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residual solvent is still present and there is a complex
equilibrium of self-associated and polymer/solvent com-
plexes present.

Registry No. (PMDA)(4,4’-oxydianiline) (copolymer),
25038-81-7; (PMDA)(4,4’-oxydianiline) (SRU), 9043-05-4.
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ABSTRACT: In this study the thermal curing of poly(amic acid) films is considered. Analysis of the carbonyl
stretching region of the infrared spectrum indicates that in addition to ring-closed imides, some intermolecular
links are formed. The relative proportion of these species changes with conditions of cure.

Introduction

Infrared spectroscopic studies of polyimide films can be
roughly divided into two categories. In the first, ring
closure is implicitly assumed and various bands used as
a measure of the degree of imidization,'® The second
category involves the use of infrared spectroscopy as a tool
for identifying the species actually formed (for example,
see ref 6-11). In this context, a distinction between the
products obtained by chemical as opposed to thermal
curing can also be made. Because normal coordinate
calculations of polyimide molecules have yet to be re-
ported, identification of structures has been largely based
on group frequency assignments of the characteristic
carbonyl stretching modes between 1600 and 1800 cm™.87

In this study we will also rely on this region of the
spectrum to identify the products formed upon thermal
curing. Although similar studies have been reported

*To whom correspondence should be addressed.
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previously, most of these used “thick” (in infrared spec-
troscopic terms) films and dispersive instruments. As we
will show, the sampling and data analysis advantages of
FTIR instruments provide new information.

Experimental Section

The poly(amic acid) used in this study is a poly(pyromellitic
dianhydride oxydianiline) obtained from Du Pont. Thin films
{~1 um) were prepared by casting from solutions of NMP (V-
methylpyrrolidinone) onto KBr windows. Samples were cured
at low temperatures by using a Micro Star heating cell placed in
the sampling compartment of the spectrometer. Samples cured
at high temperatures (about 10-um-thick films) were sprayed onto
ceramic substrates and cured in ovens at the IBM laboratories
in Endicott, NY. Various curing protocols were used and these
are described in the body of the text.

Spectra were recorded on a Digilab FTS 60 spectrometer at
a resolution of 2 cm™. Samples of “thick” films (~10 um) were
prepared by taking a small piece (~1-2 mm) and placing it on
top of a KBr underlayer (~300 mg) in a diffuse reflectance cup.
The diffuse reflectance spectra were then obtained in the usual
fashion. Spectra of model compounds were obtained by dispersing

© 1989 American Chemical Society
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Figure 1. Comparison of some of the products formed during
the curing of poly(amic acid)s.

in KBr for conventional diffuse reflectance studies or by preparing
10% (w/v) solutions and using a Spectra Tech Circle Cell.

Results and Discussion

Before we proceed to a discussion of the curing of
poly(amic acid) films, it is necessary to place band as-
signments in the carbonyl stretching region on a firm
footing. As we have mentioned above, in many studies of
polyimide films it is implicitly assumed that the structures
present are predominantly ring-closed species, although
in some studies anhydrides have been identified.1012 It
has been noted in the chemical literature, however, that
isoimides and intermolecular links can also form, the
relative proportions depending upon the reaction condi-
tions and the type of imide molecule being cured.!®!
Typical structures are illustrated in Figure 1. These
various species are distinguishable by their characteristic
carbonyl stretching modes. Cyclic anhydrides are iden-
tified by bands near 1850 and 1780 cm™!, while isoimides
have C=0 and C=N stretching modes near 1800 and 1710
cm™1.? Phthalimides are characterized by a characteristic
pair of carbonyl bands; the higher frequency and less in-
tense mode is usually found near 1780 cm™, while the more
intense stretching mode is located in the range 1720-1740
em’l, its precise frequency depending upon the nature of
the substituent on the nitrogen atom.5® Finally, inter-
molecular links of the type illustrated in Figure 1 are also
characterized by a pair of carbonyl stretching modes, but
these are located at lower frequencies than the corre-
sponding cyclic imide modes (where ring strain plays a
role). The precise frequencies again depend upon the
nature of the substituents but are usually located in the
1750-1700-cm™! range. These spectroscopic characteristics
are illustrated in Figure 2, where the spectra of the model
compounds phthalimidoacetaldehyde diethyl acetal and
diacetamide are compared. (Note: These spectra were
obtained from 10% solutions in THF. In the solid state
effects due to water absorption, crystal field splitting, and
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Figure 3. Infrared spectrum (carbonyl region) or the products

of curing the amic acid obtained from reaction of pyromellitic
dianhydride and p-anisidine.

alternative crystal forms (of diacetamide) complicate the
spectra.)

Bands due to isoimides are illustrated in Figure 3, where
the spectra of the mixed products obtained by curing the
amic acid produced by condensation of pyrometallitic
dianhydride (PMDA) and p-anisidine in solutions of acetic
anhydride with a few drops of pyridine are shown.

Having confirmed band assignments, we can now turn
our attention to the products obtained when poly(amic
acid) films are thermally cured. This is not a straight-
forward process and depends upon temperature of cure
and film thickness, due to the effect of residual hydro-
gen-bonded solvent.>%!! Because the imide carbonyl band
near 1730 cm™! absorbs strongly, “thick” films (i.e., thick
in infrared terms, usually greater than about 2-3 um)
cannot be studied by the same simple transmission
methods used to study “thin” films. We therefore adapted
a diffuse reflectance procedure (see the Experimental
Section). Unfortunately, this can result in changes in
relative intensities that are frequency dependent, so that
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Figure 4. Carbonyl region of the infrared spectrum of a poly(amic
acid) cured for 1.2, 2.0 and 8.6 h at 150 °C.

a quantitative comparison of the results obtained by the
two procedures cannot be made with any confidence.
Nevertheless, a qualitative identification of products can
be made. We will initially consider the curing of thin films
(about 1 um thick).

The spectra obtained from a poly(amic acid) cast film
cured isothermally for various times at 150 °C are com-
pared in Figure 4. Initially, the uncured poly(amic acid)
is characterized by three bands in the 1800-1600-cm™!
region; a mode near 1700 c¢m™ assigned to hydrogen-
bonded carboxylic acid pairs, a mode near 1660 cm™ as-
signed to hydrogen-bonded amide groups, and a weaker
aromatic ring stretching mode near 1600 cm™ (see the
preceding paper). Upon curing, a strong band near 1725
em™ quickly becomes apparent, together with a weaker
characteristic imide mode near 1777 cm™. A careful ex-
amination of the scale-expanded spectra also shows the
presence of a weak anhydride band near 1850 cm™. These
results are straightforward and have been observed in
numerous other studies. We are principally interested in
two other features: first, the width of the 1725-cm™ ab-
sorption and the suggestion of the presence of shoulders
due to unresolved overlapping bands; second, the gradual
shift of the amide mode near 1670 cm™ to higher fre-
quencies with increasing degree of cure.

The model compound studies discussed above demon-
strate that isoimides, ring-closed imides, and intermole-
cular diacetamide-type links all have strong bands between
1750 and 1700 cm™'. The absence of a detectable band near
1800 em™ suggests that negligible amounts of isoimides
are present under these conditions of cure, however. In
contrast, intermolecular links, formed by the condensation
of carboxylic acid and amide groups on adjacent chains,
would result in a pair of bands between 1750 and 1710 cm™
that would overlap significantly with the strong imide
mode found in this same frequency range. Bands that are
separated by less than half their half-width are not usually
detectable by techniques such as self-deconvolution or the
second derivative of the spectral profile. Because of the
inherent breadth of polymer bands, we would not therefore
anticipate being able to identify all the modes contributing
to the peak centered near 1725 cm™! and neither would we
anticipate being able to measure quantitatively their rel-
ative contributions. Nevertheless, the second derivative
of the sample cured 8.6 h, shown in Figure 5, suggests that
there is at least one other band contributing to the profile.
Of course, this does not necessarily mean that there are
intermolecular links as well as intramolecular ring-closed
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Figure 5. Carbonyl region of the poly(amic acid) cured at 150
°C for 8.6 h compared to its second derivative.
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Figure 6. Infrared spectrum of a poly(amic acid) film heated
quickly to 150 °C and held at this temperature for 2.75 h, com-
pared to its second derivative.

species; the imide carbonyl modes could be split as a result
of dipole—-dipole intermolecular interactions (indeed, the
1777-cm™ band has a high-frequency shoulder that could
be due to such effects, but more on this later). Fortunately,
these possibilities can be tested by curing under different
conditions. For the spectra shown in Figures 4 and 5, the
film was placed in the spectrometer and the heating cell
was then turned on and allowed to reach 150 °C over a
period of time (~30 min). In this time period a significant
quantity of solvent was driven off and this can affect im-
idization.1%!! We therefore took a sample and placed it
in a heating cell that was already at 150 °C. After 2.75h
at this temperature, the spectrum shown in Figure 6 was
obtained. The band near 1777 ¢! clearly shows the
formation of ring-closed species, but in the second deriv-
ative of this spectrum it is now clear that a band near 1738
cm! is much more prominent than one near 1724 cm™, a
reversal of the intensity relationship obtained for the slowly
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heated samples. As we will see below, changing the tem-
perature of cure also affects the relative intensities of these
bands. Before considering this evidence, however, we will
discuss the other feature of Figure 4 that interests us, the
gradual shift to higher frequency of the amide carbonyl
mode with increasing degree of cure.

In solvent-free amic acid or poly(amic acid) films this
band appears near 1650 cm™, characteristic of amide
modes in hydrogen-bonded chains (see the preceding pa-
per). Solvents such as NMP lead to more complicated
spectra, in that they hydrogen bond to amide N-H groups,
freeing an equal number of carbonyl groups, which then
appear at a higher frequency. Accordingly, the broad band
near 1670 ¢m™ in Figure 4 can be assigned to a composite
of such overlapping contributions. As the cure proceeds,
amide groups are consumed and residual solvent is driven
off, so that unreacted amide groups find it increasingly
difficult to find hydrogen-bonding partners of any de-
scription. This would lead to the appearance of a higher
frequency true “free” carbonyl, a band characteristic of an
amide group where neither the carbonyl nor N-H is hy-
drogen bonded to any other species. Accordingly, as the
poly(amic acid) is cured the amide mode apparently shifts
to the 1680-1700 cm™ range, as a band due to “free”
carbonyl groups increases in intensity, while overlapping
lower frequency bands associated with various hydrogen-
bonded amide groups decrease in intensity.

The appearance of a band due to non-hydrogen-bonded
amide groups suggests that we are observing “widow” ef-
fects in the curing process, and in turn this indicates a
more complicated mechanism of curing than simple ring
closure. If intermolecular links (see Figure 1) are formed
randomly, a residual acid and amide group would remain
in the two intermolecularly adjacent repeat units involved.
As the curing process proceeds, chain mobility decreases
and such units would find themselves isolated by com-
pletely reacted species. The isolated COOH groups would
absorb near 1750 cm™ and be subsumed under the broad
band centered near 1725 cm™, while the amide group
would appear, as observed, near 1680-1700 cm™. Alter-
natively, we could simply be observing a kinetic effect and
the presence of free amide (and presumably carboxyl)
groups represents unreacted species next to one another
in the same repeat unit, as opposed to those incapable of
reacting through loss of an adjacent partner. We do not
believe this to be the case, for a number of reasons. The
most important of these is that results obtained from
samples cured under a variety of conditions are also con-
sistent with the formation of intermolecular links. Fur-
thermore, the formation of certain types of anhydrides
could also lead to the “isolation” of amide groups and a
brief discussion of the formation of these species is in order
here.

Brekner and Feger'®!! have discussed one mechanism,
which essentially results in the regeneration of cyclic an-
hydrides. The infrared spectroscopic evidence for this is
good and, as we mentioned above, if the spectra shown in
Figure 4 are carefully examined a characteristic weak band
near 1850 cm™! can be perceived in the spectra of the
samples cured 1.2 and 2.0 h. Such cyclic anhydrides also
have a more intense band near 1780 cm™, and a shoulder
on the high wavenumber side of the 1777-cm™ imide peak
that decreases with increasing degree of cure is also ap-
parent. The formation of such species involves the si-
multaneous loss of intramolecularly adjacent carboxylic
acid and amide groups, however, and thus would not result
in the isolation of unreacted amides. In contrast, the
formation of linear anhydrides would result in the for-
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Figure 7. Carbonyl region of the infrared spectrum of a poly(amic
acid) cured in dilute solution of NMP (concentrations shown on
figure).

mation of such isolated amide groups and it is well-known
that both types of anhydrides are readily formed in acid-
containing polymers upon heating above a temperature of
about 140 °C.151" In recent work in this laboratory on
ethylene-methacrylic acid copolymers, we have observed
bands characteristic of both species.'® The formation of
intermolecular linear anhydrides would be influenced by
the propensity of the acid groups to form hydrogen-bonded
pairs. We have demonstrated in the preceding paper that
in the absence of solvent the carboxylic acid groups in
poly(amic acid)s also form such pairs, so it is to be expected
that there would be at least some noncyclic intermolecular
anhydrides formed at certain points in the usual curing
processes. This would, of course, result in the observed
local isolation of amide groups that could not then engage
in ring-closing reactions. Unfortunately, the formation of
such species cannot be readily demonstrated, because
noncyclic conjugated anhydrides are characterized by a
pair of bands at 1780 and 1720 cm™, with the latter being
the more intense. These modes would thus almost com-
pletely overlap the strong imide modes at approximately
the same frequencies. Nevertheless, there is qualitative
evidenee for the occurrence of such side reactions in the
observation of an apparent complex of overlapping bands
between 1700 and 1800 cm™. As we have noted above,
intermolecular imides could also contribute to the modes
observed in this region, and we now return to a consid-
eration of this subject.

In order to address the problems of interpretation raised
above, it would clearly be useful to cure in a fashion that
would change the relative amounts of imide rings and the
products of competing intermolecular reactions. We
therefore heated solutions of poly(amic acid) in NMP to
180 °C. After about !/, h, a fine precipitate formed. After
curing for an additional period of 1 h the products were
filtered, washed with water, and dried in a desiccator. The
fine powder was dispersed in KBr and a spectra obtained
in diffuse reflectance; the 1850-1650-cm™ region is shown
in Figure 7. (Spectra of thin mats of the precipitate cast
onto KBr windows were also obtained and showed the
same bands and relative intensities). There are a number
of interesting features. First, the shoulder near 1738 cm™
in the solution-cured spectra is apparently weaker than
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Figure 8. Second derivative of spectra of samples cured in
solution (concentrations of 2% and 20%).

in the spectra of cured films and increases with the con-
centration of poly(amic acid) in the solution. If this mode
were solely due to dipole—dipole intermolecular interac-
tions, then we would anticipate little change in intensity
relationships (assuming equivalent average local arrange-
ments of carbonyl groups). Furthermore, the band as-
signed to residual “widowed” amide groups now appears
as a weak broad shoulder near 1690 cm™. Because the
initial products of curing precipitate, we would not an-
ticipate a complete absence of, for example, intermolecular
reactions relative to ring-closing reactions, just a change
in their relative proportions.

The spectra shown in Figure 7 have to be carefully ex-
amined in order to discern our claimed variation in the
relative intensities of the 1738- and 1718-cm™ peaks. It
is easier to see when the spectra are directly superimposed
or when the second derivative of the spectra are examined,
as in Figure 8. What is equally important, however, is that
the bands of the polymers cured in solution are somewhat
sharper and the multitude of peaks that contribute to the
broad profile centered near 17201730 cm™ in the original
spectra are now much more apparent. Because of the noise
level characteristic of second-derivative profiles, we cannot
assign specific peaks with any confidence, but it is clear
from Figure 8 that there are at least three bands super-
imposed between 1740 and 1715 cm™.

If we summarize the cumulative evidence for the oc-
currence of intermolecular links in the curing of polyamic
acid presented so far, we believe it to be persuasive. First,
it has been proposed that such reactions occur in low
molecular weight materials. In fact, Kolesnikov et al.l4
state that the activation energy for the intramolecular
reaction is higher than the intermolecular reaction and on
this basis suggest that imidization be carried out at the
highest possible temperature. Second, the acyclic imide
structures formed between polymer molecules would have
characteristic bands in the 1740-1720-cm™ region of the
spectrum, these should overlap with the strong cyclic imide
mode in the same range. Because polymer bands are in-
herently broad, these are difficult to resolve. Nevertheless,
second-derivative techniques demonstrate the presence of
more than one band. The relative intensities of these
bands change with conditions of cure, indicating that they
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Figure 9. Diffuse reflectance spectrum of a sample cured on a
ceramic substrate (bottom) compared to the spectrum obtained
in transmission of a small piece of the same film.

are not a result of intermolecular interactions or due to
other vibrational effects (e.g., Fermi resonance interac-
tions). Finally, interchain reactions should result in the
appearance of “widows”, those groups that become isolated
due to the complete reaction of spatially local function-
alities. These are observed and their concentration varies
with conditions of cure.

These conclusions are supported by additional evidence,
notably by curing at higher temperatures where the ob-
servations of Kolesnikov et al.l* suggest that we should
observe a higher degree of ring-closing imidization. We
have chosen to discuss this evidence separately because
the bulk of it concerns thicker films (~10 um) whose
spectra were obtained by a diffuse reflectance technique
(see the Experimental Section). As a result of the specific
methodology employed, the relative intensities of the
bands are not directly comparable to those from trans-
mission studies.

Figure 9 (bottom) shows the spectrum of an (approxi-
mately) 10-um polyimide film cured on a ceramic substrate
by heating successively at temperatures of about 130, 200,
and 350 °C for 1 h (each). This spectrum was obtained
by the diffuse reflectance procedure described in the Ex-
perimental Section and is typical of those of a number of
films we studied that were cured under the same condi-
tions. The use of diffuse reflectance in this fashion (as
opposed to examining a dispersion of a finely powdered
sample) often results in intensity anomalies; weaker bands
appear to be intensity enhanced relative to spectra ob-
tained in transmission. Furthermore, curing polyimide
films on a substrate can result in an in-plane orientation,!?
which could also influence the relative intensities of bands.
For whatever reason, we consistently observe a strong
ring-closed imide mode at 1780 e¢cm™, while the broad
composite band centered near 1725 cm™ in thin films cured
at lower temperatures is replaced by a sharper band cen-
tered near 1743 cm™'. These frequencies are similar to
those observed in many phthalimide model compounds.5#
There are two weaker bands observed near 1708 and 1690
cm™l. The latter can be assigned to “widowed” amide
groups, but the assignment of the 1708-cm™ mode is more
tentative. It could be attributed to a small amount of
intermolecular links; the stronger, lower frequency car-
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bonyl stretching mode of diacetamide is observed at 1707
cm™ (see Figure 2). Alternatively, a weak shoulder can be
observed in the 1800-1820-cm™ range, which could be
attributed to a small amount of isoimide; these structures
have strong C=N stretching modes near 1710 cm™. One
or both of the above could contribute to the band near 1710
cml; the important observation in terms of this study is
that bands due to ring-closed imides are more prominent
after prolonged treatment at higher temperature.

Most of the films cured on ceramic substrates were too
thick for transmission studies. In the case of the film
whose diffuse reflectance spectrum is shown in Figure 9,
however, we did manage to obtain a transmission spec-
trum; this is shown in the same figure. The absorbance
values (greater than 2.0) are at the limit for accurate re-
producibility, but they display a surprising result. Bands
at 1739 and 1720 cm™! are separately resolved, unlike the
situation observed in thin films (including those cured at
the same temperatures as these films). We presume that
this is at least in part due to the enhanced retention of
solvent in thicker films. There are also clear differences
in the results obtained by diffuse reflectance and trans-
mission that are unlikely to be solely due to intensity
variations in scattering as opposed to transmission-type
studies. Instead, this must be related to the different
regions of the film that are sampled by these techniques;
transmission studies produce an average over the entire
film thickness, while diffuse reflectance in the mode em-
ployed here samples more of the surface layers. If curing
mechanisms are related to the presence of residual hy-
drogen-bonded solvent, then we would anticipate such
differences. This is complicated by the possibility of
orientation effects, but a more systematic depth profiling
study is required before quantitative conclusions con-
cerning this point can be drawn.

The films shown in Figure 9 were initially cured at lower
temperatures, where the results presented above indicate
side reactions are significant. These reactions are (pre-
sumably) somewhat reversible, so that subsequent curing
at higher temperatures could result in a degree of addi-
tional cyclic imide formation. According to Kolesnikov et
al.,'4 however, curing at higher temperatures should favor
ring closure. This conclusion is supported by the spectra
shown in Figure 10, where the carbonyl bands that appear
as a result of curing at 400 °C for 2 min, 450 °C for 2 min,
and 500 °C for 1 min in an infrared furnace are compared.
It can be seen that high temperatures clearly favor
closed-ring imide formation; the spectrum obtained from
the 500 °C cured sample, displaying sharp bands near 1780
and 1744 em™™, is very similar to those observed in model
compounds.®® Bands due to unreacted groups and/or the
products of side reactions become weaker with increasing
temperature of cure.

These results are consistent with the conclusions we
reached in the preceding paper concerning the types of
hydrogen-bonded species present in the poly(amic acid)
precursor. In the absence of solvent, carboxylic acid groups
prefer to hydrogen bond to each other as opposed to
forming complexes with amide groups. Amide groups
self-associate in the form of “chains” of hydrogen-bonded
functionalities. Clearly, as Brekner and Feger point out,'%!
this intermolecular arrangement of groups is not the most
conducive to imidization. In the presence of strongly hy-
drogen-bonding solvents such as NMP, these interchain
interactions are broken and replaced with bonds to solvent
and this appears to favor imidization as opposed to in-
termolecular condensations. The type of linkages formed
is thus a complex function of temperature-dependent
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Figure 10. Comparison of the diffuse reflectance spectra of films
of a poly(amic acid) cured at high temperatures.

competing reaction rates and loss of solvent; the latter in
turn is a function of film thickness and also temperature.
In addition, it should be noted that these results deal solely
with diamic acids or pyromellitic-type polymers. We have
some evidence that monoamic acids ring close more easily,
but this observation needs to be confirmed in a more de-
tailed study.

It is unfortunate that because of the considerable overlap
of bands and the anomalous intensity behavior observed
in the diffuse reflectance studies, it is not possible to de-
termine quantitatively or to estimate the proportion of
linear imide (or anhydride) cross-links that are formed.
Because the ring-closed imide is thermodynamically more
stable, we would expect the concentration of cross-linked
species to be (relatively) small and to be determined by
factors such as temperature and film thickness. The
formation of such links should influence both the solubility
and molecular weight of the final imide product, however.
Molecular weight measurements of the type of polyimide
considered here are made in solutions of 97% sulfuric acid,
and Cotts® concluded that various temperature-cured
polyimides had essentially the same molecular weight as
their poly(amic acid) precursors. This is in contrast to
earlier studies?'?? of polypyromellitimides, where consid-
erable degradation of molecular weight was observed as
a function of time in sulfuric acid. Cotts attributed the
results of Wallach?! to the presence of isoimides in chem-
ically cured samples, which degrade in strongly protonating
solvents.

If the data of Cotts are carefully examined, the conclu-
sions of this author are not quite as clear cut. The
weight-average molecular weights of three different poly-
imides are compared to those of their poly(amic acid)
precursors, and for at least two of these samples there
appears to be a measurable decrease in molecular weight
(for a sample described as Du Pont A the value of M,,
decreases from 28 X 10° Da for the poly(amic acid) to
values between 20 X 10° and 25 X 10% Da for the polyimide,
depending upon how the film was cured, while the M,
value of sample labeled PAA-3 decreases from 37 X 10° to
30 X 10° Da). Cotts? states that these values are within
experimental error of one another, but a similar trend is
observed in the data reported by Volksen et al.? If in-
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Figure 11. Infrared spectrum of a sample initially cured 8.6 h
at 150 °C and subsequently precipitated from an H,SO, solution
(bottom) compared to that of its second derivative.

termolecular linear anhydride and imide linkages are
formed during cure, then we would anticipate that cer-
tainly the former and probably the latter would be sus-
ceptible to cleavage in a strongly protonating solvent such
as sulfuric acid.

Clearly, if intermolecular imide linkages are present and
if they are susceptible to cleavage in sulfuric acid, there
should be measurable changes in the 1800-1700-cm™ re-
gion of the spectra of a sample upon dissolution in this
solvent. Figure 11 shows the infrared spectrum of a film
cured 8.6 h at 150 °C, which was subsequently precipitated
from a concentrated sulfuric acid solution where it had sat
for 12 h. The precipitate was ground with KBr and the
spectrum obtained by diffuse reflectance. By comparison
of the spectrum to that of the original sample (Figure 4),
it can be seen that the band originally near 1725 cm™ has
broadened considerably and its center of gravity has moved
toward 1740 cm™, This is consistent with the presence of
a higher concentration of ring-closed imides relative to
intermolecular links.

Conclusions

Curing of poly(amic acid)s at low temperatures (150-200
°C) apparently results in the formation of mixed products;
principally ring-closed imides and intermolecular imide
links. This mixture of products is difficult to identify in
the infrared spectrum because it is characterized by a
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complex of overlapping bands centered near 1725 cm™L.
Because the bands overlap to such an extent, they cannot
readily be separated and used for quantitative analysis of
the relative proportions of species. That the observed
spectroscopic results are indeed due to this mixture of
products is clear from the results of curing samples under
different conditions and at different temperatures. Higher
temperatures favor the formation of ring-closed species
relative to intermolecular links.

Registry No. (PDMA)(4,4’-oxydianiline) (copolymer),
25038-81-7; (PDMDA)(4,4’-oxydianiline) (SRU), 9043-05-4.
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