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ABSTRACT: Amic acids, consisting of carboxylic acids and amides,
are often utilized as intermediates that can further undergo a
dehydration−cyclization step to yield polymeric cyclic imides.
Compared with imide-based materials, the presence of Brønsted
acidic groups and multiple hydrogen-bond donors and acceptors in
materials incorporating amic acids opens up the possibility for a
variety of host−guest interactions. Here we report a facile and
catalyst-free synthesis of a Brønsted acidic porous poly(amic acid)
(PAA) and present its NH3 uptake properties using gas adsorption
and breakthrough measurements. Simple addition of water as a
cosolvent to a mixture of tetrakis(4-aminophenyl)methane and
pyromellitic anhydride resulted in the formation of PAA in almost
quantitative yield. Further mechanistic studies with model com-
pounds revealed the importance of additive water to generate amic acid species selectively without forming cyclic imides at high
temperatures. Gas adsorption isotherms and breakthrough curves obtained under dry and humid conditions demonstrate the
enhanced NH3 uptake in the case of PAA compared with the related polycyclic imide at both low and high pressures.
Furthermore, the results of adsorption/desorption cycling experiments provide insights into the strength of the interaction
between ammonia and the polymers.
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■ INTRODUCTION

The organization of hydrogen-bonding networks in three-
dimensional space is of great interest for various fields of
science, inspiring artificial construction of materials with
tailored functionality and performance.1 Although the strength
of a single hydrogen bond is considered to be relatively weak
(2−10 kcal/mol), their collective action and presence at a high
density can induce striking differences in the overall structures
and properties of materials.2−5 Among many hydrogen-bond
donors, amides present one of the most accessible and
outstanding functional groups to donate and accept hydrogen
bonds simultaneously,6 as exemplified by their utilization in
high-tensile-strength synthetic polymers such as nylon and
aramid fibers.7 The macroscopic strength of these polymers is
attributed to the presence of infinite hydrogen-bonding
networks of amides (CO···H−N; Figure 1) and in part to
aromatic π−π stacking in the case of aramids. As such, the
ability to control structural organization rationally in these
types of materials is crucial in order to tailor their functionality
for a desired application.8

Despite the abundance of amide bonds in biological and
artificial materials, the application and manipulation of amide
bonds at macroscopic scales can be challenging because of
intramolecular and intermolecular amide−amide interactions
that sometimes significantly hinder the desired host−guest
interactions in high-molecular-weight coordination polymers.9

Amic acids, on the other hand, can in principle provide multiple
available interaction sites because of the proximal flexible
hydrogen-bond donors and acceptors (i.e., an amide and a
carboxylic acid). However, poly(amic acids) have been
intensively studied mainly as an intermediate to access polycylic
imides,10−12 and their application as acid-functionalized
polymers, particularly in a porous environment, has not been
realized to date.
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Solid-state materials with permanent porosity, such as
metal−organic frameworks,13−18 covalent organic frame-
works,19−23 and porous polymers,24−30 have received significant
attention, especially for gas separation, storage, and capture
applications. An important advantage of these materials over
traditional porous materials is the high degree of structural and
functional control in their preparation for a specific application.
In particular, porous polymers offer significant advantages due
to (i) their high stability, originating from their covalent nature,
and (ii) the level of synthetic control, which allows the
incorporation of various functional groups (e.g., Brønsted acids
or bases) that would otherwise interfere in the cases of metal−
organic frameworks and covalent organic frameworks. To this
end, our laboratory has recently demonstrated that framework
interpenetration in a Brønsted acid-funtionalized porous
polymer increases the proximity of functional groups within
the pores, which led to enhanced host−guest interactions and
was shown to enable the highly effective capture of ammonia,
even at low concentrations.31 The development of new solid-
state adsorbents for the efficient capture of ammonia from air
(or, more broadly, hazardous gas capture) is of great
importance because of the toxicity and volatility of ammonia
as well as its widespread utilization in various sectors of
industry.32 In a previous study, we particularly showed that a
carboxylic acid-decorated porous polymer with an inter-
penetrated structure displays significantly enhanced NH3
uptake capacity compared with a non-interpenetrated polymer
incorporating sulfonic acids, despite the weaker acidity of the
former.31 This result was attributed to the cooperative action of
multiple carboxylic acid groups by means of Brønsted acidity
and hydrogen-bonding interactions due to the increased
proximity of functional groups in an interpenetrated structure,
leading to stronger overall acidity. It is important to note that
the preparation of these polymers typically requires multiple
synthetic steps and involves metal-catalyzed coupling reactions.
We therefore sought a facile synthetic methodology that can

afford porous polymers with a high density of Brønsted acid
groups and hydrogen-bond donors and acceptors to remove
ammonia efficiently. A porous poly(amic acid) could serve as
an ideal platform to achieve this goal because of (i) the stability
of amide bonds, creating a robust framework; (ii) its
hydrophilicity, which could potentially enhance its NH3 uptake
under humid conditions; and (iii) intramolecular and
intermolecular hydrogen-bonding interactions within the poly-

(amic acid) that could strengthen the acidity of carboxylic acids
or amides (see Figure S1 for a comparison of calculated
acidities of carboxylic acid, amide, and amic acid). Polyimides
with intrinsic microporosity have recently been synthesized and
investigated for a number of gas storage and separation
applications.33−37 In view of the chemical stability of cyclic
imides, the installation of Brønsted acidic groups via partial
hydrolysis of imides to amic acids could be cumbersome.10

Thus, we envisioned that the direct synthesis of poly(amic
acids) while generating a porous network is practically more
relevant.
Herein we report a facile and catalyst-free one-step approach

to obtaining a Brønsted acidic porous poly(amic acid) (PAA)
from simple starting materials, including tetrakis(4-
aminophenyl)methane and pyromellitic anhydride (Figure 1),
and describe its ammonia removal performance under dry and
humid conditions. Because of the presence of amic acid
functionality, PAA possesses a high density of Brønsted acidic
sites (−CO2H, theoretically 4.9 mmol/g) and is also enriched
with additional hydrogen-bond donors (−CONH−, theoret-
ically 4.9 mmol/g) and acceptors (CO, 9.8 mmol/g).
Furthermore, the highly accessible nature of these functional
sites in a porous environment renders this material a promising
platform for the effective capture of ammonia at the low
pressures that are relevant to its removal from air. Control
experiments with model compounds and a related porous
polycyclic imide (PI) confirm the structural features of PAA
and the advantages of the amic acid functionality for the
capture of ammonia.

■ RESULTS AND DISCUSSION
In order to access PAA, we presumed that the presence of water
would interrupt the formation of PI by suppressing the
dehydration−cyclization step following the initial amide
formation.10 PAA was therefore synthesized upon reacting
tetrakis(4-aminophenyl)methane and pyromellitic anhydride in
a water/organic solvent mixture at 100 °C.38 After screening of
multiple reaction conditions (Table S1), a water/1,4-dioxane
mixture (5% water, v/v) was determined to be the best solvent
mixture to access PAA in high yields (>95%) while maintaining
its porosity. The effect of water, as well as its ratio, in the
reaction medium to obtain PAA was initially monitored by
Fourier transform infrared (FT-IR) spectroscopy (Figure 2A).
In the absence of water, we observed essentially no amide C

Figure 1. (top) Structures of polyamides, cyclic imides, amic acids, and polycyclic imides. (bottom) The synthesis of PAA was achieved using
tetrakis(4-aminophenyl)methane and pyromellitic anhydride in a water/1,4-dioxane mixture. PI was prepared using the same monomers in the
absence of water.
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O stretching band at 1630 cm−1 associated with the formation
of amic acid species (Figure 2A, red line). A water content of
up to 20% (v/v) in 1,4-dioxane was tolerated for the formation
of PAA at the expense of low reaction yields (Table S1). It
should be noted that the presence of a CO stretching band at
1718 cm−1 in the FT-IR spectra while using water as a
cosolvent indicates that imide formation still occurs to some
extent in the resulting PAA samples. In order to compare with

PAA, a high-surface area sample of PI was also prepared using a
previously reported procedure.37,39,40 Notably, in comparison
with that of PI, the FT-IR spectrum of PAA after drying under
vacuum at 80 °C exhibits a strong absorption band associated
with N−H and O−H stretching vibrations (Figure S5).
Surface area and porosity analyses were carried out using N2

gas adsorption isotherms collected at 77 K. Both PAA and PI
display reversible type-I isotherms, indicating their microporous
nature (Figure 2B). The Brunauer−Emmett−Teller (BET)
surface areas of PAA and PI were found to be 365 and 725 m2/
g, respectively. Interestingly, pore size analysis (Figure 2C)
shows that PAA is composed of pores mostly located in the 5−
6 Å region, whereas in the case of PI there is an additional
significant pore volume contribution from the pores centered
around ∼9 Å. Scanning electron microscopy (SEM) images
demonstrate that both PAA and PI have spherical particles with
sizes in the range of 100−500 nm (Figure S6). Thermogravi-
metric analysis (TGA) further provides evidence for the
presence of amic acid groups within PAA (Figure S9). This
polymer displays an initial weight loss up to 100 °C, which can
be attributed to the removal of solvent molecules from the
pores, and a second loss in the 100−200 °C region due to the
loss of water molecules associated with the cyclic imidization
reaction of amic acids. This second weight loss step is absent in
the TGA trace of PI, supporting imidization of PAA upon
thermal treatment. The observed weight loss during the
imidization process (based on the mass of the dry sample
after initial solvent loss) corresponds to 7.9%, which is close to
the theoretical value of 8.8% calculated for the imidization of an
ideal PAA structure. Furthermore, we performed another TGA
experiment in which a PAA sample was kept at 250 °C for 90
min in order to ensure complete imidization (Figure S10). The
structural changes were monitored by FT-IR spectroscopy,
confirming that the amide CO stretching band of the amic
acid at 1630 cm−1 in PAA disappears from the spectrum after
thermal treatment (Figure S11). These results verify the
formation of amic acid functionality in PAA using our synthetic
approach.
To gain further structural insights into PAA, we performed

model compound studies using monofunctional analogues of
tetrakis(4-aminophenyl)methane and pyromellitic anhydride
(Scheme 1). First, tetrakis(4-aminophenyl)methane was
reacted with 4 equiv of phthalic anhydride under the same
reaction conditions used for the preparation of PAA (water/
1,4-dioxane, 100 °C, 18 h). Following evaporation of the
reaction solvents, the crude reaction mixture was subjected to
elemental analysis, mass spectrometry, and NMR spectroscopy.
High-resolution mass spectrometry and elemental analysis data
unambiguously show the formation of MC-1, which is a
fourfold amic acid product, as a major product (Scheme 1A).
Although many rotational isomers can potentially exist in the
solution state as a result of the amide bonds, the 1H and 13C
NMR spectra of the crude MC-1 product exhibit one set of
signals in DMSO-d6 without any indication of cyclic imide
formation (Figure S2). While further analysis is required, this
preliminary result indicates the advantage of the tetrahedral
building unit (tetrakis(4-aminophenyl)methane), for which the
four functional groups react largely independently.
Additional model compound studies were performed using

aniline and pyromellitic anhydride, which gave rise to two
regioisomers (MC-2A and MC-2B) and their corresponding
rotamers (Scheme 1B). On the basis of high-resolution mass
spectrometry and elemental analysis, the crude reaction product

Figure 2. (A) FT-IR spectra of polymerization products upon
changing the amount of water in 1,4-dioxane. (B) Nitrogen isotherms
of PI and PAA at 77 K. Solid and open symbols represent the
adsorption and desorption branches, respectively. (C) Pore size
distributions of PI and PAA.
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was found to be free of mono- and bicyclic imide. Accordingly,
the 13C NMR spectrum of the crude product was tentatively
assigned as a mixture of MC-2A and MC-2B, and clear
interpretation of the crude NMR spectra was not feasible
because of the complexity of the amide rotamers (Figure S3).
Nonetheless, these model studies strongly suggest the
advantage of having water present in the reaction medium,
such that the chemical equilibrium can be manipulated to
generate the amic acid functionality (and therefore PAA)
selectively while preventing the formation of cyclic imide via
further dehydration.
Next, the ammonia uptakes by PAA and PI were investigated

at pressures of up to 1 bar at 298 K under dry conditions
(Figure 3A). The comparison of these two adsorption
isotherms is important in order to understand the influence
of Brønsted acidic sites and multiple hydrogen-bond donors
and acceptors within PAA. First of all, PAA demonstrates a
steeper uptake behavior in the low-pressure region compared
with PI while also displaying a greater ammonia loading
capacity (Figure 3A, B). While PAA has an uptake capacity of
10.7 mmol/g at 1 bar, PI exhibits a slightly lower adsorption
capacity of 9.0 mmol/g at the same pressure. Despite the fact
that PAA has a lower surface area than PI, the presence of
Brønsted acidic and hydrogen-bonding sites likely accounts for
the overall enhanced performance of PAA. More interestingly,
PAA also demonstrates significantly higher ammonia uptake
than PI at pressures as low as 1 mbar, which is relevant to
ammonia removal from air. The uptake capacity of PAA at 1
mbar was estimated to be 1.6 mmol/g, whereas a capacity of 0.4
mmol/g was obtained for PI (Figure 3B). The uptake capacity
of PI reaches only ∼1 mmol/g at 10 mbar, emphasizing the
positive effect of Brønsted acidic groups and additional
hydrogen-bond donor sites for the enhanced performance in
the case of PAA.
To further investigate the strength of ammonia interaction

and assess the recyclability of both PAA and PI, we carried out

adsorption/desorption cycling experiments at 25 °C with an
equilibrium NH3 pressure of 1 mbar. Samples were reactivated
between successive cycles under vacuum at room temperature
(25 °C) or 80 °C, as specified in Figure 3C. After the first cycle
of adsorption, regeneration at room temperature did not fully
recover the initial capacities, as observed from the uptake
amounts observed in the second and third cycles, indicating
that some portion of ammonia was retained strongly by both
PAA and PI. However, upon heating at 80 °C for 4 h (fourth
cycle), 87% of the initial ammonia capacity was restored for PI,
whereas PAA exhibited only 65% of the capacity obtained in
the first cycle. Prolonged heating at 80 °C (18 h, fifth cycle) did
not change the NH3 uptake of PI significantly, but that of PAA
was further improved. This behavior can be attributed to the
presence of strong interactions with Brønsted acidic sites in
PAA. We also investigated the adsorption kinetics of ammonia
in the low-pressure region (up to 3 mbar). At an equilibrium
pressure of 0.3 mbar, PAA almost reached equilibrium within 1
min, while lower adsorption rates were observed as the pressure
was increased progressively (Figure S12). Such a decrease in
rate can be explained by the accumulation of NH3 molecules
within the pores, such that the diffusion of additional gas
molecules introduced at higher pressures becomes slower,
causing the system to take a longer to reach equilibrium. A
comparison of the kinetic uptake curves for PAA and PI at 3
mbar shows that PI reaches equilibrium faster than PAA, most
likely because of its larger pore volume and higher surface area,
which facilitate the diffusion of NH3 molecules (Figure S13).
Lastly, the performance of PAA and PI for the removal of

ammonia was investigated under practical conditions41−43 using
dynamic microbreakthrough measurements at 293 K. The
experiments were performed under dry as well as humid (80%
relative humidity (RH)) conditions to study the effect of water,
which is typically detrimental to uptake capacities for materials
with Lewis acidic sites.44−46 The partial pressure of ammonia in
the feed stream (2000 mg/m3) was approximately 2.8 mbar.

Scheme 1. Synthesis of Model Compounds (A) MC-1 and (B) MC-2 and the Corresponding Characterization Data from High-
Resolution Mass Spectroscopy and Elemental Analysis; Shown in the Boxes Are Compounds That Could Potentially Form via
Imidization of MC-1 and MC-2
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Both materials exhibit steep breakthrough curves, indicating
that the uptake process is not diffusion-controlled (Figure 4).
Under dry conditions, PI displays a saturation uptake capacity
of 1.1 mmol/g, which is lower than that of PAA (2.4 mmol/g).

Notably, these values are in agreement with those obtained
from gas adsorption measurements. In the presence of
humidity, both PI and PAA exhibit enhanced saturation
capacities of 3.4 and 4.4 mmol/g, respectively.47 A positive
effect of water on the uptake capacity has also been
demonstrated for other materials.48 In the case of PAA, it is
likely that the interaction between ammonia and multiple polar
surface groups originating from the amic acid functionality is
enhanced in the presence of water by means of the creation of
an extended hydrogen-bonding network.32 In addition, water
molecules could facilitate the proton transfer from carboxylic
acids to ammonia to form ammonium cations.49 It is important
to note that the saturation capacity of PI under humid
conditions corresponds to more than 3 times its dry capacity,
whereas the overall improvement in the case of PAA is slightly
less than twice its dry uptake. Dissolution of ammonia
potentially plays an important role in NH3 capture under
humid conditions and is observed to be more pronounced in
the case of PI because of its larger surface area and pore
volume, which can accommodate more water molecules.

■ CONCLUSIONS
We have developed a simple synthetic strategy for the
preparation of a porous poly(amic acid) (PAA) and
demonstrated its efficacy in the capture of ammonia from air.
The key to access the amic acid-functionalized polymer while
maintaining the porous nature of the resulting material is the
utilization of water as a cosolvent (5% in 1,4-dioxane) at high
temperatures, which suppresses the further formation of imides
from amic acid via a dehydration−cyclization step. The high
density of Brønsted acidic (−CO2H) groups and hydrogen-
bonding sites, their accessibility in a porous environment, and
high chemical and thermal stabilities render PAA a promising
material for NH3 capture applications. Adsorption isotherms

Figure 3. (A) NH3 adsorption isotherms of PI and PAA at 298 K.
Solid and open symbols represent the adsorption and desorption
branches, respectively. (B) Low-pressure region (0−10 mbar) of NH3
isotherms. (C) Cycling adsorption/desorption experiments at an
equilibrium NH3 pressure of 1 mbar. Regeneration conditions between
successive cycles are specified on the plot.

Figure 4. Breakthrough curves for PI and PAA under dry (dashed
lines) and humid (80% RH; solid lines) conditions. After saturation,
desorption curves were obtained upon purging the column with dry or
humid air. The table summarizes the NH3 saturation capacities of PI
and PAA.
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and breakthrough curves obtained under dry and humid
conditions for PAA, as well as for the related porous polycyclic
imide PI, demonstrate the enhanced NH3 removal performance
at both low and high pressures due to the presence of amic acid
functionality. Further investigations of the role of amide
functional groups will be critical to improve the capacity and
performance of porous poly(amic acid)s. The facile and
potentially low-cost synthesis of PAA from simple reactants
under catalyst-free reaction conditions is particularly attractive
for its utility in personal protection equipment and air filtration
applications.
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