table 2 As 
compared to f&n drying under static conditions the evaporation in a gas flow is more 
zzpid but even in this case the solvent is not completeIy removed The chaoge in the 
gas flow-rate and the nature of the gas affect the value of Q 00Iy slightly. The 
evaporation of the solvent under vacuum gives good results but in this case the solvent 
forms bubbles dting drying and this Ieads to film defe. Evidently, as has already 
been pointed ont6, it is necessary to dry PAA Hms under isothermal conditions at a 
high tempexatux or at a constant but rather slow rate of the temperature rise 
depending on the nature of the solvent and the film thickness. 
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.(2) Atudysis of swnph ur u wnstan~ rure of the temperuttue rise 

As mentioned above, after fk drying for 1 or 3 days the MIXI contains some 
residual solvent; its asnomt depends on the f&n thkkness, the nature of the solvent 

and conditions of drying. When the dried PAA fzhn is heated at a constant rate of the 
t=Wrise,Pt=== ocmrring in the fiim were recorded by a_ &im~~It.aneous 
TSDTA method, When the temperature is @sed from room temperature to 8OO”C, 
the PAA film undergoes the following typical transformations-shown in Fig. 2 
Immed&ely, after the beginning of heating,-rapid weight lo& of the film is observed 
with a maximum at 150460°C. The weight loss is aaxmpanied by a.proportio+ 
endo&er& &e&t_ These effizcts reflect the process Of the evaporatioi~ of the residual 
soknt fkom the. fib Over the temperature .-range of .14&16O’?Z &dothermic 
transformation of lpAA into PI occurs 

; 
accompanied by wa&removaL This prti is 

a by-a pronounced change iri.the rate of the weight loss (ak a iale, this 
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change is dearly evident in the DTG CuNe) and by the superposition of the endo- 
thermic dehydrocyckation effkct on the endothermic DTA~ peak of the evaporation 
of the solvent, 

After PAA is transformed into PI, from 200°C up. to the beginning of the 
thermal degradation of the PI film no great changes in the shape of the TG and DTA 
cmxs are observed with the +zxception of some special cases considered below- 
Thermal degradation of the PI film starts at temperatures in the range of 35CHOO”C 
and is marked in the TG curve by an acazlerated weight loss until the sample is 
compIetely evaporated The degradation is accompanied by a considerable exothermic 
efkt; as a ruIe there a.re two maxima at a temperature of about 600°C Such is the 

. 

3TA 

DTG 

Fig. 2 TG. DTG and DTA - for sample 16, Rate of the temperature ri& l2OC min- 1 ; feed, 
50mg;airfIow+ate.50anmin-1; sasitivity of DTA and DTG, l/10; standard platinum p&pIate 
holder; nftirixe sampk aIuminium oxide. 

Fi~~_EffictoftbicknesofthtPAA~on themal dScts for PAA and PI- Conditions of DTA, 
SeeFig-2.. - .-- d_ _- 
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s&w of the process fkom 20 to 800”C.characteristic of the tran+rmation of .the 
PAA solution in DMF, We can see the change in this scheme ackording to TGDTA 
data when DMF is replaced by DMA or MP depending 0x1 the above parameters of 
the pre&uation of PAA i5Ims when we compare the DTA curves for samples shown in 
@ICI. .:- 

. .(a) E_@G offikh dziik7zess Figure 3 shows that as the thickness of the PAA 
film iucrea~~, not only the quautity of heat absorbed or evolved but also the shapes 
of tae &A curves change with increasing tern-. Thus, for lilms tif 40 @.m 
thicknk5s fez an soknts not only th+eak area: greatly- increases at 150”c as 
co&axed to thinner fihns but also new endothermic peaks aph ti the tempature 
range of 350-450°C. In contrast to the first peak these thermal effects are not 
accompauied by a noticeable change in the sample weight (sampk 18,20,21)_ It has 
been shown previously5 taking as au example PAA in DMF that endothermic effects 
with a maximum at about 300°C (sample 21) correspond to the process of thermal 
degradation of residual DMF bound to the PAA struchue and forming solvato- 
complexes, Thekformation as a resuIt of the interaction of the initial products of the 
PAA synthesis with amide solvents has been pro&d* and confirmed caIorimetncalIy 
taking DMF as an cxampIe7. The use of the_nA methocl’ showed that heat absorp- 
tioqoveqthe ter&xature range of 35&4SO”C is accompanied by gas evolution clearly 
evident in the -A curves_ Figure 4 shows as an example the TG, DTA and TVA 
arrvesof~~~20whertio~eTVAcurvethepeakatU)OOCcorrespondiogtothe 
ti.endothermic effkct is dearly seen. The difkence in the temperature maxima of 
DTA and TV+ peaks is caused by a diff’erence in pressues in carrying out TG-DTA 
and TVA The second endothermic effect at 46W’C is not accompanied by extreme 
gas evolution, neverthelq the TVA curve shows that &er .&7O”C a new process of 
gas evohxtion begins at a contiderably increased rate. Ii the TG curve this moment 
wrxspo& to tk start of the v&ght loss directly afk the temperature of the second 
DTA maximum_‘The character of TVA peaks indicates the presence of voIatiIe 
compounds, such as products of high temperatUre degradation of sokuts reruaiuiug 
in PI films. 

It is notkworthy that the contents of the sotvent in thg sample & so Iow that its .._ 
removaI over the narrow temperature rang considered does not cause any changes 
in the TG curve; only a combination of thermogravi~etric investigations with DTA 
and TVA methods permitted, the O~~WM&I of this effk& ’ 

ThIEQthesc data show that with in& g f3m ~~~&INSS the effect of sofvents 
on temperatme characterisfics of the Slm i&eases -and favorabIe conditions~ +e 
attained for the development of side pr &es&at high te&x&re Ieadiug to degrada- 

tionofPIliims. .. 
(b) E$kcz~uf thy&g @ne_ Figure 1 shouk that with t&e prblon@ion of Elm 

mg the cotitent ijf @k ~lvent~dtkeak . ._ &ra@aIly afibroaching ti+jir&.i~~ yak 
_Q- A &mp&isok bf tie Tb, DTA &ii %?A 

cPncs;for_**& --& different .+A& 

%imc at room. temperatare shows- that iqeqktiv&. of the’initjal ii&a thickne&, the 
nat&e of&e jofve;;t 6i the method of drying, whed .&e dry&g time inc~ea&, k the 



tempemture range of 2tL500°C, thermaI effWs decrease appreciably and sometimes 
evcu disappear, weight losses drop aud gas evolution decreases As an illustralion of 

_ the effect cf drymg time 03 the change in thermal effects we cau compare the DTA 
curves for samples dried during 1 and 3 days: 1 and 2,3 and 4,5 and 6 (Fig. SJ It is 
clear that the increase in drying time leads to decreasing DTA peaks over the 
temperature range from 20 to 500°C; for MP the peak disappears at 400°C A 
comparison of curves in Figs, 5 and 3 shows the combined importance of drying time 
and open suxface. of plate hoider as compared to similrir conditions when a cased 
holder is use& 
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Fig 4 TG. DTA and TVA curves for sampIe 20. Condrtions of TG and DTA. see Fig. 2. TVA of 
the PAA film T&S carried out ~5th sampIe 20 heated to 250% according to TG conditions_ - 
roomtazjpaaturcofthecoolingtrap; ---, -75q _.._-_, --196e;vaamm IO-=rorr_ 

Fig. 5. Etikct of heating time of the PAA IiIms on tha-mal cff’ of PAA and PI. Conditions of 
DTA, se Fig. 2. 

Tnsomecasesadecrease in the amount of the solvent in PAA f&ns as a result of 
long drying time makes it possibIe to observe .a distinct separation of records of 

processes occurring over a narrow temperahue range. A comparison of the DTA and 
DTG curves of samples 3 and 4 (Fig. 6) is au example of this separation. Curves of 
sample 4 show distinct effkcts related to the evaporanion of the solvent,. dehydro- 

cyclbqtion and thermal degradation of the MP-PAA solvato-complex. In curves of 
sampie 3 these eff&s * superimpqsed. : : _ 
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(c) Eficz of the mzrure of the sdkeni_ The investigation:of the e&ct of the 
nature of the sohrent on the process of the transformation of PAA into PI and the 
temperature charaderistics of the latter show that DMF, DMA and MP have 
essenti&lly the same effect on the properties of PAA and PI_ Over the entire temper- 
ature range considered these solvents strongly infiuence the results of the-thermal 
anaiysk of PAA and PI, After the PAA 5 is being heated at a regular rate, the 
evaporation rate of the SoIvent increases and its maximum approaches the boiling 
point of the soIvent_ Over the temperature range of 130-200°C dehydrocyckation 
of PAA and thermal degradation of the solvato-compIex PAA-solvent are super- 
imposed on the process of soknt evaporation. Depending on the amount of the 
solvent in the fiIm the TG, DTG, DTA or TVA curves ilk&ate the overall effect 
with higher or Iower resolution (fig. 6). Over this temperature rauge the effect of the 

Figs d D-I-A and DTG cunzs for samples 3 and 4. Gmdhions of DTA and TGA, see Fig- 2 

Figs 7- DTG axmes for PAA in difkent solvems. clunk wae obtained with a DuPont t&mm- 
malpzrat~hcztingmte oflO°Cmin- ‘; f& about2mg; smsitivity~ 0.2; air flow-ratt, SOcm5 
min-‘. 

nature of the solvent becomes apparent only in different boiling points of these solvents 
and different temperatures of the degradation of soivato-complexes This quantitative 
difference permits the separation of processes over this range according to the DTA 
and DTG curves (Fig. 7). Thus, the DTA curves show that as the boiling point of the 
soIvent.i&reak; theeffeds related to water removal as a restdt of the imidization of 
PAA’kd the effects of evaporation of the solvents and degkdation of their solvato- 
compl~~memortandmorcdistinctinthecurves--- --- --’ -” 

Above 2od”C ‘the sobent influenti_~thermbl effects of PI depending on 
conditions of the fiIm_ preparation (time- of #on, .fSm-thick&is ek). The 



above-mention@ gas evokxti& and accompanying endothermic effects over the 
te&kature range of 320450°C are virtually the beginning of PI degradation. T!Gs 
effect was observed for ail Solvents and the difference is only quantitative, i-e-, for MP, 
a sokut with higher boiling point, these effects are more pronounced and are 
observed at higher temperatures (Fig. 2)_ In the stage of intense thermal degradation 
of PI it is difkult to estimate the effect of the nature of the solvent, since several 
successive degradation processes are superimposed. Neverthdess, in all DTA curves 
the exothermic effect acconipauying thermal degradation of PI depends on the 
initial amount of the solvent in the PAA film_ 
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