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ABSTRACT KEYWORDS

Polyamic acid (PAA) made from 3,3, 4,4-biphenyltetracarboxylic dian- Nanoporous polyimide;
hydride and 4,4-diaminodiphenyl ether was synthesized and used as poly(ethylene

the backbone of nanoporous polyimide. Thermally labile polyethylene glycol-co-imide); dielectric
glycol (PEG) at 10, 20 or 30 wt% was introduced to the end group  constant;tensile strength;
of PAA. Self-assembled PAA-b-PEG micelle-like nanoparticles could be one-step calcination
formed as a result of amphiphilic characteristics of hydrophobic PAA and

hydrophilic PEG. Thermal imidization and degradation of spin-coated

amphiphilic PAA-b-PEG film were performed sequentially through one-

step heat treatment to obtain polyimide film with nanopores. Pore sizes

decreased with increasing amount of PEG block and their dielectric con-

stants decreased from 2.71 & 0.13 to 2.38 & 0.11.

Introduction

Porous polyimide (PI) has attracted considerable attention for applications, such as low
dielectric insulators, gas separation membranes and light-weight heat insulators. A PI inter-
layer with a lower dielectric constant is needed to reduce the resistance-capacitance time
delays, cross-talk and power dissipation in the large-scale integrated circuits [1,2]. Silicon
dioxide with a dielectric constant of 4.0 is expected to be replaced with dielectric materials
with ultralow dielectric constants (ultralow-k: k < 2.0) in the near future [3]. Moreover, a
lighter and more transparent dielectric material is required to develop micro/nano-electronic
devices. A range of methods, such as blowing agents [4-6], phase inversion of the cast films
[7-10], block copolymer [11], condensing water droplets [12] and colloidal spheres [13], have
been reported to be effective tools for preparing porous PI films. A more effective approach
for nanoporous PI films is the thermal or chemical degradation of a labile polymer in the
PI copolymer [14]. In this approach, poly(propylene oxide) [15,16], poly(propylene glycol)
[17,18] and poly(methyl-methacrylate) [19] have been used as the labile block. On the other
hand, there are some limitations in that the thermal removal of most labile polymers could
overlap closely with the thermal imidization temperature of polyamic acid (PAA) [19,20], and
the combination of chemical and thermal imidization is an expensive and lengthy process for
mass production.
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Scheme 1. Synthetic reaction of poly(ethylene glycol) modified with diisocyanate.

To overcome these drawbacks, a nanoporous PI film should be composed of a thermally
stable imide component and a thermally labile polymer block. Thermal treatment above
the imidization temperature causes the degradation of only the labile blocks, leaving the
nanoporous polyimide films.

In this study, a one-step calcination process to prepare a PI film with uniform nanopores
and a low dielectric value was demonstrated. Polyethylene glycol (PEG) with a thermal degra-
dation temperature above 250°C was cooperated successfully with the end group of PAA.
Imidization and nanopore formation of the spin-coated PAA-PEG films were carried out eas-
ily using a one-step heat treatment, ranging from 110°C to 300°C. The imidization of PAA
occurred at approximately 210°C, whereas the thermal degradation of PEG blocks in the PAA-
b-PEG began at approximately 280°C. The thermal stability, dielectric constants and mechan-
ical properties of the resulting nanoporous PI films containing various PEG contents were
compared with those of a bulk PI film.

Experimental

Materials

3,3',4,4'-Biphenyltetracarboxylic dianhydride (BPDA) and poly(ethylene glycol) methyl ether
(M, = 5000) were purchased from Aldrich Chemical Co and used as received. 4,4’-
Diaminodiphenyl ether (ODA) (Wako Chemical Co.), N,N-dimethyl-acetamide (DMAc)
(TCI Chemical Co.) and 4,4’-diphenylmethane diisocyanate (MDI) (Juncei Chemical Co.)
were used as received. All materials were used without further purification.

Synthesis of poly(ethylene glycol) (PEG)

Scheme 1 presents the modified procedure of thermally labile PEG. In a 250 ml four-necked
round-bottomed flack fitted with a mechanical stirrer, a mixture of poly(ethylene glycol)
methyl ether (M, = 5000, 20.0 g, 4 mmol) and 4,4’-diphenylmethane diisocyanate (MDI)
(1.0 g, 4 mmol) was stirred vigorously at 60°C for 2 h under a nitrogen atmosphere.

Synthesis of poly(ethylene glycol-co-imide)

Scheme 2 shows a schematic diagram of the procedure to synthesize PAA-b-PEG. BPDA
(1.147 g, 3.9 mmol) and DMAc (10 ml) were placed in a 250 ml four-necked flask, and the
solution was stirred vigorously at 0°C for 30 min under a nitrogen atmosphere. ODA (0.801 g,
4.0 mmol) was then added. The mixture was stirred vigorously at 0°C for 1 h and continu-
ally at room temperature for 6 h. Various amounts of PEG (10, 20 and 30 wt.%) were added
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Scheme 2. A schematic procedure to synthesize PAA-b-PEG copolymer via chemical combination of
polyamic acid and modified PEG.

to the PAA solution and the mixture was stirred further at room temperature for 24 h. The
synthesized solution was stored in a refrigerator prior to use.

Preparation of porous polyimide film

PAA-b-PEG was spin-coated on a glass substrate at a spin speed of 500 rpm. The residual
solvents of the spin-coated PAA-b-PEG films were evaporated in a vacuum oven at 50°C for
2 h. The dried PAA-b-PEG films were imidized further by sequential heating at 110, 150, 180
and 210°C for 30 min in a vacuum oven. Nanopores were formed by the thermal degradation
of PEG blocks at 300°C for 3 h in a vacuum oven.

Measurements

Fourier transform infrared (FT-IR) spectroscopy was performed using a Cary 600 Series FT-
IR spectrometer from Agilent Technologies. The nuclear magnetic resonance (NMR) spectra
were obtained on a Unity Inova 500 spectrometer (Varian, Palo Alto, CA, USA) operating at
500 MHz for 'H at 25°C. The morphology of nanoporous films was analyzed by a field emis-
sion scanning electron microscopy (FE-SEM, Zeiss SUPRA 40 VP). Dielectric measurement
of the PI film was performed using an impedance analyzer HP 4380A at room temperature
air-atmosphere. Au electrode with about 50 nm thickness was sputtered on both side film sur-
faces to ensure a good electronic contact. The dielectric constant of the individual sample was
determined under applying a frequency of 1 MHz. Thermal analysis was conducted in air on
a Perkin-Elmer STA 6000 with a heating rate of 10°C min~! over temperature range, 30°C-
900°C. Spin-coating was carried out using an ACE-200 spin coater from Dongah Tech., Korea
and the film thickness was measured using a Dektak3 surface profiler from Vecco Instrument
Inc. The tensile properties of the PI films with the nanopores were evaluated using a univer-
sal testing machine (Lloyd LRX) at a crosshead speed of 5 mm min~' using the specimens
prepared according to the ASTM D-1822.
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Figure 1. FT-IR spectra of (a) PEG-MDI at in situ synthesizing and (b) PAA-b-PEG before imidazation and PI-b-
PEG after imidazation.

Results and discussion

FT-IR and NMR analysis

Figure 1 shows the FT-IR spectra to characterize the chemical structure of PEG-MDI, PAA-
b-PEG and PI-b-PEG. The chemical combination of PEG and 4,4’-diphenylmethane diiso-
cyanate (MDI) was confirmed by comparing the FT-IR spectrum of bulk PEG. The OH
peak of the PEG was decreased to approximately 3200-3600 cm ™!, as shown in Fig. 1(a).
The specific NH and OH peaks of PAA-b-PEG at approximately 3200-3600 cm™' dis-
appeared with thermally imidization ranging from 110°C to 210°C, as evidenced from
Fig. 1(b).

Figure 2 shows the detailed characteristic peaks of PAA-b-PEG, PI-b-PEG and nanoporous
PI. Strong peak around 1700 cm™' could be assigned to the carbonyl stretch of urethane
bond. The presence of C=0 peak at 1700 cm ™! indicated that hydrogen bonding was formed.
A characteristic peak of PI as C=0 symmetric stretching and the carbonyl peak of ure-
thane group could be overlapped at around 1700 cm™". As a result, absorption band around



MOLECULAR CRYSTALS AND LIQUID CRYSTALS e 77

4 1602 em™" (C=0 amide)
PAA-PEG

1714 em™!
(C=0 urethane, imide) - —i

<———1545 em™" (C-N-H stretch)|

Porous PI

Transmittance (arb, units)

1415 cm™1 (C-N umdc) —; 702 cm~1 (C 0] nmdc) >

2200 7000 ISOO I600 1400 I200 1000 800

Wavenumber (cm™)

Figure 2. FT-IR spectra of PAA-b-PEG before imidazation and PI-b- PEG after imidazation and nanoporous PI.

1700 cm ™! could not provide any difference between PAA-PEG and PI-PEG as shown in
Fig. 2. The presence and absence of the C-N-H stretching at 1545 cm™" before/after thermal
degradation of PEG blocks indicated the imidization of the PI-PEG film and the formation of
nanoporous PI film. The results suggest that PAA-b-PEG had been converted completely to
PI-b-PEG through thermal imidization.

Figure 3 shows the '"H NMR spectra of PI-b-PEG films prior to calcination at 300°C. The
characteristic proton peak at 7.9-8.5 ppm indicated the presence of a biphenyl structure. The
signals at 6.5-7.8 ppm were assigned to the diamine segment and the signals at 6 ppm were
attributed to the urea group. The methyl proton peaks of the PEG blocks were also observed
at 3.2 ppm. Some traces of residual solvent were detected in the range, 2.9-1.9 ppm.
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Figure 3. "H NMR spectrum of PI-b-PEG imidized ranging from 110°C to 210°C.
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Scheme 3. Micelle-structure of amphiphilic PAA-b-PEG.

Scanning electron microscopy (SEM)

As illustrated in Scheme 3, the hydrophilic PEG domains can form micellar corona that may
provide a protective surface between the hydrophobic PAA micellar core and the externally
hydrophilic DMAc solvent.

The existence of nanopores on the calcined PI films was confirmed by FE-SEM, as shown in
Fig. 4. PI films with uniform nanopores were formed successfully by thermal imidization and
degradation by a one-step calcination process of amphiphilic PAA-b-PEG copolymer, ranging
from 110°C to 300°C. The resulting pores were almost spherical in shape with a homogenous
distribution without any interconnections in the overall area of the PI films. The mean pore
size of the PI film containing 10 wt.% PEG was approximately 2 um in diameter and a 20 wt.%
block of PEG provided an average pore size of 800 nm. The pore size varied considerably with
the PEG contents and the average diameter of 30 wt.% PEG blocks was approximately 400 nm.
This indicates that the amount of PEG blocks in PAA-b-PEG was a key factor in controlling the
pore size. The formation of a much smaller pore size by the increase in PEG content in PAA-
b-PEG may explain the characteristics of the amphiphilic copolymer micelles, i.e., a lower

Figure 4. (a), (b), (c) Surface and (d), (e), (f) cross-sectional SEM images of porous Pl films formed by calcining
PEG blocks of (a), (d) 10 wt.%, (b), (e) 20 wt.% and (c), (f) 30 wt.%.
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Table 1. Mechanical properties of porous Pl films with different PEG blocks of 10, 20, and 30 wt. %.

PEG Films thikness Max. stress
contents (em) (MPa) Max. elongation(%)  T5%(°C) T10°(°C) Char yield® (%)
Bulk PI 4-5 184+ 4 83403 575 596 66.2
10 wt.% 4-5 181£5 81403 576 601 62.2
20 wt.% 4-5 155+4 6.1£03 574 594 60.1
30 wt.% 4-5 108 +£3 53+03 572 594 59.5
PEG — — — 310 332 0.8

aTemperature at which 5% weight loss was recorded by TGA.
bTemperature at which 10% weight loss was recorded by TGA.
“Residual weight retention when heated to 800°C in nitrogen.

hydrophobic component results in smaller micelles ]21,22]. In giving a fixed amount of PAA-
b-PEG copolymer, the decrease in the PAA to PEG ratio in polymer composition may explain
the decrease in the pore size of the PI film. Interestingly, a number of particles were observed
within the pores of a cross-section of the nanoporous PI films (Figs. 4(d) and (e)). These par-
ticles may have formed from the amphiphilic copolymer micelles. The outside (PEG segment)
of the amphiphilic copolymer micelles will decompose, whereas the inside (PI segment) will
not.

Mechanical properties

The mechanical properties of the PI films containing nanopores were evaluated using a stress—
strain (S-S) test as a function of the PEG content. Table 1 lists the mechanical properties of
the nanoporous PI films at approximately 4.5 m. Nanoporous PI films with low PEG con-
tents showed a larger elongation at break and were more flexible. When the content of PEG
blocks was increased from 10 to 30 wt.%, the maximum stress decreased and the average
Young’s modulus and ductility were relatively unchanged, as shown in Table 1. This suggests
that mechanical behavior of nanoporous PI films depends on the PEG content. The reduced
modulus can be explained by the film density [23] and grain boundary compliance ]24,25].
As the amount of PEG blocks increases, the grain boundaries may occupy a significant part of
the film [26], and may become elastically softer than the grain interior, resulting in a reduced
modulus ]27,28].

Dielectric constants and thermal analysis

Figure 5 and Table 2 present the dielectric constants of the nanoporous PI films as a function
of the PEG content. The dielectric constant decreased with increasing PEG content. The PI
film chemically embedded with 20 wt.% PEG blocks had a relatively low dielectric constant of
2.60 £ 0.09 compared to that of the bulk PI film. This was attributed to the incorporation of
pores into the PI by the thermal degradation of labile PEG blocks. The presence of nanopores
in a PI film could allow an increase in free volume, which has a dielectric constant of one. The
PI film with 30 wt.% PEG showed the lowest value of 2.38 £ 0.11. The nanoporous PI film
containing 10 wt.% PEG had a relatively high dielectric constant of 2.71 4 0.13.

Figure 6 shows the thermogravimetric analysis (TGA) curves to examine the thermal prop-
erties of PI-b-PEG films containing 10, 20 and 30 wt.% PEG blocks in air. The PAA-b-PEG
was converted to PI-b-PEG due to the imidization of PAA in the range, 110°C-210°C. A com-
parison of the decomposition profile of the bulk PT and PI-b-PEG with different PEG revealed
the bulk PI film to undergo one-step decomposition, whereas the nanoporous PI films
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Figure 5. Dielectric constants of bulk Pl and porous PI films with various weight percentages of PEG block.

100

80

60

40 |
—_— PLb-PEG 10W%
———  PLb-PEG 20w%
20 e PLB-PEG 30w%
PEG

Nanoporous Pl

Weight loss (%)

100 200 300 400 500 600 700 800
Temperature ("C)

Figure 6. TGA thermograms of PEG and porous Pl films prepared at different PEG contents of 10, 20 and
30 wt.% by one-step calcination process in the air.

underwent two-step decomposition. The first decomposition of the PEG blocks occurred
at around 290°C. The second decomposition of imide component began at approximately
570°C. The results suggest that heat treatment of the PI-b-PEG film, ranging from 280°C to
570°C, could lead to the thermal degradation of PEG blocks only, leaving nanoporous poly-
imide films. The increase in total weight loss was attributed to an increase in the PEG con-
tent of the PI-b-PEG film. Thermal degradation region of PEG blocks was not observed in
nanoporous PI. As a result, Fig. 6 shows that decomposition temperature of nanoporous PI
corresponds to that of PI-b-PEG.

Table 2. Dielectric constants of bulk Pl and porous Pl films formed by the calcination of various PEG contents.

PEG
contents Bulk PI 10 wt.% 20 wt.% 30 wt.%
Dielectric 3234+0.28 271+ 0.3 2.60 £+ 0.09 238+£0.1

constant
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Conclusions

Nanoporous PI films with a spherical shape and homogenous distribution were prepared
using PEG as a thermally labile block. The formed pore size could be controlled by changing
the PEG contents. The pore size decreased with increasing PEG content due to the charac-
teristics of amphiphilic PAA-b-PEG copolymer micelles. The decrease in the PEG blocks of
the PI film tended to show a low elastic modulus and more flexibility due to the relatively low
pore density. The tensile strengths of the nanoporous PI films decreased due to pore density
and grain boundary; however, their tensile strain increased accordingly. The dielectric con-
stant of the nanoporous PI films could be controlled by varying the amount of PEG block. The
nanopore size decreased with decreasing PEG content. The pore size could also be controlled
by the amount of the labile block embedded chemically in PAA-PEG.
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