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Abstract A new route to porous polyimide (PI) films with
pore sizes in the nanometer regime was developed. A polyamic
acid (PAA)/polyurethane (PU) blend with PU as the disperse
phase was first prepared via in situ polymerization of
pyromellitic dianhydride and 4,4-oxydianiline in PU solutions.
Porous PI films were obtained from PAA/PU films by
thermolysis of PU at 360°C and imidization of PAA at
300°C, respectively. Fourier transform infrared spectroscopy
and thermal gravimetric analysis were used to detect the
imidization and thermolysis processes of PAA/PU blends
under thermal treatment. The microporous structure of the PI
films was observed by transmission electron microscopy. It
was found that the size and content of pores increased with an
increase in the PU mass fraction in the PAA/PU blend up to
20%. Because of the existence of nanopores, the dielectric
constant of PI films decreased by a wide margin and was less
than 2.0 at a PU mass fraction of 20%. It implies that this is
an effective means to reduce the dielectric constant of PI, but
it also causes the decrease of tensile strength and the rise of
water absorption.
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Polyimides (PIs), aromatic heterocyclo-polymers containing
imide groups in their backbone, have been widely used as
dielectric and packaging material in the microelectronics
industry because of their excellent thermal, dielectric,
mechanical and optical properties [1-6]. However, the minia-
turization of the ultra-large scale integration circuits has
increasing demands for the low dielectric constant (¢) Pls to
greatly reduce the resistance—capacitance time delays, cross-
talks, and power dissipation in the high-density and high-
speed integrated circuits [7—10]. Most PIs are insufficient in
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meeting these requirements because of their high ¢ value of
about 3.4.

In recent years, many studies have been contributed to
reduce the ¢ of Pls, such as the incorporation of fluorinated
substituents [11,12] and low & block or aliphatic chains [13].
However, these approaches merely reduce the ¢ to 2.6. More-
over, the fluorinated PIs are expensive. Several groups have
reported that the reduction in dielectric constant can be
simply achieved by replacing a significant part of the PIs with
air, which has a dielectric constant of 1. The approaches to the
porous PI films include microwave processing, incorporation
of foaming agents and/or hollow microspheres. Most of the
porous PIs prepared via the above methods have fairly large
pore sizes and open pore structures. Fine works on the prepa-
ration of nanoporous PI films with low-¢ by thermal decom-
position of the thermal labile components in block or graft
copolymers have also been reported [14]. In this process,
microphase-separated block or graft copolymers were pre-
pared, and the morphology consists of a matrix of the thermal
stable polymers (PIs) with thermal labile polymers (PS [15],
PAAc [16], and PU [17]) as the dispersed phase. Upon ther-
mal treatment, the thermally unstable polymers thermolysis,
and the decomposition products diffuse out of the film
leaving pores embedded in the PI matrix.

Herein, we reported a simple method for preparing low-¢
porous PI films from poly(amic acid)/polyurethane (PAA/
PU) polymer alloy. A PAA/PU polymer alloy was first pre-
pared via in situ polymerization of PAA in PU solution, with
the PU constituting the dispersed phase. The PU phase was
subsequently decomposed and taken away by thermal treat-
ment, leaving the pores of same size and shape duplicating
the PU phase distribution in the PI matrix. The morphology,
dielectric constants, thermal and mechanical properties of
porous films were investigated.

1 Experimental
1.1 Materials

Pyromellitic dianhydride (PMDA) and 4,4-oxydianiline
(ODA) from Shanghai Research Institute of Synthetic Resins,
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were dehydrated prior to use. N,N-Dimethylacetamide
(DMAC) from Tianjin Fu Chen Chemicals Reagent Co.
was used as received. Polyurethane (PU, M, = 22000) from
Luoyang Liming Chemical Plant was used as received.

Fourier-transformed infrared spectroscopy (FTIR) mea-
surements were made on a Nexus 670 spectrometer with a
mercury cadmium telluride detector. The thermal properties
of PU were investigated by thermal gravimetric analysis
(TGA) from room temperature to 500°C at a heating rate of
10°C/min in a flowing air atmosphere. Transmission electron
microscopy (TEM) observation was performed on a HITA-
CHI H-800 TEM instrument at 100 kV. The films were cut
into 4 mm X 25 mm pieces to measure the mechanical proper-
ties of films with an Instron-1185 system at room tempera-
ture. Dielectric properties of well-dried film samples were
measured using a WY2851 Q instrument at | MHz. The water
absorption of porous PI films was measured according to the
GB 1034-70.

1.2 Preparation of porous PI films

The preparation of porous films is shown in Scheme 1. In
a 250 mL three-necked round-bottomed flask fitted with
a mechanical stirrer certain amounts of PU and 3.661 g
(0.0183 mol) of ODA were dissolved in 60 ml of DMAC.
PMDA powder 4.030 g (0.0184 mol) was then introduced
into the solution stepwise. After the dissolution of all PMDA,
a PAA/PU solution was formed. The calculated content of
PU (weight percentage) in the PAA/PU alloy films was 5,
10, 15, 20, and 25 wt% respectively. The mixture was cast
subsequently on quartz wafers, which were cleaned using dis-
tilled water and acetone, and heated with the curing proce-
dure: 80°C (for 1 h), 120°C (for 1 h), 180°C (for 1 h), 250°C
(for 1 h), 300°C (for 1 h), 360°C (for 4 h) in an air circulating
oven. Thermal curing gives a porous PI film with about 50 pm
thickness, and it was retrieved from the wafer by immersing
in water for a few minutes.

2 Results and discussion

2.1 Preparation and characterization of the porous PI films
The porous PI films were prepared via the thermal treatment
of PAA/PU alloy films. In this thermal treatment process,
the PAA was imidized to PI, and the PU was decomposed,
leaving pores where the PU was placed. The temperature at
which thermal decomposition of the PU occurs is crucial;
it should obey the following equation: 7,<T,<T,<T, (I,
is the imidization temperature, 7, is the decomposition

temperature, 7;is the foaming temperature and 7, is the glass
transition temperature) [15]. It has been reported that the
imidization degree of the PMDA/ODA polyimide is nearly
99% at 300°C, and increasing temperature would not have
an effect on the imidization degree [18—20]. In this study, the
foaming temperature should be the temperature at which the
rate of the decomposition reaction of the PU is maximal. TGA
was used to evaluate the thermal properties of PU (Fig. 1). It
can be seen from Fig. 1 that the PU begins to decompose at
310°C, and the rate of the decomposition reaction is maximal
at 360°C. Because the 7, of PMDA/ODA polyimide is about
383°C, the foaming temperature was selected as 360°C to
decompose the PU thoroughly and decrease the thermal
treatment time.
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Fig.1 TGA curves of PU
(a) Mass loss; (b) Mass differential

The FTIR spectra of pure PI film (Fig. 2a), pure PU film
(Fig. 2b), PU/PI film (Fig. 2¢) and porous PI film (Fig. 2d)
are shown in Fig. 2. It can be seen from the figure that the
FTIR spectrum of PU/PI film includes the characteristic peaks
of pure PI and PU, and the FTIR spectrum of porous PI film
is similar to that of pure polyimide. These results confirm that
only polyimide remains in the porous film and PU has been
decomposed completely and diffused out of the PI matrix.
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Fig. 2 FTIR spectra of PI (a), PU (b), PI/PU (c) and porous PI (d)
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Scheme 1  Schematic diagram for preparing the porous polyimide films



2.2 Effect of PU content on the morphology of porous PI
films

To investigate the distribution and morphology of the pores in
the PI matrix, the morphology of the porous films was inves-
tigated by TEM. Figure 3 shows the TEM images of porous
films prepared with different PU mass fraction: (A) 0%, (B)
5%, (C) 10%, (D) 15%, (E) 20%, and (F) 25%, respectively.
It can be seen from Fig. 3 that prolate and close pores are
well distributed in the PI matrix, and the dimension of pores
increases with increasing the PU content. These results may
imply that the rigid PAA chains are oriented in the casting
process. By increasing the PU content the width and length of
the pores increase from 40 nm to 300 nm and from 400 nm to
1.5 um, respectively. Moreover, the amount and density of
pores in the PI matrix also increase with an increase in the
PU content. However, when the PU content reaches 25%, the
amount and density of pores become lower. This might result
from the collapse of pores caused by the excessive large size
of pores and the orientation of polymer chains.

Fig. 3 TEM images of porous PI films with different mass fractions
of PU
(A) 0%; (B) 5%; (C) 10%; (D) 15%; (E) 20%; (F) 25%

2.3 Effect of PU content on the properties of porous
PI films

2.3.1 Dielectric properties

The dielectric constant of the porous films is governed by the
intrinsic dielectric constant of the PI matrix and the morphol-
ogy of the porous structure. Figure 4 shows the dependence
of the dielectric constant of the porous PI film on the PU con-
tent of the original PI/PU films. The dielectric constant of
the pure PI film is about 3.2 under ambient conditions. As
anticipated, all the porous PI films exhibit considerably lower
dielectric constants and the dielectric constants of the porous
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Fig. 4 Dielectric constants of porous PI films vs. PU mass fraction

films steadily decreased as the mass fraction of PU increased.
When the content of the PU in the PI matrix is 20%, a dielec-
tric constant of 1.994 is achieved, which is much lower than
that of the pure PI films. The drop in the dielectric constant
is a natural result of the introduction of air that possesses a
dielectric constant near unity. The abnormal increasing of the
dielectric constant at a PU content of 25% results from the
collapse of the pores in the PI matrix.

2.3.2  Water absorption property

The incorporation of pores into the PI matrix would have an
effect on the water absorption property of PI films. Figure 5
shows the water absorption property of porous PI film with
different PU contents. The water absorption of porous films
increases as the PU content increases, and has a maximum at
a PU mass fraction of 20%. The reduction of water absorption
of porous PI film again is caused by the collapse of large
pores.
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Fig.5 Water absorption of porous PI films vs. PU mass fraction

2.3.3 Mechanical properties

Figure 6 shows that the tensile strength and modulus of the
porous films decrease gradually as PU content increases up
to about 20% followed by a slight increase at higher PU frac-
tions. This is naturally attributed to the stress concentration
caused by the pores in the porous film and the reduced section
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area of the samples. The collapse of the pores causes the
increase of the tensile strength and modulus of porous films
at a PU content of 25%.
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Fig. 6 Curves of tensile strength (a) and modulus (b) of porous PI
films vs. PU mass fraction

In conclusion, in situ polymerization of PAA/PU alloy
provides a novel method for preparing porous polyimide
films of ultra-low dielectric constant. This is a simple, versa-
tile approach for the production of porous materials. Addi-
tionally, the flexibility of PI chains may have a great effect
on the morphology and size of the pores; this can be resolved
by improving the compatibility of the PI and PU phases
via introducing flexible groups (such as ether) into the PI
chains.
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