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The development of porous materials is of great interest for the capture of CO2 from various emission
sources, which is essential to mitigate its detrimental environmental impact. In this direction, porous organic
polymers (POPs) have emerged as prime candidates owing to their structural tunability, physiochemical stability
and high surface areas. In an effort to transfer an intrinsic property of a cyclotetrabenzoin-derived macrocycle –
its high CO2 affinity – into porous networks, herein we report the synthesis of three-dimensional (3D)
macrocycle-based POPs through the polycondensation of an octaketone macrocycle with phenazine-2,3,7,8-
tetraamine hydrochloride. This polycondensation was performed under ionothermal conditions, using a eutectic
salt mixture in the temperature range of 200 to 300 °C. The resulting polymers, named 3D-mmPOPs, showed
reaction temperature-dependent surface areas and gas uptake properties. 3D-mmPOP-250 synthesized at 250 °C
exhibited a surface area of 752 m2g�1 and high microporosity originating from the macrocyclic units, thus
resulting in an excellent CO2 binding enthalpy of 40.6 kJmol�1 and CO2 uptake capacity of 3.51 mmolg�1 at
273 K, 1.1 bar.

Keywords: carbon dioxide capture, cyclotetrabenzoin, macrocycles, macrocyclic microporous porous organic
polymers, molten salt synthesis, polymers, porous organic polymers.

Introduction

Anthropogenic emissions have significantly increased
the atmospheric carbon dioxide (CO2) level, which has
now exceeded 418 ppm,[1] resulting in global warming,
climate change and ocean acidification. To decrease
CO2 emissions from large point sources, amine-scrub-
bing using aqueous solutions of alkyl amines has been
conventionally applied. While this approach offers
high selectivity and low cost, the low uptake capacity,
high energy penalty for regeneration, and the degra-

dation and corrosive nature of amines present impor-
tant challenges. Porous materials have emerged as
potential alternatives owing to their high surface areas
and tailor-made properties for high CO2 affinity.[2]

Porous organic polymers (POPs) are a promising class
of porous materials owing their high porosity, struc-
tural tunability, excellent chemical and thermal
stability.[3,4] The introduction of heteroatoms, such as
N, O, or S can enhance CO2 affinity through quadru-
pole-quadrupole interactions and have been em-
ployed as a general strategy.[5] Therefore, amines,[5]

imines,[6] pyrazines,[7] nitriles,[8,9] cyanurates[10] and
other nitrogen-rich functional groups[11,12] have been
introduced either into the structures of monomers or
through post-synthetic modification. Moreover, the
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abundance of micropores (<2 nm) and ultramicro-
pores (<0.7 nm) is another essential factor to increase
CO2 affinity owing to the interaction of CO2 with
multiple binding sites.[13] We recently summarized[3]

the most critical parameters determining the CO2
capture capacity for POPs, which also highlights the
incorporation of shape-persistent macrocycles and
cages,[14] that can host guest molecules i. e., CO2 and
optimize the pore size and geometry for high CO2
affinity into POPs.[7,15,16] The introduction of various
macrocycles such as cyclodextrins, pillar[5]arenes and
calix[4]arenes into the POP-backbone have been
shown to optimize properties of POPs for specific
applications such as the removal of pollutants,[17,18]

gas adsorption and separation,[19,20] sensing and
catalysis.[21] The main motivation is to transfer the
intrinsic properties of these cages/macrocycles in
solution into the solid-state to achieve complex
separations.

Cyclotetrabenzoin is a square-shaped macrocycle
introduced by Miljanić and coworkers[22] as an ex-
cellent host for linear molecules such as CO2, CS2,
organic nitriles, and terminal alkynes.[23,24] The cyclo-
tetrabenzoin cavity is inaccessible to larger guest
molecules such as e.g. CH4, thus resulting in high CO2/
CH4 selectivities.[24] Furthermore, this macrocycle can
be readily functionalized by initial oxidation into an
octaketone, and subsequent condensation reactions of
these ketone moieties with aromatic ortho-diamines,
which results in the formation of a three-dimensional
structure through the distortion of the square-shaped
cavity of cyclotetrabenzoin.[25] We recently
demonstrated[7] a 3D macrocyclic POP containing
cyclotetrabenzoin units, which showed a modest CO2
uptake capacity along with an excellent CO2/N2
selectivity, by reacting the oxidized form of a cyclo-
tetrabenzoin, namely octaketone (Scheme 1), with
benzene-1,2,4,5-tetraamine hydrochloride under iono-
thermal conditions. However, this approach had
limitations due to the rigidity of the polymeric
structure and the abundance of mesopores, thus
limiting the CO2 uptake capacity.[26] In order to
improve both CO2 uptake capacity through higher
nitrogen content and the higher abundance of micro-
pores and ultramicropores, phenazine-2,3,7,8-tetra-
amine hydrochloride (PTAH) linker was introduced
(Scheme 1). We also systematically investigated the
effect of the reaction temperature on the textural
properties of the polymers. Moreover, the traditional
ZnCl2/NaCl/KCl eutectic mixture was also replaced
with a cheaper alternative, that is AlCl3/NaCl eutectic
molten salt mixture,[27,28] which was implemented as a

reaction medium and a catalyst. The resulting 3D
microporous macrocyclic POPs (3D-mmPOPs) showed
surface areas up to 752 m2g�1 with a micropore ratio
of more than 90%, pore volumes up to 0.32 cm3g�1

and enhanced CO2 uptake capacity of 3.51 mmolg�1

at 273 K and 1.1 bar as well as a high CO2 isosteric
heat of adsorption, Qst, of 40.6 kJmol�1 at zero cover-
age originating from the presence of macrocyclic
units.

Results and Discussion

The oxidation of cyclotetrabenzoin into the corre-
sponding octaketone was carried out using nitric acid,
as previously described (refer to the Supporting
Information for detailed information).[25] The reaction
between the octaketone and phenazine-2,3,7,8-tetra-
amine hydrochloride (PTAH) was conducted at three
different temperatures, namely 200, 250 and 300 °C,
utilizing an AlCl3/NaCl eutectic salt mixture to prevent
partial carbonization of the precursors and sublimation
of AlCl3 at elevated temperatures.[29,30] The formation
of three-dimensional microporous organic polymers,
3D-mmPOPs, was verified by Fourier transform infrared
(FT-IR) and X-ray photoelectron spectroscopy (XPS)
analyses (Figure 1). A comparison of the 3D-mmPOPs
synthesized at different temperatures was performed
to better understand the impact of the reaction
temperature on the chemical structure of the poly-
mers. The octaketone exhibited distinct �C=O stretch-
ing bands appearing at 1691 and 1677 cm�1 (Figure 1a
and 1b).[7] These characteristic stretching bands dis-
appeared after the polymerization reaction and new
peaks at around 1604 cm�1 emerged in the FT-IR
spectra of the 3D-mmPOPs, which can be attributed to
the �C=N� stretching of pyrazines, indicating a
successful polymerization reaction (Figure 1a and 1b).
Additionally, the characteristic �C�O bands of the
octaketone at approximately 1205 and 1177 cm�1

disappeared, further supporting the formation of 3D-
mmPOPs. Moreover, the typical �C=N� and �C=C�

stretching bands of phenazine-2,3,7,8-tetraamine
hydrochloride (PTAH) at ca. 1664, ca. 1620, and ca.
1491 cm�1 shifted to lower frequencies due to the
polymerization.[31] Similarly, the �N�H vibrations of
PTAH at ca. 3194 cm�1 disappeared in the spectra of
3D-mmPOP-250, but were observed as a shoulder in
the 3D-mmPOP-200 spectra, indicating incomplete
polymerization (Figure 1a and 1b). The XPS survey
spectra of the 3D-mmPOP-250 revealed the presence
of carbon, nitrogen contents of 70.75, 9.4%, respec-
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tively. We also observed the presence of oxygen atoms
originating from terminal carbonyl moieties and
aluminum oxide species along with trace amounts of
other elements (Figure S3). The high-resolution C1s
spectra exhibited peaks at 284.8, 286.4, 288.5, and
291.6 eV, which can be attributed to �C�C�/�C=C�,
�C�N�/�C=N�, �C=O, and π–π* interactions, respec-
tively (Figure 1c).[32,33] The presence of �C=O signals
indicated the presence of end-groups and unreacted
keto-groups. Additionally, the high-resolution N1s
spectra revealed a single peak at 398.4 eV, correspond-
ing to �C�N�/�C=N� and confirming the presence of
only phenazine moieties.[28,32,33] The high-resolution
O1s spectra showed peaks at 528.4 and 531.5 eV,
which can be attributed to oxidized Indium from the
support, varying aluminum oxide species and �C=O
moieties.[32,34] Overall, the FT-IR and XPS spectra

provide compelling evidence for the successful for-
mation of 3D-mmPOPs and the presence of a small
number of unreacted keto-groups.

To confirm the chemical structure of the 3D-
mmPOPs, we also prepared the model compound
using phenazine-2,3-diamine (named as model com-
pound-T, where T is the reaction temperature) as
shown in Scheme 1. The model compound synthesized
at different temperatures was found to be entirely
insoluble, necessitating the characterization through
FT-IR spectroscopy (Figure S5). The FT-IR spectra dis-
played the disappearance of the ketone bands of
octaketone (ca. 1691 and 1677 cm�1) and amine
stretching bands (ca. 3194 cm�1) of phenazine-2,3-
diamine in the spectra of the model compounds,
signifying successful reaction completion (Figure S5,a).
Furthermore, the characteristic �C=N� and �C=C�

Scheme 1. Synthetic scheme and chemical structures of the 3D-mmPOP-T, model compounds, and octaketone. T represents the
reaction temperature.
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bands of phenazine-2,3-diamine at ca. 1641 and
1490 cm�1, respectively, exhibited a downward shift
after the reaction (Figure S5,b), indicative of structural
changes. To verify the structure of the model com-
pounds, we conducted matrix-assisted laser desorp-
tion/ionization (MALDI) spectroscopy (Figure S6). The
MALDI results confirmed the presence of the model
compound synthesized at reaction temperatures of
200 and 250 °C. However, no model compound was
detected in the reaction carried out at 300 °C, likely
due to possible side reactions and carbonization.[26]

This result underscores the need for careful temper-
ature control in the synthesis. In order to further
analyze the chemical structures of the 3D-mmPOPs
and model compounds, 13C cross-polarization magic
angle spinning (CP-MAS) solid-state nuclear magnetic
resonance (ssNMR) spectroscopy was employed (Fig-
ure S7). The 13C-NMR spectra revealed two prominent
peaks at 128.9 and 139.1 ppm, attributed to terminal
carbons and �C=N� moieties, respectively.[7] Notably,

an additional peak at 106.2 ppm was observed in the
spectra of 3D-mmPOP-200, indicative of sp2 carbon
attached to amines, suggesting incomplete polymer-
ization. Moreover, unreacted keto-groups at
178.1 ppm[7] were observed in the 13C-NMR spectra of
3D-mmPOP-300 and Model compound-300, indicating
the possibility of incomplete reaction. Furthermore,
elemental analysis (EA) was performed to determine
the elemental composition of the 3D-mmPOPs. The EA
results showed similar carbon content in all the
polymers, but the nitrogen content decreased with
increasing reaction temperature (Table S1). Notably,
3D-mmPOP-200 exhibited higher nitrogen content
(22.7%) compared to the theoretical value (19.4%),
suggesting the presence of free amines due to
incomplete polymerization. In contrast, 3D-mmPOP-
300 displayed nitrogen content of less than half (9.3%)
of the theoretical value (19.4%), likely due to partial
carbonization and side reactions as also observed in
the synthesis of model compound at this temperature.

Figure 1. a) FT-IR spectra of the 3D-mmPOPs synthesized at different temperatures in comparison with the monomers; octaketone
and PTAH. b) Expanded FT-IR region of 1000–1800 cm�1 to depict the C=O and C=N stretching bands. High-resolution C1s (c) and
N1s (d) spectra of 3D-mmPOP-250.
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3D-mmPOP-250 on the other hand demonstrated
near-ideal nitrogen content of 18.8%. These EA results
further corroborated the FT-IR and NMR findings,
providing additional support for the characterization
of the chemical structures of the 3D-mmPOPs and
model compounds.

In order to assess the thermal stabilities of the 3D-
mmPOPs, thermogravimetric analysis (TGA) was em-
ployed under both air and nitrogen atmospheres
(Figure S8). The 3D-mmPOPs exhibited thermal stabil-
ities up to 350 °C under nitrogen, except for 3D-
mmPOP-200 displaying relatively lower stability, thus
corroborating the findings from the FT-IR, EA and NMR
spectra that suggested incomplete polymerization
(Figure S8a). Intriguingly, TGA curves under air re-
vealed some residual mass, possibly due to incomplete
combustion[35] and partial presence of inorganic
species and formation of carbonates that lead to a
higher residual mass (Figure S8b). These findings
collectively suggest that a reaction temperature of
200 °C is inadequate for efficient polymerization,
resulting in the formation of oligomers. Conversely, a
reaction temperature of 300 °C proves to be exces-
sively high, leading to nitrogen loss due to side
reactions and partial carbonization. Due to the residual
mass found in the TGA measurements, we conducted

inductively coupled plasma optical emission spectro-
scopy (ICP-OES) analyses of each sample to determine
how much of the residual mass originates from
residual aluminum chloride and its degradation prod-
ucts. The results (Figure S9 and Table S2) confirmed a
low Al content for mmPOP-250 of 2.31 wt% while
mmPOP-200 and mmPOP-300 showed a residual Al
content of 1.47 and 4.54 wt% respectively. The
crystallinity of the 3D-mmPOPs was probed using X-
ray diffraction (XRD) analysis, which showed amor-
phous structures, a common trait observed in POPs
(Figure S10).[36]

The porosities of the 3D-mmPOPs were assessed
through argon (Ar) adsorption-desorption analysis
conducted at 77 K, as illustrated in Figure 2a. The
surface area was calculated using the Brunauer-
Emmett-Teller (BET) theory.[37] 3D-mmPOP-200 was
found to be nonporous with a BET surface area of
4.7 m2g�1, further corroborating the incomplete poly-
merization at this temperature (Table S3). Conversely,
both 3D-mmPOP-250 and 3D-mmPOP-300 exhibited
type 1 isotherms with surface areas of 751.9 and
678.3 m2g�1, respectively, along with micropore ratios
of 91% and 93% (Smicro/Stotal) and pore volumes of
0.317 and 0.279 cm3g�1, respectively (Figure 3a and
Table 1).[38] Notably, both polymers displayed type I

Figure 2. a) Ar uptake isotherms of 3D-mmPOPs measured at 77 K. Filled and empty symbols represent adsorption and desorption
isotherms, respectively. b) Pore size distribution curves of 3D-mmPOP-250 and �300 obtained using NLDFT model.
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isotherm, indicating highly microporous structures
with no hysteresis.[39] It is noteworthy that although
3D-mmPOP-300 exhibited a lower BET surface area,
the micropore ratio increased, possibly due to the
partial carbonization, thus leading to pore fusing. To
further elucidate the pore size characteristics of the
3D-mmPOPs, pore size distribution (PSD) analysis was
conducted employing the nonlocal density functional
theory (NLDFT) model.[40] The PSD curves unveiled the
existence of pores with sizes of 7.7, 11.4, and 13.9 Å in
3D-mmPOP-250, with the 11.4 Å-sized pores exhibiting
higher pore volumes (Figure 2b). In contrast, 3D-
mmPOP-300 displayed pores with sizes of 7.3 and

11.4 Å in the PSD curve, again with 11.4 Å-sized pores
having higher pore volumes (Figure 2b), which is
consistent with the characterization results. We esti-
mate that pores around ca. 7 Å belong to the square-
shaped pore of the macrocycle and at 11.4 Å corre-
spond to the larger cavity, respectively.[7] This can be
seen better in the H4-type hysteresis of the POPs
observed in the N2 uptake measurements at 77 K,
indicative of the presence of mesopores and slit-like
pores (Figures S11a and S11b).

To gain further insights into the impact of carbon-
ization at elevated temperatures, we conducted Ram-
an spectroscopy on the 3D-mmPOPs, and scrutinized

Figure 3. Change of the various properties of the 3D-mmPOPs vs. the reaction temperature: a) BET surface areas and micropore
ratios, b) ID/IG ratio, c) CO2 uptake capacities, d) heat of adsorption (Qst) for CO2 and nitrogen content.

Table 1. Porosity results of the 3D-mmPOPs obtained using Ar uptake at 77 K.

Sample BET[a] [m2g�1] Smicro
[b] [m2g�1] Sext

[c] [m2g�1] Vtotal
[d] [cm3g�1] Vmicro

[e] [cm3g�1] Vext
[f] [cm3g�1]

3D-mmPOP-250 751.9 681.2 (91%) 70.7 0.317 0.252 0.065
3D-mmPOP-300 678.3 630.6 (93%) 47.7 0.279 0.235 0.044
[a] BET surface area calculated over the pressure range (P/P0) of 0.01–0.15.

[b] Micropore surface area calculated using the t-plot
method. [c] Sext=Stotal�Smicro.

[d] Total pore volume obtained at P/P0=0.99. [f] Vext=Vtotal�Vmicro.
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the ID/IG ratios (Figure S12). The ID/IG ratio for 3D-
mmPOP-200 was found to be 0.91, indicating a
substantial presence of defects resulting from incom-
plete polymerization. Notably, this ratio decreased to
0.79 for 3D-mmPOP-250, indicating a reduction in
defects (Figure 3b). However, the ID/IG ratio exhibited
an increase to 0.87 for 3D-mmPOP-300, implying the
formation of defects attributed to side reactions and
partial carbonization. To unravel the morphology of
the 3D-mmPOPs, we conducted Scanning Electron
Microscopy (SEM) analysis (Figure S13). The SEM analy-
sis revealed micron-sized particles with a rough surface
observed at 200 °C, confirming the formation of
oligomers. The effect of salt-templation was conspicu-
ously evident at 300 °C, with cubical pores on the
surface, suggestive of the disruption of the eutectic
mixture due to water forming during the polyconden-
sation reaction.[8] The Raman and SEM analyses
corroborated the earlier findings and underscored
250 °C as the optimal reaction temperature for achiev-
ing a favorable combination of high surface area and
low defect content.

The remarkable highly microporous structure ex-
hibited by the 3D-mmPOPs prompted us to investigate
their CO2 uptake performance. Initially, we evaluated
the CO2 uptake capacities at 273 K (Figure 4a). Surpris-
ingly, despite its nonporous nature, the 3D-mmPOP-
200 displayed a noteworthy CO2 uptake of
2.50 mmolg�1, attributed to its high nitrogen content

(Table 2). The highest CO2 capture performance was
achieved by 3D-mmPOP-250, with a remarkable
uptake capacity of 3.51 mmolg�1. Notably, although
3D-mmPOP-300 displayed a higher micropore content,
its uptake capacity was slightly lower at 3.29 mmolg�1,
partially due to its lower nitrogen content (Table 2).
The higher CO2 uptake values compared to the earlier
reported 3D-mPOP (2.29 mmolg�1)[7] was attributed to
a higher nitrogen content as well as high micro-
porosity and surface area. Moreover, using an ex-
tended linker, in the absence of interpenetration, leads
to a better pore accessibility, which in return results in
higher CO2 uptake performance. We further investi-
gated the CO2 uptake performance at higher temper-
atures, specifically 298 and 323 K (Figure S14). As
expected, the uptake values decreased with increasing
temperature; however, even at these elevated temper-
atures, 3D-mmPOP-250 exhibited the highest capture
performance, with uptake capacities of 2.29 mmolg�1

at 298 K and 1.55 mmolg�1 at 323 K, respectively

Figure 4. a) CO2 uptake isotherms of 3D-mmPOPs measured at 273 K. Filled and empty symbols represent adsorption and
desorption isotherms, respectively. b) Heat of adsorption (Qst) for CO2 of the 3D-mmPOPs.

Table 2. CO2 uptake at different temperatures and heat of
adsorption for CO2 results of 3D-mmPOPs.

Sample CO2 uptake [mmolg�1] Qst [kJmol�1]
Temperature [K] 273 298 323

3D-mmPOP-200 2.50 1.67 1.18 44.7–26.7
3D-mmPOP-250 3.51 2.29 1.55 40.6–25.5
3D-mmPOP-300 3.29 2.08 1.37 31.2–24.8
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(Table 2). Notably, the trend of CO2 uptake vs. reaction
temperature closely paralleled that of BET surface area
vs. reaction temperature (Figure 3c). Interestingly, with
an uptake capacity of 3.51 mmolg�1 3D-mmPOP-250
ranks among the best-performing macrocycle-based
porous materials when compared to the literature
(Table S5). To gain insights into the CO2-philicity of the
3D-mmPOPs, we calculated the heat of adsorption
(Qst) for CO2 by fitting the uptake isotherms obtained
at 273 K, 298 K, and 323 K with a dual-site Langmuir
model (Figure S15 and Table S4).[41] Remarkably, 3D-
mmPOP-200 exhibited the highest Qst value of
44.7 kJmol�1 at zero coverage, indicative of chemical
binding, owing to the presence of free amines that
facilitate strong CO2 binding (Figure 4b and Table 2).
Conversely, the Qst results for 3D-mmPOP-250 exhib-
ited the Qst value of 40.6 kJmol�1 at zero coverage,
implying easier regeneration than sorbents based on
chemisorption (Figure 4b).[42] Interestingly, the Qst
values for 3D-mmPOP-300 ranged from 31.2–
24.8 kJmol�1, indicating purely physisorption, attribut-
able to its lower nitrogen content (Figure 4b). This
observation was further corroborated by plotting Qst
for CO2 against nitrogen content, which revealed a
similar decreasing trend with increasing reaction
temperature (Figure 3d). The high Qst values under-
scored the CO2-philic nature of the 3D-mmPOPs,
attributed to the presence of the CO2-philic macro-
cycle. In summary, the CO2 uptake values and heat of
adsorption results collectively indicate that the reac-
tion temperature of 250 °C leads to the formation of
an optimal polymer structure with maximum CO2
capture performance.

Conclusions

In conclusion, our study has successfully demonstrated
the synthesis of fully sp2-hybridized microporous 3D-
POPs bearing macrocyclic units using AlCl3/NaCl
molten salt system. Furthermore, we have elucidated
the significant impact of temperature on the polymeric
network formation, enabling enhanced CO2 uptake
performance. Notably, by introducing an extended
linker, we have improved upon our previously pub-
lished macrocyclic POP, achieving a larger accessible
surface area as well as higher nitrogen content. These
findings highlight the potential of alternative cost-
effective molten salt mixtures – beyond those con-
taining ZnCl2 – for the preparation of POPs. This
research opens up new avenues for the development
of advanced materials with enhanced CO2 capture

properties, paving the way for further advancements
in sustainable energy and environmental applications.

Experimental Section

Materials and Methods

All the chemicals and solvents were used as purchased
without any further purification. Solvents were pur-
chased from Fischer Chemicals. Anhydrous AlCl3
(98.5%), NaCl (99.0%), AcONa (99.0%) were purchased
from Acros Organics. HNO3 solution (65%) was pur-
chased from Fischer Chemicals and benzene-1,2,4,5-
tetraamine tetrahydrochloride (>95.0%) was pur-
chased from Strem Chemicals. All manipulations involv-
ing water and air-sensitive chemicals were carried in a
glovebox under an Ar atmosphere. The degassing and
reactions under inert atmosphere were carried out
using standard Schlenk line techniques. FT-IR spectra
were recorded on a PerkinElmer Frontier spectrometer
using KBr pellets. XPS spectra were obtained on multi-
purpose XPS, Sigma Probe, Thermo VG Scientific by
using Monochromatic Al Kα X-ray source. The samples
were prepared on an indium foil to alleviate charging
and enable the use of small sample amounts. The foil
was supported on an aluminum foil and fixed on the
XPS sample holder. High-resolution spectra were
deconvoluted using fityk software.[43] TGA was per-
formed on a Mettler-Toledo TGA/DSC 3+ instrument
using standard 70 μL alumina crucibles. The flow rate
of the respective gas (air or N2) was set to 20 sccm and
the heating rate was set to 5 K/min. Inductively
coupled plasma optical emission spectroscopy (ICP-
OES) analyses were conducted on a Perkin-Elmer
Optima7000 DV. Around 5 mg of sample were digested
in 15 mL 5% HNO3 at 70 °C for 2 h. The samples were
filtered using a 0.4 μm PTFE filter and directly meas-
ured. XRD patterns were acquired on STOE STADI-P
system using Cu Kα1 incident beam using trans-
mission mode. Samples were scanned between 2 and
60° of 2θ. Elemental analysis was carried out on a
ThermoFisher Flash 2000 CHNS analyzer by using BBOT
as a standard. Raman spectra were recorded on an
Alpha 300R Raman microscope with a UHTS 300
spectrometer using 535 nm laser excitation. SEM
micrographs were recorded on ThermoFisher Scios 2
instrument by using 3.0 kV accelerating voltage and
0.40 nA of current. Samples were pre-coated with
3.0 nm of gold layer on a Cressington 208HR sputtering
tool prior to the SEM imaging. Liquid NMR spectra
were recorded on Bruker Avance III 400 MHz spectrom-
eter. The spectra were calibrated on the deuterated
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solvent signal. Solid-state NMR spectra were recorded
using Bruker Avance Neo 600 MHz instrument using
60.0 kHz spinning rates and 5.0 s of relaxation delay.
The electrospray ionization mass spectrometry (ESI-
MS) was performed on Bruker Esquire HCT instrument.
HR-MALDI FT-ICR mass spectra were recorded on
Bruker FTMS 4.7T BioAPEX II in positive mode using
trans-2-[3-(tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) as a matrix and
sodium trifluoroacetate (NaTFA) as the counter ion
source.[44] The N2, Ar and CO2 adsorption isotherms
were obtained on Micromeritics 3Flex instrument at
respective temperatures. The samples were degassed
at 120 °C under vacuum for 12 h prior to the measure-
ments.

Synthesis of the POPs

Synthesis of the POPs were performed by following
our earlier reported procedures.[27,28] A Pyrex ampule
was charged with powdered NaCl (82.4 mg,
1.41 mmol, 7.04 equiv.), octaketone (106.5. mg,
0.2 mmol, 1.00 equiv.) and PTAH (118 mg, 0,4 mmol,
2 equiv.) before being transferred into the glovebox,
where AlCl3 (298.7 mg, 2.24 mmol, 11.2 equiv.) was
added. The contents of the ampule were evacuated
for 45 min to an internal pressure of 0.15 mbar and
flame-sealed. The contents of the ampule were heated
at respective temperatures for 72 h. After cooling to
room temperature, the obtained black solid was stirred
in a 1 :1 mixture of water and methanol for 72 h. The
solids were isolated by filtration using a POR4 fritted
glass filter and washed with water, methanol, tetrahy-
drofuran and acetone before being stirred in deionized
water overnight. Finally, polymers were purified by
Soxhlet extraction using methanol for 24 h and dried
at 90 °C under a vacuum to yield 120.3 mg (69.4%) of
3D-mmPOP-200, 134.1 mg (77.4%) of 3D-mmPOP-250,
and 132.7 mg (76.6%) of 3D-mmPOP-300 as black
powders.

The model compounds were synthesized using the
exact same procedures with phenazine-2,3-diamine.
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