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Introduction

Polyimide (PI) has drawn tremendous attention in
the application areas of microelectronics, engineer-
ing, and aerospace industries for their outstanding
thermomechanical properties, excellent dimensional
stability, good dielectric properties and high resis-
tance to chemical and solvent [1-4]. The soluble and
thermoplastic PIs can be obtained via polyconden-
sation and cyclodehydration reactions at a tempera-
ture 140-180 °C without isolation of the precursor in
solution [5]. However, most of PIs are prepared from
the conventional two-step method due to their
insoluble and infusible characteristics, which
includes the synthesis of polyamic acid (PAA) and
subsequent thermal treatment [6]. Despite the
development of high-performance PI films has made
significant progresses in the past decades, the prop-
erties of PI films still require urgent improvement
when employed in extreme circumstances.

Many previous researchers expected to obtain PI
films with better performance by changing the
structures of PI or incorporating multiple compo-
nents. Effects of monomer structure and imidization
degree on thermoplastic PI films were investigated
by Saeed et al. [7], the results showed that a change in
viscoelastic behavior from liquid-like to solid-like
with increasing the imidization degree. Zhou et al. [8]
prepared a series of crosslink PI films with ultralow
coefficient of thermal expansion (CTE) using 1,3,5-
tris(4-aminophenoxy)benzene (TAPOB) as the cross-
linker, which broke the mutual restraints between
low permittivity and low CTE in PI films. Li et al. [9]
found that the introduction of trifluoromethyl (-CF3)
groups could substantially reduce the dielectric per-
mittivity of PI films, which was attributed to the
branched and bulky structure in -CF; groups restrain
chain packing effectively by reducing intermolecular
force significantly [10, 11]. Tong et al. [12] prepared
the fluorinated PI films derived from 6FDA and novel
aromatic diamines with pendent phenyl structure,
the high fractional free volume endowed these films
with excellent solubility, high permeability coeffi-
cients and outstanding mechanical properties. It has
been found that the introduction of rigid-rod seg-
ments could enhance the degree of crystallinity and
mechanical properties of PI simultaneously [13-15].
However, when the ether linkage or carbonyl group
which could improve the mobility of molecular
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chains was introduced to the backbone, the flexible
groups in PI chains increased the order degree and
decreased the mechanical properties [16-18]. New
poly(imide-benzoxazole) copolymers containing
benzoxazole moieties were fabricated [19, 20], and
the excellent thermal stability, mechanical perfor-
mance, environmental resistance and hydrolytic sta-
bility of these copolymers enable them to be used in
electrical and electronic applications. Musto et al. [21]
studied the curing behavior, morphology and
mechanical properties of PI/silica nanocomposites,
and the results demonstrated that the nanocompos-
ites exhibited better mechanical properties even at a
high temperature of 250 °C. Gao et al. [22] obtained a
series of novel nano-ZnO/hyperbranched PI hybrid
films by the in situ sol-gel polymerization method,
and the hybrid films exhibited unique photophysical
processes for fluorescence compared with the physi-
cal blend of ZnO nanoparticles and PI matrix. Chiang
et al. [23] investigated the physical and mechanical
properties of PI/titania hybrid films, and the results
indicated that the incorporation of small amount of
titania endowed hybrid films lower thermal expan-
sion and resistivity. Chen et al. [24] fabricated high
mechanical properties PI nanocomposite films con-
taining functionalized graphene sheets via in situ
thermal preparation.

Recently, considering the high commercial cost of
novel diamines and dianhydride monomers,
researchers start to pay more and more attentions to
the effect of imidization process on improving the
performance of PI materials. Lin et al. [25] studied the
structural evolution of PI macromolecular chain
during pre-imidization process by molecular
dynamic (MD) simulation. The results suggested that
the aggregation structure tended to looser chain
packing and more extended chain conformation
during the pre-imidization process. The effects of
chemical structure and pre-imidization on the
aggregation structure and properties of PI films were
investigated [26-28], and the PI films derived from
solution of higher pre-imidization exhibited more
ordered aggregation structure and better mechanical
properties. The PI films with a certain degree of pre-
imidization owned a relatively low CTE [29, 30],
which was mainly due to that the chemical pre-
imidization promoted the in-plane orientation of
molecular chains. Near-surface structure formation in
chemically imidized PI films was measured with a
nanoindentation setup, and crosslinking reactions in
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PIs at temperatures over 400 °C were suggested to
account for the higher modulus of the air side of the
samples annealed at 400 °C than the casting side [31].
A series of PI fibers were also prepared through a
partial pre-imidization process [32, 33], and it was
observed that the partial rigid-rod and oriented PI
chains in the chemical pre-imidization process led to
the effective enhancement in the mechanical proper-
ties of PI fibers. The MD simulations of the imidiza-
tion of adsorbed PAA demonstrated that local chain
motion instead of large-scale chain rearrangement is
necessary for the imidization of interfacial chains
[34]. The residual stress of PI films with different
imidization processes was also studied, and the
amount of residual solvent and pre-baking time
during imidization process brought the difference in
the residual stress [35, 36]. Su et al. [37] synthesized a
series of ternary copolyimide fibers via partly
imidization method, and the results indicated that
the partly imidized PAA owned higher intrinsic vis-
cosity than that of pure PAA, the as-spun fibers
exhibited a circular and dense internal morphology.
Park [38] obtained a high draw ratio of the as-spun
PAA fiber by adding acetic anhydride and pyridine
to the PAA solution to make it slightly gelled. It was
found that the diffusion rate of dimethylacetamide
became slower and the solution viscosity increased
because of the conversion of PAA to the corre-
sponding PI. Besides, various new characterization
techniques have been utilized to investigate the evo-
lution of these structures and properties in the
imidization process [39, 40].

In the present work, a series of PAA solutions and
corresponding PI films derived from pyromellitic
dianhydride = (PMDA)/4,4'-oxydianiline = (ODA),
3,3,4,4'-biphenyldianhydride (BPDA)/ODA and
BPDA /p-phenylene diamine (PDA) were obtained
via a partial pre-imidization process. The effect of the
amount of dehydration reagents on the pre-IDs was
measured by FT-IR spectroscopy. Rheological
behavior of PAA solutions was characterized and
used to evaluate the processability of PI films in the
coating process. Mechanical properties and CTE were
also measured in order to study the effects of pre-IDs
on the thermal mechanical properties of PI films.
Besides, the corresponding composite models with
different pre-IDs and solvent content were con-
structed and analyzed based on MD simulation, and
the cohesive energy density (CED) and interaction
energy in the composite models were calculated. The
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mobility of PAA chain varied with the solvent con-
tent was predicted by mean square displacement
(MSD). In a word, this work clarified the effect of
chemical pre-imidization on the rheological behavior
of PAA solutions and thermal mechanical properties
of PI films at molecular dynamic level.

Experiment section
Materials

The monomers PMDA and BPDA were purchased
from Shi Jiazhuang Hai Li Chemical Company and
purified by sublimation prior to use. The monomers
PDA and ODA were supplied by Jinan Shi Ji Tong Da
Chemical Company and recrystallized in ethyl acet-
ate prior to use. The solvent dimethylacetamide
(DMAC), acetic anhydride and pyridine were pur-
chased from Tianjin Fu Chen Chemicals Reagent
Factory.

Preparation of PAA solutions and PI films

The PAA solutions derived from PMDA/ODA,
BPDA/ODA and BPDA/PDA were synthesized,
firstly. Take the polymerization of PMDA/ODA PAA
solution as an example, the diamine ODA was dis-
persed firstly in DMAc solvent with stirring at room
temperature. An equimolar amount of PMDA was
added in several portions to the solution after the
diamine was almost dissolved. After stirring at a low
temperature (-5—0 °C) for 5 h, a yellow viscous PAA
solution with 15 wt% solid content was obtained. The
PAA solution was divided equally into six portions,
and then, different mole amounts of dehydration
reagents (molar ratio of pyridine/acetic anhy-
dride = 2/1) were added into the PAA solutions. The
mixtures were stirred for 5 h at room temperature to
yield homogeneous PAA-PI solutions with theoreti-
cal pre-ID of 0%, 10%, 20%, 30%, 40% and 50%. Then,
the prepared solutions were cast onto dust-free glass
plates using an adjustable doctor blade followed by
thermal treatment in a temperature-programmable
oven for 24 h at 60 °C to obtain the PAA-PI films, and
the fully imidized PI films were obtained by heating
the PAA-PI films for 1 h at 135 °C and then 2 h at
300 °C.
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The synthesized PI — PAA (PI) films and solutions
with theoretical pre-IDs of 0%, 10%, 20%, 30%, 40%
and 50% were abbreviated as PAA-PI (PI) 0, PAA-PI
(PI) 10, PAA-PI (PI) 20, PAA-PI (PI) 30, PAA-PI (PI)
40 and PAA-PI (PD 50, respectively.

Characterization

FT-IR spectroscopy was recorded on a Nexus 670
spectrometer with the scanning wavenumbers rang-
ing from 4000 to 400 cm™'. The band at 1377 cm ™"
(C — N stretching of the imide ring) was selected for
quantifying the pre-ID, and the aromatic band at
1496 cm™! (C — C stretching of the p-substituted
benzene backbone) was selected as the internal
standard. The corresponding pre-IDs were calculated
using the following equation:

(S1377/51496 ) 7—g0
ID(%) = 100% !
pre (%) (S1377/ 51496 ) 1—300 - ) W

Here, S is the area of the absorption band;
T = 60 °C is the treatment temperature of films, and
T =300 °C is taken as the temperature of complete
cyclodehydration.

The rheological characterization for all samples
was conducted on the hybrid rheometer DISCOVERY
HR-1, equipped with a 25 mm diameter parallel plate
fixture and a gap setting of 1 mm for all the mea-
surements. The steady shear sweep and dynamic
frequency sweep measurements were performed
within the shear rate range between 0.1 and 100 s
and oscillation frequency range from 0.5 to 500 rad/s,
respectively. The experimental temperature was set
at 35 °C. After loading the PAA solution, a thin layer
of silicone oil was applied to cover the exposed edge
in order to preventing the solvent evaporation.

An ultraviolet (UV) transmittance spectrum was
produced on a UV — vis spectrophotometer (UV-
2500) manufactured by SHIMADZU, Japan. The
transmittance mode was adopted, and the spectral
range was 200-800 nm.

The dynamic thermomechanical analysis (DMA)
was carried out on a DMA Q800 system with a load
frequency of 1 Hz at a heating rate of 5 °C/min from
50 to 450 °C.

Thermal mechanical analysis (TMA) was deter-
mined using a TMA Q400 analyzer to measure the
coefficient of thermal expansion (CTE) of the PI films
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at a preload force of 0.05 N and a heating rate of
5 °C/min from 50 to 200 °C in nitrogen.

Thermogravimetric analysis (TGA) was performed
with a TGA Q50 instrument at a heating rate of 10
°C/min from 50 to 800 °C. The samples weighing
about 5.0 mg were tested in air.

Mechanical properties of PI films were performed
at room temperature on a SANS CMT 4001 tensile
apparatus with dumbbell-shaped specimens with the
crosshead speed of 10 mm/min.

Molecular simulation details

The amorphous cell construction establishment and
simulation in this work were performed using
Materials Studio 8.0, and 10 PI chains with 20 repeat
units [41-43]. The MD simulation of PI composite
models with different pre-IDs and solvent content
was designed in accordance with the experimental
PAA-PI solutions and was packed into a periodic box
for the amorphous cell construction. The initial den-
sity of the amorphous cells was set to 0.1 g/cm?®, and
the Forcite module was used to optimize the molec-
ular structure with COMPASS as the force field. The
Nose thermostat and Berendsen barostat were used
to control the temperature and pressure in the
amorphous cell equilibrium process. NPT ensemble
and NVT ensemble were employed to obtain the final
equilibrium model [25, 44-47]. 300 ps MD in the NPT
ensemble at 0.5 GPa and 298 K was carried out to
compress the cell to experimental density. NVT
annealing dynamics was then performed at 598 and
298 K, each about 300 ps. Relax the cell by a subse-
quent 300 ps MD in the NPT ensemble at 0.0001 GPa
and 298 K to check the course of density fluctuations
until the density-time curve was stable. Finally,
1000 ps MD was performed in NVT ensemble at
0.0001 GPa and 298 K in order to further improve the
equilibration. CED, interaction energy and MSD
curves of composite models with different pre-IDs
and solvent content were estimated by Forcite anal-
ysis tools.
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Results and discussion

PAA with different pre-IDs prepared
via chemical imidization

The FT-IR spectra of PAA-PI films with different
chemical structures and different amounts of dehy-
dration reagents are presented in Fig. 1. It can be seen
that the characteristic peaks of PI at 1777, 1717, 1377
and 724 cm™! (1777 and 1717 cm™" for C = O asym-
metrical and symmetrical stretching, respec-
tively,1377 cm ™" for C-N stretching and 724 cm™" for
C = O bending of imide ring) increased obviously
with increasing dehydration reagents, suggesting
that the successful formation of the imide group.
Moreover, the characteristic absorption band of iso-
imide groups at 1800 cm™' is not detected in the
spectra, indicating that the effects of isoimide can be
ignored. The pre-IDs of experimental films based on
Eq. (1) were calculated and summarized in Table 1.
Apparently, the experimental data approached to the
theoretical ones, indicating that the pre-IDs of PI
could be accurately controlled by adjusting the
amount of dehydration reagents. It is found that
when the theoretical pre-IDs of PMDA/ODA,
BPDA/ODA and BPDA/PDA PAA solutions
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exceeded 30%, 40% and 20%, respectively, gel
occurred, resulting in the inability to obtain the cor-
responding PI films. Besides, the intrinsic viscosities
of the PAA-PI solutions are reduced slightly with
increasing the pre-IDs. The PI films obtained by
heating the PAA-PI films with different pre-IDs
exhibited the same absorption bands, as shown in
Fig. 1, indicating that the final PI films get fully
imidized.

UV transmission spectra of PI-PAA solutions with
different pre-IDs are recorded in Fig. 2. The wave-
length with a transmittance of 1% is defined as the
cut-off wavelength. It can be seen that the cut-off
wavelength of PAA-PI solutions with different
chemical structures obviously increased with
increasing pre-IDs, which can be attributed to the
conjugation effect of imide and benzene rings that
promoted the movement of electrons. The color of the
PAA-PI solution varied with the pre-IDs in a digital
photograph, as shown in Fig. 2, which more intu-
itively illustrated the enhanced conjugation effect
with pre-IDs, accounting for the darkened colors.
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Figure 1 FT-IR spectra of the PAA-PI and PI films with different amounts of dehydration reagents.
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Table 1 Experimental pre-IDs of PAA-PI films and intrinsic viscosity of PAA-PI solutions with different chemical structures and different

amounts of dehydration reagents

Theoretical pre- PMDA/ODA BPDA/ODA BPDA/PDA
IDs (%) . - . . . -
Experimental pre- Intrinsic Experimental pre- Intrinsic Experimental pre- Intrinsic
IDs (%) viscosity (dL/g)  IDs (%) viscosity (dL/g)  IDs (%) viscosity (dL/g)

0 0 1.59 0 1.94 0 1.77

10 9.8 1.53 9.6 1.88 9.7 1.74

20 19.3 1.52 19.8 1.86 19.6 1.73

30 28.9 1.47 29.3 1.86 gel /
40 gel / 38.8 1.85 gel /

50 gel / gel / gel /

100 100 100
PMDA/ODA BPDA/ODA BPDAPDA
80 80+ 80 4

< 4 > 604 ] 1 B > 604

; 60 g ﬁ .. 2

E 01 E 404 F H E 404

E 20 4 = 20 . ey . = 20 4 e

20 - 10 20 30 40 10 20
——PAA-PIO) ——PAA-PI 10
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Figure 2 Transmittance of PAA-PI solutions with different pre-IDs.

Rheological behavior of PAA solutions
with different pre-IDs

Rheological properties have an important influence
on the processing of PI films. The apparent viscosities
of PMDA/ODA, BPDA/ODA and BPDA/PDA PAA
solutions with different pre-IDs in the steady shear
measurements are compared in Fig. 3. The PAA
solutions exhibit remarkable shear-thinning behav-
iors, indicating a typical non-Newtonian liquid. The
results are attributed to the high shear rate induced
the ordered arrangement of PAA-PI chains, and a
coil-to-stretch transition occurred as the molecular
chains experienced the maximum shear rate. The
viscoelastic properties of entangled polymers are
understood in terms of the reputation concept, i.e.,
the orientation of PAA-PI chains is the extension of
pipe, which decreased the crawling resistance so as to
decrease the viscosity [48]. Meanwhile, the PAA-PI
solutions with high pre-IDs exhibited a lower vis-
cosity at the same shear rate. This is attributed to
pyridine/acetic anhydride which acts as both

dehydration reagent and diluent for PAA solutions.
Besides, the rigidity of PI segment is greater than that
of PAA due to the presence of imide ring, leading to
the viscosity of PAA-PI solutions decreased with
increasing pre-IDs at the same shear rate. Moreover,
we can find that the shear-thinning phenomenon of
the PAA-PI solutions with lower pre-IDs is more
obvious. The viscosity curves of PAA-PI solutions
with different pre-IDs intersect at one point at high
shear rates, suggesting that the viscosity decrease in
PAA-PI solution caused by the increased pre-IDs has
no influence on the PI film processing process at high
shear rate.

The logarithmic plots of storage modulus (G’) and
loss modules (G”) are also shown in Fig.3 as a
function of angular frequency. Both G” and G* obvi-
ously decreased with the pre-IDs of PAA-PI solu-
tions. This could be attributed to the fact that the
viscoelastic behavior of polymer solutions is related
to chain entanglement, and the PAA-PI molecule
chains gradually became extended from entangle-
ment with increasing the pre-IDs. The G” is higher
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Figure 3 Viscosity as a function of shear rate and angular frequency dependence of storage modules (G °) and the loss modules (G“) for

PAA-PI solutions varies with the pre-IDs.

than the G’ at the low angular frequency region,
which is a characteristics behavior for viscoelastic
fluids [49]. In a word, both G’ and G” increased with
increasing angular frequency, and the plateau mod-
ulus appeared at high angular frequency region
indicated a typical solid-like behavior [50]. It is
probably due to the hydrodynamic drag force exerted
by the solvents at high angular frequency, which
stretched the PAA-PI chains from its equilibrium
coiled to stretched states [51].

Thermal and mechanical properties of PI
films

The mechanical properties of final PI films based
different pre-IDs are presented in Fig. 4, the results
concluded that the tensile strength and modulus of
final PI films increased with increasing the pre-IDs.
It's worth noting that the mechanical properties of the
BPDA /PDA film increased most at the same pre-ID
of 20%, followed by the PMDA/ODA film, and the
mechanical properties of the BPDA/ODA did not
increase significantly with increasing the pre-IDs. The
same regularity was also found for the CTE of final PI
films varies with different pre-IDs, as shown in Fig. 5.
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Figure 4 Tensile strength and modulus of PI films with different
pre-1Ds.

The CTE of BPDA/PDA film with pre-ID of 20% was
reduced by 34.7% compared with the single thermal
imidization film. However, the CTE of BPDA/ODA
film decreased only 4.9% when the pre-ID reached
40%. As mentioned above, it can be seen that the PI
with a higher rigidity is influenced more significantly
by the chemical pre-imidization process. We specu-
lated that the reason for this phenomenon is that the
C-O-C bond in the ODA made the PMDA /ODA-
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Figure 5 CTE of PI films with different pre-IDs.

and BPDA/ODA-based PAA-PI molecular chain at a
certain pre-ID still in a random entanglement state.
The thermal stabilities of the PI films with different
pre-IDs were evaluated by TGA measurements in an
air atmosphere as collected in Fig. 6, and we can find
that the PMDA/ODA-, BPDA/ODA- and BPDA/
PDA-based PI films exhibited 5% weight loss tem-
perature at 538.8 °C, 549.6 °C and 582.1 °C, respec-
tively, which are independent of the pre-IDs. This is
attributed to the thermal decomposition of PI mainly
related to the chemical structure, and FT-IR spectra
presented in Fig. 1 have indicated the same chemical
structures of the final PI films. The Tg of PI fibers
increased slightly with a substantial increase in draw
ratio, because of the molecular orientation restricted
the molecular chain mobility [52]. The PI films with a
certain pre-IDs have a relatively lower plane orien-
tation compared with the fibers with a large draw
ratio. Therefore, the T, of PI films with different pre-
IDs is almost the same, as presented in Fig. 7. The Ty
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of the PMDA /ODA-, BPDA/ODA- and BPDA /PDA-
based PI films is 389.8 °C, 292.7 °C and 354.4 °C,
respectively.

Chain mobility and conformation variation
of PAA with different pre-IDs in solvent

To our knowledge, the conformation evolution of
PAA-PI chain in solvent during the pre-imidization
process is still unclear due to the lack of effective
characterization methods. To get a deep insight into
the pre-imidization, structure and properties rela-
tionship of PI, the mobility of PAA-PI chains and
their interaction energy with the solvent molecules in
the pre-imidization were calculated by MD simula-
tion. The CED is a parameter which depends on
breaking all intermolecular interactions in a unit
volume. Wholly speaking, the CED of PAA-PI solu-
tions showed a downward trend with the continuous
increase in pre-IDs, as shown in Fig. 8. However, the
CED of PMDA/ODA, BPDA/ODA and BPDA/PDA
solutions all exhibits a turning point at the pre-IDs of
40%, 60% and 20%, respectively, which indicated that
the intermolecular interactions in a unit volume
increased suddenly at those pre-IDs. Specifically, the
pre-IDs at the turning point of CED correspond
roughly to the pre-IDs when the solution gelled, as
listed in Table 1, implying that the gel is attributed to
a sudden increase in CED when the pre-IDs increase
to a certain value.

The non-bond energy and H-bond energy between
PAA-PI chains and solvent molecules with different
pre-IDs are listed in Table 2, negative values indi-
cated that non-bond energy and H-bond energy show
the attraction between solvent molecules and PI
chains. The results showed that the non-bond energy
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Figure 6 TGA curves of PI films with different pre-IDs.
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Figure 7 DMA curves of PI films with different pre-IDs.
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Figure 8 Cohesive energy density of PAA-PI solutions varies
with pre-IDs.

and H-bond energy of the PAA-PI solution composite
models decreased with increasing pre-IDs. The
decrease in non-bond energy, H-bond energy and
CED with the increase in pre-IDs can well explain the
viscosity of PAA-PI solutions decreased with

‘Temperature (°C)

Temperature (°C)

increasing dehydration reagents before gel point.
After the gel point, the interaction energy between
the molecular chains and the solvent molecules con-
tinues to decrease, resulting in the phase separation
of the polymer and the solvent.

The slope of MSD curves can be used to charac-
terize the mobility of molecular chains in solvent, and
the variation of MSD curves of PAA-PI chain with
different solvent contents is compared in Fig. 9, tak-
ing the pre-ID of 20% for example. We can find that
the slope of MSD curves decreased with decreasing
the solvent content, illustrating that the volatilization
of the solvent limited the mobility of the PAA-PI
chains. Our previous study has demonstrated that
the PAA-PI chains gradually became extended from
entanglement during the pre-imidization process
[25]. Schematic diagram illustrating the effect of pre-
imidization on molecule structure evolvement is
depicted in Fig. 10. The regularity of molecular
arrangement formed in pre-imidization process is
mostly preserved at the subsequent thermal treat-
ment stage. However, a large amount of solvent has
been volatilized before the imidization reaction

Table 2 Non-bond energy and H-bond energy of PAA-PI solution composite models varies with pre-IDs

Pre-IDs PMDA/ODA BPDA/ODA BPDA/PDA

%

%) Non-bond energy H-bond energy Non-bond energy H-bond energy Non-bond energy H-bond energy
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

0 — 44,047 — 1468 — 47,758 — 1577 — 40,741 — 1490

20 — 42,584 — 1134 — 45,491 — 1201 — 39,138 — 1234

40 — 40,741 — 877 — 43,558 — 909 — 37,065 — 861

60 — 37,497 — 577 — 41,075 — 634 — 34,721 — 611

80 — 36,366 — 316 — 38,768 — 302 — 32,848 — 294

100 — 34,636 - 12 — 36,667 - 12 — 30,632 — 12
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Figure 9 Mean squared displacement (MSD) curves of PAA-PI models at the pre-ID of 20% with different solvent contents.
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Figure 10 Schematic diagram illustrating the effect of pre-imidization on molecule structure evolvement.

occurred during the single thermal imidization pro-
cess, and most of the random coil structure remained
in the fully imidized PI films. Therefore, the final PI
films possessed a higher plane orientation prepared
from PAA-PI solution with a certain pre-ID, as shown
in Fig. 10.

Conclusion

The effects of chemical pre-imidization on the final PI
films were investigated by experiment and MD sim-
ulation. The pre-IDs of PI films could be accurately
controlled by adjusting the amount of dehydration
reagents, and the PAA solution with a rigid molec-
ular chain structure gelled at a relatively low pre-ID.
Both of the steady and oscillation shear rheological
tests indicated that the PAA solutions are a typical

non-Newtonian liquid and exhibited remarkable
shear-thinning behaviors. Moreover, the PAA-PI
solutions with high pre-IDs exhibited a lower vis-
cosity at the low shear rate and almost the same
viscosity at high shear rate. The MD simulation result
illustrated that the gel of the PAA solution at a certain
pre-ID is due to the sudden increase in CED. The
MSD curves can well explain that the solvent
volatilization in the thermal imidization restricted the
mobility of molecular chains. The PI films with a
certain pre-IDs exhibited better thermal mechanical
properties, especially for the BPDA/PDA PI film
with more rigid backbone structure. The CTE of
BPDA /PDA film with pre-ID of 20% was reduced by
34.7% compared with the single thermal imidization
film, which is attributed to the ordered molecular
chains formed in chemical pre-imidization that were
preserved in the following thermal imidization.
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Therefore, partial chemical pre-imidization has the
potential to prepare PI films with more excellent
mechanical properties and lower CTE, especially for
the PI with rigid-rod segments.
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