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Porous polyimide (PI) nanoparticles were fabricated using the reprecipitation method, with a second
polymer as a porogen, and subsequent imidization. Poly(acrylic acid) was a suitable porogen for generating
unprecedented PI nanoparticles having superficial nanopores, the sizes of which were in the range 20-
70 nm. The porous morphology of the PI nanoparticles was affected mainly by the molecular weight and
content of poly(acrylic acid). After thermal imidization, almost no poly(acrylic acid) remained inside the
porous PI nanoparticles. Infrared spectroscopy and thermogravimetric analysis indicated that the porous
nanoparticles consisted purely of PI and exhibited high thermal stability (5% weight loss temperature:
400 °C). The porous structure probably resulted from microphase separation of poly(amic acid) and
poly(acrylic acid) during the reprecipitation process. This strategy provides a new means for improving
the degree of porosity of PI nanoparticles, which have the potential for application as alternative materials
for preparing interlayer dielectrics.

Introduction

The processing speeds of microchips continue to increase
as densities increase in the semiconductor industry. As a
result of the remarkable increase in the number of interlayer
dielectrics, wiring delays dominate the total signal delay in
ultralarge-scale integrated circuits (ULSI). When the device
size is decreased, the so-called resistance-capacitance (RC)
delay and the crosstalk noise between metal interconnects
offset any gain in chip performance. To avoid these undesir-
able phenomena, a replacement dielectric for silicon dioxide
must be found. In addition, it is important that the interlayer
dielectrics exhibit high thermal stability and low dielectric
constants.1,2 Polyimides (PIs) are among the most promising
candidates for use as next-generation interlayer dielectrics
because of their unique physicochemical properties, including
excellent thermal stability, low relative permittivity, and good
adhesion properties. Unfortunately, their dielectric constants
(k) are ca. 2.4-3.0, even for fluorinated PIs, and hence, they
fail the requirements of ultralowk materials (k < 2.0).

According to the Maxwell-Garnett model,3 PI films with
porous structures have substantially reduced dielectric con-
stants (because the dielectric constant of air is unity). Porous
PI films have been prepared through the pyrolysis of phase-

separated polymers and/or polymer blends films.4-6 Their
pore sizes are readily controlled through modification of the
polymer blend ratio. Hedrick et al. reported7,8 some porous
PI films exhibiting pore sizes on the nanoscale when
employing block copolymers; they prepared porous PI films
through pyrolysis of thermally labile polymers as the
dispersed phase in the PI matrix. In particular, a so-called
nanofoam was produced as a PI film possessing a low
dielectric constant (k ) 2.56).

An alternative approach to the preparation of porous PI
films exhibiting higher voidages is the assembly of multi-
layered films of PI nanoparticles, i.e., system in which air
voids are formed between the PI nanoparticles. Such PI
nanoparticles can be prepared using the reprecipitation
method and subsequent imidization.9 The reprecipitation
method is a convenient technique for fabricating organic and
polymer nanoparticles and/or nanocrystals in a dispersion
medium.10-13 The sizes of the resulting PI nanoparticles exist
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in the range from 50 to 500 nm. Multilayered films of the
PI nanoparticles have been prepared using the electrophoretic
deposition method;14,15 these films exhibited dielectric con-
stants below 2.5,16 but still higher than 2.0. Thus, their
porosity was not sufficiently high to fulfill future demand
(i.e., k < 2.0).

On the other hand, polymer nanoparticles that display
microphase-separated structures have received a significant
amount of attention for their potential applications in
biomedical and microelectronic fields. Shimomura et al.
developed a simple method for preparing spherical block-
copolymer nanoparticles through evaporation of the good
solvent.17 Okubo et al. reported the fabrication of golf-ball-
like polymer particles through phase separation of polymers
during seeded emulsion polymerizations.18 To further im-
prove such porosity, we focused on incorporating pores into
each PI nanoparticle through microphase separation of
polymers within the particles.

In this study, we employed a second polymer as the
porogen to prepare porous PI nanoparticles through the
reprecipitation method and then investigated how the porïgen
species and the reprecipitation conditions affected the porous
structures of the resulting PI nanoparticles. Herein, we
discuss in detail the formation process of the superficial
nanopores.

Experimental Section

Poly(amic acid) (PAA), which had been synthesized (Scheme
1) from 4,4′-(hexafluoroisopropylidene)diphthalic anhydride (6FDA)
and 4,4′-oxydianiline (ODA), was supplied by Nissan Chemical
Industries. Poly(acrylic acid) (PAS1,Mw ) 2000; PAS2,Mv )
450 000; Aldrich) and poly(vinyl alcohol) (PVAL;Mw ) 500;
Kanto Chemical) were used as porogens without further purification.

1-Methyl-2-pyrrolidinone (NMP; the good solvent), cyclohexane
(the poor solvent), pyridine (the catalyst), and acetic anhydride (the
dehydrating agent) were purchased from Wako Pure Chemical
Industries and used without further purification.

A mixed NMP solution of PAA and porogen was prepared in
the following manner. First, a given amount of an NMP solution
of the porogen (1 wt %) was added to a diluted NMP solution of
PAA. The final concentration of PAA was 1.5 wt %; the ratio of
added porogen to the amount of PAA varied from 0.05 to 1.0 in
the NMP solution.

In a typical reprecipitation method, a sample (100µL) of the
mixed NMP solution of PAA and porogen was injected via a
microsyringe into vigorously stirred cyclohexane (10 mL) as the
poor solvent at room temperature. The following two-step imidiza-
tion19 was performed to convert PAA to PI (Scheme 2). For
chemical imidization, a mixture of pyridine and acetic anhydride
(1:1 molar ratio, 100µL) was injected into the dispersion of PAA
nanoparticles. After 3 h, the chemically imidized PI nanoparticles
were separated using a centrifuge, dried in vacuo, and then cured
and thermally imidized at 270°C for 1 h, resulting in a yellowish
powder of PI nanoparticles.

Scanning electron microscopy (SEM) images were recorded
using a JEOL JSM-6700F instrument operated at an acceleration
voltage of 15 kV and an emission current of 10µA. Several droplets
of the resulting porous PI nanoparticle dispersion liquid were cast
on a glass slide and air-dried at room temperature; the glass slide
was fixed on the sample holder using double-faced carbon tape.

Transmission electron microscopy (TEM) images were recorded
using a JEOL JEM-2010 instrument operated at an acceleration
voltage of 200 kV. One droplet of the porous PI nanoparticle
dispersion liquid was applied to a 150-mesh carbon-coated copper
grid and air-dried at room temperature.

Thermogravimetric analysis (TGA) was undertaken using a
Perkin-Elmer Pyris 1 TGA apparatus operated at a heating rate of
10 K/min under a nitrogen atmosphere (50 mL/min).

IR spectra were recorded using a ThermoNicolet AVATAR 360
FT-IR spectrometer. Powdered PI nanoparticles were ground with
KBr to prepare the pellet samples.

Results and Discussion

We investigated the fabrication of porous PI nanoparticles
using two different polymers as porogens. The first polymer
evaluated as the porogen was PVAL. Although both PVAL
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and PAA dissolved in NMP, only some of the resulting PI
nanoparticles possessed nanopores (images a and b of Figure
1). The fraction of porous PI nanoparticles was not, however,
affected by the content of PVAL added. The second polymer
evaluated as the porogen was PAS. Images c and d of Figure
1 indicate that the molecular weight of PAS clearly influ-
enced the porous structure of the PI nanoparticles. Actually,
the higher-molecular-weight PAS2 polymer did not provide
any porous PI nanoparticles. In contrast, porous PI nano-
particles were successfully fabricated when using PAS1, as
indicated in Figures 1d-f. The diameters of pores were in
the range of 20-70 nm and the surface morphology remained
almost constant when the PAS1 content was greater than 40
wt %. The results in Figure 1 are summarized in Table 1,
which presents the effect of the porogen species on the
resulting porous morphology of the PI nanoparticles.

Figure 2 exhibits SEM images of the porous PAA and/or
PI nanoparticles at each stage of their fabrication. It is
apparent that nanopores were already formed on the surface
of the PAA nanoparticles prior to their imidization. In
addition, the surface morphology was similar before and after
performing the two-step imidization process.

The internal morphology of the porous PI nanoparticles
displayed in Figure 1e was verified using TEM (Figure 3).
We observe open-celled pores that lack interconnectivity only
on the surface of the PI nanoparticles, i.e., no internal pores
are visible within the PI nanoparticles. Nevertheless, it is
difficult to confirm whether or not PAS remained inside these
porous PI nanoparticles. Note that it would be necessary to
eliminate residual PAS from the porous PI nanoparticles if
they were to be used in device applications.

Figure 4 displays the results of TGA measurements. TGA
curve i is that of ordinary PI nanoparticles that lack porous
structures; they decomposed thermally at a temperature above
550°C. On the other hand, PAS began to decompose at ca.
200 °C (TGA curve iv). The TGA curve ii is that of the
chemically imidized porous PI nanoparticles, which also
decomposed gradually at ca. 200°C as a result of the removal
of its residual PAS and solvents. The thermally imidized
porous PI nanoparticles (TGA curve iii) yielded their 5%
weight-loss temperature at 400°C; they were thermally stable
up to 300°C, almost identical to the behavior of the ordinary
PI nanoparticles (TGA curve i). This result suggests that
almost no PAS remained within the thermally imidized
porous PI nanoparticles.

Similar conclusions can be drawn from the IR spectra of
the various nanoparticles Figure 5. Spectrum iv is that of
PAS; its characteristic IR peaks appear at 1250 and 1170

Figure 1. SEM images of porous PI nanoparticles prepared using various porogens at various contents: (a) PVAL (20 wt %), (b) PVAL (50 wt %), (c)
PAS2 (20 wt %), (d) PAS1 (20 wt %), (e) PAS1 (40 wt %), and (f) PAS1 (60 wt %). The white scale bar represents a distance of 200 nm.

Table 1. Porous Morphologies of Various Samples

content of porogen PVAL 50 wt % PAS2 20 wt % PAS1 40 wt %

pore number few none many
pore size 30-50 nm 20-70 nm

Figure 2. Morphologies of porous PAA and/or PI nanoparticles at each stage of fabrication: (left) immediately after injection; (middle) after chemical
imidization; (right) after thermal imidization. Scale bars: 200 nm.
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cm-1 (CO stretching). After thermal imidization, signals
appeared at 1550 and 1380 cm-1, corresponding to CNH
and CN stretching vibrations, respectively (spectra ii and iii).
The spectrum of the thermally imidized porous PI nanopar-
ticles was virtually identical to that of the ordinary PI
nanoparticles. This finding suggests that PAS was almost
completely eliminated from the porous PI nanoparticles
during thermal imidization, consistent with the results of
TGA.

These findings have led us to propose a plausible mech-
anism of formation for the porous nanoparticles (Scheme
3). At first, fine droplets consisting of a mixture of NMP,
PAA, and PAS1 were generated in cyclohexane immediately
after injection. As the cyclohexane and NMP diffused into
one another, PAA and PAS1 began to precipitate and
microphase-separate in the surface layer of the fine droplets.
According to the solubility parameters summarized in Table
2, cyclohexane is a much poorer solvent for PAS1 than for
PAA. Thus, PAS1-rich microdomains formed in the surface
layer. At this stage, the content of cyclohexane increased
gradually within each fine droplet, with NMP remaining as
the main component, but with a reduced solvent power. Thus,
PAS1-rich microdomains formed within the fine droplets,
because PAS1 is more soluble in NMP, as indicated in Table

2. Because these internal PAS1-rich microdomains did not
possess such a clear interface, they might have then diffused
toward the surface layer. Finally, the discontinuous and
isolated PAS1-rich microdomains that formed in the surface
layer were eliminated, leading to the formation of nanopores.
Undoubtedly, the microphase separation leading to these
porous surface nanostructure is a much more complicated
process than this mechanism suggests; it must also depend
on the molecular weight of PAS, the interfacial tension, the
viscosity of the solvents, the mutual diffusion, and the
compatibility between PAA and the porogen.

With regard to this mechanism, the selection of the
porogen is very important aspect of the successful formation
of the porous nanoparticles. A suitable porogen must be
compatible with PAA to some extent; a suitable choice can
be determined qualitatively by comparing the difference
between the solubility parameters of PAA and the porogen.21

The solubility parameter of PAS is closer to that of PAA
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Figure 3. TEM image of the porous PI nanoparticles prepared from NMP
solution of PAA and PAS1 (40 wt %; corresponding to Figure 1e). Scale
bar: 50 nm.

Figure 4. TGA (weight loss) curves recorded under N2: (i) PI nanoparticles,
(ii) chemically imidized porous PI nanoparticles, (iii) thermally imidized
porous PI nanoparticles, and (iv) PAS1 (Mw ) 2000). PAS1 (40 wt %)
was added to samples ii and iii.

Scheme 3. Schematic Representation of the Mechanism of
Formation of the Porous PI Nanoparticles.

(a) A fine droplet of NMP, PAA, and PAS formed immediately after
injection; (b, c) possible intermediate states, in which the yellow regions
represent zones in which NMP and cyclohexane exchange through mutual
diffusion processes; (d) the resulting porous PAA nanoparticle.

Table 2. Solubility Parametera of the Materials Used in This Study

PAA cyclohexane NMP PVAL PAS

solubility parameter (MPa1/2) 20.8 16.8 23.1 30.5 23.6

a Solubility parameter was calculated using the Hoftyzer and Van
Krevelen method.20

Figure 5. IR spectra recorded at each stage of imidization for porous PI
nanoparticles prepared using various contents of PAS1. (i) PI nanoparticles;
(ii) PAS1 (40 wt %) added and thermally imidized; (iii) PAS1 (80 wt %)
added and thermally imidized; (iv) PAS1 (Mw ) 2000).
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than it is to that of PVAL, which implies that PAS is more
compatible with PAA. Certainly, hydrogen bonding between
PAA and PAS must play a role in the formation of the porous
PI nanoparticles. Therefore, we obtained better results when
using PAS as the porogen (see Table 1 and Figure 1). On
the other hand, the molecular weight of PAS had a great
effect on the formation of pores within the PI nanoparticles;
i.e., in NMP solution, an increase in the molecular weight
of PAS may lower its compatibility with PAA and lead to
nonporous structures being generated, as in the case for
PAS2.

Conclusion

We fabricated porous PI nanoparticles using the repre-
cipitation method with PAS1 as the porogen. The sizes of
the resulting PI nanoparticles were ca. 200-500 nm; their
pores ranged in size from 20 to 70 nm. TGA and IR

spectroscopic measurements indicated that almost no PAS1
remained in the porous PI nanoparticles after thermal
imidization. TEM imaging suggested that the nanopores were
superficial ones, rather than interconnected holes. These
findings have led us to propose a mechanism accounting for
the formation of the porous PI nanoparticles. We are
currently investigating techniques for controlling the sizes
of the porous PI nanoparticles, with the goal of using them
to fabricate interlayer films exhibiting low dielectric con-
stants.
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