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Highly Macroporous Polyimide with Chemical Versatility Prepared
from Poly(amic acid) Salt-Stabilized High Internal Phase Emulsion
Template
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ABSTRACT: Macroporous polymers have gained significant attention due to their unique mass transport and size-selective
properties. In this study, we focused on Polyimide (PI), a high-performance polymer, as an ideal candidate for macroporous
structures. Despite various attempts to create macroporous PI (Macro PI) using emulsion templates, challenges remained, including
limited chemical diversity and poor control over pore size and porosity. To address these issues, we systematically investigated the
role of poly(amic acid) salt (PAAS) polymers as macrosurfactants and matrices. By designing 12 different PAAS polymers with
diverse chemical structures, we achieved stable high internal phase emulsions (HIPEs) with >80 vol % internal volume. The resulting
Macro PIs exhibited exceptional porosity (>99 vol %) after thermal imidization. We explored the structure—property relationships of
these Macro PIs, emphasizing the importance of controlling pore size distribution. Furthermore, our study demonstrated the utility
of these Macro PIs as separators in Li-metal batteries, providing stable charging—discharging cycles. Our findings not only enhance
the understanding of emulsion-based macroporous polymers but also pave the way for their applications in advanced energy storage

systems and beyond.

B INTRODUCTION

Macroporous polymers are porous polymers containing porous
structures of >50 nm, as classified by the International Union
of Pure and Applied Chemistry (IUPAC).'™ Their high
porosities, large surface areas, and well-defined pore sizes
provide mass transport and size-selective properties, which
render them invaluable for use in various applications,
including thermal and mechanical insulation, material separa-
tion, and catalytic support. Several methods of producing
macroporous polymers have been proposed, such as polymer
blending, nonsolvent-induced phase se%)aration (NIPS),*™?
powder foaming,'”"" freeze-drying,'>"’ and soft-template
methods.'*™"” The resulting porous polymers exhibit different
morphologies and porosities, which alter their mechanical
properties. In addition, the chemical structure of the polymer
matrix also affects the mechanical strength and thermal
stability of the porous polymer. Therefore, the design of
macroporous polymers should consider the synthetic method
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and polymer species to obtain the desired morphologies,
controllable pore sizes, and high porosities with sufficient
physical stability.

Polyimide (PI) is a high-performance polymer with excellent
thermal stability, mechanical strength, corrosion resistance, and
hydrolytic stability at elevated temperatures.””*" These
properties render it an ideal candidate for application in a
macroporous polymer for use in harsh environments because
its excellent physical strength ensures the structural stability of
the porous polymer. The synthesis of macroporous PI (Macro
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PI) has been proposed by utilizing the strategies to produce
the porous structure.”™ >’ 713516 These Macro Pls possess
structural stability under a wide range of temperature changes
and external stress, which makes it possible to be utilized in

- . : c o 22-24 25
applications, 1nc1ud1ng batteries, telecommunication,
thermal insulation,”**” and electromagnetic interference.”®*’
Although various types of Macro PIs have been proposed, a
synthetic strategy for use in yielding a continuous porous
morphology and high porosity (>99 vol %) is still required to
maximize the advantages of the porous structure.

To address these challenges, the emulsion template method
has been proposed as a promising approach for use in
producing Macro PI. A high internal phase emulsion (HIPE),
which is a special type of emulsion, provides a high porosity
(~90 vol %) and bicontinuous porous morphology owing to its
special feature, i.e., >74 vol % of the internal volume is covered
by a continuous external phase.'*”"” The Macro PIs prepared
using HIPE templates are generally formed by stabilizing the
interfaces between the immiscible liquids with amphiphilic
molecules or nanoparticles.’®** To obtain a porous polymeric
monolith using HIPE, the structure is fixed by freezing or
cross-linking of the external phase, followed by washing or
drying of the internal phase. However, the emulsifiers on the
polymer surfaces are not completely eliminated, causing the
plasticization of the polymer matrix and deformation of the
porous structure.”®’ Therefore, the remaining emulsifiers
should be removed via an additional process to avoid
weakening of the mechanical and thermal properties of the
resulting porous polymer. Furthermore, the low solubility of PI
constrains the chemical diversity of the polymer because it
should be dissolved in the solution to be applied in an
emulsion template.

As an alternative approach, our group suggested the use of
the poly(amic acid) salt (PAAS) polymer as the macro-
surfactant of an oil-in-water (o/w) HIPE.>**” The water-
soluble PAAS polymer displays an intrinsic amphiphilicity due
to its chemical structure consisting of the aromatic polymer
backbone conjugated with protonated organic bases.*** The
PAAS polymer poly(3,3',4,4'-biphenyltetracarboxylic dianhy-
dride-co-m-tolidine) conjugated with N,N’-dimethylethanol-
amine (BPDA-mTB/DMEA) exhibits a sufficient amphiphi-
licity to form a (o/w) HIPE having an internal volume of >80
vol %, even at a low PAAS mass content (~3 wt %).
Furthermore, porous PI was successfully obtained by
converting the PAAS to PI scaffold via a well-known thermal
imidization process.””~**** The Macro PI obtained via our
emulsion template method is thermally stable with elastic
properties and is useful as a solar desalination membrane and
separator in Li-metal batteries. Nevertheless, the limitations of
the PAAS-mediated emulsion template method remain,
including (1) the limited combination in chemical diversity
of the polymer backbone and organic base, (2) a lack of
understanding of the design of the PAAS polymer for use in
the emulsion, and (3) the control of the pore size and porosity
of the resulting polymer.

To this end, we systematically investigated the role of the
PAAS polymer as a macrosurfactant and matrix. A critical
factor for an emulsifier is the hydrophobic—hydrophilic
balance, which is derived from changes in the chemical
structure. To explore this, we designed 12 different PAAS
polymers comprising three polymer backbones and four
organic bases. Rheological analyses of the PAAS-mediated
HIPEs confirmed the effect of the chemical structure on the

stability of the emulsion. We also fabricated Macro PIs with
porosities of >99 vol % via thermal imidization using stable
HIPEs to observe their porous morphologies and physical
properties. Thus, we analyzed the structure—property relation-
ships of Macro PIs and the significance of controlling the pore
size distribution. Finally, we investigated the utilization of our
polymer as a separator for use in Li-metal batteries to yield
stable charging—discharging. Our results suggest that the PAAS
polymer deserves the interfacial activity as well as the
mechanical stability for the highly porous macroporous
polymer by being converted to the robust polyimide polymer
via the thermal process. Therefore, the use of PAAS polymer as
the macrosurfactant provides us with an efficient methodology
to prepare the physically robust polymeric scaffold by avoiding
the use of additional emulsifiers.

B EXPERIMENTAL SECTION

Materials. Unless otherwise stated, the chemicals were used
as received. Pyromellitic dianhydride (PMDA), 3,3',4,4'-
biphenyltetracarboxylic dianhydride (BPDA), and 4,4'-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA) were
kindly provided by PI Advanced Materials (Seoul, Republic of
Korea). The anhydrides were dried under vacuum at 180 °C
for 24 h prior to use. m-Tolidine (mTB) was purchased from
Changzhou Sunlight Pharmaceutical (Changzhou, China), and
organic bases 4-dimethylaminopyridine (DMAP, 99%),
triethylamine (TEA, 99.5%), 1,2-dimethylimidazole (DMIZ,
97%), and N,N-dimethylethanolamine (DMEA, 99.5%) were
purchased from Merck (Darmstadt, Germany). N,N-Dimethy-
lacetamide (DMACc, 99%) was purchased from Junsei Chemical
(Tokyo, Japan), and deionized H,0O was purified prior to use
using an H,O purification system (UP DLX) from Human
Science (Hanam, Republic of Korea).

Methods. 'H nuclear magnetic resonance ("H NMR)
spectroscopy was performed using an Avance 500 MHz
spectrometer (Bruker, Billerica, MA) with the residual solvent
signal as an internal standard. Fourier transform infrared (FT-
IR) spectroscopy was conducted using an a-P spectropho-
tometer (Bruker) in the range 650—4000 cm™' under ambient
conditions. Size exclusion chromatography (SEC) was
conducted in N-methyl-2-pyrrolidone with 0.02 M H;PO,
and 0.02 M LiBr at 50 °C with a flow rate of 0.8 mL min™"
using a Shodex (Showa Denko, Tokyo, Japan). The molar
masses of the polymers were calculated relative to linear
polystyrene standards purchased from Agilent Technologies
(CA). The instrument was equipped with three poly(hydroxy
methacrylate) columns (multipore) with molar masses in the
range of 200—20 000 000 g mol~". Thermogravimetric analysis
(TGA) was performed using a TGA QS00 (TA Instruments,
New Castle, DE) in the range of 25—800 °C at a heating rate
of 10 °C min~", and compression studies were performed using
a 4482 universal testing system (Instron, Norwood, MA). The
rheological properties were measured using a rheometer (MCR
302, Anton Paar, Graz, Austria) with parallel plate geometry
with a 25 mm diameter, and the loaded gap between the plates
was 1.0 mm. In the frequency sweep mode, the shear moduli
were measured at a fixed strain amplitude (10%) with angular
frequencies from 0.1 to 100 rad s™'. In the amplitude sweep
mode, the shear moduli were measured at a fixed frequency
(1.0 rad s™') with strain amplitudes from 0.01 to 100%
(0.0001—1). The porosity of the resulting porous polymer was
determined by utilizing the equation: porosity (p) = 1 — (Pgm/
PMacro p1)y Where g = bulk density of the polyimide film with
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Table 1. Pore Characteristics and Physical Properties of Macro Pls

pore characteristics

physical properties

polymer backbone organic base D) (um)“
PMDA-mTB DMAP 16.7 + 9.8
TEA 10.2 + 4.6

DMIZ 142 + 9.6
DMEA 153 £ 93

BPDA-mTB DMAP 24.8 +£ 163
TEA 134 £ 6.7

DMIZ 13.5 + 8.0

DMEA 21.0 + 10.9
6FDA-mTB TEA 113+ 7.1
DMIZ 6.6 + 3.9

DMEA 214 + 12.6

“The average pore diameter (D,,,) was determined using an SEM image. YThe porosity was determined based on the density.

porosity (%)” Tys0 (°C) compression modulus (kPa)®
99.54 468 11.6
99.58 530 25.7
99.50 519 15.6
99.56 500 13.6
99.40 508 23.6
99.54 532 47.9
99.48 516 42.2
99.56 521 26.6
99.34 465 22.5
99.38 465 15.2
99.38 472 27.7

“The modulus was

obtained from the stress—strain curve measured during the compression study.
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Figure 1. Schematic of the synthetic procedure used in preparing macroporous polyimide (Macro PI) via the emulsion template method using the
aqueous poly(amic acid) salt (PAAS) polymer solution. PMDA, pyromellitic dianhydride; BPDA, 3,3’,4,4'-biphenyltetracarboxylic dianhydride;
6FDA, 4,4'-(hexafluoroisopropylidene)diphthalic anhydride; DMAP, 4-dimethylaminopyridine; TEA, triethylamine; DMIZ, 1,2-dimethylimidazole;

and DMEA, N,N-dimethylethanolamine.

identical chemical structure; py,cro pr = density of the Macro PI
obtained in this study. The density of polymer film and Macro
PI was determined by measuring the weight with analytical
balance from Mettler Toledo (OH) and height of 1 X 1 cm?
sized polymers. The measurement was repeated three times for
each sample, and the averaged results are summarized in Table
1. Nitrogen adsorption isotherms were obtained on an ASAP
2420 analyzer from Micromeritics (GA) at the temperature of
liquid nitrogen (77.3 K). Specific surface area (Sy,) was

estimated by multipoint Brunauer—Emmett—Teller (BET)
analysis (between 0.05 < P/P, < 0.25).*

Synthesis of Poly(amic acid) (PAA). PAA polymers were
synthesized using identical procedures, and BPDA-mTB is
used as an example. mTB (2.4332 g, 11.4611 mmol) was
dissolved in 55.7 mL of DMAc under N, gas, and BPDA
(3.3835 g, 11.4611 mmol) was added to the mTB solution,
which was stirred at 0 °C for 4 h. The PAA was purified by
precipitating the crude solution in acetone, and the generated
polymer was collected and dried under a vacuum at 40 °C for

15224

24 h. Identical procedures were used to prepare the PMDA-
mTB and 6FDA-mTB polymer precursors, and the '"H NMR
spectra are shown in Figure S2.

Synthesis of Poly(amic acid) Salt (PAAS). PAAS
polymers were prepared by neutralizing the PAA polymers
with an organic base under aqueous conditions using identical
procedures, and BPDA-mTB/DMIZ is used as an example.
The BPDA-mTB polymer (1.0000 g) was placed in a 120 mL
vial with 32.3 g of deionized H,O. To proceed with the acid—
base reaction, DMIZ (0.3796 g, 3.9486 mmol) was added to
the aqueous solution. The reaction mixture was stirred at room
temperature (RT) for 6 h, and thus, a transparent aqueous
solution of PAAS was obtained. Identical procedures were
applied in preparing the other 11 types of PAAS polymer
precursors, and their details are shown in Figures S2 and S5
and Table SI.

Synthesis of the Macro Pls. The synthesis of a Macro P,
which was derived from 10 vol % of the aqueous phase
containing 3 wt % of BPDA-mTB/DMIZ and 90 vol % of the
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Figure 2. Phase diagram of stable high internal phase emulsion (HIPE) formation using 3 wt % of the poly(amic acid) salt solutions. The images
represent the symbols in the phase diagrams—O: stable HIPE, A: unstable HIPE (phase separation within 30 min), and X: phase separation into a

two-phase state.

oil phase (toluene), is used as an example. An aqueous solution
containing 3 wt % BPDA-mTB/DMIZ was placed in a 120 mL
vial and used as the external phase. Toluene was added
dropwise to the aqueous phase with mixing using a
homogenizer to form the HIPE. The internal volume was
varied from 75 to 90 vol % to evaluate the stability of the
resulting emulsion. The HIPE was then poured onto a glass
substrate equipped with a 40 X 40 X 10 mm?® Si mold to form a
rectangular shape. The shaped HIPE was placed in a freeze-
dryer (MP-9005, Mareuda, Gwangju, Republic of Korea) at
—40 °C for 30 min and then dried under vacuum for 24 h. The
obtained white polymer was converted to the Macro PI via
thermal imidization by increasing the temperature from RT to
350 °C having 50 °C intervals with a time of 30 min at each
stage. The conversion of PAAS to PI in the polymer matrix was
observed by using FT-IR spectroscopy, and Macro PIs with a
wide range of compositions could be prepared. The porosity of
the Macro PI was tuned by varying the internal volume from
75 to 90 vol %, and PIs with different chemical structures could
also be used to prepare Macro PIs by varying the chemical
structure of PAAS.

Electrochemical Measurements. CR2032 coin cells were
fabricated using Li metal and Celgard 2400 as the anodes and
separators, respectively, and an electrolyte consisting of 1 M
LiPF, dissolved in 1:1 ethylene carbonate/dimethyl carbonate
(v/v). The electrolyte contained 10 wt % fluoroethylene
carbonate and 2 wt % vinylene carbonate as additives, and the
entire cell-assembly process was performed in an Ar-filled
glovebox. To evaluate the electrochemical performances, Li/
Cu cells were fabricated, and galvanostatic charge—discharge

15225

curves were measured using a battery cycler (WBCS3000,
WonAtech, Seoul, Republic of Korea) in a constant current
mode. During the evaluation, a constant current density of 5.0

mA cm > was applied, aiming to realize a specific capacity of
3.0 mAh cm™2.

B RESULTS AND DISCUSSION

The process used in synthesizing Macro PI using PAAS as the
emulsifier in HIPE is shown in Figure 1. Because the chemical
structure of PAAS polymer consists of a hydrophobic polymer
backbone and hydrophilic organic base, the PAAS polymer has
intrinsic amphiphilic properties. This amphiphilicity of the
polymer provides sufficient interfacial stability to form an oil-
in-water (o/w) emulsion. We confirmed that a maximum of 90
vol % of the internal phase was achieved by using toluene and
water as internal and external phase mediums, indicating that
paste-like HIPE was successfully prepared. Freeze-drying at
—40 °C for 24 h is conducted to yield a HIPE with a
continuous 3D porous structure, fixing the external phase and
removing the solvents to produce macroporous PAAS.
Subsequently, the PAAS scaffold undergoes successful thermal
imidization to convert it to PI while retaining the porous
structure of the precursor.

We prepared 12 distinct types of PAAS polymers to verify
the effect of the chemical structure on emulsification. The
polymers are synthesized via a two-step procedure comprising
the synthesis of PAA and a salt-forming process, as shown in
Figure S1 (see the Experimental Section for details). m-
Tolidine (mTB) is utilized as the diamine, and three different
dianhydrides, i.e., pyromellitic dianhydride (PMDA), 3,3',4,4'-
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Figure 3. Oscillatory measurements of the poly(amic acid) salt-stabilized high internal phase emulsions in the (a, c) frequency (y = 0.1-1000%, @
=1rad s™!) and (b, d) amplitude sweep modes (y = 10%, @ = 0.1—100 rad s™").

biphenyltetracarboxylic dianhydride (BPDA), and 4,4'-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA), are
used. The PAAs are synthesized by polymerization via
nucleophilic addition reactions between the dianhydride and
diamine, and the chemical structures of the PAA polymers
were verified by using '"H NMR spectroscopy (Figure S2). As
the salt-forming agents used in preparing the PAAS polymers,
we used tertiary amines, i.e., 4-dimethylaminopyridine
(DMAP), triethylamine (TEA), 1,2-dimethylimidazole
(DMIZ), and N,N-dimethylethanolamine (DMEA), which
exhibit different solubilities under aqueous conditions. By
conjugating the polymer backbones with organic bases under
the aqueous condition, we successfully prepared 11 types of
aqueous PAAS solutions. It must be noted that the 6FDA-
mTB/DMAP was not prepared due to the full solubility of the
resulting polymer in water. We named the resulting polymers
based on their monomers and organic bases, for example,
PAAS with a PMDA-mTB backbone conjugated with DMIZ is
denoted PMDA-mTB/DMIZ.

The chemical structures of the resulting PAAs and PAASs
were characterized by using '"H NMR spectroscopy and SEC
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(Figures S2—S6). As a representative example, the '"H NMR
spectrum of PMDA-mTB is shown in Figure S2 (green). The
characteristic signals observed at 7.00—9.00, 10.53, and 13.27
ppm correspond to protons from the aromatic ring, amide
bonds, and carboxylic acid. The chemical structure of BPDA-
mTB and 6FDA-mTB was also identified from the '"H NMR
spectra, suggesting that the PAA polymers are synthesized. By
using PAA polymers as the precursor, the PAAS polymers were
synthesized via the salt-forming process using water as a
solvent. As a result, the signals representing the carboxylic
acids were diminished, and signals from the organic bases
appeared, while the aromatic protons from the polymer
backbone were nearly intact (Figures S3—SS). Based on the
SEC traces of the PMDA-mTB series (Figure S6a and Table
S1), the PAAS traces display unimodal distributions without
low-molar-mass species at high elution times, indicating that
the conjugations of the salts at the carboxyl groups proceed
uniformly for all organic bases. BPDA-mTB and PMDA-mTB
also exhibit identical tendencies with deviations in molar mass
and dispersity (D). Hence, the PAASs are successfully
synthesized via the proposed synthetic procedure.
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Figure 4. Pore characteristics of the macroporous polyimides, as observed via scanning electron microscopy, and their pore size distributions

(insets).

We investigated the stability of the HIPE based on the
chemical structure of the PAAS backbone and the tethered
organic bases. HIPEs with varying volume fractions of their
internal phases from 75 to 90 vol % were prepared using PAAS
polymers as the only emulsifiers in the emulsion templates.
The prepared HIPEs were monitored for 30 min under
ambient conditions to determine their stabilities, as shown in
Figure 2. The PAASs with PMDA-mTB backbones exhibit
stable HIPE states over a wide range of internal volumes and
changes in the organic base. Except for that containing DMEA,
the PMDA-mTB-based PAASs yield stable HIPEs at internal
volumes of 90 vol %. The optical microscopy image of HIPEs
from PMDA-mTB series supported the fact that the PAAS
polymers were well-stabilized in the toluene-water interface
(Figure S7). The micrograph clearly shows the emulsion
structure consists of the internal toluene droplets (light part,
85 vol %) covered by the external water phase (dark part, 15
vol %). The average HIPE droplet sizes were 4.1, 5.5, 8.2, and
9.4 ym for PMDA-mTB/TEA, PMDA-mTB/DMIZ, PMDA-
mTB/DMAP, and PMD-mTB/DMEA, respectively. The
6FDA-mTB backbone also exhibits good emulsion stability
when it is conjugated with DMIZ and DMEA. When the
polymer backbone is BPDA-mTB, the polymer with DMIZ is
the sole combination that yields a stable HIPE at an internal
volume of 90 vol %, whereas the polymers with the other
organic bases undergo phase separation within the observation
time. At an internal volume of 80 vol %, the BPDA-mTB-base
polymer solutions yield stable HIPEs, regardless of the organic
base. Additionally, DMIZ-conjugated PAAS always yields a
stable HIPE at an internal volume of 90 vol %, regardless of the
polymer backbone.

Because structural fixation proceeds via freeze-drying, the
formation of a stable HIPE with sufficient mechanical

properties is necessary to prevent deformation. Oscillatory
shear measurements of the HIPEs with internal volumes of 80
vol % were performed to observe the dependences of the
moduli and yield stress on the chemical structure of the PAAS
polymer (Figure 3). The resulting HIPEs display a stronger
storage modulus (G’) than loss modulus (G”), suggesting that
they are viscoelastic solids at the measured frequencies at fixed
shear (w = 1 rad s™', Figure 3a). A noticeable change in G’ is
observed as the chemical structure of the polymer backbone
varies. With DMIZ as the organic base, the BPDA-mTB
polymer backbone exhibits the strongest elastic response,
followed by those of PMDA-mTB and 6FDA-mTB. An
identical trend is observed in the results of the strain sweep
measurements, with BPDA-mTB displaying a yield stress of
185.4 Pa, whereas those of PMDA-mTB and 6FDA-mTB are
38.4 and 19.3 Pa, respectively (Figure 3b). These results are
presumably related to the interchain interactions between
polymer chains. BPDA promotes interchain interactions,
resulting in the enhancement of the mechanical robustness
and modulus, whereas the bulky fluorinated functional group
in 6FDA disrupts interchain interactions by a steric effect,
thereby weakening the mechanical properties of polymer
materials. Therefore, the interchain interactions between the
polymer chains vary as the chemical structure changes, leading
to differences in the elastic responses of the resulting HIPEs.

Variation in the organic base provides further diversity in the
elastic response of the emulsion. The BPDA-mTB HIPEs are
viscoelastic solids at internal volumes of 80 vol %, and G’
decreases in the order of DMIZ, TEA, DMAP, and DMEA
under the measurement conditions (Figure 3c). A change in
the elastic response is observed during the strain sweep
measurements. The yield strength of the HIPE with DMIZ is
185.4 Pa, which is considerably higher than those of the HIPEs
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with TEA, DMAP, and DMEA (54.3, 40.4, and 28.5 Pa,
respectively; Figure 3d). This variation in the elastic response
is likely influenced by various factors, such as the hydro-
phobic—hydrophilic balance and viscosity of the aqueous
PAAS solution. Therefore, the rheological study indicates that
the design of the polymer backbone and its combination with
an organic base should be considered in preparing a stable oil-
in-water HIPE.

The structure fixation proceeded to obtain the continuous
morphology from the HIPE template via freeze-drying. After
freeze-drying at —40 °C for 24 h, white macroporous PAAS
was obtained. The PAAS scaffold was converted to PI scaffold
via thermal imidization by increasing the temperature to a
maximum of 350 °C under vacuum (see Experimental Section
for details), and thus, yellow sponge-like solids were obtained
(Figure S8). The dimensions of the Macro PIs were almost
intact compared with those of the macroporous PAASs,
indicating that the thermal deformations of the polymers
during the thermal process were negligible. The porosities of
the resulting Macro PIs were determined by comparing their
densities, and the porosities are shown in Table 1. All porous
polymers display porosities of >99%, which are comparable to
the theoretical porosities (99.4%) based on their compositions,
indicating the presence of abundant pores within the polymer
matrices.

The FT-IR spectra of the macroporous PAAS and Macro PI
support the complete chemical conversion of the polymer
scaffold from PAAS to PI (Figure S9). In the spectra of the
macroporous PAASs, characteristic peaks representing the
amide bonds are observed at 3000, 1643, and 1595 cm™'. As
the thermal process induces cyclization to form polyimide
bonds, the peaks representing the amide are diminished. At the
same time, peaks are observed at 1776, 1716, and 1358 cm™,
corresponding to the C=0O and C—N bonds of the imide.
This spectral change appears to be the same regardless of the
chemical structures of the polymer backbone and organic base.
Additionally, peaks representing the tertiary amine are not
observed, indicating that the organic bases are eliminated
during the thermal imidization process.

The morphologies of the resulting Macro PIs were
determined by using scanning electron microscopy (SEM),
and the results are shown in Figure 4. The Macro Pls display
bicontinuous, spherical porous structures, which are character-
istic features of HIPE-derived porous polymers. These
characteristic structures indicate that the HIPE prepared
using PAAS polymers displays sufficient physical strength to
withstand deformations during structural fixation and chemical
conversion. The pore characteristics were also characterized
with nitrogen adsorption analysis on the Macro PIs (Figure
S10). For the macroporous PMDA-mTB, BPDA-mTB, and
6FDA-mTB, the nitrogen adsorption shows no capillary
condensation profile at measuring conditions with the low
BET surface (Sggr) in the range 11.8—29.2 m* g~". This result
corresponds well to the macroporous morphology observed by
the SEM. Additionally, variations in the pore sizes are
observed, depending on the chemical structure of the PAAS.
The Macro PIs produced using the PAAS polymers conjugated
with TEA and DMIZ exhibit relatively small pores and uniform
pore size distributions (Figure 4 inset and Table 1), whereas
the DMAP and DMEA series display larger pore diameters
with wide pore size distributions. A change in the polymer
backbone exhibits a lower correlation with the change in the
pore size. These results indicate that organic bases significantly

affect the stabilization of the emulsion interface to form small,
stable internal droplets. In addition, the structural regularity is
consistent with the results of the oscillatory measurements,
which indicate that the polymers with DMIZ and TEA
pendant groups exhibit enhanced interfacial activities. There-
fore, the use of an appropriate organic base is critical in
obtaining porous polymers with size-controlled pores using the
emulsion template method.

The thermal and mechanical properties of the resulting
Macro Pls were, respectively, confirmed using TGA and
compression studies (Figures S11 and S12 and Table 1). The
thermal stabilities of the resulting Macro PIs depend on their
chemical structures. The BPDA-mTB series displays the
highest average 5% decomposition temperature (Tysq) of
519 °C, which is considerably higher than those of PMDA-
mTB (T = S04 °C) and 6FDA-mTB (T 5y = 467 °C). The
thermal stabilities of polymers with the same backbone
structures vary randomly, depending on their organic bases.
This variation is presumably related to the completion of the
reaction during thermal imidization and the change in the
chain-packing structure of the polymer matrix, which should be
addressed in future studies. Nevertheless, all compositions with
the capacity to form Macro Pls with high porosities of >99%
display outstanding thermal stabilities of >460 °C.

The stress—strain curves of the Macro PIs were obtained via
compression studies (Figure S12). The elastic modulus (E)
values of the Macro PIs were determined in the elastic region,
and they are shown in Table 1. The mechanical properties of
the resulting polymers vary according to their chemical
structures and porous morphologies. On average, the BPDA-
mTB series exhibits robust mechanical properties compared to
those of the PMDA-mTB and 6FDA-mTB series, owing to the
structural robustness of the polymer backbone. Additionally,
porous polymers with regular pore size distributions exhibit
higher E values, despite their identical chemical structures, e.g.,
BPDA-mTB/TEA and BPDA-mTB/DMIZ display respective
moduli of 47.9 and 42.2 kPa, whereas those of BPDA-mTB/
DMAP and BPDA-mTB/DMEA are 23.6 and 26.6 kPa,
respectively. The 2-fold difference in E is presumably due to
the porous morphologies of the resulting polymers, as
observed in the SEM images (Figure 4). This trend is also
observed in the PMDA-mTB series, suggesting that controlling
the regularity of the porous morphology is crucial for
producing high-performance functional polymers. However,
the correlation between the porous morphology and
mechanical properties of the 6FDA-mTB series is unclear
because of the dense domains formed by pore collapse (Figure
4, last row). Based on the thermal and mechanical analyses of
the Macro PIs, a porous polymer with a regular porous
morphology displays the advantages of stronger mechanical
and thermal properties. The dense structure with small pores
exhibits a stronger resistance against changes in the external
environment while maintaining its unique morphology.
Therefore, developing a procedure for use in controlling the
morphologies of highly porous materials is essential in
preparing high-performance porous materials. In this respect,
the development of a soft templating system using PAAS as the
macrosurfactant is an effective approach for use in producing
porous PI with a porosity of >99%.

The Macro PIs, which exhibit exceptional physical proper-
ties and overall porosities of >99%, were utilized as separators
in rechargeable Li batteries. The porous structures of the
Macro PIs should act as favorable pathways for Li-ion

https://doi.org/10.1021/acsomega.3c09640
ACS Omega 2024, 9, 15222—-15231


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09640/suppl_file/ao3c09640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09640/suppl_file/ao3c09640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09640/suppl_file/ao3c09640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09640/suppl_file/ao3c09640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09640/suppl_file/ao3c09640_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09640/suppl_file/ao3c09640_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
a
§ 100 A
>
S 80 -
Q0
£ 60 -
o
k) —@— PE separator
2 404 —@— BPDA-mTB / DMAP
o —@&— BPDA-mTB/TEA
8 20 A —@— BPDA-mTB/DMIZ
O —@— BPDA-mTB / DMEA
0 1 T T T
0 10 20 30 40 50

Polyimide foam

stabilize Li* flux
Cu foil

Cycle number

Figure 5. (a) Cyclic stabilities of Li/Cu cells with the as-prepared separators at a current density of 5.0 mA cm™ and a capacity of 3.0 mAh cm™
(b) Schematics of a Li/Cu cell with the polyimide foam as a separator. (c) Scanning electron microscopy images of the BPDA-mTB/TEA separator

before and after 50 cycles.

migration, thereby facilitating smooth Li-ion transport. The
Macro PIs were applied as separators in Li-metal batteries, and
their cyclic stabilities were evaluated using Li/Cu cells under
harsh conditions with a high current density of 5.0 mA cm™
and a capacity of 3.0 mAh cm™ in a carbonate-based
electrolyte. The results shown in Figure Sa reveal that a
conventional polyethylene (PE) separator barely functions
under these conditions, whereas the Macro PIs (BPDA-mTB/
DMAP, BPDA-mTB/TEA, BPDA-mTB/DMIZ, and BPDA-
mTB/DMEA) exhibit lifespans of >S50 cycles with Coulombic
efficiencies of >90%. The exceptional battery performance of
the Macro PIs may be attributed to their capacities to stabilize
the Li flux and facilitate rapid Li-ion migration, as shown in
Figure Sb. The porous structures of the Macro PlIs are crucial
in these processes. To validate the stabilities of the separators,
ex situ SEM imaging of the BPDA-mTB/TEA separator was
performed after 50 cycles. Figure Sc shows that the porous
structure remains intact, even after such demanding cycling,
confirming the stabilities of the PI separators.

Our results provide compelling evidence that Macro Pls
with excellent heat resistances and ultrahigh porosities are
promising separators for use in Li-metal batteries. We foresee
the possibility of applying these separators in various research
areas to further enhance the development of advanced Li
battery technologies.

B CONCLUSIONS

We proposed the use of PAAS polymers as macrosurfactants in
HIPEs. To verify the chemical structure dependence of the
formation of a HIPE, 12 types of PAAS polymers were
prepared in an aqueous solution. We formed 11 types of
HIPEs at the water/toluene interface using the PAAS polymers
as macrosurfactants. Rheological analysis suggested that
emulsion stability was determined by the chemical structure
of the polymer backbone and organic base, which is related to

the hydrophilic—hydrophobic balance of the PAAS polymer.
Additionally, HIPEs with sufficient mechanical strengths were
necessary to prevent the deformation of porous structure
during the freeze-drying and thermal imidization processes.
The resulting Macro PIs displayed bicontinuous morphologies
and micrometer-scale pores, with high porosities of >99%. The
uniformities of the porous morphologies significantly affected
the mechanical and thermal stabilities of the resulting porous
polymers, even if the chemical structures of the polymer
backbones were identical. Based on the observation of the
porous materials, we demonstrated the use of Macro PIs as
potential separators for use in Li-metal batteries. Our proposed
process with PAAS as the macrosurfactant is an advanced
method of preparing value-added PI materials.
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