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Three C-C bonded porous organic polymers are assembled by reacting rigid monomers (triformylphe-
nol, triformylphloroglucinol, triformylresorcinol) with pyrrole in a catalyst-free solvothermal reaction. The
resulting black-colored amorphous polymers yield moderate Brunauer—Emmett—Teller surface areas
(213 m? g~ to 277 m? g7, All the polymers exhibit the same pore size but different pore volumes. The
impact of pore volume on the adsorption capacity has been investigated. The POFs show excellent CO,
adsorption properties with moderate heat of adsorption values (31.9-37.6 kJ mol™) and good IAST
selectivity for CO,/N, and CO,/CH, separation. The working capacity of the POFs determined using

Received 7th May 2023, mixed gas IAST calculations shows that these POFs can preferentially adsorb CO, from the CO,/N,

Accepted 16th June 2023 gas mixture. POFs show facile adsorption kinetics with a self-diffusion coefficient on the order of
107 m? sec™t. The POFs offer excellent stability under acidic conditions and retain their working capa-

city after long humidity exposure. The stability of POFs under harsh acidic conditions has also been
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Introduction

The increasing atmospheric carbon dioxide concentrations due
to anthropogenic emissions is a major environmental concern.
The current level of CO, has increased to 420 ppm and is
responsible for global warming.> Hence strategies to mitigate
CO, emissions are urgently needed. A desirable way to reduce
carbon dioxide emissions into the environment is by capturing
and storing carbon dioxide (CCS) from coal and gas-burning
power stations.” However, the large energy penalty in the
capture process has limited the growth of CCS. The energy
input necessary for the regeneration of the material is the
primary cause of the high cost.® For instance, the traditional
CO, capture method based on alkanolamine solutions produces
an energy cost of about 30% of the power plant’s output.* To
tackle this, creating new generation CO, capture materials by
fine-tuning the thermodynamics of the interaction between CO,
and the adsorbent is a worthy pursuit.®

In this regard, porous materials have drawn interest from
academia and industry across many scientific fields and have
shown great promise. Porous organic frameworks (POFs) are an
important class of porous materials constructed from lightweight
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established by 273 K CO, adsorption, which shows a negligible fall in the CO, saturation capacity.

elements linked by strong covalent bonds that show great
potential in a wide range of applications, such as gas storage
and separation,”™° catalysis,'®'” chemical sensing,'®'° opto-
electronics,”®*! and energy storage.*>** They have shown great
promise due to their low density, high porosity, exceptional
thermal and chemical stability, tunable pore size, control of the
number of functional groups, etc. Along with high porosity, the
presence of heteroatoms plays a crucial role in high and selective
CO, capture; the heteroatoms, especially nitrogen, are known to
interact with CO, via dipole-quadrupole interactions, which is
why a lot of work has been carried out on amine grafting and
amine impregnation to boost the CO, capture performance.”**

High CO, uptake, working capacity and selectivity over other
gases (particularly CO,/N, selectivity) under humid conditions, fast
adsorption kinetics, cheap production cost, and low energy con-
sumption during adsorption and regeneration phases are crucial
requirements that must be met by an effective adsorbent.”®?”
While constructing a sorbent for CO, separation, microstructural
qualities such the surface area, pore volume, and pore size must be
carefully taken into account in addition to surface functionaliza-
tion and properties of the gas.*® Materials with pore sizes close to
the kinetic diameter of the gas (3.3 A CO,, 3.8 A of CH, and 3.64 A
of N,) would be more suitable due to the possibility of multiple
gas-surface interactions.”® However, the correlation between pore
volume and CO, capacity is less explored and is relevant to porous
polymers.*

In 2008, Thomas et al. reported the trimerization of aromatic
nitriles (Covalent Triazine Frameworks). They gained much
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attention due to their conjugated nature, high heteroatom
content and surface areas.”® CTF-0, an exceptionally stable
POF with a high surface area of 2011 m* g~ " with increased
mesoporosity and depleted nitrogen content was synthesized,
resulting in a CO, uptake capacity of 4.22 mmol g~ " at 273 K,
1 bar.?” Dai and coworkers introduced methoxy groups onto a
hexaazatriphenylene precursor, enabling CO, uptake capacity
of 6.3 mmol g ' at 273 K, 1 bar with a BET surface area of
1090 m> g~ *.** Yavuz and coworkers prepared an amide-linked
polymer through the polymerization of melamine with a tri-
acid chloride and noticed that the choice of solvents has a
significant impact on the morphology of the polymers and,
consequently, their capacity to absorb CO,.** Wang et al
exploited aldehyde-terminated precursors and reacted with
pyrrole to obtain NH-rich POFs. The polymers exhibited good
CO, uptake of 4.0 mmol ¢! and moderate CO,/N, selectivities,
thus exemplifying a simplistic approach to synthesizing highly
functional polymers.*® Kanatzidis, in 2011, reported a family of
polymers synthesized using Bakelite-type chemistry with uni-
form, microporous, spherical particles and exhibiting surface
areas up to 917 m”> g '.%® Internally, the micropores are
adorned with many —-OH reactive groups that can be functio-
nalized. The POFs collect as much as 18% of their mass of CO,
at atmospheric pressure. In 2015, our group reported a triazine-
resorcinol based POF with polar pore environment exhibiting
very good CO, adsorption properties along with their water
repelling nature, and high stability to SO,, NO, and steam
conditions.’”

In this work, we have synthesized three isostructural poly-
mers using the simplistic solvothermal reaction of pyrrole with
trialdehyde-based monomers, which show the same pore size
but different pore volumes. The effect of change in pore volume

IISERP-POF15 (1)

Fig. 1 Synthesis scheme of 1, 2, and 3.
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on the CO, capacity is explored. And the potential of the POFs
to separate CO,/N, and CO,/CH, has been studied. These
polymers also exhibit moderate heat of adsorption and hydro-
phobicity, which is crucial for capturing CO, from the humid
flue gas stream without compromising the CO, capacity.

Results and discussion

We report three isostructural microporous polymers (IISERP-
POF15 (1), IISERP-POF16 (2), ISERP-POF17 (3), where IISERP
stands for Indian Institute of Science Education and Research
Pune, synthesized without metal catalysts. The synthesis is
carried out solvothermally at 493 K in 1,4 dioxane for 48 hours
(Fig. 1). Importantly, the polymer’s backbone consists of C-C,
which imparts exceptional thermal and chemical stability, and
the catalyst-free synthesis facilitates the easy scale-up. They are
characterized by solid-state magic angle spinning NMR spectro-
scopy; the NMR results clearly show the presence of carbon
(C-OH) on the aldehyde monomer. As the number of carbons
(C-OH) increases from 1 to 3, the increase in the intensity of this
peak at 153 ppm is also observed (Fig. 2A). The peak corres-
ponding to the alpha carbon of the pyrrole is also observed in the
solid-state magic angle spinning NMR. However, the most inter-
esting and characteristic peak for the polymer in the NMR
appears at 65 ppm, corresponds to the aldehydic C of the
monomer bound to the alpha carbon of pyrrole through the
C-C bonds (Fig. 2A). IR spectroscopy confirms the presence of
free OH groups in these polymers. The stretching vibration mode
of the O-H bond at ~3500 cm™ " as well as the characteristic
for hydrogen bonding, broad absorbance between 3400 and
2900 cm ™, is present in all the spectra confirming the formation

IISERP-POF17 (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Solid state NMR of POFs showing the characteristic peaks. (B)
IR-spectra of the POFs showing the peaks corresponding to the different
stretching frequencies. (C) Thermo-gravimetric analysis of the POFs
showing the high thermal stability. (D)—(F) FE-SEM morphology of 1, 2
and 3 respectively. (SEM images with the scale bar are shown in the ESIT).

of the polymers (Fig. 2B). These results are in agreement with the
solid-state magic angle spinning NMR. The thermo-gravimetric
analysis proves the excellent thermal stability (> 350 °C/623 K) for
all three polymers; around 20% of the total mass is lost up to
350 °C temperature, and this can be attributed to the solvents
residing in the ultra micropores of the polymers (Fig. 2C). Powder
X-ray diffraction does not show any sharp peaks confirming the
amorphous nature of the POFs (Fig. S1, ESIf). The FE-SEM
images show a very homogeneous and similar morphology for
all three polymers; they consist of spherical balls inter-grown into
clusters (Fig. 2D-F and Fig. S2-S4, ESIf). TEM images also
showed similar morphology with uniform micropores on the
surface (Fig. S5, ESIT).

The permanent porosity is established by 273 K CO, adsorp-
tion isotherms; all three POFs show a Type I isotherm. 1, 2 and
3 show CO, uptakes of 3, 2.6 and 2 mmol gf1 at 273 K,
respectively (Fig. 3A-C). The BET fit to the isotherms yields a
BET area of 277, 235 and 213 m* g~ ! and a Langmuir surface
area of 345, 289, and 260 m” g~ ' for 1, 2, and 3, respectively
(Fig. S6-S11, ESIt). There is a consistent decrease in the CO,
uptake capacity with the increase in the -OH groups in the
polymers. The non-local density functional theory (NL-DFT) fit

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Equilibrium CO, adsorption isotherms on 1 at different tem-
peratures. (B) Equilibrium CO, adsorption isotherms on 2 at different
temperatures. (C) Equilibrium CO, adsorption isotherms on 3 at different
temperatures. (D) Pore size and pore volume distribution of POFs obtained
by NLDFT fit to the 273 K CO, isotherm. (E) Heat of adsorption plot for
POFs calculated using the Virial method. (F) IAST selectivity of POFs for
CO,/N; and CO,/CH4 gas mixtures.

to the adsorption branch of the 273 K CO, isotherm yields a
pore size of 0.55 nm in all three cases. However, the pore
volume reduced with the increase in the number of hydroxyl
groups in the framework (Fig. 3D). Since the POFs are iso-
structural with the same pore size, a direct correlation between
the CO, uptake and the pore volume can be made. Hence to
design better materials, it is not sufficient to have only ultra-
micropores, but maintaining the pore volume on the higher
side of the scale is also crucial. Based on this observation, an
ideal case would be to have a material with small apertures
(<0.6 nm), which allows only the selective gas molecules to
enter through the molecular sieving effect, with a cage-like
cavity of larger volumes that can collect large amounts of gas
resulting in high working capacity and selectivity. The CO,
isotherms were also performed at 298 K and 313 K for all the
POFs. The CO, heat of adsorption was calculated by fitting the
pure component isotherms to the virial model and nominal
heat of adsorption values were obtained; 37.6, 35.7, and
31.9 k] mol ! for 1, 2 and 3, respectively, at zero coverage.
They decrease linearly with an increase in the loading of gas
molecules, signifying the pore-filling mode of adsorption and
the absence of any specific strong binding site or the coopera-
tivity among the guest molecules (Fig. 3E and Fig. $12-S14 and

Mater. Adv., 2023, 4, 3055-3060 | 3057
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Table S1, ESIt). In order to estimate the ability of our POFs
towards selective CO, capture, we measured the pure compo-
nent N, and CH, isotherms at ambient conditions and
0.11, 0.09 and 0.07 mmol g~ * of nitrogen and 0.55, 0.4 and
0.28 mmol g~' of methane were adsorbed by 1, 2 and 3,
respectively. The pure component adsorption isotherms were
fitted using the Dual Site Langmuir (DSL) model, and IAST was
employed to calculate the selectivity at different concentrations
(Fig. S15-S23 and Table S2, ESIt). The CO,/N, IAST selectivity
for the flue gas composition was estimated to be 98, 222, and
171 for 1, 2, and 3, respectively. In the case of CO,/CH,, the
selectivity for a 50 : 50 composition is 17, 45, and 28 for 1, 2, and
3, respectively (Fig. 3F). These numbers are relatively lower
compared to the CO,/N, selectivity because of high methane
uptakes as compared to nitrogen. To determine the CO, work-
ing capacity of the polymers under the mixed gas stream
(15C0,:85N,), ideal adsorbed solution theory (IAST) was
employed. The mixed gas isotherms were simulated using the
IAST + + software,*® which reveals that the saturation capacity
of CO, for a 15CO,:85N, gas mixture is 0.87, 0.89 and
0.65 mmol g~ ! for 1, 2 and 3, respectively (Fig. 4A).

Practical CO, separation is carried out under dynamic condi-
tions; the adsorbent should have facile diffusion within the
polymer. To determine the adsorption kinetics, the CO, self-
diffusion coefficient was calculated as a function of CO, loading
and it comes out to be 5 x 10~° m”> s~ (Fig. 4B), which is much
superior to the traditional sorbents such as zeolites. Stability is
another key aspect that determines the quality of the adsorbent.
The flue gas from which we aim to capture CO, consists of water
vapors, and acidic gases such as SO, and NO, in addition to CO,
and N,.*° Since in the flue gas, CO, and N, are mixed with acidic
gases, demonstrating the stability of adsorbents under such
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Fig. 4 (A) Binary CO, and N, adsorption isotherms simulated using IAST

for 15C0O,: 85N,. (B) High resolution 273 K adsorption isotherm of 1 used
in this diffusion modelling. Inset shows the CO, self-diffusion coefficients
from kinetics measurement. (C) 273 K CO, adsorption isotherms per-
formed on samples exposed to different conditions. (D) Gravimetric CO,—
N, cycling performed on 1.
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harsh acidic conditions would be meaningful. This is a key
property of all-organic C-C bonded porous polymers which could
give them an edge over MOFs or other inorganic sorbents.
To verify this, we carried out 273 K CO, adsorption on the POF
samples, which were soaked in 2 M HCI for 24 hours. And no loss
in the saturation CO, capacity at 273 K was observed (Fig. 4C).
Additionally, the POF samples exposed to 99% RH at 50 °C for 6
hours did not show any fall in the CO, uptake compared to the
pristine POFs (Fig. 4C), revealing their hydrolytic stability. The
cycling stability of the best-performer, 1, was established by the
TGA cycling experiment, which shows that the CO, working
capacity does not fall even after 12 consecutive adsorption-
desorption cycles (Fig. 4D).

Water vapor in the flue gas can decompose the adsorbent if it is
unstable in humid conditions.*® Since water is a polar molecule, it
can interact more strongly with the binding sites present in the
adsorbent, and hence the positions which are supposed to be
occupied by the CO, molecules can be taken up by the water
molecules, resulting in the loss of working capacity.*"** To avoid
this, the humid flue gas stream is pre-treated to adsorb water before
it is fed to the CO,-capturing column, but this adds a parasitic load
on the CCS process.” Hence if the adsorbent has water-repelling
properties, it would be an additional advantage.’”** To decipher
this, water sorption isotherms were carried out at two different
temperatures for all the POFs, and a linear isotherm with a low
uptake for 1 was observed. However, the uptake increased going
from 1 to 3; also, the shape of the isotherm changed from near-
linear to Langmuir, depicting the stronger interaction of water
molecules with the framework (Fig. 5A). Notably, 1, having the
least number of OH functionalities, exhibits the most favorable
CO, adsorption characteristics and has the least interaction
with water. In order to check the surface hydrophobicity, we
performed contact angle measurements. We observed that 1 is
the most hydrophobic and 3 is the least, and 2 lies in between,
all with a contact angle of > 90 (Fig. 5B-D). This confirms that 1

Contact angle = 145°

Water Uptake (mmol/g)

Relative Humidity (%)

Contact angle = 135° Contact angle = 114°

‘-ﬂ

Fig. 5 (A) Water sorption isotherms for 1, 2, and 3. (
angle of 1, 2, and 3.

D) Water contact

© 2023 The Author(s). Published by the Royal Society of Chemistry
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has the most affinity for water, whereas 3 has the least. The
plausible reason is that the number of framework OH groups
capable of hydrogen bonding with the water increases from 1 to 3.
Hence an increased affinity towards the water in 3 is observed.
This could also mean that the hydrophobicity and hydrophilicity
can be tuned in these POFs by fixing the number of water-
attracting/repelling groups.

Conclusions

In conclusion, we have synthesized three ultramicroporous
POFs with similar pore sizes and different pore volumes in a
catalyst-free manner. The difference in the pore volumes leads
to various working capacities for CO,. They possess moderate
HOA and good CO,/N, and CH, IAST selectivity. Water sorption
isotherms and contact angle measurements on the three poly-
mers revealed the hydrophilic/hydrophobic character of the
materials, which is correlated with the number of phenolic
—-OH groups present in the material. The C-C bonded frame-
work makes the polymers stable to harsh acidic conditions as
well as under a high relative humidity of 99%, which is relevant
to the humid flue gas capture. In the future, we aim to
synthesize polymers with optimal pore sizes and the pore
volume identified in this work, to access smooth adsorption-
desorption kinetics. Also, making a comparable polymer with
no -OH functionality would give more insights into the role of
the phenolic groups in providing CO, selectivity over water.
Work is in progress.

Experimental

Synthetic procedures

Synthesis of IISERP-POF15 (1). A solvothermal reaction
between 2,4,6-triformylphenol (1 mmol) and pyrrole (2 mmol)
in a solution containing 5 ml 1,4-dioxane was carried out at
493 K for 48 h. A black colored powder was isolated by filtration
and was washed with THF. The air dried sample gave a yield of
~ 88%.

Synthesis of IISERP-POF16 (2). A solvothermal reaction
between 2,4,6-triformylresorcinol (1 mmol) and pyrrole
(2 mmol) in a solution containing 5 ml of 1,4-dioxane was
carried out at 493 K for 48 h. A black colored powder was
isolated by filtration and was washed with THF. The air dried
sample gave a yield of ~88%.

Synthesis of IISERP-POF17 (3). A solvothermal reaction
between 2,4,6-triformylphloroglucinol (1 mmol) and pyrrole
(2 mmol) in a solution containing 5 ml of 1,4-dioxane was
carried out at 493 K for 48 h. A black colored powder was
isolated by filtration and was washed with THF. The air dried
sample gave a yield of ~88%.
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