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Abstract: Despite its abundance, water is not widely used as
a medium for organic reactions. However, under geothermal
conditions, water exhibits unique physicochemical properties,
such as viscosity and a dielectric constant, and the ionic
product become similar to those of common organic solvents.
We have synthesized highly crystalline polyimide-based cova-
lent organic frameworks (PICs) under geomimetic hydro-
thermal conditions. By exploiting triphenylene-2,3,6,7,10,11-
hexacarboxylic acid in combination with various aromatic
diamines, PICs with various pore dimensions and crystallin-
ities were synthesized. XRD, FT-IR, and DFT calculations
revealed that the solubility of the oligomeric intermediates
under hydrothermal conditions affected the stacking structures
of the crystalline PICs. Furthermore, the synthesized PICs
demonstrate promising potential as an anode material in
lithium-ion batteries owing to its unique redox-active proper-
ties and high surface area.

Introduction

Natural zeolites are formed during the deposition of
natural ores. Such processes take place in veins of the EarthQs
crust that are filled with high-temperature water delimited
with solid rocks, thus creating highly dynamic systems (i.e.,
high temperature and pressure) for the synthesis of highly
crystalline minerals.[1–3] Inspired by this geothermal process,
hydrothermal reaction occurring under high temperature and
pressure can offer a convenient access toward the synthesis of
a range of crystalline materials, such as gemstones, zeolites,
and carbonaceous materials.[4] In addition, the use of hydro-
thermal reactions is promising for the synthesis of organic
materials because of its simplicity, environmental sustain-
ability, and low cost.[5–9]

Conventional organic reactions do not typically occur in
water under ambient conditions; however, under hydro-
thermal conditions, the physicochemical properties of water
change significantly as a result of the breakage of the
hydrogen-bonded water network.[10] For example, the density
and viscosity of water decrease significantly under hydro-
thermal conditions, thus affecting diffusion-controlled chem-
ical reactions. Furthermore, the dielectric constant of water
changes continuously and may even match that of common
organic solvents under ambient conditions.[11] More impor-
tantly, the ionic product of water (KW) increases with
increasing temperature, thus accelerating the rate of acid-
and base-catalyzed reactions.[12]

Covalent organic frameworks (COFs) are highly ordered
multidimensional polymeric networks that are synthesized by
connecting organic building blocks with covalent linkages.[13]

Owing to their outstanding properties such as high crystal-
linity and porosity with uniform pore size, they have attracted
widespread interest for diverse potential applications, includ-
ing batteries,[14–17] supercapacitors,[18] catalysts,[19–21] gas stor-
age,[22] separation membranes,[23, 24] and sensors.[25,26] The high
crystallinity of COFs can be attributed to the formation of
reversible bonds during polymerization, which allows for
structural error correction. Thus, many dynamic chemical
reactions have been employed for the formation of COFs,
such as boronic acid trimerization,[13] Schiff base reaction,[14]

boronate ester formation,[27] and nitrile trimerization.[28]

However, these dynamic bonds are often susceptible to
hydrolysis. Alternatively, amide bonds have recently been
utilized as linkages for the synthesis of COFs with enhanced
chemical stability, yet with a relatively low crystallinity.[29,30]

As one of the most important classes of high-performance
polymers, polyimide (PI) is generally synthesized using an
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imidization reaction between anhydride and amine precur-
sors. Although PI exhibits excellent thermal stability, me-
chanical performance, chemical resistance, and redox-active
properties,[31] there are few studies on PI-based COFs because
the formation of imide bonds is favored over the deformation,
thus limiting their capability to achieve long-range-ordered
crystalline PI networks. As such, most previous studies have
employed solvothermal methods using a combination of toxic
organic solvents and catalysts in a closed vessel with a low
internal pressure to facilitate the nucleation and crystalliza-
tion of the PI-based COFs; under these conditions, the
reversibility of COF formation is maintained and the
equilibrium reaction yielding water as a byproduct is con-
trolled (Supporting Information, Table S1).[23, 32–37] Recently,
Lotsch and co-workers reported a new synthetic method (i.e.,
ionothermal synthesis) for PI-COFs using ZnCl2 as reaction
media free of toxic solvents.[38] Although this protocol
provides a new perspective over conventional solvothermal
reactions, it is still highly desirable to search for alternative
eco-friendly reaction media.

Inspired by the recent pioneering works by Unterlass and
co-workers in the synthesis of crystalline PIs using hydro-
thermal polymerization,[39, 40] herein, we report the first syn-
thesis of highly crystalline PI-based COFs (hereafter, denoted
as PIC) via geomimetic hydrothermal synthesis without using
a catalyst or toxic solvents. In particular, triphenylene-
2,3,6,7,10,11-hexacarboxylic acid (TPHCA) was designed as
a C3-type anhydride precursor to facilitate the selective
formation of imide bonds. In addition, three aromatic
diamines (i.e., p-phenylene diamine (Ph), 4,4’-diaminobi-
phenyl (Dp), and 4,4’-diamino-p-terphenyl (Tp)) were used to
synthesize PICs having various pore dimensions and crystal-
linity (Figure 1). Furthermore, density functional theory-
based tight binding (DFTB) calculations revealed that the
type of diamine affected the stacking behavior of the
crystalline PICs. Moreover, ex situ X-ray diffractometry
(XRD) and Fourier-transform infrared (FT-IR) spectroscopy
analyses suggested that the solubility of the oligomer
intermediates affected the mechanism of formation of the
PICs synthesized under hydrothermal conditions. By taking
advantage of the unique redox-active properties of the imide
linkages as well as the large surface area, PIC was further
examined for its potential as an active organic anode material
for lithium-ion batteries.

Early attempt in the synthesis of PICs via a hydrothermal
method using mellitic acid led to a limited success due to the
competition between the formation of amide and imide bonds
(i.e., mono- vs. bi-functional).[41] This suggests that it is critical
to ensure the selectivity for imide bond formation for the
successful synthesis of PICs. Therefore, in this study, a new
hexacarboxylic acid precursor for the hydrothermal synthesis
of PICs was designed by introducing a phenyl group between
the central core and each dicarboxylic acid group to prevent
the random reaction between the carboxylic acids and amines.
The C3-type hexacarboxylic acid precursor (i.e., TPHCA) was
synthesized via a modified literature method[42] starting from
hexamethylbenzene in four steps with an overall yield of
10.4% (Supporting Information, Figure S1). The intermedi-
ates and the final product were successfully characterized

using 1H- and 13C-NMR, FT-IR spectroscopy, and LC-MS
spectrometry (Figures S2–S5).

Results and Discussion

Synthesis and characterization of PICs. PIC-Ph and PIC-
Dp were synthesized by the hydrothermal imidization reac-
tion of TPHCA with Ph and Dp, as shown in Figure 1.
Characteristic peaks were observed in the FT-IR spectra of
the samples at 1718 and 1775 cm@1, corresponding to the
symmetric and asymmetric vibrations of a carbonyl group in
a cyclic imide, respectively. Additional peaks were observed
at 1350, 1356, and 1363 cm@1, which can be attributed to the
stretching vibrations of the cyclic imide moiety. Furthermore,
the peaks corresponding to the carboxylic acid of the
precursor TPHCA at 1693 cm@1 and the amide bond of the
intermediate at 1660 cm@1 were not observed, indicating full
imidization to yield the desired PICs (Figure 2 a,b). In

Figure 1. Illustration of the hydrothermal synthesis of polyimide-based
COFs (PICs) by reacting triphenylene-2,3,6,7,10,11-hexacarboxylic acid
(TPHCA) with various aromatic diamines (i.e., p-phenylenediamine
(Ph), 4,4’-diaminobiphenyl (Dp), and 4,4’’-diamino-p-terphenyl (Tp)).
Inset: the obtained PIC-Ph powder.
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parallel, solid-state cross-polarization magic-angle-spinning
(CP-MAS) 13C-NMR spectra indicate the presence of the
carbonyl carbon of the imide ring, as shown by peaks at 163.7
and 166.3 ppm, and aromatic carbons in overlapping peaks
from 110 to 140 ppm with corresponding integral values
consistent with the suggested repeating unit structures (Fig-
ure 2c,d; Table S2). Taken together, these results suggested
that successful formation of PICs free of amide and amic acid
intermediates.

The crystal structures of the PICs were determined using
powder X-ray diffraction (PXRD) analysis with Cu-Ka

radiation (Figure 3a,b). As the COF structures consist of
not only 2-dimensional (2D) individual linkages but also 3-
dimensional (3D) stacking of the 2D layers, the characteristics
of the COFs, such as porosity, electronic, and optical proper-
ties, were influenced by the 3D stacking structures[43,44] in
concert with the concept of nanoarchitectonics.[45]

DFTB calculations were employed to investigate the
detailed structure of the synthesized PICs, and four possible
3D stacking structures were generated for the 2D PICs using
the 3OB Slater-Koster atomic parameters. These structures
include eclipsed (AA and AA’) and staggered (AB and ABC)
stacking structures (Figure 3a–e; Figure S6, Table S3). The
potential energy surfaces generated by scanning the potential
energy as the monolayers were shifted (Figure S7) revealed
that the AA’-eclipsed stacking structure was the most
thermodynamically stable structure in PIC-Ph (Figure 3c),
in good agreement with the sharp peaks observed at 3.6088,
6.1688, 7.1888, 9.3688, 12.7688, and 25.3888 (Figure 3a). Each peak
was assigned to more than two different facets because of the
slightly tilted structure of the Cmcm space group (Table S4).

In contrast to PIC-Ph, in which the AA’ stacking structure
was predominant, no peak corresponding to the (100) peak of
the eclipsed structure below 388 was observed in the PXRD
pattern of PIC-Dp. In addition, the peak observed at
approximately 1588 suggests that PIC-Dp exhibited a staggered
structure; however, the potential energy surface indicated
that the AA’ stacking was the most thermodynamically stable
structure in PIC-Dp (Figure 3b,d; Figure S6). The overall
peak patterns in the experimental results are consistent with
those of the AB-staggered structure, except for the (100)
plane, which was not observed in the XRD patterns due to the
detection limit of the instrument. In contrast, the small-angle
X-ray scattering (SAXS) pattern collected in the low-angle
range revealed a peak at 2.3588 that can be assigned to the
(100) plane (Figure S8).

Owing to the different stacking structures, PIC-Ph and
PIC-Dp had different porosity and chemical stability. First,
the porosity of PIC-Ph and PIC-Dp was examined using N2-
sorption isotherms at 77 K. PIC-Ph exhibited type-IV iso-
therm adsorption/desorption curves. In addition, a sharp
adsorption nitrogen uptake was observed below P/P0 = 0.05,
which corresponds to the presence of micropores. Further-
more, the lack of hysteresis in the adsorption/desorption
curves suggests that the reversible adsorption/desorption
process occurred through similar mechanisms. The Bruna-
uer-Emmett-Teller (BET) surface area of PIC-Ph was deter-
mined to be 669 m2 g@1, which is similar to the value reported
previously for PICs (Figure S9a).[34, 46] In contrast, PIC-Dp
exhibited type-II isotherm adsorption/desorption curves,
which indicates a macroporous structure without micropores.
In addition, the BET surface area of PIC-Dp was 125 m2 g@1,
which is relatively low compared to that of PIC-Ph due to the

Figure 2. Characterization of PIC-Ph and PIC-Dp. a,b) FT-IR spectra of PIC-Ph (a) and PIC-Dp (b). c,d) Solid-state CP-MAS 13C-NMR spectra of
PIC-Ph (c) and PIC-Dp (d) with the corresponding chemical structures of the repeating units.
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reduced interlayer distance of the staggered structure (Fig-
ure S9b). In addition, the chemical stability was investigated
by subjecting the PICs to water, 5 M HCl, and 5 M NaOH for
7 days.

The morphology of the as-prepared PICs was investigated
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Interestingly, a fibrous morphol-
ogy comprising fibers having a diameter of approximately
100 nm was observed in the samples, which could be
attributed to the stacking of the assembled PICs, and a tubular
morphology with a diameter of 400 nm and wall thickness of
80 nm was observed (Figure 3 f,h). These tubular structures
are formed of assemblies of individual fibers. Furthermore,
high-resolution TEM and selected area electron diffraction
(SAED) revealed a p-p stacking distance of 3.4 c for both
PICs, which is well matched with the interlayer distance for
PIC crystal structures (3.40 c for PIC-Ph and 3.33 c for PIC-
Dp, respectively) (Figure 3 g,i). In addition, the fast Fourier
transforms (FFT) of the diffraction patterns confirmed that
PIC-Ph has a layered structures with a d-spacing of 1.75 nm,

corresponding to the length of the hexagonal base repeating
unit of the PIC-Ph (Figures S10 and S11). However, this
layered structure was not observed in PIC-Dp, indicating the
absence of a periodic arrangement. The XRD and SEM
analyses revealed that aging the PICs for 7 days in aqueous
solutions had no effect on their crystallinity and morphology
even under highly acidic conditions (Figures S12 and S13).
However, the PICs exhibited different chemical stability
under alkaline conditions. For example, the structural integ-
rity of PIC-Ph was not preserved in 5 M NaOH, as observed
for other PI-based materials (Figure S12). In contrast, there
were no noticeable changes in the crystallinity and morphol-
ogy of PIC-Dp under alkaline conditions (Figure S13). This
additional chemical stability of PIC-Dp could be attributed to
its relatively lower porosity, which limited the migration of
the alkaline solution into the structure. In addition to the
enhanced chemical stability of the prepared PICs, we
evaluated their thermal stability. A negligible weight loss
was observed in the thermogravimetric analysis (TGA)
curves of PIC-Ph and PIC-Dp, even at 590 and 595 88C,

Figure 3. Synchrotron PXRD patterns of a) PIC-Ph and b) PIC-Dp (black) and calculated patterns of the AA-eclipsed (red), AA’-eclipsed (green),
and AB-staggered (blue) structures. c,d) Potential energy surface of PIC-Ph and PIC-Dp with calculated stacking patterns labeled. The x and y axes
correspond to the fractional coordinates. e) Top and side views of the calculated AA, AA’, and AB-stacking structures of the PIC-Ph layers. SEM
images of f) PIC-Ph and h) PIC-Dp (insets: the TEM images). High-resolution TEM images of g) PIC-Ph and i) PIC-Dp (insets: SAED patterns).
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respectively, indicating the superior thermal stability of the
PICs synthesized in this study (Figure S14).

Formation Mechanism of the PICs. It has been previously
suggested that salts of the precursors are first formed as
intermediates during the hydrothermal polymerization of
crystalline PI through a series of dissolution-polymerization-
crystallization processes.[37] On the basis of this mechanism,
we investigated the detailed reaction process by analyzing the
intermediates through ex situ XRD and FT-IR to elucidate
the origin of the difference in the stacking structures of PIC-
Ph and PIC-Dp (Figures S15 and S16). For this purpose, we
performed the hydrothermal polymerization of the respective
PICs for different durations (10 min, 30 min, 1 h, and 6 h) and
characterized the intermediates without additional purifica-
tion processes.

According to the XRD results of PIC-Ph, crystalline
intermediates were observed from the appearance of the new
crystalline peaks from 588 to 1588 beginning from 30 min of
hydrothermal polymerization (Figure S15). In addition, ex
situ FT-IR spectroscopy revealed that these crystalline
intermediates were precursor salts, as shown by the aromatic
NH3

+ peaks, which were gradually consumed with TPHCA
(Figure S16). Upon increasing the reaction time, these
intermediates were gradually transformed into a 2D inter-
connected PIC-Ph layer, which in turn led to the AA’-eclipsed
stacking structure, as evidenced by the appearance of a peak
corresponding to the (01̄0) and (11̄0) planes at 3.6088 (Fig-
ure S15a,b).

As observed for PIC-Ph, peaks consistent with the
formation and transformation of crystalline salt intermedi-
ates, such as the appearance of aromatic NH3

+ peaks, were
observed in the XRD patterns and FT-IR spectra of PIC-Dp
(Figures S15 and S16). In the initial stages of the reaction, the
intensity of the imide bond peak increased with increase in
the consumption of NH3

+, suggesting that PIC-Dp was
constructed from the salt intermediate. After 30 min, the
intensity of the imide bonds reached saturation, whereas the
carboxylic acid peaks of TPHCA (1693 cm@1) and aromatic
NH3

+ peaks (2920 and 2600 cm@1) were retained. This
observation demonstrates the immature precipitation of
PIC-Dp from the oligomeric intermediates with reduced
aqueous solubility, which was followed by the independent
formation of additional PIC-Dp from the precursor solution.

Based on these results, we propose the following mech-
anistic framework for the hydrothermal synthesis of PICs.
Briefly, the solubility of the oligomeric structure affected the
reaction pathway of the 2D hexagonal PICs during the
development of the 3D stacking structure (i.e., thermody-
namic pathway for PIC-Ph and kinetic pathway for PIC-Dp)
(Figure 4). More specifically, in the case of PIC-Ph, soluble
oligomeric structures were formed from the crystalline
intermediates and acted as seeds for the growth of PIC-Ph
with long-range order through a nucleation/growth mecha-
nism under homogeneous reaction conditions (Figure 4a).
With the growth of the 2D layer, the most thermodynamically
stable structure, the AA’-eclipsed structure of PIC-Ph, was
formed, which was resulted from p-p interactions between the
aromatic rings (Figure 4b,c).

On the other hand, insoluble oligomeric intermediates
were formed in the case of PIC-Dp due to the lower solubility
of the biphenyl ring, thus limiting the long-range growth of
the 2D structure as they precipitate out. Consequently, PIC-
Dp formed a kinetically stable AB-staggered stacking struc-
ture rather than a thermodynamically stable eclipsed stacking
structure.

Moreover, among the staggered structures, the ABC
stacking structure exhibited higher thermodynamic stability
than the AB-stacking structure with interlayer space packing,
which was induced by the relaxation of the individual 2D
layers (Figure S17, Table S5). However, there are water
molecules between the PIC layers owing to the hydrogen
bonding between the imide and water during the formation of
PIC-Dp, thus interfering with the interlayer packing. Con-
sequently, the AB-staggered stacking was more predominant
than the ABC-staggered stacking, which did not exhibit the
relaxation of the 2D layers (Figure 4 c).

To confirm the proposed mechanism, the hydrothermal
polymerization process was extended to the synthesis of PIC-
Tp using 4,4’’-diamino-p-terphenyl (Tp) as a precursor (Fig-
ure 1), and the chemical structure of the prepared PIC-Tp was
investigated using FT-IR and solid-state CP-MAS 13C-NMR
spectroscopy. The FT-IR analysis revealed that PIC-Tp has
a cyclic imide structure, and the repeating units consisting of
carbonyl and aromatic carbons were assigned by solid-state
CP-MAS 13C-NMR (Figure S18, Table S2).

Despite the successful synthesis of PIC-Tp, it was difficult
to individually assign the crystal structure of PIC-Tp by XRD
owing to the presence of residual Tp (as shown by the peak at
2088 in Figure S18). This suggests that the longer aromatic
groups in the Tp precursor, which has limited aqueous
solubility, resulted in its physical trapping within the PIC-Tp
structure, particularly in the initial stages of oligomeric
intermediate growth. In addition, owing to the presence of
the residual Tp precursor in the PIC-Tp structure, PIC-Tp
exhibited a low BET surface area of 54 m2 g@1 and a TGA
weight loss at approximately 200 88C, consistent with the
degradation temperature of the residual Tp precursor,
although the peak at 605 88C suggests the thermal stability of
PIC-Tp (Figures S9 and S14).

Application of PICs. To utilize the unique redox-active
property of the imide linkage and porosity of PIC, PIC-Ph was
examined as an anode material for lithium-ion batteries
(LIBs) (Figure 5). Prior to application in the LIB system, the
theoretical capacity of PIC-Ph was calculated using DFT
calculation. It was found that the redox-active carbonyl
groups the of imide bonds in the unit cell of PIC-Ph can be
oxidized through the lithiation process by 12 lithium ions,
resulting in a specific capacity of 294 mAh g@1. Moreover, the
benzene ring in the PIC-Ph was identified as another redox-
active group that could be oxidized at approximately 0.19 V
(vs. Li/Li+). As a result, lithium ions first reacted with the
carbonyl groups in the imide (i.e., 12 lithium ions per unit cell)
and subsequently with three benzene units in the unit cell of
PIC-Ph (i.e., a total of 30 lithium ions per unit cell). This leads
PIC-Ph to achieve a high theoretical specific capacity of
736.6 mAhg@1, approximately two times higher than that of
commercial graphite anodes (372 mAhg@1) (Figure S19).
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Figure 4. Illustration of the a) proposed reaction pathways and b) potential energy diagram: thermodynamic pathway of PIC-Ph and kinetic
pathway of PIC-Dp. c) Representation of the relative energy levels of each stacking structure of the PICs.

Figure 5. a) The application of PIC-Ph as an anode material during lithiation/delithiation. b–d) Electrochemical properties of the PIC-Ph electrode.
Voltage profile of the first cycle at 0.05 C (b), rate capability at various C-rates and the corresponding coulombic efficiency (c), and cycle retention
at 1 C after the rate capability tests and the coulombic efficiency (d). The open and closed circles correspond to the specific capacity and
coulombic efficiency, respectively.
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Based on the promising theoretical specific capacity of
PIC-Ph, we performed electrochemical analysis as an anode
in the conventional LIB system. As shown in Figure 5b, the
electrode consisting of PIC-Ph delivered a specific capacity of
1502.0 mAh g@1 with an initial coulombic efficiency of 44.3%
in the first cycle (0.05 C). The electrode yielded a slightly
lower initial coulombic efficiency and a higher specific
capacity than the theoretical value. This can be attributed to
solid electrolyte interphase formation and the adsorption/
desorption reaction of lithium ions during the charge/
discharge process in both the conductive materials and PIC-
Ph owing to the large surface area and porous structure of
PIC-Ph. Specifically, PIC-Ph demonstrated a specific capacity
of 1116.2, 599.1, and 258.8 mAh g@1 at 0.1, 1.0, and 10 C,
respectively, with a good rate capability compared to those of
other organic-based anode materials (Figure 5 c). Further-
more, it showed durable cycle retention with a reversible
capacity of 691.9 mAh g@1 and an average coulombic effi-
ciency of 99.1% at 1.0 C for 200 cycles (Figure 5 d).

Conclusion

In summary, we synthesized highly crystalline PICs via
a geomimetic hydrothermal polymerization method for the
first time. TPHCA was used as an anhydride precursor in
combination with three aromatic diamine precursors, Ph, Dp,
and Tp, to afford PICs with various pore dimensions and
crystallinity. Most importantly, we found that the solubility of
the oligomeric structures affected the crystalline structures of
the prepared PICs, particularly the 3D stacking structures.
The soluble oligomers followed the nucleation-growth mech-
anism as they acted as seeds for the long-range growth of the
PIC structure, for which the eclipsed structure was the most
thermodynamically stable. In contrast, the precipitation of
oligomeric intermediates limited the growth of the 2D PIC
layers, thus making the staggered structure the most kineti-
cally accessible structure. Finally, by taking advantage of the
redox-active properties with porosity, PIC-Ph was applied as
an active anode for LIBs. The PIC-Ph delivered a specific
capacity of 691.9 mAh g@1 at 1.0 C with long-cycling stability
for 200 cycles. We anticipate that this geomimetic hydro-
thermal method will enable eco-friendly synthesis of highly
ordered organic materials.
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