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Abstract: In this study, mesoporous polyimide aerogels with carboxyl were successfully synthe-
sized by the co-polymerization method at room temperature from pyromellitic dianhydride and
1,3,5-triaminophenoxybenzene, 3,5-diaminobenzoic acid, and 2,2′-dimethyl-4,4′-diaminobiphenyl.
Compared to previously reported porous organic polymer materials, this aerogel has the advantage
of a simple and efficient synthesis method. The thermal decomposition temperatures of the obtained
polyimide aerogels are all above 400 ◦C and have excellent thermal stability. Among them, the largest
specific surface area is 62.03 m2/g. Although the surface area of this aerogel is not large enough, it
has considerable CO2 adsorption properties. The adsorption capacity of CO2 is up to 11.9 cm3/g,
which is comparable to those of previously reported porous materials. The high CO2 adsorption is
attributed to the abundance of carboxyl groups in the polyimide networks. The mild and convenient
synthesis method and high CO2 adsorption capacity indicate that the polyimide aerogel with carboxyl
is suitable as a good candidate material for CO2 adsorption.

Keywords: polyimide aerogels; CO2 adsorption; carboxyl groups; mesoporous

1. Introduction

Carbon dioxide is considered the main cause of the greenhouse effect. The excessive
emissions of CO2 are not only contributing to global warming, but also to rising sea
levels. In order to solve this environmental problem, scientists have conducted a great
deal of research. In recent years, the development of porous organic polymer materials
based on CO2 adsorption, such as metal organic frameworks (MOFs) [1–4], covalent
organic frameworks (COFs) [5–8], conjugated microporous polymers (CMPs) [9–12], etc.,
has received considerable attention. Although these porous materials have high CO2
adsorption properties, their synthesis process is extremely complicated and the reaction
conditions are harsh, making it difficult to achieve large-scale production and application.
Therefore, it is highly desirable to develop efficient, low-cost, and recyclable solid sorbent
materials for CO2 capture.

Aerogel is an ultra-light porous organic material with low density, high surface area, a
low dielectric constant, and low thermal conductivity [13,14]. Due to its superior perfor-
mance, it has attracted intense interest and has been widely applied to thermal insulation,
acoustic insulation [15], electrodes for lithium-ion batteries [16,17], and catalysis [18]. By
supercritical fluid extraction or freeze-drying, aerogel can be efficiently obtained to main-
tain the porosity of the solid network structure. Among various aerogels, silica aerogel [19]
is the most well-known and extensively studied since it was first synthesized in the 1930s.
It demonstrates excellent thermal insulation performance and has been utilized in the
aerospace field for collecting comet dust particles in the NASA Stardust Mission and as
insulation materials for the batteries and electronics on the Mars Rover [20]. Despite silica
aerogel being a promising material, its applications are restricted by its poor mechanical
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properties and fragile nature [21]. Hence, numerous studies have been conducted to im-
prove its mechanical properties via modification. Experimental results suggest that reacting
oligomers such as melamine-formaldehyde [22], epoxy [23], styrene [24], and cellulose [25]
with function groups (hydroxyl, amine or vinyl) on the silica surface can greatly improve
the mechanical properties of silica aerogels and consistently endow them with several
characteristics such as super-hydrophobicity, adsorptivity, and flexibility. Nevertheless, the
use temperature of these polymer-reinforced silica aerogels is usually below 200 ◦C, which
indicates that the materials have relatively weak thermal stability.

Organic polymer aerogels are solid porous materials that have been developed rela-
tively rapidly in recent years, especially polyimide aerogels. Polyimide aerogels having
high porosity, low thermal conductivity, flexibility, and low density have become a popular
research topic in the field of polyimide materials. Although the specific surface area of
polyimide aerogels is not as high as that of previously reported microporous materials, they
have the advantages of a facile synthesis method, short reaction time, safe operation process,
and of being environmentally friendly. In the past few years, polyimide aerogels have been
successfully fabricated through crosslinking amine-terminated or anhydride-terminated
polyimide wet gels, and dried by supercritical CO2 drying [26,27] or the freeze-drying [28]
process. Meador et al. [29], from the NASA Glenn Research Center, systematically investi-
gated the preparation of polyimide aerogels crosslinked with 1,3,5-triaminophenoxybenze
(TAB) and1,3,5-benzenetricarbonyl trichloride (BTC), separately. Shen et al. [30,31] fabri-
cated a low dielectric constant polyimide aerogel that used oct(aminophenyl) silsesquioxane
(OAPS) as the crosslinking agent and a highly thermally resistant and flexible polyimide
aerogels crosslinked with 2,4,6-tris(4-aminophenyl)pyridine (TAPP). Superior nanoporous
polyimide aerogels crosslinked with 1,3,5-tris(aminophenyl)benzene (TAPB) were prepared
by Kawagishi et al. [26]. Nguyen et al. [32] synthesized polyimide aerogels crosslinked
with triisocyanates in one step at room temperature. In addition to different crosslinking
agents, different structures of polyimide aerogels have been reported in the literature.
Chen et al. [33] synthesized polyimide aerogels with carboxylic functionalization for CO2
capture. Moisture-resistant polyimide aerogels containing propylene oxide links were
reportedin the backbone by Meador [34]. Guo [35] researched flexible polyimide aerogels
with dodecane links. Wang [36] synthesized polyimide aerogels containing benzimida-
zole structures for oil–water separation. Cashman [37] synthesized flexible polyimide
aerogels with neopentyl spacers in the backbone. Pantoja [38] synthesized polyimide
aerogels containingaliphatic spacers in the polymer backbone. Therefore, it is highly valu-
able to design monomers with different molecular structures in the polymer backbone,
which can endow polyimide aerogels with the appropriate functions to meet the needs of
practical applications.

In this study, we successfully synthesized mesoporous polyimide aerogels with car-
boxyl from 2,2′-dimethyl-4,4′-diaminobiphenyl; 3,5-diaminobenzoic acid; pyromellitic
dianhydride; 1,3,5-triaminophenoxybenzene. The repeat unit (n) is found to be 60 by using
a ratio of n diamine units to (n + 1) dianhydride units to fabricate the oligomers. Using
pyridine/acetic anhydride to catalyze imidization, polyimide wet gels are obtained by sol-
vent exchange. Polyimide aerogel monoliths are acquired by supercritical CO2 drying. The
microstructure and porous structure, as well as the morphology and the thermal stability of
the aerogels is intensively investigated. Concurrently, we also examine the CO2 adsorption
properties of polyimide aerogels with the carboxyl group.

2. Materials and Methods
2.1. Materials

1,3,5-tris(4-aminophenoxy)benzene (TAB) was synthesized according to the litera-
ture [39]. 2,2′-dimethyl-4,4′-diaminobiphenyl (DMBZ, CAS: 84-67-3), 3,5-diaminobenzoicacid
(DABA, CAS: 535-87-5) and pyromellitic dianhydride (PMDA, CAS: 89-32-7) were ob-
tained from Energy Chemical (Sarn Chemical Technology Co., Ltd., Shanghai, China).
Grade N-methyl-2-pyrrolidinone (NMP, CAS: 872-50-4), grade pyridine (CAS: 110-86-1)
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and anhydrous ethanol were purchased from Sigma-Aldrich (Sigma Aldrich, Shanghai, China).
Anhydrousacetic anhydride (Ac2O, CAS: 108-24-7) was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Sinopharm Chemical Reagent, Shanghai, China). All chemical reagents
were used without further purification.

2.2. Preparation of TAB Cross-Linked Polyimide Aerogels

Polyimide aerogels were prepared according to a modified protocol [40,41], and
the procedure is shown in Scheme 1. Generally, polyimide aerogels are prepared from
thepolyamic acid (PAA) oligomers end-capped by anhydride, crosslinked with cross-linking
agent, and imidized using pyridine and acetic anhydride as the catalysts. In this work,
the PAA oligomers were synthesized by reacting ndiamine (various DMBZ/DABA molar
ratios) with (n + 1) dianhydride (PMDA) in NMP solvent, where n (n = 60) was the repeat
units in the polyimide backbone, and the total weight of PAA oligomers in solution was
formulated to be10 wt% in all cases. Asan example, the preparation of a polyimide aerogel
with a DMBZ/DABA molar ratio of 50/50 was as follows: At low temperatures (0–10 ◦C),
DABA (0.7608 g, 5 mmol) and 34 mL of NMP were added separately to a 100 mL one-
necked flask equipped with a magnetic stirrer. After the diamine was completely dissolved,
PMDA (2.2175 g, 10.16642 mmol) was added slowly to the above solution. The mixture
was stirred until all the PMDA was dissolved, then DMBZ (1.0615 g, 5 mmol) was added.
The solution was stirred until uniform, then a solution of TAB (0.0444 g, 0.1112 mmol) in
1 mL of NMP was added. The resulting solution was stirred continually for 10 min at
room temperature, after which acetic anhydride (7.64 mL, 81.3312 mmol) and then pyridine
(6.55 mL, 81.3312 mmol) were added. The solution was stirred vigorously for 5 min and
poured into a cylindrical mold immediately. Gelation took place within 15 min. The gel
was aged in the mold for one day. The solvent within the gel was then gradually exchanged
to ethanol in 24 h intervals starting with 75% NMP in ethanol, followed by 50% NMP in
ethanol, followed by 25% NMP in ethanol, and finally 100% ethanol. The ethanol was
removed from the gel by supercritical CO2 extraction under 10 MPa at 50 ◦C followed by
vacuum drying at 80 ◦C for 12 h to obtain polyimide aerogels.

Scheme 1. Synthesis route of polyimide aerogels with carboxyl.
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2.3. Characterization

Attenuated total reflectance infrared spectroscopy (ATR-FTIR) of polyimide aerogels
was performed on a Nicolet 8700 spectroscope (Thermo Fisher Scientific, Boston, MA, USA)
with the range of 4000–400 cm−1 by averaging 32 scans. Fourier transform infrared (FTIR)
spectra of polyimide aerogels and monomers were recorded using a Nicolet 8700 spectro-
scope with the range of 4000–400 cm−1 by averaging 32 scans. Samples were prepared by
dispersing the complexes in KBr to form disks. X-ray photoelectron spectroscopy (XPS)
analysis was performed on a Thermo Fisher K-Alpha (Thermo Fisher Scientific, Boston,
MA, USA) employing an Al Kα (1486.68 eV) X-ray source equipped with a hemispherical
analyzer. The microstructure of the polyimide aerogels was observed using field-emission
scanning electron microscopy (FE-SEM) with a JSM-7610F Plus (HITACHI, Tokyo, Japan).
Before measurement, the samples were bonded to conductive adhesive tapeto facilitate
conduction. Surface area and pore volume analyses were performed on a BSD-PS1/2/4
analyzer (Bei Shi De, Beijing, China). Prior to measurements, the samples were degassed
at 120 ◦C under high vacuum overnight. Adsorption and desorption isotherms of nitro-
gen were measured at −196.15 ◦C from 0 to 1.0 bar. The Brunauer–Emmett–Teller (BET)
method was used to calculate the specific surface of thepolyimide aerogels. The pore size
distribution was derived from Barret–Joyner–Halenda (BJH). Carbon dioxide adsorption
isotherms were measured at 0 ◦C from 0 to 1.0 bar. Thermalgravimetric analysis (TGA)
curves were recorded on a Q500 (TA Instruments, Newcastle, CA, USA) thermal analyzer
by heating the samples (~10 mg) up to 800 ◦C with a ramping rate of 10 ◦C/min−1 under
nitrogen flow.

3. Results and Discussion
3.1. Synthesis of Polyimide Aerogels and Characterization

As shown in Scheme 1, using NMP as a solvent, pyridine/Ac2O as a catalyst, and
TAB as a crosslinker, polyimide aerogels with carboxyl were successfully prepared
from PMDA and DMBZ/DABA by the co-polymerization method at room temperature.
The molar ratios of DMBZ/DABA were 100/0, 75/25, 50/50, 25/75, and 0/100, and
the corresponding polyimide aerogels were named PDPI-1, PDPI-2, PDPI-3, PDPI-4,
and PDPI-5, respectively. PDPI-1~PDPI-5 samples were all monolithic as shown
in Figure 1.

Figure 1. The polyimide aerogel monoliths.

Although the PDPI-3–PDPI-5 samples were monolithic, they were brittle and could
be turned into aerogel powder by gentle crushing, as shown in Figure 1. This may be
due to the fact that the carboxyl content of polymer chains increased and the number
of hydrogen bonds between molecular chains increased with the increase in DABA
content, which led to the increase in rigidity and the decrease in toughness of polymer
chains. However, the PDPI-1 and PDPI-2 samples had good toughness. Compared to
previous porous materials, the synthesis of this aerogel is facile, the reaction conditions
are mild, and the cost is low. The synthesis process uses NMP as the solvent, which has
low toxicity, and environmentally friendly anhydrous ethanol is used for the solvent
exchange. Therefore, the polyimide aerogel with carboxyl is suitable for large-scale
production and application.

The microstructure of the polyimide aerogels was confirmed by ATR-FTIR, as
shown in Figure 2A. As seen in the ATR-FTIR spectra, all samples exhibited typical
characteristic imide peaks at 1780 cm−1 (imide C=O asymmetric stretching), 1720 cm−1
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(imide C=O symmetric stretching), 1380 cm−1 (stretching bending vibration of the
C–N–C moiety of the five-member imide ring), and 737 cm−1 (imide C=O bending
vibration). However, the O–H absorption peak of the carboxyl was not found in the
polymer spectrum, which was mainly due to the fact that the sensitivity of light at
different wavelength intervals is not the same when the sample is detected by ATR-FTIR.
The absorption peak intensity can increase due to the deep transmission of light in the
sample at long wavelengths. The light transmission depth in the same sample is smaller
at short wavelengths, and most of the light is reflected at the material surface. In order to
illustrate this problem more clearly, we selected the PDPI-3 sample, which was relatively
easy to grind into powder, and examined it with the FTIR instrument using the potassium
bromide compression method, as shown in Figure 2B. It can be clearly observed that there
was a broader OH absorption peak at 3479–3200 cm−1, which indicated that the carboxyl
was not affected by the excess of acetic anhydride and pyridine. Furthermore, the amine
and anhydride peaks of the monomers were not found in the spectrum. The typical
asymmetric and symmetric stretching vibration absorption of the carbonyl group on the
imide ring appeared at 1780 and 1720 cm−1. The other samples were not further tested
because they had the same molecular chain structure as PDPI-3; only the molar amounts
of monomers involved in polymerization were different. Apart from that, no absorption
peaks were observed at 1800 and 1670 cm−1, indicating the absence of heteroimide ring
structure in the structure. Therefore, the above information implies that full imidization
of these polyimide aerogels occurs under the polymerization conditions [42,43].

Figure 2. (A) ATR–FTIR spectra of polyimide aerogels and (B) FTIR spectrum of the PDPI-3 sample.

X-ray photoelectron spectroscopy (XPS) study can reveal important information
about functional groups. Thus, an XPS full spectrum for each sample is presented in
Figure 3A. The spectra of all samples are identical and they all contain carbon, nitrogen,
and oxygen elements. At the same time, there is no other impurity signal peak in the
spectra. To obtain the bonding forms of these elements, we fitted the C1s/N1s/O1s
spectra to split the peaks. The C1s deconvoluted spectrum of PDPI-3 (Figure 3B) dis-
played four different binding energies at 284.4, 285.4, 288.2, and 290.7 eV, which were
ascribed to the C=C in the phenyl ring, C–N/O=C in the imide ring, and O=C–O in the
carboxyl group, respectively [44]. Furthermore, the O1s spectrum of PTPI-3 exhibited
two binding energy peaks (Figure 3C) at approximately 531.5 eV, corresponding to the
C=O of the imide ring, and 533.7 eV was assigned to the C–OH of the carboxyl group [45].
In addition, the N1s spectrum of the PDPI-3 sample also showed two binding energy
peaks (Figure 3D), which were located at 400.7 and 400.1 eV. The two binding energy
peaks were very close to each other, and they both belonged to the C–N bond, where
400.1 eV is possibly attributed to Ph–N (where Ph refers to the phenyl ring) and 400.7 eV
is possibly attributed to O=C–N–C=O [46,47]. The above information is sufficient to
prove that the aerogel monolith structure contains an imide ring and a carboxyl group.
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Figure 3. XPS full spectrum of all samples (A); (B) C1s, (C) O1s, and (D) N1s high-resolution XPS
spectrum of PDPI-3.

For each sample, the resultant aerogel solid could not dissolve in any solvent, suggest-
ing a hyper crosslinked structure. The thermal stability of these resulting TAB crosslinked
polyimide aerogels was evaluated by thermogravimetric analysis (TGA) under a nitrogen
atmosphere from room temperature to 800 ◦C at a heat ramp of 10 ◦C/min. Detailed TGA
curves and results are shown in Figure 4 and Table 1.

Figure 4. TGA curves of polyimide aerogels with carboxyl.

Table 1. Thermal properties of polyimide aerogels.

Sample Td5% (◦C)

PDPI-1 489.36
PDPI-2 474.28
PDPI-3 440.69
PDPI-4 405.63
PDPI-5 413.56

As shown in Figure 4, the thermal performance curves of all samples exhibited similar
trends. There was a mass loss for PDPI-2–PDPI-5 at approximately 200–350 ◦C. This may
have been caused by the decomposition of the carboxyl in DABA. The decomposition tem-
perature of all polyimide aerogels was above 400 ◦C, which indicated that the aerogels have
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good temperature resistance. With an increase in DABA content, 5% thermal decomposition
temperature (Td5%) decreased gradually and then slowly increased, as shown in Table 1.
In the PDPI-1–PDPI-4 samples, the thermal decomposition temperatures decreased with
the increase in DABA content. However, the thermal decomposition temperature of the
PDPI-5 sample increased. This may have been caused by hydrogen bonding interactions
between the polymer molecular chains.

3.2. Porous Structure and Surface Morphologies of Polyimide Aerogels

The surface area and pore volume of the polyimide aerogels were measured by nitro-
gen physical adsorption using the Brunauer–Emmett–Teller (BET) method. The porous
parameters of polyimide aerogels are summarized in Table 2. Typical nitrogen adsorption–
desorption isotherms at −196 ◦C are shown in Figure 5.

Table 2. Porous parameters and CO2 uptake of polyimide aerogels.

Sample SBET (m2/g) Vtotal (cm3/g) Pore Size (nm) CO2 Uptake (cm3/g)

PDPI-1 2.83 0.008 11.15 4.7
PDPI-2 10.91 0.078 28.56 9.0
PDPI-3 62.03 0.197 12.67 11.9
PDPI-4 3.47 0.013 14.52 10.1
PDPI-5 3.78 0.013 13.74 9.5

Figure 5. N2adsorption–desorption isotherms and pore size distributions of polyimide aerogels.

According to the IUPAC classification, it is obvious from Figure 5 that the PDPI-2 and
PDPI-3 samples exhibited typical type IV adsorption–desorption isothermal curves, and
the adsorption curves of the samples increased sharply in P/P0 = 0.4–1.0 bar, indicating
the presence of mesopores in the polymer backbone. These mesopores may have mainly
been from the pores formed by the aggregation of polymer nanofibers. At the same time,
the adsorption–desorption curves of the PDPI-2 and PDPI-3 samples showed H2-type
hysteresis loops. The hysteresis loop characteristic of the isotherm is associated with
the capillary condensation of nitrogen in the mesopores [48] and the phenomena further
indicated the existence of a large number of mesopores inside the PDPI-2 and PDPI-3
aerogels. According to the Barret–Joyner–Halenda (BJH) pore size analysis, it was shown
that the PDPI-3 sample had narrow pore size distribution, as shown in Figure 5. It can
be seen that the pore size distribution was in the range of 11.15~28.56 nm, as shown in
Table 2, indicating the formation of mesopores in the polyimide aerogels according to
IUPAC. The BET surface areas of the PDPI series samples were calculated and analyzed by
the BET multipoint method, as shown in Table 2. Among all aerogels, the PDPI-3 sample
showed the highest BET surface area of 62.03 m2/g, while the BET surface areas of the
other samples were small. This may have been caused by the shrinkage that occurs during
the preparation of aerogels and how the aerogel inevitably destroys the vesicles during
the shrinkage process, which also leads to a reduced BET surface area. There are many
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additional factors affecting the shrinkage of aerogels [21], such as interactions between
polymer chains and solvents, chains rigidities, and chain stacking density.

The surface morphologies of all aerogels were observed by FE-SEM, as shown in
Figure 6.With the exception of the PDPI-1 sample, all other samples consisted of a three-
dimensional network of tangled, fiber-like morphology with an irregular shape. This is
similar to the morphologies of some reported polyimide aerogels [49]. The PDPI-1 sample
was completely dense. The PDPI-4 and PDPI-5 polymer networks were relatively tightly
stacked. The PDPI-2 and PDPI-3 samples were similar in morphology, but the pore size of
PDPI-2 was significantly larger than that of PDPI-3. The morphologies of PDPI-2~PDPI-5
samples implied that there was a possible interpenetration of the network structure during
the polyimide synthesis process since the polycondensations between diamine and dianhy-
dride monomers are kinetically controlled, following the step polymerization mechanism.

Figure 6. FE-SEM images of TAB crosslinked polyimide aerogels.

3.3. CO2 Adsorption Property

The CO2 uptake exhibited a rapid increase in the low-pressure region for the PDPI-3
sample, as shown in Figure 7, implying that CO2 molecules had favorable interactions
with the porous polymer skeleton. It is clear that CO2 adsorption had not yet reached
equilibrium when the pressure reached 1.0 bar, as shown in Figure 7, which means that
the amount of CO2 adsorption would continue to increase if the pressure continued to rise.
Compared to PDPI-3, the PDPI-4 sample had a smaller BET surface area. However, the
CO2 adsorption capacity of PDPI-3 as 11.9 cm3/g, while the CO2 adsorption capacity of the
PDPI-4 was 10.1 cm3/g. This difference in CO2 uptake is not substantial. This indicated that
organic porous polymers with carboxyl functional groups can effectively enhance CO2 up-
take [50,51]. This may be caused by dipole–quadrupole interactions between carboxyl and
CO2 in the polyimide network [52,53]. Compared to other porous organic materials [54–57],
the CO2 adsorption capacity of polyimide aerogels is relatively small, but they have a facile
synthesis method and easy scale production, which are advantages with which other
porous materials cannot compete. In this study, the highest CO2 uptake of polyimide aero-
gels was 11.9 cm3/g at 273 K and 1.0 bar. This value is also comparable to those of some
porous materials with larger BET surface areas previously reported under the same condi-
tions, such as porous polyimides PI2 (13.66 cm3/g) [52], PPBPI-PTC-CR (14.91 cm3/g) [58],
mesoporous PIL (10.24 cm3/g) [59], and PyP (17.20 cm3/g) [60]. Therefore, the presence of
DABA not only provides for the hydrogen bonding of the polymer, but also improves the
adsorption capacity of carbon dioxide.
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Figure 7. The CO2 uptake properties of the polyimide aerogels.

4. Conclusions

Polyimide aerogels were successfully prepared through the polycondensation of a
new diamine with carboxyl (DABA), PMDA, and a TAB cross-linker. The resulting aerogel
structures were confirmed by ATR-FTIR. We investigated the CO2 adsorption properties of
samples PDPI-1–PDPI-5. We found that the introduction of carboxyl into the polyimide
aerogels could significantly improve the CO2 uptake. The affinity possibly increased
between the pore surface of the polyimide aerogels and the CO2 due to the existence of the
carboxyl group. Therefore, the largest CO2 absorption capacity was 11.9 cm3/g for sample
PDPI-3 at 273 K and 1.0 bar. Although the absorption capacity is not as high as those of
microporous polyimide materials or reported COFs, the flexible processing and high yield
make it possible to achieve large-scale production and application. Additionally, the facile
and mild synthesis method can greatly reduce the cost of preparing materials. Thus, the
above results showed that polyimide aerogels with carboxyl are promising candidates for
CO2 capture in the field of environmental protection.
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4. Głowniak, S.; Szczęśniak, B.; Choma, J.; Jaroniec, M. Mechanochemistry: Toward green synthesis of metal–organic frameworks.
Mater. Today 2021, 46, 109–124. [CrossRef]

5. Li, X.; Zhang, C.; Cai, S.; Lei, X.; Altoe, V.; Hong, F.; Urban, J.J.; Ciston, J.; Chan, E.M.; Liu, Y. Facile transformation of imine
covalent organic frameworks into ultrastable crystalline porous aromatic frameworks. Nat. Commun. 2018, 9, 2998–3005.
[CrossRef]

http://doi.org/10.1002/anie.202015250
http://www.ncbi.nlm.nih.gov/pubmed/33443312
http://doi.org/10.1021/jacs.1c04926
http://doi.org/10.1016/j.ccr.2021.213968
http://doi.org/10.1016/j.mattod.2021.01.008
http://doi.org/10.1038/s41467-018-05462-4


Polymers 2022, 14, 359 10 of 12

6. Jiang, L.; Tian, Y.; Sun, T.; Zhu, Y.-L.; Ren, H.; Zou, X.; Ma, Y.; Meihaus, K.R.; Long, J.R.; Zhu, G. A Crystalline Polyimide Porous
Organic Framework for Selective Adsorption of Acetylene over Ethylene. J. Am. Chem. Soc. 2018, 140, 15724–15730. [CrossRef]
[PubMed]

7. Shen, R.; Zhu, W.; Yan, X.; Li, T.; Liu, Y.; Li, Y.; Dai, S.; Gu, Z.-G. A porphyrin porous organic polymer with bicatalytic sites for
highly efficient one-pot tandem catalysis. Chem. Commun. 2019, 55, 822–825. [CrossRef]

8. Lyu, H.; Diercks, C.S.; Zhu, C.; Yaghi, O.M. Porous Crystalline Olefin-Linked Covalent Organic Frameworks. J. Am. Chem. Soc.
2019, 141, 6848–6852. [CrossRef]

9. Tian, B.; Zheng, J.; Zhao, C.; Liu, C.; Su, C.; Tang, W.; Li, X.; Ning, G.-H. Carbonyl-based polyimide and polyquinone imide for
potassium-ion batteries. J. Mater. Chem. A 2019, 7, 9997–10003. [CrossRef]

10. Sprick, R.S.; Bai, Y.; Guilbert, A.A.Y.; Zbiri, M.; Aitchison, C.M.; Wilbraham, L.; Yan, Y.; Woods, D.J.; Zwijnenburg, M.A.;
Cooper, A.I. Photocatalytic hydrogene volution from water using fluorene and dibenzothiophene sulfone conjugated microporous
and linear polymers. Chem. Mater. 2018, 31, 305–313. [CrossRef]

11. Chaoui, N.; Trunk, M.; Dawson, R.; Schmidt, J.; Thomas, A. Trends and challenges for microporous polymers. Chem. Soc. Rev.
2017, 46, 3302–3321. [CrossRef]

12. Wang, L.; Wan, Y.; Ding, Y.; Wu, S.; Zhang, Y.; Zhang, X.; Zhang, G.; Xiong, Y.; Wu, X.; Yang, J.; et al. Conjugated Microporous
Polymer Nanosheets for Overall Water Splitting Using Visible Light. Adv. Mater. 2017, 29, 1702428–1702436. [CrossRef]

13. Wu, T.; Dong, J.; Gan, F.; Fang, Y.; Zhao, X.; Zhang, Q. Low dielectric constant and moisture-resistant polyimide aerogels
containing trifluoromethyl pendent groups. Appl. Surf. Sci. 2018, 440, 595–605. [CrossRef]

14. Jiang, Y.; Zhang, T.; Wang, K.; Yang, J. Synthesis and characterization of rigid and thermo stable polyimide aerogel crosslinked
with tri(3-aminophenyl)phosphineoxide. J. Porous Mater. 2017, 24, 1353–1362. [CrossRef]

15. Yoldas, B.E.; Annen, M.J.; Bostaph, J. Chemical Engineering of Aerogel Morphology Formed under Nonsupercritical Conditions
for Thermal Insulation. Chem. Mater. 2000, 12, 2475–2484. [CrossRef]

16. Rasines, G.; Lavela, P.; Macías, C.; Zafra, M.C.; Tirado, J.L.; Parra, J.B.; Ania, C.O. N-doped monolithic carbon aerogel electrodes
with optimized features for the electrosorption of ions. Carbon 2015, 83, 262–274. [CrossRef]

17. Van Aken, K.L.; Perez, C.; Oh, Y.; Beidaghi, M.; Jeong, Y.J.; Islam, M.; Gogotsi, Y. High rate capacitive performance of single-walled
carbon nanotube aerogels. Nano Energy 2015, 15, 662–669. [CrossRef]

18. Ren, L.; Hui, K.S.; Hui, K.N. Self-assembled free-standing three-dimensional nickel nanoparticle/graphene aerogel for direct
ethanol fuel cells. J. Mater. Chem. A 2013, 1, 5689–5694.

19. Pei, X.; Zhai, W.; Zheng, W. Preparation and Characterization of Highly Cross-Linked Polyimide Aerogels Based on Polyimide
Containing Trimethoxysilane Side Groups. Langmuir 2014, 30, 13375–13383. [CrossRef]

20. Guo, H.; Meador, M.A.B.; McCorkle, L.; Quade, D.J.; Guo, J.; Hamilton, B.; Cakmak, M.; Sprowl, G. Polyimide Aerogels
Cross-Linked through Amine Functionalized Polyoligomeric Silsesquioxane. ACS Appl. Mater. Interfaces 2011, 3, 546–552.
[CrossRef]

21. Meador, M.A.B.; Malow, E.J.; Silva, R.; Wright, S.; Quade, D.; Vivod, S.L.; Guo, H.; Guo, J.; Cakmak, M. Mechanically Strong,
Flexible Polyimide Aerogels Cross-Linked with Aromatic Triamine. ACS Appl. Mater. Interfaces 2012, 4, 536–544. [CrossRef]
[PubMed]

22. Zhang, Y.; Zhu, J.; Ren, H.; Bi, Y.; Shi, X.; Wang, B.; Zhang, L. A novel starch-enhanced melamine-formaldehyde aerogel with low
volume shrinkage and high toughness. J. Porous Mater. 2017, 24, 1303–1307. [CrossRef]

23. Meador, M.A.B.; Weber, A.S.; Hindi, A.; Naumenko, M.; McCorkle, L.; Quade, D.; Vivod, S.L.; Gould, G.L.; White, S.;
Deshpande, K. Structure-property relationships in porous 3D nanostructures: Epoxy-cross-linked silica aerogels produced
using ethanol as the solvent. ACS Appl. Mater. Interfaces 2009, 1, 894–906. [CrossRef] [PubMed]

24. Nguyen, B.N.; Meador, M.A.B.; Tousley, M.E.; Shonkwiler, B.; McCorkle, L.; Scheiman, D.A.; Palczer, A. Tailoring elastic properties
of silica aerogels cross-linked with polystyrene. ACS Appl. Mater. Interfaces 2009, 1, 621–630. [CrossRef]

25. Cai, J.; Liu, S.; Feng, J.; Kimura, S.; Wada, M.; Kuga, S.; Zhang, L. Cellulose-Silica Nanocomposite Aerogels by In Situ Formation
of Silica in Cellulose Gel. Angew. Chem. 2012, 124, 2118–2121. [CrossRef]

26. Kawagishi, K.; Saito, H.; Furukawa, H.; Horie, K. Superior Nanoporous Polyimides via Supercritical CO2 Drying of
Jungle-Gym-Type Polyimide Gels. Macromol. Rapid Commun. 2007, 28, 96–100. [CrossRef]

27. Nguyen, B.N.; Scheiman, D.A.; Meador, M.A.; Guo, J.; Hamilton, B.; McCorkle, L.S. Effect of Urea Links in the Backbone of
Polyimide Aerogels. ACS Appl. Polym. Mater. 2021, 3, 2027–2037. [CrossRef]

28. Liu, M.; Wang, Y.; Ji, J.; Chang, X.; Xu, Q.; Liu, X.; Qin, J. A facile method to fabricate the polyimide aerogels with controllable
microstructure by freeze-drying. Mater. Lett. 2020, 267, 127558. [CrossRef]

29. Viggiano, R.P.; Williams, J.C.; Schiraldi, D.A.; Meador, M.A.B. Effect of Bulky Substituents in the Polymer Backbone on the
Properties of Polyimide Aerogels. ACS Appl. Mater. Interfaces 2017, 9, 8287–8296. [CrossRef]

30. Shen, D.; Liu, J.; Yang, H.; Yang, S. Intrinsically highly hydrophobic semi-alicyclic fluorinated polyimide aerogel with ultra low
dielectric constants. Chem. Lett. 2013, 42, 1230–1232. [CrossRef]

31. Shen, D.; Liu, J.; Yang, H.; Yang, S. Highly Thermally Resistant and Flexible Polyimide Aerogels Containing Rigid-Rod
Biphenylbenzimidazole and Triphenylpyridine Moieties: Synthesis and Characterization. Chem. Lett. 2013, 42, 1545–1547.
[CrossRef]

http://doi.org/10.1021/jacs.8b08174
http://www.ncbi.nlm.nih.gov/pubmed/30362756
http://doi.org/10.1039/C8CC08918C
http://doi.org/10.1021/jacs.9b02848
http://doi.org/10.1039/C9TA00647H
http://doi.org/10.1021/acs.chemmater.8b02833
http://doi.org/10.1039/C7CS00071E
http://doi.org/10.1002/adma.201702428
http://doi.org/10.1016/j.apsusc.2018.01.132
http://doi.org/10.1007/s10934-017-0377-2
http://doi.org/10.1021/cm9903428
http://doi.org/10.1016/j.carbon.2014.11.015
http://doi.org/10.1016/j.nanoen.2015.05.028
http://doi.org/10.1021/la5026735
http://doi.org/10.1021/am101123h
http://doi.org/10.1021/am2014635
http://www.ncbi.nlm.nih.gov/pubmed/22233638
http://doi.org/10.1007/s10934-017-0371-8
http://doi.org/10.1021/am900014z
http://www.ncbi.nlm.nih.gov/pubmed/20356015
http://doi.org/10.1021/am8001617
http://doi.org/10.1002/ange.201105730
http://doi.org/10.1002/marc.200600587
http://doi.org/10.1021/acsapm.1c00085
http://doi.org/10.1016/j.matlet.2020.127558
http://doi.org/10.1021/acsami.6b15440
http://doi.org/10.1246/cl.130623
http://doi.org/10.1246/cl.130758


Polymers 2022, 14, 359 11 of 12

32. Nguyen, B.N.; Meador, M.A.B.; Scheiman, D.; McCorkle, L. Polyimide Aerogels Using Triisocyanateas Cross-linker. ACS Appl.
Mater. Interfaces 2017, 9, 27313–27321. [CrossRef]

33. Chen, Y.; Shao, G.; Kong, Y.; Shen, X.; Cui, S. Facile preparation of cross-linked polyimide aerogels with carboxylic functionaliza-
tion for CO2 capture. Chem. Eng. J. 2017, 322, 1–9. [CrossRef]

34. Meador, M.A.B.; Agnello, M.; McCorkle, L.; Vivod, S.L.; Wilmoth, N. Moisture-Resistant Polyimide Aerogels Containing
Propylene Oxide Links in the Backbone. ACS Appl. Mater. Interfaces 2016, 8, 29073–29079. [CrossRef] [PubMed]

35. Guo, H.; Meador, M.A.B.; Cashman, J.L.; Tresp, D.; Dosa, B.; Scheiman, D.A.; McCorkle, L.S. Flexible Polyimide Aerogels with
Dodecane Links in the Backbone Structure. ACS Appl. Mater. Interfaces 2020, 12, 33288–33296. [CrossRef]

36. Wang, Y.; He, T.; Liu, M.; Ji, J.; Dai, Y.; Liu, Y.; Luo, L.; Liu, X.; Qin, J. Fast and efficient oil-water separation under harsh conditions
of the flexible polyimide aerogel containing benzimidazole structure. Colloids Surf. A Physicochem. Eng. Asp. 2019, 581, 123809.
[CrossRef]

37. Cashman, J.L.; Nguyen, B.N.; Dosa, B.; Meador, M.A.B. Flexible Polyimide Aerogels Derived from the Use of a Neopentyl Spacer
in the Backbone. ACS Appl. Polym. Mater. 2020, 6, 2179–2189. [CrossRef]

38. Pantoja, M.; Boynton, N.; Cavicchi, K.A.; Dosa, B.; Cashman, J.L.; Meador, M.A.B. Increased Flexibility in Polyimide Aerogels
Using Aliphatic Spacers in the Polymer Backbone. ACS Appl. Mater. Interfaces 2019, 11, 9425–9437. [CrossRef] [PubMed]

39. Wang, Z.; Wang, D.; Zhang, F.; Jin, J. Troger’s Base-Based Microporous Polyimide Membranes for High Performance Gas
Separation. ACS Macro Lett. 2014, 3, 597–601. [CrossRef]

40. Meador, M.A.B.; Alemán, C.R.; Hanson, K.; Ramirez, N.; Vivod, S.L.; Wilmoth, N.; McCorkle, L. Polyimide aerogels with amide
cross-Links: A low cost alternative for mechanically strong polymer aerogels. ACS Appl. Mater. Interfaces 2015, 7, 1240–1249.
[CrossRef]

41. Guo, H.; Meador, M.A.B.; McCorkle, L.; Quade, D.J.; Guo, J.; Hamilton, B.; Cakmak, M. Tailoring properties of cross-linked
polyimide aerogels for better moisture resistance, flexibility, and strength. ACS Appl. Mater. Interfaces 2012, 4, 5422–5429.
[CrossRef]

42. Liebl, M.R.; Senker, J. Microporous Functionalized Triazine-Based Polyimides with High CO2 Capture Capacity. Chem. Mater.
2013, 25, 970–980. [CrossRef]

43. Zhang, Z.; Pan, Y.; Gong, L.; Yao, X.; Cheng, X.; Deng, Y. Mechanically strong polyimide aerogels cross-linked with low-cost
polymers. RSC Adv. 2021, 11, 10827–10835. [CrossRef]

44. Du, Q.; Liu, J.; Guo, L.; Lv, M.; Zeng, X. Tailoring the surface wettability of polyimide by UV laser direct texturing in different gas
atmospheres. Mater. Des. 2016, 104, 134–140. [CrossRef]

45. Peng, H.; Yao, B.; Wei, X.; Liu, T.; Kou, T.; Xiao, P.; Zhang, Y.; Li, Y. Pore and Heteroatom Engineered Carbon Foams for
Supercapacitors. Adv. Energy Mater. 2019, 9, 1803665–1803673. [CrossRef]

46. Kong, L.; Zhu, J.; Shuang, W.; Bu, X.-H. Nitrogen-Doped Wrinkled Carbon Foils Derived from MOF Nanosheets for Superior
Sodium Storage. Adv. Energy Mater. 2018, 8, 1801515. [CrossRef]

47. Loh, F.C.; Lau, C.B.; Tan, K.L.; Kang, E.T. Surface Modification of Polyimide Films by Graft Copolymerization. J. Appl. Polym. Sci.
1995, 56, 1707–1713. [CrossRef]

48. Klumpen, C.; Breunig, M.; Homburg, T.; Stock, N.; Senker, J. Microporous Organic Polyimides for CO2 and H2O Capture and
Separation from CH4 and N2 mixtures—Interplay between porosity and chemical function. Chem. Mater. 2016, 28, 5461–5470.
[CrossRef]

49. Guo, H.; Meador, M.A.B.; McCorkle, L.S.; Scheiman, D.A.; McCrone, J.D.; Wilkewitz, B. Poly(maleicanhydride) cross-linked
polyimide aerogels: Synthesis and properties. RSC Adv. 2016, 6, 26055–26065. [CrossRef]

50. Li, G.; Wang, Z. Microporous Polyimides with Uniform Pores for Adsorption and Separation of CO2 Gas and Organic Vapors.
Macromolecules 2013, 46, 3058–3066. [CrossRef]

51. Yuan, J.; Fan, M.; Zhang, F.; Xu, Y.; Tang, H.; Huang, C.; Zhang, H. Amine-functionalized poly(ionic liquid) brushes for carbon
dioxide adsorption. Chem. Eng. J. 2017, 316, 903–910. [CrossRef]

52. Luo, Y.; Li, B.; Liang, L.; Tan, B. Synthesis of cost-effective porous polyimides and their gas storage properties. Chem. Commun.
2011, 47, 7704–7706. [CrossRef]

53. Farha, O.K.; Bae, Y.S.; Hauser, B.G.; Spokoyny, A.M.; Snurr, R.Q.; Mirkin, C.A.; Hupp, J.T. Chemical reduction of a diimide based
porous polymer for selective uptake of carbon dioxide versus methane. Chem. Commun. 2010, 46, 1056–1058. [CrossRef] [PubMed]

54. Laybourn, A.; Dawson, R.; Clowes, R.; Iggo, J.A.; Cooper, A.I.; Khimyak, Y.Z.; Adams, D.J. Branching out with aminals:
Microporous organic polymers from difunctional monomers. Polym. Chem. 2012, 3, 533–537. [CrossRef]

55. Ben, T.; Pei, C.; Zhang, D.; Xu, J.; Deng, F.; Jing, X.; Qiu, S. Gas storage in porous aromatic frameworks (PAFs). Energy Environ. Sci.
2011, 4, 3991–3999. [CrossRef]

56. Yu, H.; Shen, C.; Tian, M.; Qu, J.; Wang, Z. Microporous Cyanate Resins: Synthesis, Porous Structure, and Correlations with Gas
and Vapor Adsorptions. Macromolecules 2012, 45, 5140–5150. [CrossRef]

57. Dawson, R.; Stöckel, E.; Holst, J.R.; Adams, D.J.; Cooper, A.I. Microporous organic polymers for carbon dioxide capture.
Energy Environ. Sci. 2011, 4, 4239–4245. [CrossRef]

58. Shi, K.; Yao, H.; Zou, Y.; Wei, Y.; Song, N.; Zhang, S.; Tian, Y.; Zhu, S.; Zhang, B.; Guan, S. Crosslinked porphyrin-based polyimides:
Tunable porosity parameters and carbon dioxide adsorption. Microporous Mesoporous Mater. 2019, 287, 246–253. [CrossRef]

http://doi.org/10.1021/acsami.7b07821
http://doi.org/10.1016/j.cej.2017.04.003
http://doi.org/10.1021/acsami.6b10248
http://www.ncbi.nlm.nih.gov/pubmed/27731971
http://doi.org/10.1021/acsami.0c09321
http://doi.org/10.1016/j.colsurfa.2019.123809
http://doi.org/10.1021/acsapm.0c00153
http://doi.org/10.1021/acsami.8b20420
http://www.ncbi.nlm.nih.gov/pubmed/30793877
http://doi.org/10.1021/mz500184z
http://doi.org/10.1021/am507268c
http://doi.org/10.1021/am301347a
http://doi.org/10.1021/cm4000894
http://doi.org/10.1039/D0RA10633J
http://doi.org/10.1016/j.matdes.2016.05.008
http://doi.org/10.1002/aenm.201803665
http://doi.org/10.1002/aenm.201801515
http://doi.org/10.1002/app.1995.070561302
http://doi.org/10.1021/acs.chemmater.6b01949
http://doi.org/10.1039/C6RA01013J
http://doi.org/10.1021/ma400496q
http://doi.org/10.1016/j.cej.2017.02.035
http://doi.org/10.1039/c1cc11466b
http://doi.org/10.1039/b922554d
http://www.ncbi.nlm.nih.gov/pubmed/20126711
http://doi.org/10.1039/C2PY00506A
http://doi.org/10.1039/c1ee01222c
http://doi.org/10.1021/ma3008652
http://doi.org/10.1039/c1ee01971f
http://doi.org/10.1016/j.micromeso.2019.06.016


Polymers 2022, 14, 359 12 of 12

59. Wilke, A.; Yuan, J.; Antonietti, M.; Weber, J. Enhanced Carbon Dioxide Adsorption by a Mesoporous Poly(ionicliquid).
ACS Macro Lett. 2012, 1, 1028–1031. [CrossRef]

60. Neti, V.S.P.K.; Wang, J.; Deng, S.; Echegoyen, L. Synthesis of a Polyimide Porous Porphyrin Polymer for Selective CO2 Capture.
J. Chem. 2015, 2015, 281616. [CrossRef]

http://doi.org/10.1021/mz3003352
http://doi.org/10.1155/2015/281616

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of TAB Cross-Linked Polyimide Aerogels 
	Characterization 

	Results and Discussion 
	Synthesis of Polyimide Aerogels and Characterization 
	Porous Structure and Surface Morphologies of Polyimide Aerogels 
	CO2 Adsorption Property 

	Conclusions 
	References

