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ABSTRACT: Design and successful synthesis of phenolic-
OH and amine-functionalized porous organic polymers as
adsorbent for postcombustion CO, uptake from flue gas
mixtures along with high CO,/N, selectivity is a very
demanding research area in the context of developing a
suitable adsorbent to mitigate greenhouse gases. Herein, we
report three triazine-based porous organic polymers TrzPOP-
1, -2, and -3 through the polycondensation of two triazine
rings containing tetraamine and three dialdehydes. These
porous organic polymers possess high Brunauer—Emmett—
Teller (BET) surface areas of 995, 868, and 772 m* g7/,
respectively. Out of the three materials, TrzPOP-2 and
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Triazine and phenolic-OH rich
Porous Organic Polymers
as selective CO, capture
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TrzPOP-3 contain additional phenolic-OH groups along with triazine moiety and secondary amine linkages. At 273 K, TrzPOP-
1, -2, and -3 displayed CO, uptake capacities of 6.19, 7.51, and 8.54 mmol g_l, respectively, up to 1 bar pressure, which are
considerably high among all porous polymers reported till date. Despite the lower BET surface area, TrzPOP-2 and TrzPOP-3
containing phenolic-OH groups showed higher CO, uptakes. To understand the CO, adsorption mechanism, we have further
performed the quantum chemical studies to analyze noncovalent interactions between CO, molecules and different polar
functionalities present in these porous polymers. TrzPOP-1, -2, and -3 have the capability of selective CO, uptake over that of
N, at 273 K with the selectivity of 61:1, 117:1, and 142:1 by using the initial slope comparing method, along with 108.4, 140.6,
and 167.4 by using ideal adsorbed solution theory (IAST) method, respectively. On the other hand, at 298 K, the calculated
CO,/N, selectivities in the initial slope comparing method for TrzPOP-1, -2, and -3 are 27:1, 72:1, and 96:1, whereas those
using IAST method are 42.1, 75.7, and 94.5, respectively. Cost effective and scalable synthesis of these porous polymeric
materials reported herein for selective CO, capture has a very promising future for environmental clean-up.

KEYWORDS: porous organic polymers, N-rich porous surface, phenolic-OH groups, CO, uptake, selective CO,/N, adsorption

1. INTRODUCTION

Global warming is a burning issue today and has deleterious
impact on our future existence." Rapid increase of anthro-
pogenic CO, emission in the atmosphere resulted in a steady
increase of global temperature, which is pushing our green
planet toward a big challenge.” Sharp increase of our energy
demands with the civilization together with the use of fossil
fuels like coal and natural gas produces a huge amount of CO,
(about 80% worldwide), causing steady rise in CO,
concentration in atmosphere over the years.” Flue gas,
generated from combustion of fossil fuel, contains roughly
15—16% (by volume) of CO,." For large postcombustion CO,
uptake, adsorption capability of the adsorbent material under
ambient pressure is very crucial. So CO,-philic porous material
with high Brunauer—Emmett—Teller (BET) surface area is
highly demanding for selective postcombustion CO, adsorp-
tion and storage of CO,, which can later be utilized in CO,
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fixation plants in processes like reduction of CO, into
methanol (fuel and solvent).” An intensive research effort
has been devoted to develop solid adsorbent materials for CO,
capture and storage.6 From the inorganic, organic, and
organic—inorganic hybrid platforms, materials that showed
microporosity together with high specific surface area are
desirable for large CO, uptake due to micropore filling
mechanism.” Adsorptive removal of CO, by using porous
nanomaterials such as porous carbons,” '" metal organic
frameworks (MOFs),'""* covalent organic frameworks, > ~'*
hyper-cross-linked polymers,'”*° hydrogen-bonded organic
frameworks,”" porous organic polymers (POPs),”> > and
covalent triazene frameworks,”®*” have attracted wide scale
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Scheme 1. Synthetic Pathway for Designing Three Porous Organic Polymers TrzPOP-1, TrzPOP-2,

and TrzPOP-3
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attention in recent times. Remarkable characteristic features of
these porous nanomaterials, like high specific surface area,
tuneable porosity, introduction of N-rich (basic) sites by using
a wide range of monomers, feasibility in postsynthetic
functionalization, and robustness in the porous networks, are
largely responsible for their high CO, uptakes. For high and
selective gas adsorption, electronic interaction at the gas—solid
interphase is the key factor. CO, has higher quadruple moment
over N,, which makes the selective adsorption of CO, in the
presence of N, from flue gas mixture energetically favorable
over porous materials bearing polar functional groups at their
surfaces.””*” In this context, basicity of surface nitrogen atoms
incorporated into the porous nanomaterials has been explored
for enhancin ng CO, adsorption capacity and CO,/N,
selectivity.* >

Acid—base interactions between N-containing basic func-
tional groups of the solid adsorbent and Lewis acidic CO,
molecule are found to be responsible for higher CO,
uptakes.”*° Qiao et al,, in a recent study, made a correlation
between CO, adsorption capacity and nitrogen contents and
found that the total N content cannot account for the greatly
increased CO, capture by assuming that each N atom can

23814

anchor one CO, molecule.”” They claimed that nitrogen
introduction could facilitate the hydrogen-bonding interactions
between the carbon surface and CO, molecules. Thus, N-
doping effect in solid adsorbents on CO, philicity, as reported
in the literature, still needs in-depth evidence or explanation.
Besides, the phenolic-OH groups present in the porous
network can interact with CO, molecule, resulting in higher
CO, uptake.”” Fracaroli et al. have reported the interior amine-
modified MOF IRMOE-74-111-CH,NH, for selective and high
CO, uptake.”® On the basis of computational calculations,
Torrisi et al. have reported very high CO, uptake over the
phenolic-OH functionalized MOF material among the OH—,
CO,H—, NH,—, and CH;— functional groups.39 In this
context, Rafigh et al. have recently reported mesoporous
chitosan—SiO, nanoparticles for large CO, adsorption.*’
Chang et al. reported indole-based microporous organic
polymers, which can increase the CO, uptake via local
dipole—7 interactions.”' Vaidhyanathan et al. have also
reported a direct observation and quantification of CO,
binding with an amine-functionalized nanoporous solid
material. *’
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Although the MOFs possess very high surface areas and
showed large amount of CO, uptakes,'' their large-scale
synthesis and chemical and hydrothermal stability are major
drawbacks for bulk scale industrial operation. On the other
hand, porous organic polymers (POPs) can be easily
synthesized in industrial scale through simple polycondensa-
tion reaction between the multifaceted monomers under
convenient reaction conditions. POP materials have good
hydrothermal stability because of the inherent covalent
bonding in the entire polymeric network. Thus, functional
group incorporation and postsynthetic modifications are much
easier over POPs than MOFs. Considering all above factors
along with the existing literature data we can infer that porous
organic polymers37’42’ 3 bearing heteroatoms like N, O, F, etc.
and polar groups like —OH, —NH,), etc. are very useful as solid
adsorbents for large CO, adsorption together with high CO,/
N, selectivity.

Herein, we report —OH and N-rich porous organic
polymers synthesized through the polycondensation of two
tetraamine-bearing triazine rings as donor moiety and three
different dialdehydes (two of them contain phenolic-OH
group) as acceptor ligands (Scheme 1). The resultant triazine-
based N-rich porous organic polymers TrzPOP-1, -2, and -3
are explored for CO, adsorption application. Computational
studies have been conducted to understand the interaction
between CO, molecules and polar heteroatomic porous
adsorbent surface. Because of presence of phenolic-OH groups
and amine sites in the polymeric network, the significant
dipole—quadruple and hydrogen-bonding interactions between
polymer surface (polar triazine, amine, and phenolic-OH) and
CO, molecules are possible. High surface area of the POPs,
dipole—quadruple interaction, and hydrogen-bonding inter-
action made the materials suitable as adsorbent for CO,
uptake, together with high selectivity for CO,/N,. These
porous polymeric materials are cost effective, highly scalable,
and can be synthesized by simple Schiff base polycondensation
reaction without using any expensive or laborious laboratory
techniques.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Terephthalonitrile, terephthaldehyde, and dicyan-
diamide were purchased from Sigma-Aldrich. Phloroglucinol was
procured from Spectrochem, India, p-cresol from Loba Chemicals,
India, and POCI; from TCI The organic solvents viz. N,N-
dimethylformamide (anhydrous), dimethylsulfoxide (DMSO), and
2-methoxyethanol were used as received from Spectrochem, India. All
reactions were performed without further purification.

2.2. Material Characterizations. The powder X-ray diffraction
(XRD) patterns of TrzPOP-1, -2, and -3 were collected in a Bruker
AXS D-8 Advanced SWAX diffractometer using Cu Ko (4 = 0.15406
nm) X-ray radiation. Volumetric nitrogen adsorption/desorption
isotherms, Brunauer—Emmett—Teller (BET) specific surface area,
and porosity analysis of the porous materials were performed using
Autosorb 1 (Quantachrome Instruments) at 77 K. Quantitative CO,
and N, adsorption capability of TrzPOP-1, -2, and -3 materials were
measured in Micromeritics ASAP 2020 at 273 and 298 K. Virial
fittings and Q,, plot were obtained using virial method, and this is
discussed in Section S1. Single-site Langmuir—Freundlich fittings and
necessary equations for selective gas adsorption by using ideal
adsorbed solution theory (IAST) method are given in Section S2.
Prior to all gas adsorption measurements, samples were washed with
plenty of water, followed by solvent extraction in a Soxhlet apparatus
for 3 days with MeOH/tetrahydrofuran (THF) (1:1) mixture to
remove DMSO and other guest molecules. Finally, the materials have
been activated for 24 h at 433 K under vacuum to get guest/solvent-

free materials. Nonlocal density functional theory (NLDFT) was
employed to obtained pore-size distribution from the N, adsorption/
desorption isotherms of the TrzPOP-1, -2, and -3 materials. Fourier
transform infrared (FTIR) spectra were recorded in a Perkin Elmer
Spectrum 100 spectrophotometer to analyze the framework bonding
and connectivity in these POPs. The liquid state '"H and *C NMR
spectra of as-synthesized ligand SL-1 and solid-state '*C magic-angle
spinning (MAS) NMR spectrum of three polymers were recorded in a
500 MHz Bruker-Advance II All solid-state NMR data were taken at a
mass frequency of 8 kHz using a 4 nm MAS probe. The morphology
and particle size of TrzPOP-1, -2, and -3 were investigated by
collecting field emission scanning electron microscopy (FESEM) and
high-resolution transmission electron microscopy (HRTEM) images
from JEOL JEM 6700 and JEOL 1400 Plus, respectively. TA
Instruments SDT Q-600 thermal analyzer has been employed to
understand the thermal stability of the porous polymeric networks
under nitrogen flow with a temperature ramp of 10 °C min™".
Elemental analysis of the three materials were conducted in a Perkin
Elmer 2400 Series II CHN analyzer. All solid-state UV—vis spectra of
the POPs were obtained by using the UV-2401PC UV-—vis
spectrophotometer.

2.3. Synthesis of 1,4-Bis(4,6-diamino-s-triazin-2-yl)-ben-
zene (SL-1). Following a literature procedure,"* we took tereph-
thalonitrile (640 mg, S mmol), dicyandiamide (841 mg, 10 mmol),
and KOH (100 mg, 1.7S mmol), along with 1S mL of 2-
methoxyethanol solvent in a microwave (G-30) vial. The reaction
was allowed to proceed at 195 °C under microwave irradiation for 10
min (Scheme 1). Then, the reaction mixture was allowed to cool
down to room temperature and poured into hot water. The white
precipitate formed was filtered off under hot conditions and washed
with plenty of water. The precipitate was washed with methanol and
finally with acetone to produce pure compound SL-1 (75% yield). 'H
and C NMR data of SL-1 are shown in Figures S1 and S2.

2.4. Synthesis of 2,6-Diformyl-4-methylphenol (Me-OH-
DFP). Following a previously reported procedure,” Me-OH-DFP
was synthesized. In a 100 mL round-bottom flask, 1.08 g of p-cresol
(0.01 mol) was taken in S mL of acetic acid. Then, 2.82 g of
hexamethylenetetramine (0.02 mol) and 3 g of paraformaldehyde (0.1
mol) were added to the reaction mixture. The reaction mixture was
then allowed to stir for 2 h at 80 °C to get a light-brown viscous
mixture. One milliliter of concentrated H,SO, was added dropwise
into it after cooling down the mixture to room temperature, followed
by refluxing for 30 min. Then, 40 mL of distilled water was added into
the resulting solution and a pale-yellow precipitate appeared instantly.
The reaction mixture was kept in a refrigerator overnight to enhance
the product yield. Then, the product was filtered off and washed with
water, followed by a small amount of methanol. Finally, the product
was recrystallized from toluene to afford pure Me-OH-DFP (isolated
yield 78%). The pure dry Me-OH-DFP has been characterized by 'H
and *C NMR and FTIR spectroscopic techniques. The 'H and *C
NMR spectra of Me-OH-DFP are shown in Figures S3 and S4.

2.5. Synthesis of Diformylphloroglucinol (DFP). Following a
reported literature,*® 1 g of anhydrous phloroglucinol (7.9 mmol) was
dissolved into 7 mL of dry dioxane taken in a 50 mL round-bottom
flask. Then, Vilsmeier reagent'’ was prepared through dropwise
addition of 1.6 mL of POCI; (16.7 mmol) to dry dimethylformamide
(1.3 mL, 16.7 mmol) under vigorous stirring for 30 min at room
temperature and nitrogen atmosphere. Thereafter, this freshly
prepared Vilsmeier reagent was slowly added to the previously
prepared phloroglucinol solution under stirring, maintaining room
temperature and nitrogen atmosphere. This reaction mixture was
continuously stirred for 12 h at room temperature to afford a yellow
amorphous solid, and it was cooled to 0 °C. Then, an ice-water slurry
was prepared in a 100 mL beaker and the solid mixture was poured
into it. The solution was allowed to stir for another 4 h at room
temperature and a cream precipitate was formed. This precipitate was
collected by filtration and washed with plenty of distilled water. The
crude precipitate was then taken in 10 mL of water and refluxed for 5
min. Thereafter, the salmon-colored solid DFP appeared upon cooling
to 0 °C and was filtered off. The product was washed with plenty of
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Figure 1. FTIR spectra of three monomer aldehydes (1A) and TrzPOP-1, -2, and -3 along with SL-1 (1B).
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Figure 2. *C CP/MAS NMR spectra of TrzPOP-1 (upper), TrzPOP-2 (middle), and TrzPOP-3 (lower).

cold water and dried to obtained constant weight (88% isolated
yield). The 'H and '*C NMR spectral data of DFP are shown in
Figures SS and S6.

2.6. Synthesis of TrzPOP-1. Triazine-based microporous
polymer TrzPOP-1 was synthesized by using the simple poly-
condensation reaction*® between SL-1 and terephthaldehyde. In a
typical synthesis, in a SO mL round-bottom flask, 592.6 mg of SL-1 (2
mmol) and 268.3 mg of terephthaldehyde (2 mmol) were mixed in 20
mL of anhydrous DMSO solvent, followed by stirring with slow
increase of temperature under N, atmosphere. With the rise of
temperature, the starting materials got dissolved and the solution
became clear. Then, the reaction mixture was refluxed at 180 °C for
48 h to get solid material. After cooling down to room temperature,
the precipitate was then filtered off and washed with plenty of water.
To get guest-free TrzPOP-1, material was then further washed with
MeOH/THF (1:1) mixture using a Soxhlet apparatus. The material
was then washed with acetone and hexane successively to afford very
light off-white material (TrzPOP-1), and this was dried under vacuum
for 24 h at 433 K.

2.7. Synthesis of TrzPOP-2 and TrzPOP-3. Both TrzPOP-2
(off-white) and TrzPOP-3 (deep-red) materials were synthesized
through the above described synthetic procedure (like that of
TrzPOP-1). TrzPOP-2 was synthesized through the reaction of SL-1

(592.6 mg, 2 mmol) with Me-OH-DFP (328.3 mg, 2 mmol).
TrzPOP-3 has been synthesized through the reaction between SL-1
(592.6 mg, 2 mmol) and DFP (364.2 mg, 2 mmol). A similar washing
and activation procedure was followed for these two materials as that
for TrzPOP-1 before conducting the adsorption experiments.

2.8. Experimental Procedure of Theoretical Calculations.
Three different kinds of 1:1 cluster model system of the porous
materials and CO, have been optimized using Gaussian 09 suites of
the program.*” For several related systems, weak noncovalent
interactions have been investigated using ab initio quantum chemical
calculation coupled with atoms in molecules (AIM) analysis.”>*" It is
well known that dispersion-corrected methods are exceptionally good
in revealing weak interactions present in this system. Therefore, we
have used a range-separated wB97XD dispersion-corrected density
functional method (capable of describing both short-range and long-
range interactions very reliably) and 3-21G* basis set for the
optimization. Frequency calculation has been performed for all
structures to ensure that the structures are in local minima. All above
calculations have been performed with frozen core approximation,
and standard convergence criteria have been imposed during
optimization. Stabilization energy (AEy,,) has been calculated using
the following equation
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Figure 3. FESEM images of TrzPOP-1 (A), TrzPOP-2 (B), and TrzPOP-3 (C); HRTEM images of TrzPOP-1 (D), TrzPOP-2 (E), and TrzPOP-3

().

AEstab = Eclust - Emodel - ECOZ (1)

where, Eguy Emodey and Eco, are zero-point vibrational energy

corrected energies of 1:1 clusters, model system, and CO,,
respectively. To understand the nature of different kinds of
noncovalent interactions, we have generated a molecular density
map using atoms in molecules (AIM) software and AIM analysis
performed afterward.”>~>’ Further, we have calculated the electron
density (p) and Laplacian of electron density (V?p, L) at each bond
critical point (BCP) to know the nature of the interaction between
two interacting atoms. It is important to mention that only those
BCPs whose p and L are higher than 0.002 and 0.02 au, respectively,
have been considered as they confirm the existence of noncovalent
interaction. The ellipticity of the interaction (&) at any particular
critical point (CP) has been calculated by the following equation®”

e=—-1
A @)

where A is the negative vector associated with the hessian of p at that
CP and 4, < ;.

3. RESULTS AND DISCUSSION

3.1. Spectroscopic Analysis. To investigate the com-
pletion of the polycondensation reactions and to obtain the
structural information on the porous organic polymers, FTIR
and C cross-polarization (CP)/MAS NMR spectroscopic
analyses have been carried out. FTIR spectral analysis of the
monomers SL-1, three different aldehydes, and three POP
materials are recorded in the range 400—4000 cm ™" (Figure 1).
The disappearance of the intense sharp aldehydic stretching
peak at 1685 cm™ for DFP, 1683 and 1650 cm™' for the
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terephthaldehyde, along with —NH, deformation band of SL-1
between 1650 and 1660 cm™' confirms the condensation
reaction takes place between amine containing ligand and three
aldehydes. The presence of a sharp IR band at 1540 cm™'
(characteristic band for triazine ring) in both the SL-1
monomer and in all three amine-linked materials indicates
the completion of polycondensation reaction.”® The imine
(—C=N-) stretching band at 1620 cm™' is absent, and
presence of a very broad band at about 3417 cm™" indicates
the formation of three different polymer networks through
—C—NH- bonding connection.”” The solid-state *C MAS
NMR spectrum also confirmed the formation of three polymer
materials, represented in Figure 2. Appearance of more down-
fielded resonance signals at 166.2, 166.5, and 166.7 ppm
suggested the presence of carbon atoms in the triazine rings of
TrzPOP-1, -2, and -3, respectively. The sp® hybridized
aromatic carbon atoms (phenyl ring) present in the polymers
are responsible for the resonance signal at 139.7, 140.1, and
141.1 ppm adjacent to the triazine ring of the polymeric
materials TrzPOP-1, -2, and -3, respectively. Further,
appearance of the NMR signals at 128.0, 128.6, and 129.2
ppm could be assigned to the rest of the sp* hybridized carbon
atoms present in the phenyl rings of TrzPOP-1, -2, and -3,
respectively.”” The Schiff base condensation reaction can
generate two types of C—N linkages like secondary amine
(>CH-NH-HC<) or imine (>C=N-Cx) linkage. The *C
signal at around 56 ppm could be attributed to the presence of
secondary amine linkages, and this is responsible for
disordered packing of TrzPOP-1, -2, and -3 nanoparticles.

3.2. Powder XRD, Thermal Stability, and Elemental
Analysis. The crystalline nature of the three porous materials
have been investigated with the wide-angle powder XRD
analysis from 26 value of 2—50°. The wide-angle powder X-ray
diffraction pattern of TrzPOP-1, TrzPOP-2, and TrzPOP-3
materials is shown in Figure S7. The appearance of broad
peaks between 26 value of 15—30° in the PXRD pattern could
be attributed to the amorphous nature of the TrzPOPs.®'
These materials are formed through Schiff base condensation
polymerization reactions, where secondary amine linkages are
formed. The monomers tetraamine and three aldehydes are
geometrically unfavorable to construct crystalline covalent
organic framework via aminal linkages. Thus, we obtained the
amorphous materials with very broad wide-angle peaks.
Thermal stability of the porous framework is an essential
teature for a good adsorbent material. We have carried out the
thermogravimetric analysis (TGA) of TrzPOP-1, -2, and -3 at a
heating rate of 10 K per min ramp in the temperature range of
298—1073 K. The TGA profile diagram of these three
materials is shown in Figure S8, where the first weight loss
at 371 K could be attributed to the evaporation of surface-
adsorbed moisture. The weight loss is from 623 to 1073 K for
the decomposition of organic polymers network. Thus,
thermogravimetric analysis revealed that all three porous
materials have good thermal stability. On the other hand, the
presence of elements like carbon, hydrogen, and nitrogen is
investigated from the CHN analysis. CHN analyses revealed: C
= 50.87%, H = 4.93%, and N = 28.99% for TrzPOP-1, C =
53%, H = 4.26%, and N = 26.34% for TrzPOP-2, and C =
48.27%, H = 3.91%, and N = 21.14% for TrzPOP-3. These
results revealed that all three POPs are very rich in nitrogen
content.

3.3. Microscopic Analysis and UV-vis Spectrum
Analysis. The morphological and nanostructural features of

these POPs are analyzed through field emission scanning
electron microscopy (FESEM) and HRTEM techniques. The
FESEM images of TrzPOP-1, TrzPOP-2, and TrzPOP-3
polymers are shown in the Figure 3A—C. The FESEM images
show spherical morphology of the three materials. The average
particle diameter of TrzPOP-1, TrzPOP-2, and TrzPOP-3
materials are found to be between 17 and 25 nm. The HRTEM
images of TrzPOP-1, -2, and 3 are shown in the Figure 3D—F,
respectively. HRTEM analysis also confirms the nanosphere-
like particle morphology of these three materials, with average
particle sizes of 18.87—19.07 nm. The solid-state normalized
UV-—vis spectra of TrzPOP-1, -2, and -3 are shown in Figure
S9. As seen from this figure, TrzPOP-1 displayed peak
adsorption maxima at 310 nm, whereas TrzPOP-2 material
showed additional two broad peaks at 463 and 642 nm in
addition to the peak at 310 nm. The peak at 310 nm could be
attributed to the chromophoric triazine containing amine
moieties in the POPs. On the other hand, TrzPOP-3 showed
the two broad and intense peaks at 398 and 517 nm.
Adsorption peaks at the visible region observed for TrzPOP-2
and TrzPOP-3 could be attributed to the presence of phenolic-
OH groups, and this spectroscopic result suggested the future
potential of these POP materials in light harvesting
applications.”

3.4. Surface Area and Porosity Measurement. The N,
adsorption/desorption experiments have been carried out for
these three POPs at 77 K to get information on specific surface
area, porosity, and pore size distribution (PSD). Respective
sorption isotherms are shown in Figure 4A. TrzPOP-1, -2, and
-3 displayed type I isotherms according to the classification of
IUPAC nomenclature® (Figure 4A). The N, adsorption/
desorption isotherms show very sharp increase of gas
adsorption at very low P/P,, which suggested the microporous
nature of the polymer networks. At the high-pressure region,
there are sharp increases of all adsorption/desorption
isotherms with very small hysteresis loop, which suggested
the presence of interparticle porosity in the nanoscale in
addition to microporosity. Disordered packing of very small
size polymeric nanoparticles (as seen from the FESEM image)
could be responsible for this desorption hysteresis.”’ The
Brunauer—Emmett—Teller (BET) specific surface areas
estimated from these isotherms are 995, 868, and 772 m?*
g_1 for TrzPOP-1, -2, and -3, respectively. BET surface areas
corresponding to the micropores (Spic,) for the three
materials were estimated by the using t-plot method and
these were 372.5, 504.6, and 406.0 m> g', respectively.
Although TrzPOP-2 showed highest S ;.. the surface OH
density of TrzPOP-3 was higher than that of the former. This
could be attributed to higher CO, uptake for TrzPOP-3 over
that for TrzPOP-2. Applying the nonlocal density functional
theory (NLDFT), the pore size distribution (PSD) of the three
secondary amine-linked POPs are calculated. The peak pore
sizes of these three POPs are 1.7 (TrzPOP-1), 1.5 (TrzPOP-
2), and 1.4 nm (TrzPOP-3), which indicates that all three
POPs are composed of extra-large sized micropores/super-
micropores (Figure 4B). BET surface area, S,;,., and PSD data
of these materials are listed in Table 1 for clarity.

3.5. CO, Storage and CO,/N, Selectivity. For higher
CO, uptake over the porous adsorbents, along with the high
surface area, enhancement of surface CO, philicity of the
porous materials is extremely important. Porous materials can
be functionalized through the incorporation of some
heteroatoms as well as different functionalities that are able
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Figure 4. (A) N, adsorption/desorption isotherms of TrzPOP-1,
TrzPOP-2, and TrzPOP-3. Adsorption points are marked by filled
circles and desorption points are marked by empty circles. (B) Pore
size distribution plots of TrzPOP-1 (black), TrzPOP-2 (red), and
TrzPOP-3 (blue).

to generate a electrostatic field on the porous surface and into
the pore of the polymer network so that CO, can interact
significantly with the host material through quadruple
interaction.”* Presence of atoms or functional groups in the
materials facilitates the dipole—quadruple interaction, which
increases the CO, affinity toward porous surface. Here, we
have explored the secondary amine-linked, large number of
triazine rings and phenolic-OH functionalities in the porous
polymer network of TrzPOPs for selective and high CO,
uptake. The CO, adsorption isotherms of TrzPOP-1, -2, and -3
at 273 and 298 K are shown in Figure 5. The three POP
materials showed very high reversible CO, uptakes of up to 1
bar pressure. TrzPOP-1 has the capability of CO, uptake of
6.19 and 3.53 mmol g~ at 273 and 298 K under 1 bar
pressure, respectively. TrzPOP-2 showed 7.51 mmol g~! CO,
uptake at up to 1 bar pressure at 273 K and 4.52 mmol g~ at
298 K temperature. On the other hand, TrzPOP-3 showed
CO, uptakes of 8.54 and 5.09 mmol g~' at 273 and 298 K
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Figure S. CO, uptake of TrzPOP-1, TrzPOP-2, and TrzPOP-3 at 273
and 298 K.

under 1 bar pressure, respectively. All three materials contain
very high density of N atom as the materials are formed
through amine linkage and a large number of triazine rings are
present in the polymer network. TrzPOP-2 material contains
extra —Me and —OH groups, which come from the aldehyde
monomer unit. TrzPOP-3 material was designed in such a way
that it contains more phenolic —OH groups with respect to
those in TrzPOP-2. Although TrzPOP-3 has the lowest surface
area, it displayed the highest CO, uptake capacity. TrzPOP-1
contains only triazine moiety and secondary amine linkages,
and these are also present in TrzPOP-2 and -3. Despite its
highest surface area, TrzPOP-1 showed the lowest CO, uptake
capacity among these three materials, suggesting the key role of
phenolic-OH functionalities for large CO, uptake.

The sharp increase of CO, adsorption isotherm at the low-
pressure region is the indication of the presence of strong
polarizing sites in the porous organic polymeric solid
adsorbents.”> To investigate this phenomenon, we have
calculated the isoelectric heat of adsorption (Q,) values of
the three materials using virial Method. The Q,; plot of the
three materials is shown in Figure S10a. The obtained Q
values are 29, 34, and 37 kJ mol™ for TrzPOP-1, TrzPOP-2,
and TrzPOP-3, respectively. The CO, felicity with the porous
surface of TrzPOP-3 is higher than that of the other two
materials, which indicated the possibility of more selective CO,
uptake over that of N,.”> The CO, adsorption isotherms
(symbol) of TrzPOP-1, -2, and -3 at 273 and 298 K with the
virial equation fits (lines) are shown in Figure S10b—d,
respectively.

The Q,, values and computational study indicate a significant
interaction present between CO, molecules and surface of the
materials. These results lead us to investigate the selectivity of
CO, over that of N,, which can provide useful information for
the efliciency of the adsorbent material in gas separation

Table 1. Surface Area, Pore Size Distribution (PSD), CO, Uptake, Binding Affinity, and Selectivity (CO,/N,) for Three POP

Materials
CO, adsorption CO,/N, selectivity-
(mmol g™*) CO,/N, selectivity (IAST method) Q, (I mol™)
porous organic polymers ~ BET (m®g™')  Spo (m?>g) PSD (nm) 273K 298K 273K 298K 273K 298K CcO,

TrzPOP-1 995 3725 17 619  3.53 61:1  27:1 1084 421 29
TrzPOP-2 868 504.6 1.5 7.51 4.52 117:1 72:1 140.6 75.7 34
TrzPOP-3 772 406.0 1.4 8.54 5.09 142:1 96:1 167.4 94.5 37

23819 DOI: 10.1021/acsami.8b05849
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application. The preferential CO, uptakes over those of N, for
TrzPOP-1, -2, and -3 are quite evident from the volumetric
physisorption isotherms with pure gas at 273 as well as 298 K
(Figures 6, 7, and 8, respectively). TrzPOP-1, -2, and -3 have
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Figure 6. CO,/N, selectivity of TrzPOP-1 at 273 K (A) and at 298 K
(B).

the capability of selective CO, uptake over that of N, at 273 K
with the selectivity of 61:1, 117:1, and 142:1, respectively.
Further, the calculated CO,/N, selectivities for TrzPOP-1,
TrzPOP-2, and TrzPOP-3 are 27:1, 72:1, and 96:1,
respectively, at 298 K. Selectivity of CO, uptake over that of
N, was also calculated using IAST model®® (Figures 9, 10, and
11), where at 273 K, the selectivity values of TrzPOP-1, -2, and
-3 were 108.4, 140.6, and 167.4, respectively, whereas at 298 K,
TrzPOP-1, -2, and -3 showed the selectivity values of 42.1,
75.7, and 94.5, respectively. The selective uptakes of CO, over
those of N, by TrzPOP 1, -2, and -3 were estimated toward the
separation of binary gas mixture using IAST method in which
the single-component CO, and N, adsorption isotherms at 273
and 298 K were fitted to obtain the fitting parameters on the
basis of the single-site Langmuir—Freundlich equation (Figures
S11—S16). Surface area (of the total and of micropore) of the
materials, CO, uptake, CO,/N, selectivity, and Q; values are
also listed in Table 1.

The CO, uptake of these three polymers, mainly TrzPOP-3,
is very high and comparable to the highest CO, storage
capacity of different classes of porous nanomaterials composed
of organic, inorganic, and organic—inorganic hybrid frame-
works. Comparative adsorption data of these materials are
listed in Table SI.
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Figure 7. CO,/N, selectivity of TrzPOP-2 at 273 K (A) and at 298 K
(B).

3.6. Recycling Efficiency of TrzPOPs in CO, Capture.
Our experimental data suggested that TrzPOP-3 has the
highest CO, uptake capacity as well as the highest CO,/N,
adsorption selectivity. For practical application in compatibility
check and reusability, TrzPOP-3 was employed as the
representative adsorbent for four consecutive CO, uptake
cycles at 273 and 298 K up to 1 bar pressure (Figures 12, S17
and S18). As seen from Figure 12, no significant changes in
CO, uptake values were observed after four consecutive
adsorption cycles. To perform the recycling experiment, the
TrzPOP-3 sample was degassed at 433 K for S h under high
vacuum before the quantitative CO, uptake measurement for
each cycle. Very high retention of CO, uptakes for four
repetitive adsorption cycles suggested high reusability of these
TrzPOPs in CO, storage application.

3.7. Quantum Chemical Analysis. To perform the
quantum chemical analysis, we have selected a repeating unit
of TrzPOP-2 as the model system in which secondary amine
linkage, triazine moiety, as well as phenolic-OH functionality is
present. To understand the reason behind the high CO, uptake
by the newly synthesized POPs, we have optimized the 1:1
cluster of the model system and CO, and created a molecular
density map (Figure 13a—c). The energetics p and L for
different weak noncovalent interactions have been listed in the
Table 2. It can be clearly seen that the cluster 1 (Figure 13a) is
more stable (AE,;, = 10.96 kcal mol™") compared with cluster
2 (AEg,, = 7.00 kcal mol™’, Figure 13b) and cluster 3 (AEg,,
= 6.06 kcal mol™, Figure 13c). The presence of the (3, —1)
critical points, i.e, BCPs with positive and higher p and L
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Figure 8. CO,/N, selectivity of TrzPOP-3 at 273 K (A) and at 298 K
(B).
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Figure 9. CO,/N, selectivity (IAST method) of TrzPOP-1 at 273 K
(black) and at 298 K (red).

values compared with 0.002 and 0.02 au confirmed the
existence of two N—H--O and one N---C interaction in the
cluster 1 (Figure 13a), N—H--O, C—H--O, O---C, and N---C
interaction in cluster 2 (Figure 13b), and O—H--O and C—
H---O interactions in cluster 3 (Figure 13c) between the model
system and CO,. These types of noncovalent interactions have
already been reported in the literature for weakly bonded
complexes.”’

The values of p and L for all BCPs reveal that both the N—
H--O and O—H-O interactions’' are very strong with very
high (compared to other weak interactions) p and L values
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Figure 10. CO,/N, selectivity (IAST method) of TrzPOP-2 at 273 K
(black) and at 298 K (red).
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Figure 11. CO,/N, selectivity (IAST method) of TrzPOP-3 at 273 K
(black) and at 298 K (red).
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Figure 12. Recycling efficiency of TrzPOP-3 for the CO, adsorption
at 273 and 298 K.

(Table 2). Other interactions N---C, O---C, and C—H:--O are
relatively weaker, but there is a fair probability that they also
exist in the material as their p and L values are higher
compared with the limit to be considered as weak interaction.
On the other hand, we have tabulated the values of ¢ also for
all interactions (Table 2), which merely reflects the anisotropy
of the curvature of the electron density at a particular CP.
More the values of €, more is the accumulation of the electron
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(a)

(b)

Figure 13. Electron density map of cluster 1 (a), cluster 2 (b), and cluster 3 (c) optimized at wB97XD/3-21G* level theory where C, H, N, and O
atoms are represented in gray, white, blue, and red spheres, respectively. The BCPs and ring critical points are represented in small green and red
spheres, respectively. The weak noncovalent interaction between the model system and CO, has been shown as a black dotted line.

Table 2. List of Stabilization Energy Values (AE,;, kcal
mol ') of the Clusters, Electron Density (p, au), Laplacian
(L, au) and Ellipticity of the Weak Interaction en the 1:1
Cluster of the Model System and CO, for all Optimized
Geometries Calculated at Wb97XD321G* Level of Theory

interaction (model CO,) AEg, P L €

Cluster 1

N-H---O 10.96 0.0194 0.0922 0.064

N-H:--O 0.0145 0.0799 0.267

N---C 0.0182 0.0631 0.40S
Cluster 2

N-H---O 7.00 0.0239 0.0992 0.028

C-H---O 0.0113 0.0563 0.111

O---C 0.0118 0.0580 1.437

N---C 0.0095 0.0350 0.670
Cluster 3

O—-H---0O 6.06 0.0280 0.1113 0.010

C—H:--O 0.0063 0.0340 0.274

density at a perpendicular direction of the interacting plane at
that CP and more is the 7 character. Hence, it can be clearly
observed that the values of & are higher for the weak
interactions like N---C, O---C, and C—H--O. They possess a
high 7 bond character, whereas strong interactions like N—H---
O and O—H:--O have a relatively low & value, which reflected
their cylindrical symmetry and hence, single bond character.

4. CONCLUSIONS

Three triazine-based porous polymers TrzPOP-1, -2, and -3
were successfully synthesized by one-step Schiff base
polycondensation reactions. Out of these three, the latter
two materials contained additional phenolic-OH groups in
addition to triazine moieties in the porous polymer frame-
works. These materials are highly porous and having very high

BET surface areas of 995, 868, and 772 m?* g_l, respectively.
TrzPOP-3 showed a remarkable CO, uptake of 8.54 and 5.09
mmol g~' at 273 and 298 K under 1 bar pressure, respectively.
TrzPOP-1, -2, and -3 have the capability for selective CO,
uptake over N, at 273 and 298 K with the selectivities of 61:1,
117:1, and 142:1 and 27:1, 72:1, and 96:1 respectively. Using
the IAST method, the calculated CO,/N, selectivity of
TrzPOP-1, -2, and -3 at 273 and 298 K are 108.4, 140.6,
and 167.4 and 42.1, 75.7, and 94.5, respectively. We have
investigated the possibility of different kinds of weak
noncovalent interactions pf 1:1 clusters of the model system
for the adsorbent and CO, to understand the higher CO,
uptake with the increasing electrophilic functional groups. Ab
initio quantum chemical calculations coupled with AIM
analysis confirmed the existence of strong N—H:--O and O—
H--O hydrogen-bonding interactions as well as weak N---C,
O--C, and C—H---O interactions. Hence, higher CO, uptakes
could be attributed to several weak noncovalent interactions
between CO, and the model system studied. High-surface-area
porous organic polymers with phenolic-OH and N-rich
surfaces played a key role in large CO, uptake, and thus
these triazine and phenolic-OH rich POPs have a huge
potential to be explored as adsorbent in postcombustion
carbon dioxide capture on the industrial scale to make our
environment clean and sustainable.
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