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ABSTRACT: A poly(amic acid) derived from pyromellitic
dianhydride and oxydianiline was imidized under different
conditions. The sample imidized in solution (PI-1) showed
the X-ray diffraction pattern of a crystalline material,
whereas that of the sample imidized in the solid state was
essentially amorphous. Both samples were further charac-
terized by 13C-NMR spectroscopy, IR spectroscopy, electron

paramagnetic resonance, and thermogravimetric analysis.
The orders of polyimide in both the crystalline and amor-
phous states are discussed. © 2004 Wiley Periodicals, Inc. J Appl
Polym Sci 93: 1065–1070, 2004
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INTRODUCTION

Aromatic polyimides are, in general, difficult to pro-
cess because of their lack of thermoplasticity. They are
usually applied in the form of their precursors, the
poly(amic acid) (PAA) in solution, followed by ther-
mal imidization. The morphology of polyimides, no-
tably the Kapton films produced by DuPont, has been
examined by a number of investigations with different
methods.1–7 All of the results indicate the existence of
molecular aggregations in the polyimide films, and
conjugation occurs along the polyimide molecular
chains.8–11 It is generally accepted that the mechanical
strength, thermal properties, and color of the aromatic
polyimides are affected by the existence of electrons
delocalized through conjugation along the polymer
chains.

Solution casting of PAA followed by thermal imi-
dization changes the reaction conditions from a solu-
tion to a solid state, depending on the rate of solvent
vaporization. There have been some attempts to de-
scribe the morphology of polyimide.12–17 In a previous
article,18 we reported the reactivities of PAA isomers
in solution and in the solid state. This article describes
the morphology of polyimide produced by imidiza-
tion under different conditions.

EXPERIMENTAL

Preparation of polyimide pyromellitic dianhydride
(PMDA)/oxydianiline (ODA)

PMDA was recrystallized from acetic anhydride and
dried at 150°C in vacuo. ODA was purified by subli-
mation under reduced pressure. N-methyl-2-pyrroli-
done (NMP) was dried over P2O5 and distilled before
use. The chemicals used were supplied by TCI (Tokyo,
Japan), and the solvent was supplied by Merck (Darm-
stadt, Germany) and was reagent grade.

PAA was prepared by the dissolution of ODA in the
NMP solvent followed by the addition of an equiva-
lent amount of PMDA in several portions. The reac-
tion was carried out at room temperature for 4 h. The
solid content of the solution was about 20 wt %.

We carried out the thermal imidization of the PAA
by (1) heating the solution in an Erlenmeyer flask to
400°C in an oven at a rate of 2°C/min and (2) precip-
itating PAA from methanol and then heating the solid
PAA to 400°C in an oven at a rate of 2°C/min. The
polyimide samples so obtained were designated as
PI-1 and PI-2, respectively.

Characterization of the polyimide

Wide-angle X-ray diffraction (WAXD) was performed
with a Rigaku diffractometer (Tokyo, Japan) in a step
scanning manner.

Solid-state 13C-NMR spectra were recorded at 50.33
MHz with Me4Si as a reference standard on a Bruker
MSL spectrometer (Karlsruhe, Germany). Cross-polar-
ity/magic-angle spinning (CP-MAS) techniques were
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used to acquire the CP-MAS spectra with a spinning
of 3.5 KHz, a contact time of 1 ms, and a repetition
time of 1 s. Spin–lattice relaxation in the rotating frame
was measured according to the method of Schaefer et
al.19

IR spectra were recorded from KBr pellets. The
spectral resolution of the Fourier transformation spec-
trometer (Bomen DA3002; Quebec, Canada) was 0.5
cm�1 for all of the spectra.

Electron paramagnetic resonance (EPR) was per-
formed with a Bruker ER 200D spectrometer with
1-diphenyl-2-picrylhydrazyl (DPPH) as an internal
standard.

Thermal properties of the polyimide were analyzed
by a DuPont 910 differential scanning calorimeter and
a DuPont 951 thermal gravimetric analyzer (New Cas-
tle, DE) at a scanning rate of 10°C/min under dry
nitrogen. The samples used weighed about 10 mg.

RESULTS AND DISCUSSION

The polyimide studied in this work was based on
PMDA and ODA. This polymer has been investigated
extensively, and a good deal of information is avail-
able in the literature for comparison. We obtained
sample PI-1 by heating the PAA solution in an Erlen-
meyer flask to 400°C into a powdered polyimide. Un-
der these conditions, imidization took place to a large
extent before the vaporization of the solvent. We ob-
tained sample PI-2 by heating the PAA in the solid
state. Both samples were characterized by WAXD,

13C-NMR spectroscopy, IR spectroscopy, EPR, and
thermogravimetric analysis (TGA).

WAXD analysis

Figure 1 shows the diffraction patterns of PI-1 and
PI-2. When imidization was carried out in the solid
state, the resulting polyimide (PI-2) showed the dif-
fraction pattern of an amorphous material. However,
when imidization was carried out in solution, the
resulting polyimide (PI-1) gave the diffraction pattern
of a crystalline material. Undoubtedly, the polymer
chains had the mobility to arrange themselves into a
crystalline form when imidization took place in solu-
tion.

A number of articles have described ordered poly-
imides in the form of films1–7 and fibers.20–25 For in-
stance, the Kapton films based on PMDA/ODA (Du-
Pont) have been shown to possess a significant degree
of orientation of the molecules parallel to the film
surface. However, the diffraction pattern of a Kapton
film (Fig. 2) was by no means comparable to that of
PI-1.

CP-MAS 13C-NMR spectral analysis

The chemical shift in 13C-NMR spectroscopy has long
been recognized as a probe for assessing the electron
structure of aromatic compounds. In these systems,
shielding is governed primarily by the electron den-
sity at each carbon. Alger et al.26 developed the fol-

Figure 1 WAXD spectra of polyimide PMDA/ODA: (a)
PI-1 and (b) PI-2.

Figure 2 WAXD spectra of a Kapton film: (a) in-plane and
(b) out-of-plane direction.
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lowing relationship between the chemical shift (�) and
charge density:

��13C� � 100�Q� � 67�Q� � 76�P

where �Q�, �Q�, and �P are the � charge, the �
charge, and the sum of the mobile bond orders (rela-
tive to the value of benzene), respectively.

The CP-MAS 13C-NMR spectrum of PI-1, shown in
Figure 3(a), was complex. The assignment of the sig-
nals was made with the aid of a dipolar dephasing
experiment27 as follows:

Before the Hartmann–Hahn match, a delay of 40 �s
was introduced in the 1H channel without spin lock-
ing. During this dephasing period, the relaxation of
the protonated carbon atoms occurred. The signals of
these carbon atoms were significantly attenuated in
the dephasing spectrum, whereas those of the quater-
nary carbon atoms, which had no efficient relaxation

pathways, showed essentially no decrease in intensity
[Fig. 3(b)].

The C1 and C2 signals in Figure 3(b) were assigned
to the quaternary carbonyl carbon and the phenylene
carbon bonded to oxygen, respectively.8 C3 and C4
were attributed to the quaternary carbon atoms of the
PMDA nuclei and the phenylene carbon bonded to
nitrogen, respectively.

The assignments were based on the fact that the chem-
ical shift of C3 was less affected than that of C4 from a
series of polyimides derived from PMDA and differ-
ent aromatic diamines. We expected the carbon atoms
in the ordered state (e.g., in PI-1) to give rise to sharp,
well-resolved peaks [Fig. 3(b)] because of the homo-
geneity of their local environment (with the assump-
tion of no difference in bulk susceptibility), whereas
we expected those in the amorphous state [e.g., in PI-2;
Fig. 4(a,b)] to give rise to broadened peaks. This
broadening effect is intrinsic to the sample structure
and is not a result of instrumental limitations.28 Ex-

Figure 4 CP-MAS 13C-NMR spectra of PI-2: (a) conven-
tional and (b) dipolar dephased.

Figure 3 CP-MAS 13C-NMR spectra of PI-1: (a) conven-
tional and (b) dipolar dephased.
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perimental evidence shows that the nitrogen atoms of
the imide ring are coplanar. Conjugation between the
benzene nuclei takes place through the imide link-
age.10

In the 13C-NMR spectra of PI-1 and PI-2, the chem-
ical shifts of both C1 and C2 were almost the same, at
165 and 125 ppm, respectively. The results indicate
that the nitrogen atoms in both PI-1 and PI-2 were in
an sp2 state.

The phenylene carbon bonded to oxygen (C2) in PI-1
gave a relatively sharp peak at 155 ppm, whereas that
in PI-2 gave a broadened peak at 158 ppm in addition
to the peak at 155 ppm [Fig. 3(b)]. To account for the
conformational homogeneity of C2 in PI-1, we as-
sumed that the two aromatic nuclei of the diphenyl
ether moiety were coplanar and that conjugation be-
tween the aromatic nuclei occurred through the
COOOC linkage. The results from EPR, discussed
later, seem to support this assumption. Thus, the
broadened peak at 158 ppm was attributed to diphe-

nyl ether with two aromatic rings skewed to different
degrees.

Conjugation between the aromatic nuclei could not
occur through the COOOC linkage when the two
aromatic nuclei were out of plane. The signal shift
downfield from 155 to 158 ppm was a result of a
decreased electron density at C2 in PI-2.

It has been shown that an sp2 to sp3 transformation
of the imide nitrogen takes place when stress is ap-
plied to the polymer chains. The two aromatic nuclei
linked by the imide ring are then no longer coplanar.20

Once conjugation between the aromatic nuclei was
disrupted, the electron density on the phenylene car-

Figure 5 CP-MAS 13C-NMR spectra of a Kapton film: (a)
conventional and (b) dipolar dephased.

Figure 6 IR spectra of (a) PI-1 and (b) PI-2.
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bon (C4) was reduced, and the signal shifted down-
field, for example, from 125 to 128 ppm.

For comparison, the 13C-NMR spectra of a Kapton
film (shown in Fig. 5) was much smaller than that of
the polyimide fiber, indicating that the polymer chains
were under stress during film formation.

IR spectral analysis

Figure 6 shows the IR spectra of PI-1 and PI-2. A
notable difference between the spectra of these two
samples was in the COOOC stretching mode, which
increased from 1242 cm�1 in PI-2 to 1249 cm�1 in PI-2
as a result of the increased conjugation accompanying
crystallization.29–33 The CN stretching mode of the
polyimide was also affected by changes in the bond
order of the ether linkage. The absorption peak of the
CN stretching mode in PI-1 increased by 4 cm�1 over
that in PI-2.

EPR spectral analysis

EPR spectroscopy records the transition between spin
levels of molecular unpaired electrons in an external
magnetic field. The area under the EPR signal is pro-
portional to the number of unpaired spins in the sam-
ple. Figure 7 shows the EPR signals of PI-1 and PI-2
with DPPH used as an internal standard. The inte-
grated area of PI-1 was twice that of PI-2, which indi-
cated a higher density of mobile electrons through the
polymer chain in PI-1. The g value in electron-spin
resonance is the proportional constant in the following
equation:34

h� � g	B

where h is Planck’s constant, � is the fixed frequency of
the microwave radiation, 	 is the Bohr magneton, and
B is the magnitude of the static field at resonance.
From the narrow symmetrical singlet EPR signals of
PI-1 and PI-2, the g value was found to be 2.00415,
approaching that of a free electron.

Mobility of the molecular chains

The glass-transition temperatures of PI-1 and PI-2
were not detected by the differential scanning calo-
rimeter up to 500°C. However, the microscopic chain
motional behavior of the polymer chains was detected
by measurement of the 13C spin–lattice relaxation in
the rotating frame [T1
(C)]. The average values of
�T1
(C)� were determined by a least squares analysis of
a plot of intensity versus contact time, as shown in
Figure 8.

T1
(C) reflects an average of the motional heteroge-
neity that exists for each individual carbon and,
thereby, an average for the entire polymeric sys-
tem.19,35 The �T1
(C)� values of PI-1 and PI-2 were 103
and 43 ms, respectively. the polyimide chains had less
motion in PI-1 than in PI-2 because of closer packing of
the polymer chains on crystallization and an increased
bond order through conjugation.

TGA

As shown in the TGA of PI-1 and PI-2 in Figure 9, PI-1
showed a higher decomposition temperature than PI-2
by 85°C. In the case of carbon-chain polymers, thermal
energy fluctuations localized inevitably at certain
bonds, leading ultimately to bond raptures. For poly-
imides, these fluctuations would be much less as a
result of their rapid distribution over all of the link-

Figure 8 Rotating frame relaxation tone of (a) PI-1 and (b)
PI-2.

Figure 7 EPR spectra of (a) PI-1 and (b) PI-2.
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ages and atoms through the mobile electrons.36 PI-1
had a better thermal stability than PI-2 because of its
higher degree of conjugation along the polymer chain.
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Figure 9 TGA of (a) PI-1 and (b) PI-2.
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