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Abstract
Thermal insulating materials are of importance for efficient and effective use of heat energy. Porous organic foams are
widely employed for this purpose owing to their low thermal conductivity and mass productivity at low cost. However, the
poor thermal stability of organic polymers limits their availability within a low temperature range (typically, < 150 °C). In
this paper, we demonstrate the one-pot sol–gel synthesis of porous poly(amic acid) (PAA) xerogels and their conversion to
porous polyimide (PI) monoliths by thermal imidization. The PAA networks crosslinked with either aromatic or aliphatic
triamine and the bicontinuous porous morphology tailored via spinodal decomposition allow the evaporative drying at
ambient pressure to obtain low-density PAA xerogels without significant shrinkage. The aromatic crosslinker yields the
porous PI monoliths with higher porosity and flexible feature as compared with those prepared with the aliphatic triamine.
On the other hand, the porous PI monolith based on the aliphatic crosslinker possesses slightly higher thermal stability owing
to the stiffer mechanical property. The durability test results verify the porous PI thermal insulators are available in air at up
to ~450 °C for a short period and up to ~350 °C for a long term.
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Highlights
● Porous poly(amic acid) xerogels with bicontinuous morphology are fabricated via the phase separation method.
● Crosslinked polymer networks are synthesized by using either aromatic or aliphatic triamine crosslinker.
● Porous polyimide monoliths prepared with the aromatic crosslinker show the lower shrinkage during thermal imidization.
● The polyimide network crosslinked with the aliphatic triamine exhibits the higher thermal stability against shrinkage.
● The long-term durability test reveals the availability of the polyimide thermal insulators at up to 350 °C in air.

1 Introduction

Toward the achievement of a sustainable society, thermal
control in various situations is of great importance for saving
energy. In particular, thermal insulating can reduce loss of
heat energy to ambient and thereby energy consumption. In
general, highly porous materials show low thermal con-
ductivity owing to small contribution of heat transfer through
solid, which is much faster than that through gases (air) [1]. In
this context, aerogels with extremely high porosity are the
most promising materials as a thermal insulator. Indeed, the
nanoporous aerogels have excellent thermal insulating cap-
ability with fairly low thermal conductivity (<20mWm–1 K–1)
[1, 2], which is even lower than that of air (~26.4 mWm–1 K–1

at 27 °C) [3] by virtue of suppressing the heat conduction by
gas molecules within confined spaces smaller than their mean
free paths [1, 4]. Recently, rising attention have been given to
the aerogels derived from organic polymers in view of their
lower thermal conductivity in solid and higher mechanical
stability as compared to the inorganic counterparts. For
example, the conductivity of only 13mWm–1 K–1 was
reported for the first developed organic aerogel [5]. However,
there is a significant shortcoming for organic aerogels, which
is the low thermal stability; most of organic polymers are
pyrolyzed above ~200 °C in air, which limits their usage to
the low temperature range.

Polyimide (PI) shows exceptionally high thermal stability
among the organic polymers, which extends the applicable
temperature range of organic aerogel insulators up to ~500 °C
[6, 7]. Therefore, a great deal of effort has been devoted to
developing PI aerogels to date [8–25]. Nevertheless, the prac-
tical use of PI aerogels is still challenging because of the high
production cost and the limitation of producible size dominated
by the size of a compression chamber for supercritical drying
[26, 27]. Hence, it is desirable to develop a synthetic pathway
of porous PI monoliths without any special drying processes.
To this end, rational design for the crosslinked polymer net-
works as well as the porous morphology is required so as to
minimize the shrinkage due to surface tension during eva-
porative drying at ambient pressure.

Linear PI chains are prepared via the imidization of poly
(amic acid) (PAA) precursors which are synthesized by the

polymerization between dianhydrides and diamines. In
order to obtain three-dimensionally (3D) crosslinked PI
networks, amine-based crosslinkers bearing three or more
functional groups for hyperbranching is required [7, 28].
Alternatively, triisocyanates [15, 21] and tricarbonyl
chlorides [17, 20, 21] can be utilized as well, though they
need careful handling due to the high reactivity. Regarding
the porous morphology with mechanical robustness for
suppressing shrinkage during evaporative drying, 3D
interconnected macropore frameworks are beneficial [29].
The preceding studies have revealed that various cross-
linked polymer resins with such macroporous structures can
be fabricated by the phase separation method, where the so-
called bicontinuous morphology formed on the course of
spinodal decomposition is fixed by gelation in the indivi-
dual polymerizing systems [29–35].

In this study, we have prepared porous PI monoliths with
bicontinuous morphology aiming at developing thermal
insulators usable in a relatively high temperature range. The
porous PAA precursors were fabricated using either aro-
matic or aliphatic triamine crosslinker via the phase
separation strategy and the evaporative drying process. The
PAA and PI samples derived from the different crosslinkers
were compared in terms of the gelation and imidization
behavior, pore property, mechanical strength, and thermal
conductivity as well as stability. The findings obtained by
the present study provide a guideline for producing porous
PI monoliths and disclose their applicability as a thermal
insulator at elevated temperatures in air.

2 Experimental procedure

2.1 Chemicals

Pyromellitic dianhydride (PMDA), 4,4’-oxydianiline
(ODA), 3,4,4’-triaminodiphenyl ether (TADPE) and tris(2-
aminoethyl)amine (TAEA) were purchased from Tokyo
Chemical Industry Co., Ltd. Poly(ethylene oxide) (PEO,
MW= 1 000 000) and N,N-dimethylacetamide (DMA) were
obtained from Sigma-Aldrich Co. and Kishida Chemical
Co., Ltd., respectively. All reagents were used as received.
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2.2 Sample preparation

The molar ratio of [PMDA]:[ODA]:[TADPE or TAEA] was
set as 1:1–3x/2:x, premising the ideal reaction between an acid
anhydride and an amino group to yield a poly(amic acid)
(PAA) network. The starting compositions of the samples
prepared in this study are listed in Table 1. In a typical
synthesis, the acid anhydride (PMDA), the amines (ODA &
TADPE or ODA & TAEA) and the phase separation inducer
(PEO) were dissolved in DMA at 120 °C, respectively, to
obtain three solutions (one-third of the total volume of DMA
was added to each solution). Then, the solution of PMDA was
added to that of PEO, followed by adding the solution of
amines. Thus obtained homogeneous solution was subse-
quently kept at 120 °C for 24 h for gelation and aging. Note
that, in the case with the TADPE crosslinker, the mixed sol
soon underwent gelation once, and gradually turn to sol again.
The second gelation gave rise to a crosslinked gel. The wet
gels were washed with 2-propanol and dried at 60 °C to obtain
the PAA xerogels. The imidization of PAA xerogels was
performed by the thermal treatment at 300 °C for 2 h in air
(heating rate: 5 °C min–1).

2.3 Characterization

Microscopic observation of the samples was conducted with
a scanning electron microscope (SEM; JSM-6060S, JEOL).
The thermogravimetry (TG) and differential thermal ana-
lysis (DTA) measurements were performed by Thermo plus
TG 8120 (Rigaku Corp.) at a heating rate of 5 °C min−1

while continuously supplying air at a rate of 100 mLmin−1.
The Fourier-transform infrared (FT-IR) spectra of the
samples were obtained using an FT-IR spectrometer
equipped with an attenuated total reflectance (ATR) module
with a diamond prism as the waveguide (IRTracer-100,
Shimadzu Co., Japan). Wide-angle X-ray scattering
(WAXS) measurements were carried out for the ground
samples on an X-ray diffractometer (Aeris; Malvern Pana-
lytical Ltd.) using Cu Kα radiation (λ= 1.5404 Å). N2

sorption measurements (Belsorp mini II, Bel Japan Inc.)
were performed at 77 K to investigate the micro- and

mesoporous properties. The PAA and PI samples were
degassed under vacuum at 100 and 200 °C, respectively,
before the measurements. Uniaxial compression tests were
carried out on the porous PI monoliths with a material tester
(EZGraph, Shimadzu Corp.), while thermal conductivity
was measured under ambient pressure with a transient heat
flow meter (HFM 446 Lambda Small, Netzsch GmbH). As
regards the thermal durability tests, the porous PI monoliths
were held in an electric furnace under air atmosphere at
varied temperatures for different duration, and the weight
and dimension of the heat-treated samples were recorded.

3 Results and discussion

The monomer reagents to synthesize crosslinked PAA
networks in this study are displayed in Fig. 1. The poly-
condensation of PMDA and ODA yields a linear PAA
polymer, which is a common precursor of PI. The sub-
stitution of aromatic (TADPE) [28] or aliphatic triamine
(TAEA) [23, 24] for ODA provides a three-dimensionally
(3D) crosslinked network. It was found that gelation did not
occur with the thorough substitution while the relatively
low substitution ratios tended to give a rigid gel in both
triamine systems.

Fig. 1 Chemical structures of the monomer species to obtain cross-
linked PAA networks

Table 1 Starting compositions of the samples

PMDA/mmol ODA/mmol TADPE/mmol TAEA/mmol PEO/mg DMA/mL

TADPE-crosslinked sample (DMA-4.8 mL)a 3.0 2.25 0.50 – 0–42 4.8

TADPE-crosslinked sample (DMA-9.0 mL)b 3.0 1.95 0.70 – 42–54 9.0

TAEA-crosslinked sample (DMA-9.0 mL)c 3.0 2.33 – 0.45 24–84 9.0

The molar ratio of [PMDA]:[ODA]:[TADPE or TAEA] was set as 1:1–3x/2:x, while the amount of PEO was varied
ax= 0.167
bx= 0.233
cx= 0.15

528 Journal of Sol-Gel Science and Technology (2022) 104:526–535



3.1 Porous PAA xerogels with TADPE crosslinker

Figure 2a shows the microscopic morphologies of the
samples prepared with the molar ratio of PMDA:ODA:
TADPE= 1:0.75:0.167 (x= 0.167). Without addition of
PEO, the wet gel was subjected to the large shrinkage
during drying, resulting in the xerogels with no macro-
porous structure. On the other hand, the wet gels with PEO
had an opaque and brown appearance as a result of phase
separation. The bicontinuous macroporous morphologies
were observed in the samples with WPEO= 24–36 mg. As
verified in Fig. 2b, the bulk density took the minimum value
of 0.28 g cm–3 at WPEO= 36 mg, where the volumetric
shrinkage during drying was ca. 39%.

This result indicates that PEO (MW= 1 000 000) can
induce the spinodal decomposition in this sol–gel system of
PAA [30–35]. It should be mentioned that PEO with the
smaller molecular weight (MW= 100 000) also evoked
phase separation while the resultant samples showed no
clear bicontinuous structure but particle aggregate-like
morphology (see Fig. S1). The similar tendency where
PEO with the higher molecular weight is more effective to
induce spinodal decomposition forming the bicontinuous
morphology was found in the methacrylate-based gels
prepared by the controlled/living radical polymerization
[34].

For the purpose of obtaining PAA xerogels with
enhanced porosity, the samples were prepared with
increased volume of solvent. When the volume of DMA
was increased from 4.8 mL to 9.0 mL, the gelation time was
prolonged from ~120 min to ~300 min. In the diluted sys-
tem, it was found that the monomer molar ratio of PMDA:
ODA:TADPE= 1:0.65:0.233 (x= 0.233) was favorable for
preparing the porous xerogel with suppressed shrinkage
during drying. Figure 3 shows the macroporous structures
of the PAA xerogels bearing the bicontinuous structures.
The appearance of the representative sample is also given.
The macroporous structure became coarser as the amount of
PEO increased. The volumetric shrinkage during drying
was estimated as 51–54%, while the bulk density was
reduced down to 0.21 g cm–3 at WPEO= 48 mg.

3.2 Porous PAA xerogels with TAEA crosslinker

As with the investigation of PAA prepared with TADPE,
the relationship between the starting composition and the
microscopic morphology was explored in the case of
TAEA. The samples were synthesized with the fixed
amount of PEO (WPEO= 60 mg) and DMA (9.0 mL) while
the amount of the crosslinker (x) was varied (Fig. S2).
Similarly to the abovementioned PAA prepared with
TADPE, the relatively small amounts of TAEA are favor-
able for obtaining porous xerogels. It should be noted that
the sol with x= 0.20–0.40 formed precipitates prior to
gelation resulting in the heterogeneous gels. The amount of
precipitates was found to increase as that of TAEA was
increased. On the other hand, the TAEA amount of x=
0.05–0.15 allowed for the homogeneous gelation. As shown
in Fig. S2, the addition of PEO can bring about the phase

Fig. 2 Variation of (a)
macroporous morphology and
(b) bulk density for the TADPE-
crosslinked PAA xerogels
(x= 0.167; 4.8 mL of DMA)
prepared with varied amounts of
PEO (WPEO)

Fig. 3 a Appearance and (b–d) bicontinuous structures of the TADPE-
crosslinked PAA xerogels (x= 0.233; 9.0 mL of DMA) prepared with
varied amounts of PEO: b WPEO= 42 mg, c WPEO= 48 mg, d WPEO=
54 mg
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separation in the sol–gel system and the xerogels with
bicontinuous morphology were obtained. It is worth men-
tioning that the gelation time became longer with increasing
the amount of TAEA: ~280 min (x= 0.05), ~320 min (x=
0.10), and ~360 min (x= 0.15). Meanwhile, the PAA xer-
ogel prepared with x= 0.05 had the low bulk density of
0.16 g cm–3 owing to the small volumetric shrinkage during
drying (ca. 22%), while the samples with x= 0.10 and
0.15 showed the larger shrinkage of 51 and 60%, respec-
tively, resulting in the higher bulk density (0.26 g cm–3 and
0.27 g cm–3). However, the PAA xerogel prepared with x=
0.05 was very brittle and hardly shaped into a specific form.
Accordingly, it was revealed that the TAEA amount of
x= 0.10–0.15 is suitable to prepare porous PAA gels.

The morphological variation of the PAA xerogels (x=
0.15) with varied amounts of PEO are shown in Fig. 4a. The
bulk density values of the samples are plotted as a funtion of
the amount of PEO (WPEO) in Fig. 4b. Similarly to the
TADPE-based system described above, the PAA xerogels
with bicontinuous macroporous structure were obtained when
WPEO was 48mg and 60mg. The xerogels prepared with the
smaller amounts of PEO (WPEO= 24–36mg) incurred
remarkably large shrinkage (~90% in volume) resulting in the
dense samples with no macroporosity, whereas those with the
larger amounts (WPEO= 72–84mg) showed the particle
aggregate morphology. These samples has the bulk density
similar to the PAA xerogels with bicontinuous structure, but
more fragile mechanical property.

3.3 Conversion to porous PI monoliths

Hereinafter, we focus on the representative specimen with
bicontinuous structure for each system. The imidization of
PAA into PI is allowed by either chemical converstion or
thermal treatment [36–38]. In this study, the latter pathway
was employed for imidization; the PAA xerogels were
simply heated in air. Figure 5a shows the TG-DTA curves
of the PAA xerogels prepared with TADPE and TAEA
crosslinkers. The profile of the TADPE-crosslinked sample
shows the weight loss (ca. 6.8 wt.%) around 300 °C along
with a small exothermic signal, which is indicative of the

imidization along with crystallization [39]. The sharp
weight loss together with a clear exothermic peak around
600 °C is attributable to the combustion of the sample. Con-
cerning the TAEA-crosslinked sample, the weight loss arising
from the imidization is observed in the temperature range
similar to the TADPE-crosslinked sample. However, it appears
that the weight loss overlaps with the gradual weight decrease.
It indicates that the TAEA-crosslinked PAA network was
subjected to the thermal degradation before the combustion
starting at ~500 °C. It is speculated that aliphatic portions in
the TAEA-crosslinked networks, which are more susceptible
to the oxidative reaction than the aromatic moieties, are
responsible for the gradual weight loss. Difference of thermal
stability depending on the triamine crosslinker is to be dis-
cussed in more detail hereinafter.

Based on the TG-DTA results, the thermal imidization
was performed at 300 °C in this study so as to minimize
damage on the PI networks. In both samples, the color turn
darker after the thermal treatment. Figure 5b demonstrates
the FT-IR spectra of the samples before and after the ther-
mal treatment. In both cases, the as-dried and heated sam-
ples exhibited the similar profiles: the characteristic
absorption bands indexed to the imide ring, e.g. 1774 cm–1

(C=O in-phase stretching), 1375 cm–1 (C–N stretching) and
723 cm–1 (C=O bending) can be detected even in the
spectra of as-dried samples [40, 41]. It indicates that the
partial imidization took place during aging in DMA solvent
at 120 °C [36]. This is compatible with the TG result that
the weight loss for the imidization in the TADPE-
crosslinked sample was smaller than the calculated value
based on the premise of full conversion from PAA to PI in
the PMDA and ODA system (8.6 wt.%). The small
absorption bands at 1624 cm–1 and 1545 cm–1, which are
attributed to the C=O stretch and CNH bend-stretch of the
amide linkage, respectively [40, 41], disappeared in the
spectra of heat-treated samples. This change in the FT-IR
profile confirms that the thermal treatment allowed for the
conversion to PI.

Variation of the xerogels during thermal imidization was
also pursued by WAXS (Fig. 5c). It is noteworthy that not
only the heat-treated samples but also the as-dried xerogels

Fig. 4 Variation of (a)
macroporous morphology and
(b) bulk density for the TAEA-
crosslinked PAA xerogels
(x= 0.15; 9.0 mL of DMA)
prepared with varied amounts of
PEO (WPEO)
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exhibited the crystalline scattering in both TADPE- and
TAEA-based systems. Although not identical, all the
WAXS profiles are reminiscent of that of the crystalline
PMDA-ODA polyimide [42–46]. The diffraction peak at
5.4 ° corresponding to the d spacing of 16.3 Å is attributed
to the repeat unit along the molecular chain of the pseudo-
orthorhombic PMDA-ODA polyimide (002 reflection). The
bumps positioned at ~14 °, ~22 ° and 26 ° are indexed to the
101, 010 and 111 reflections, respectively [45, 46]. This
result is in good agreement with the FT-IR spectra in Fig.
5b implying the presence of imide groups in the as-dried
samples. The diffraction intensity was augmented by the
thermal treatment in both cases, confirming the increase of
crystallinity. In addition, though the peak position of the
002 reflection remained unchanged, the peak shifts were
observed for the other reflections in the heat-treated sam-
ples, which indicates the slight change of the lateral chain
packing.

The thermal imidization of the PAA xerogels was
accompanied by the shrinkage, resulting in the increase of
bulk density (see Table 2). The TAEA-crosslinked speci-
mens were inclined to undergo larger shrinkage (volumetric
shrinkage of ~38%) by the thermal treatment at 300 °C
compared with the TADPE-crosslinked xerogels (~27%).
Consequently, the bulk density of the TAEA-crosslinked
monolith was 0.39 g cm−3, whereas that of the TADPE-
crosslinked sample was kept as low as 0.24 g cm−3. In both
cases, however, the crack-free monolithic appearance as
well as the bicontinuous macroporous morphology
remained almost unchanged as signified in Fig. 6a, b. On
the other hand, as manifested by the N2 physisorption
results (Fig. 6c, d), the smaller pores residing in the mac-
ropore framework of the PAA xerogels were considerably

decreased by the heat treatment in both TADPE- and
TAEA-crosslinked samples. As a result, the specific surface
area dropped from 140–160 to 12–14 m2 g–1.

3.4 Mechanical and thermal properties of porous PI
monoliths

The mechanical properties of the porous PI monoliths were
investigated by the uniaxial compression test, and the stress-
strain curves are shown in Fig. 7a. The TAEA-crosslinked
PI monolith showed the relatively stiff nature with the
Young’s modulus of 34MPa, being fractured at < 5%
strain. By contrast, the TADPE-crosslinked PI monolith
showed more flexible behavior; although some small cracks
formed, the monolith was compressible to 30% strain (Fig.

Table 2 Pore properties of the samples calcined at different
temperatures

SBET
a/m2 g−1 Vp

b/cm3 g−1 ρbulk
c/g cm−3 Porosityd/%

PAA-TADPE 140 0.33 0.21 85

PI-TADPE 12 0.056 0.24 83

PAA-TAEA 160 0.37 0.27 81

PI-TAEA 14 0.034 0.39 73

The TADPE-crosslinked samples (PAA-TADPE and PI-TADPE) were
prepared with the starting composition of DMA-9.0 mL, x= 0.233 and
WPEO= 48 mg, while the TAEA-crosslinked samples (PAA-TAEA
and PI-TAEA) were prepared with that of DMA-9.0 mL, x= 0.15 and
WPEO= 60 mg
aSpecific surface area obtained by the BET method
bMicro- and mesopore volume obtained by N2 adsorption isotherms at
p/p0= 0.99
cBulk density calculated as [weight]/[bulk volume]
dCalculated as 100 × (1–[bulk density]/[true density])

Fig. 5 a TG-DTA profiles in air for the TADPE- and TAEA-
crosslinked PAA xerogels. b FT-IR spectra. c XRD patterns of the
porous PAA and PI monoliths prepared with TADPE and TAEA
crosslinkers. The magnified FT-IR profiles are also given in (b), where

the orange broken lines denote the signals stemming from the amide
linkage in PAA networks (C=O stretch at 1624 cm–1 and CNH bend-
stretch at 1545 cm–1). The illustration in (c) signifies the repeat unit of
the PMDA-ODA polyimide corresponding to the XRD peak at 5.4 °
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7b). After removing the compressive stress, the monolith
was recorvered to some extent, leaving the residual strain of
~8.5%. The Young’s modulus was estimated as 7.7 MPa for
the TADPE-crosslinked sample.

The thermal conductivity of the porous PI monoliths
was measured by means of the heat flow method com-
bining twelve PI panels (Fig. 8a). The thermal con-
ductivity at room temperature (25 °C) was evaluated as
46 mWm–1 K–1 and 52 mWm–1 K–1 for the TADPE- and
TAEA-crosslinked PI monoliths, respectively. These
values are on par with those of the commercial organic
insulators like polyurethane and polystyrene foams
(typically, 40–50 mWm–1 K–1 at 25 °C) [25]. Figure 8b
exhibits the temperature dependence of thermal con-
ductivity. For both samples, the thermal conductivity
shows a linear relationship with the temperature. The

increase rate was slightly higher for the TADPE-
crosslinked monolith, which however showed the lower
conductivity and thereby the better heat insulating cap-
ability in the measured temperature range (0–70 °C). This
is probably because of the lower bulk density for the
TADPE-crosslinked sample (Table 2).

For the purpose of corroborating the thermal stability of the
PI monoliths, the degradation upon heating in air was exam-
ined in terms of the change in bulk density and the volumetric
shrinkage. Each porous PI sample was exposed to the heat-
treatment in air at 350, 400, 450 and 480 °C with the duration
of 1 h in sequence. The results are summarized in Fig. 8c. As
already mentioned, the TAEA-crosslinked PAA xerogel
shrank to the greater extent by the thermal imidization,
resulting in the large increase of bulk density. On the other
hand, the volume change ratio upon the heat-treatment was

Fig. 6 a, b Appearances (inset)
and SEM images of the porous
PI monoliths prepared with (a)
TADPE and (b) TAEA. c N2

adsorption-desorption isotherms
and (d) the correspondent
mesopore size distributions
obtained by the BJH method for
the porous PAA and PI
monoliths prepared with
TADPE and TAEA crosslinkers

Fig. 7 a Representative stress-
strain curves upon uniaxial
pressing of the TADPE- and
TAEA-crosslinked PI monoliths.
b Digital images showing the
difference in compressive
behavior between the TADPE-
and TAEA-crosslinked PI
monoliths
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found to be almost the same for the two PI samples up to
450 °C. The porous PI monoliths shrank simultaneously with
the weight decrease to the similar extent, resulting in the small
change in bulk density. The clear degradation was observed
for the PI monoliths after the heat-treatment at 480 °C. The
samples considerably shrank associated with the color change
to dark brown. In addition, the sample weight was also dra-
matically decreased to ~14 and ~36%, for the TADPE- and
TAEA-crosslinked monoliths, respectively. In this sence, the
pyrolysis took place more slowly on the TAEA-crosslinked
sample. Both samples were completely burnt out after heat-
treatment at 500 °C for 1 h.

The durability of the porous PI monoliths was also
explored by the long-term duration test. Both PI monoliths
were completely spoiled with the large weight loss after the
treatment at 450 °C for 6 h. When holding the samples at
400 °C, 62 and 31% of volume shrinakge were detected
after 24 h for the TADPE- and TAEA-crosslinked PI
monoliths, respectively. The volume change of the porous
PI monoliths in heating at 350 °C as a function of duration
time is plotted in Fig. 8d. As is the case with the short-term
stability test (Fig. 8c), the volume change ratios were
similar to the weight change, and therefore, the bulk density
remained almost constant for both porous PI monoliths.

Fig. 8 a Appearance of the
porous PI panel for the thermal
conductivity test. b Thermal
conductivity values plotted as a
function of temperature for the
porous PI monoliths. The lines
are drawn by the least-squares
method. c Variation of bulk
density and volume by the heat-
treatment at elevated
temperatures for 1 h in air for the
TADPE- and TAEA-crosslinked
samples. d Volume change in
heating at 350 °C in air for the
TADPE- and TAEA-crosslinked
samples. e Digital images of the
TADPE- and TAEA-crosslinked
PI monoliths before and after the
durability test (350 °C; 168 h)
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Both samples continuously shrank with time, while the
larger shrinkage was imposed on the TADPE-crosslinked PI
monolith; the TAEA-crosslinked sample exhibited higher
durability with ca. 27% volume shrinkage after heating at
350 °C for 168 h (see also Fig. 8e). It is deduced that the
stiffer mechanical property with higher Young’s modulus,
as shown in Fig. 7a, accounts for the suppressed shrinkage
for the TAEA-crosslinked PI monolith.

4 Conclusion

Porous PAA xerogels with bicontinuous morphology have
been successfully fabricated by the sol–gel process accom-
panied by phase separation. Two triamine crosslinkers, aro-
matic TADPE and aliphatic TAEA, were employed to form
robust 3D-crosslinked polymer networks that allow the eva-
porative drying at ambient pressure. In both cases, the rela-
tively small amount of triamine was found to be favorable for
homogeneous gelation as well as suppression of shrinkage
during drying, and the addition of PEO induced the spinodal
decomposition giving rise to the 3D-interconnected macro-
porous structures. The macropore skeletons involved well-
defined mesopores, resulting in the hierarchically porous PAA
xerogels. It was also revealed that both TADPE- and TAEA-
crosslinked PAA networks were partially crystallized to PI
during the aging process at 120 °C.

The thermal imidization of the PAA xerogels provided the
porous PI monoliths with preserved macroporous structure and
enhanced crystallinity. On the other hand, the skeletal pores
were largely decreased due to the shrinkage. The TAEA-
crosslinked sample was subjected to the larger shrinkage than
the TADPE-crosslinked counterpart. The TAEA-crosslinked
PI monolith showed the stiffer mechanical property being
fractured by the small uniaxial deformation, whereas the
TADPE-crosslinked sample exhibited more flexible behavior
against compression. Concerning the thermal properties, the
TADPE-crosslinked PI monolith was imbued with the better
thermal insulating capability owing to the lower bulk density
and thereby higher porosity, while the TAEA-crosslinked one
exhibited slightly higher thermal stability in air presumably
because of the stiffer mechanical property. The thermal sta-
bility tests verified that the porous PI monoliths can be used as
a thermal insulator at up to 350 °C in air considering the long-
term duration, though they withstood the treatment at 450 °C
for a short period (~1 h).
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