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ABSTRACT: In this article, polyimide (PI) films were fabricated via the three-step method including the reactions of condensation poly-
merization, chemical imidization, and thermal imidization. In comparison with the conventional two-step method to produce PI films,
there was an additional step in the present method, i.e., chemical imidization. The aim of chemical imidization was to get PI intermedi-
ates with different pre-imidization degree (pre-ID). And PI component in PI intermediates acted as in-situ rigid-rod segments and
induced orientation in the films of PI intermediates. Then the orientations of molecular chains were preserved in the following thermal
imidization, and caused the difference in aggregation structure and property of the final PI films. The test results indicated that the
orderly degree of molecular chains and mechanical properties of PI films increased with pre-ID increasing. Furthermore, this tendency

was much more obvious for more rigid backbone structure. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Aromatic polyimides (PIs) have been widely used in technology
fields due to their excellent thermal stability, good dimensional
stability, outstanding mechanical properties, and high resistance
to chemicals and radiations."™ PI molecular chains consist of
abundant imide and aromatic rings. Besides of common Van
der Waals force, there are other interactions among the molecu-
lar chains, such as charge transfer interaction, preferred layer
packing and mixed layer packing.” The insoluble and infusible
characteristics of PIs resulted from the above factors make them
difficult to process. So far, most of PI films are prepared from
the conventional two-step method, and the derived products are
almost amorphous without special treatment.’ Thus, the me-
chanical properties were not high enough to meet the demand
of high-performance PI films in high-tech applications.

Orderly structures such as orientation and crystallization can
dramatically enhance the mechanical and thermal properties,
and decrease linear coefficients of thermal expansion (CTE) of
polymer materials. Thermal cure of a slightly drawn film of pol-
y(amic acid) (PAA) showed marked spontaneous orientation to-
ward the stretching direction.” Parallel to the draw direction the
modulus of PMDA-ODA PI films increased, while the modulus
decreased perpendicular to the draw direction.® Kochi et al.’
prepared a high-modulus and high-strength PI material by a

technique of thermal imidization after cold drawing of PAA
films. The studies'®'? on the spontaneous molecular orienta-
tion of PI showed CTE decreased almost linearly with an
increase in the degree of in-plane orientation.

In order to increase the degree of crystallinity, researchers designed
the backbone structure of PI in two ways: to increase the mobility
of molecular chains and the amount of rigid molecular chains.
Since molecular chains could move freely in solution, PI particles
obtained from imidization in solution were highly crystalline." Tt
has been found that introduction ether linkage or carbonyl group
into diamine could improve the mobility of molecular chains and
increase the orderly degree.'*™'® However, the flexible groups of PI
main chains give rise to decreasing of mechanical properties. To
enhance the degree of crystallinity and mechanical properties of
PI simultaneously, some rigid-rod segments which could easily
induce the formation of crystalline structure were introduced to
the backbone, and found the crystallinity, in-plane orientation,
hardness and modulus of the PI films increased with increasing
contents of rigid-rod segments.'” ™"

PAA converts to PI by thermal or chemical imidization, and the
intermediate in imidization is a copolymer composed of amic-
acid and imide, called copolyamic acid-imide(PAA-PI).*
According to the previous papers,”>* the mechanical properties
of PI materials can be enhanced with the precursor (PAA)
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Figure 1. Schematic process for producing polyimide films via the PAA-
PI precursors with different imidization degrees.

partly imidized. Qin et al.”> found amic acid-imide copolymer
with different contents of carboxyl group could be controlled.
Zhai et al.>>** studied the phase separation in PAA-PI solution
and the morphologic ordering of the final PI films derived from
PAA-PI solutions with different imidization degree. However,
these works have not systematically investigated the aggregation
structure, mechanical property and their relationship. Imide
group is rigid and can act as in-situ rigid-rod segments. We
conjecture that PI films based on PAA-PI precursors may have
different aggregation structure and properties.

In this article, we selected three PI systems possessing different
rigidity of backbone. The condensation polymerization of dia-
mine and dianhydride to give poly(amic acid) (PAA), then
dehydrating reagent was added to chemically convert PAA into
partly imidized PAA. The partly imidized PAA solution was
coated onto glass plates, and fully imidized to produce PI films
by thermal imidization. The aggregation structure and proper-
ties were carefully measured. Moreover, the three different PI
systems were studied and compared in detail to reveal the effect
of chemical structure and preparation process on the aggrega-
tion structure and property of the final PI films.

EXPERIMENTAL SECTION

Materials

3,3’ ,4,4’-oxydiphthalic anhydride (ODPA), 3,3’,4,4'-biphenylte-
tracarboxylic dianhydride (BPDA) and 4,4’-oxydianiline (ODA)
were supplied by Synthetic Resin Research Institute, Shanghai,
China. 3,3’ ,4,4’-benzophenonetetracarboxylic dianhydride
(BTDA) was purchased from Acros Organics of New Jersey,
USA. ODPA, BTDA, and BPDA were recrystallized from the
mixture of acetic anhydride and acetic acid (3/1, v/v), then
dried at 180°C for 4 h prior to use. ODA was recrystallized
from ethanol and dried under N, atmosphere before use. N-
methyl-2-pyrrolidinone (NMP, from Qunli Chemical, Shanghai,
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China) was distilled under reduced pressure over phosphorous
pentoxide. Other reagents, such as acetic anhydride, acetic acid,
pyridine and ethanol, purchased from Chengdu Kelong Chemi-
cal, were used without further purification.

Preparation of PAA-PI Precursors and Polyimide Films

As a typical experimental procedure for the synthesis of PI film
(see Figure 1), an equimolar amount of dianhydride was stepwise
added into a solution of ODA and anhydrous NMP in a three-
necked flask equipped with a mechanical stirrer at room temper-
ature. The solid content was restricted at 10%. After the mixture
was continuously stirred for 12 h, viscous PAA solution obtained
was divided equally into six parts, and different mole amount of
dehydration reagents (100, 80, 60, 40, 20, and 0 mol %; mole ra-
tio of acetic anhydride/pyridine = 5/4), which is relative to origi-
nal amino groups was added. After a predetermined time (as
described later), viscous and homogeneous PAA-PI solutions
with different pre-IDs were cast onto glass plates, which were
then thermally baked in a vacuum oven at 80°C for 2 h, 140°C
for 2 h, 220°C for 2 h, and 300°C for 2 h, successively. The free-
standing polyimide films were stripped from the glass substrates
with the help of hot water followed by drying in an oven at
100°C. The synthesized PI films with different pre-ID of 100, 80,
60, 40, 20, and 0 mol %, were abbreviated as PI-100, PI-80, PI-
60, PI-40, PI-20, and PI-0, successively.

Three different PI systems were studied and compared together.
Their chemical structures were shown in Figure 2, and assigned
to be A, B, and C, respectively.

Characterizations
Fourier transform infrared (FTIR) spectra were recorded on a

Nicolet 560 Fourier transform spectrophotometer with the wave

number ranging from 400 to 4000 cm™'. Imidization degree

(ID) of dried PAA-PI sample was determined according to a
reported method, in which the band of 1380 cm ™' was selected
for quantifying ID, and the aromatic band at 1500 cm™"' (C—C
stretching of the p-substituted benzene backbone) was selected
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Figure 2. Structures of polyimide.
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Table I. Theoretical and Experimental Imidization Degree of PAA-PIs

Imidization degree (%)

Theoretical 0 20 40 60 80 100
Experimental A 0 28 46 55 73 91
B 0 14 34 57 80 96
C 0 14 37 62 84 99

as the internal standard. ID was calculated using the following
equation:

(Si3s0/Sr500) 750

ID(%) =
( ) (51380/81500)T:300°C

x 100 (1)

Where S is the area of absorption band, T = 50°C is the cured
temperature of the samples, T = 300°C is taken as the tempera-
ture of completely imidized PI.

Mechanical tensile properties of PI films were performed at room
temperature on an Instron-4320 Tensile Apparatus. Samples of PI
film were cut into 50 mm X 10 mm strips along the film casting
direction. Average values of more than five measurements were
taken for each sample. The experimental uncertainties in tensile
strength and modulus were =1 MPa and * 0.05 GPa, respectively.

The wide-angle X-ray diffraction (WAXD) was performed at
room temperature on an X-ray diffractometer (X’-Pert-MPD,
Philip) with a graphite monochromator (operating at 40 kV
and 40 mA) with nickel-filtered with Cu/K-o1 radiation (1 =
0.15418 nm). Data were collected for a continuous scan at a
rate of 2°/min over a range of 20 = 5°~50°.

Differential scanning calorimetry (DSC) was recorded on a
Netzsch STA 449C thermal analysis system in nitrogen at a
heating rate of 10°C/min. Dynamic mechanical analysis (DMA)
were recorded on a Netzsch DMA 242C in nitrogen at a heating
rate of 5°C/min, a frequency of 2 Hz.

RESULTS AND DISCUSSION

Synthesis of PAA-PI Precursors and Determination of
Imidization Degree

PI films is generally prepared by a two-step method, that is,
PAA derived from the condensation polymerization of aromatic

ARTICLE -

diamine and dianhydride followed by thermal imidization to
produce PI. In this article, PI films were obtained from the
partly imidized precursors, i.e., PAA-PI, as shown in Figure 1.

Insoluble gel may form as chemical imidization progressing
owing to the decreasing solubility of PAA-PI. Because of the dif-
ferent rigidity of molecular chains, the solubility of PAA-PI with
the fixed pre-ID is different in these PI systems, and it increases
in the order of C < B < A. To obtain freestanding PI films, the
PAA-PI solution should be cast on substrate then baked before
gel appears. But the time of chemical imidization (#.) should be
as long as enough to give PAA-PI solution with the desired pre-
ID. Hence t. was different among these PI systems, which was
set as 8, 2, and 1 h for A, B, and C system, respectively.

Determination of Imidization Degree

FTIR is used widely for determination of reaction extent.
We also used it to determine the ID of dried PAA-PI precursors.
All the thin film samples were baked at 50°C for 24 h to remove
most of the solvent. With the pre-ID increases from 0 to 100%,
the results indicate that the intensity of characteristic bands of
PAA (1655 cm™") decreases gradually, and those of PI (1780,
1724, and 1380 cm ') increase. The FTIR spectrum of PAA-PI
precursors were given in Supporting Information (Supporting
Information S1-A, S1-B, and S1-C). It is known that isoimide
rings form accompany with imide ones in chemical imidization.
However, the absorbance band of isoimide (1800 cm™") has not
been detected in FTIR spectrum of PAA-PI films. Hence the
main product obtained from chemical imidization is PAA-PI,
and isoimide can be ignored.

25-27

According to a reported method,”® the band at 1380 cm™*

(stretching vibration of C—N) was selected for quantifying pre-I1D,
and the aromatic band at 1500 cm ™' (C—C stretching of the p-
substituted benzene backbone) was selected as the internal stand-
ard. All the experimental pre-IDs are calculated according to the
eq. (1) and summarized in Table I, in which it can be seen that all
the experimental data are well coincident with the theoretical
ones. These results state clearly that the pre-IDs can be successfully
controlled by adjusting the amount of dehydrating reagents.

Mechanical Properties of the Final PI Films

The mechanical properties of the final PI films were measured,
and the results of A, B, and C systems were summarized in Fig-
ure 3. It can be seen that tensile strength, tensile moduli and
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Figure 3. Mechanical properties of polyimide films with different pre-IDs: (A) @, ODPA-ODA, (B) A, BTDA-ODA, (C) B, BPDA-ODA.
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Figure 4. WAXD pattern of polyimide films with different pre-IDs: (A) ODPA-ODA, (B) BTDA-ODA, (C) BPDA-ODA.

elongation at break increase with increasing pre-IDs for all PI
systems, and they increase faster in the order of A < B < C.
Compared with PI-0, the tensile strength of PI-100 respectively
increases by 1.0%, 23.2%, and 37.9% for A, B, and C system,
and those data of the tensile moduli are 7.1%, 7.6%, and
11.7%, and they are 63.7%, 158.6%, and 335.8% for elongation
at break. Because of the transformation of isoimide to imide
under heat treatment,”* coupled with the FTIR results, the pos-
sibility of different chemical structure of the final PI films in
the fixed system can be excluded. As mentioned above, rigid
imide segments formed in the step of chemical imidization.
These rigid segments induce the regular packing of molecular
chains. So the enhancement of mechanical properties could be
attributed to the orderly structure formed in PI films. By com-
paring A, B, and C systems, it can be seen that PI with a higher
rigidity is more affected by this preparation process.

Aggregation Structure of the Final PI Films

The aggregation structures of the final PI films were measured
by WAXD. The results suggest that PI films based on ODPA-
ODA [Figure 4(A)] display amorphous peaks, and the relative
intensity of these peaks reveals a slight increase with the increas-
ing pre-ID. Compared with ODPA-ODA PI films, the intensity
of BTDA-ODA ones [Figure 4(B)] shows a much more signifi-
cant increase as the pre-ID increase from 0% to 100%. And the
sample of PI-100 displays a rather strong peak which indicates
the formation of crystalline structure. Those PIs of BTDA-ODA
[Figure 4(C)] show three diffraction peaks at the range of 15°
~ 20° (14.82°, 16.66°, 18.94°, respectively), which indicate the
crystalline structures exist in films, and the increase of intensity
of diffraction peaks is the most obvious one among the three
systems. According to a reported literature method,”® we calcu-
lated the degrees of crystallinity of PI films. For PI films based
on BPDA-ODA, as the pre-IDs increase from 0% to 100%, the
degrees of crystallinity of PI films are 7.0%, 7.0%, 10.0%,
11.0%, 12.9%, and 18.0%, respectively. And for PI-100 of PI
(BTDA-ODA), the degree of crystallinity is 7.3%. The other
samples are beyond the calculation range because they have
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amorphous peaks in the WAXD patterns. These results suggest
that the aggregation structure of PI films can be readily con-
trolled by adjusting the amount of dehydrating reagents in the
preparation procedure.

In a fixed PI system, the content of rigid segments increases
with PAA converting to PI. Rigid structure restricts the mobility
of molecular chains. And the reduction of the mobility of mo-
lecular chains is favorable for their regular packing.’®”! In other
words, the orientation extent of molecular chains increases with
increasing pre-ID. It is also reasonable to assume that the T, of
the film raises significantly with increasing pre-ID. And this pre-
vented the relaxation of the molecules and retained the induced
orientation.”> While molecular reorganization occurs during the
heating required for imidization. ODPA has the most flexible
structure due to the ether linkage, BTDA with carbonyl group is
more rigid than ODPA, and BPDA is the most rigid one
because of the biphenyl structure, as shown in Figure 2. The
hindrance potentials for internal rotation of aromatic ether and
ketone are only of the order of 1-3 kcal/mol while the potential
for biphenyl is ca. 10 kcal/mol.” Flexible functional groups may
contribute to the relaxation of orderly packing in thermal imid-
ization.”»** In other words, for the samples with a fixed pre-ID,
the orientation extent of BPDA-ODA PIs is the largest among
the three PI systems. Thus, the preparation process has the
greatest effect on the most rigid PI system,” corresponding to
the results described above.

It is reasonable that the orderly packing of molecular chains
contributes to the enhancement of tensile strength and moduli.
In addition, the plastic of deformation of aromatic polyimide
can be explained in terms of local order consisting of bundles
of parallel-packed main chains.” Thus, PI film with a higher
orderly degree of molecular chains should have a higher value
of elongation at break. Moreover, all of PI films reveal relatively
weak diffraction peaks as well as the big amorphous halo, thus
the diameter of crystals forms in PI films is very small. Hence,
PI films derived from this pre-imidization process form many
micro-crystals [especially for PI (C) films and PI-100 of PI
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Figure 5. DSC results of PI films with different pre-IDs: (A) ODPA-ODA,
(B) BTDA-ODA, (C) BPDA-ODA.

(B)], which could reinforce as well as toughen these PI films.
The results of aggregation structure are in well accordance with
the data of mechanical properties shown in the last section.

Thermal Properties of the Final PI Films

DSC measurement was conducted with the final PI films to
confirm the formation of crystalline structure proposed above.
As can be seen in Figure 5, PI films based on B and C systems
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show obvious melt endothermic peaks at ca. 400 and 450°C,
respectively, and the relative height of these peaks increase with
increasing pre-ID. While there is no such peak presenting in
those PIs of A system. Melting enthalpy is proportional to the
degree of crystallinity of material. The melting enthalpies of PI
films from B and C systems are calculated from the DSC curves
by the software of NETZSCH-TA4 (there are no melting peaks
in the DSC curves of PI (A) films, so they could not be ana-
lyzed in quantitative). With the pre-ID increases from 0 to
100%, the melting enthalpies of PI (B) films are 2.47, 5.25,
6.54, 7.42, 9.05, 13.91 J/g; the melting enthalpies of PI (C) films

1.2
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Figure 6. DMA results of PI films with different pre-IDs: (A) ODPA-
ODA, (B) BTDA-ODA, (C) BPDA-ODA.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38068

5



ARTICLE

are 3.70, 5.49, 10.73, 10.46, 15.67, 20.55 J/g. It indicates the
degree of crystallinity of PI (B) and (C) films increase with
increasing pre-ID. The results successfully confirm the crystal-
line structure in BTDA-ODA and BPDA-ODA PI films, and the
amorphous morphology in ODPA-ODA PI films, corresponding
well with the WAXD data.

Furthermore, the glass transitions show at ca. 266, 288, and
270°C for A, B and C PI films, respectively. And it becomes less
obvious with increasing pre-ID. It is reasonable to assume that
this trend of glass transitions could be attributed to two aspects.
On one hand, the free volume decrease due to the regular pack-
ing of molecular chains. As can be seen in WAXD and DSC
results, the orderly degree of PI films enhances with increasing
pre-ID. That is, the molecular chains are more compact with
higher pre-ID. On the other hand, the orderly packing of mo-
lecular chains, especially crystalline structure, restricts the mo-
bility of molecular chains. Therefore, the glass transitions
become less obvious with increasing pre-ID.

Figure 6 shows the relationship of tan ¢ and temperature.
The maxima of tan J curves which correspond with T, are
shifted to the direction of higher temperature with increasing
pre-IDs. It indicates that the mobility of the PI films is
much more restricted with increasing pre-IDs. The orderly
packing of PI chains leads to a decrease in the free volume
between the molecular chains. Thus, PI films with higher
pre-IDs have higher T, corresponding well with DSC result.
Moreover, the magnitude of tan J, which is the ratio of loss
modulus and storage modulus, indicates the relative amount
of mechanical energy dissipated during cyclic stress in DMA
testing. A material is perfectly elastic if tan 0 is zero; per-
fectly viscous if tan J is infinite; and equally elastic and vis-
cous if tan & is one.’®”” The value of tan § decreases as the
pre-ID increases from 0 to 100% in a fixed PI system. It
means PI molecular chains become less elastically with higher
pre-IDs. The free movement of the molecular chains is re-
stricted by the orderly structure, resulting in an increase in
rigidity and mechanical properties. In addition, the value of
tan 0 shows at ca. 0.9~1.0, 0.2~0.7, and 0.2~0.3 for A, B,
and C system, respectively, corresponding well to their chemi-
cal structures. Generally, polyimide films prepared without
the process of stretching have very low degree of crystallinity.
In this article, these films derived from pre-imidization pro-
cess also have relatively low degree of crystallinity, which
could be seen from the above quantitative analysis of WAXD
results. Hence, the difference of Tes from DSC and DMA is
minor. However, the trends of increasing T,s and decreasing
tan 0 with increasing pre-IDs are still obvious.

CONCLUSIONS

A method of chemical imidization followed by thermal imidiza-
tion was adopted to produce PI films. The imidization degree
of PAA-PI precursors could be successfully controlled in the
step of chemical imidization. Orderly molecular chains were
induced by the rigid imide segments and preserved in thermal
imidization, leading to the various aggregation structure and
properties of the final PIs. The molecular chains arranged more
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regularly with higher pre-ID, resulting in an increase in
mechanical properties, an increase in T, and a decrease in elas-
ticity. And the influence of this preparation process is greater
for much more stiff PI system, that is, the variation extent
enhanced with the increasing order as follows: ODPA-ODA <
BTDA-ODA < BPDA-ODA. This work provided the theoretic
indicators for controllable preparing of high-performance polyi-
mide films.
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