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Here, we present the synthesis of a series of thienyltriazine-containing nitrogen-rich porous organic
polymers by making use of Sonogashira coupling reaction (for TT-CBz, TT-BCBz and TT-TPA) and
FeClz-mediated polymerization (for TT-TCBz-(a—g)). The FeClz-mediated polymerization was performed
under different reaction conditions, such as oxidative polymerization, Friedel-Crafts polymerization, and
competitive oxidative/Friedel-Crafts polymerizations. Polymer TT-TCBz-b, synthesized at room tem-
perature in the presence of FeClz and MeNO,, displayed the highest BET surface area of approximately
1059 m? g~*. However, the percentage of micropore volume was largest for TT-TCBz-f and TT-TCBz-g,
which can be attributed to their highly cross-linked structure. All of the polymers exhibited notable thermal
stability, with the TT-TCBz series polymers reaching stability as high as 580 °C. The polymers of the TT-

Received 2nd July 2023, TCBz series were also used for CO, adsorption studies. The rich heteroatom content, presence of an

Accepted 6th September 2023 electron-rich carbazole unit and high micropore volume make these polymers attractive candidates for
sequestration of Lewis acidic CO, gas. A maximum CO, uptake of 16.5 wt% at 263 K and 100 kPa has been

observed for TT-TCBz-g attributed to its high surface area and high percentage of micropore volume. IAST
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Introduction

Porous organic polymers (POPs)' have gained wider popularity
over their inorganic counterparts due to their excellent stability
in addition to the possibility of tuning the skeleton. Conjugated
porous polymers (CPPs)* are one such class of POPs with an
array of applications® ' arising from their tunable porosity, high
surface area, and robust thermal and chemical stability due to
the rigid n-conjugated structure.'™'> An important advantage of
conjugated POPs is the potential to synthetically introduce a
range of useful chemical functionalities into the pores via a wide
variety of organic reactions’® and currently, intensive research
into CPPs to be used as active materials in organic electronics
and optoelectronics is being done.'* Incorporation of conjugated
organic semiconductors into POPs also imparts the resulting
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results further revealed that in TT-TCBz-g the selectivity for the CO, : N, mixture (15:85) is around 65.

cross-linked polymers with superior properties. With careful
selection of monomers and polymerization techniques, control
over a wide range of physical and chemical properties can be
achieved.

The properties of POPs can be tailored by choosing an
appropriate design of the polymer backbone and an innovative
synthesis as desired.'”> Some important strategies to control the
structure of porous polymers are (a) changing the monomer
length and geometry, (b) changing the reaction conditions,
(c) using the statistical copolymerization technique, and (d)
template-assisted synthesis. Besides these, the incorporation of
electron-rich aromatic rings and heteroatoms such as nitrogen
and sulfur can significantly improve host-guest interaction of
porous polymers and their performance as a porous medium
for the storage of small gases.

POPs have become one of the most attractive candidates for
specific gas adsorption applications such as CO, capture and
storage. Their advantages in this field emerge from their tunable
porosities, easy synthesis methods, wide array of precursors
available for synthesis, high surface area, thermal stability, rigid
and robust structure, and regenerability.’® Currently, gas storage
and uptake are vital for environmental reasons, as they curb
CO, emissions from human activities like burning fossil fuels,
industry and power plants, thus aiding in climate change

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mitigation and lessening emissions. Materials for CO, adsorp-
tion require high surface area, porous structure, a chemical
affinity for CO, (like amine group), stability during storage,
and recyclability. Heteroatom-rich systems have emerged as
particularly compelling candidates in the endeavor to engineer
materials tailored for effective CO, adsorption."”

2,4,6-Tris(thiophen-2-yl)-1,3,5-triazine is one such interesting
system and possesses unique features such as a m-electron
deficient 1,3,5-triazine core and three thiophenes as a n-electron
rich side branch, a highly symmetrical and coplanar structure (Csp,
symmetry), the possibility of easy functionalization of a-positions
of thiophene for further extension of conjugation, etc."® Both the
thiophene and triazine units can lead to different types of
interaction in the resulting compounds. The presence of thio-
phene has been known to enhance intra- and intermolecular
interactions such as van der Waals interaction, n—r stacking, weak
hydrogen bonds, and S---S interactions arising due to the high
polarizability of the presence of sulfur. The incorporation of
thienyltriazine leads to compounds with narrow band energy
gap, which means the structural and optical properties of the
resulting materials can be easily tuned by altering the extent of
conjugation of the groups present.'® Carbazole-containing poly-
mers are known to show good electroactivity and photophysical
properties. Incorporation of an electron rich carbazole into the
POP systems imparts them with high permanent porosity, and
excellent physicochemical stability besides enhancing the inter-
action between the sorbate molecule and the adsorbent.*
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Inspired by the above findings and our previous work,"> we
wanted to explore further the use of the thienyltriazine system
for the synthesis of POPs with systems like carbazole. Though
carbazole-containing porous systems are reported in the
literature,>" we envision that incorporating all units like tria-
zine, thiophene and carbazole into a single POP system can
result in materials with excellent gas adsorption properties
because all three units individually are known to enhance
host-guest interactions via different sorts of interactions.

Herein, we describe the synthesis of a series of thienyl-
triazine-based polymers (TT-CBz, TT-BCBz, TT-TCBz-(a-g), TT-
TPA) incorporating other nitrogen-rich moieties like carbazole
and triphenylamine. Besides using the Sonogashira coupling
reaction, an inexpensive FeCl;-mediated polymerization
method has also been used to synthesize triazine-carbazole-
based polymers through oxidative polymerization and Friedel-
Crafts polymerization. FeCl;-mediated oxidative polymerization
and Friedel-Crafts polymerization have garnered significant
attention for the synthesis of POPs.*” In this case, cross-
linked networks with methylene linkages were obtained by
Friedel-Crafts reaction with dimethoxymethane, forming a
flexible framework with less visible light absorption ability.
The synthesized polymers exhibit high surface area, excellent
thermal stability and a porous structure. TT-TCBz-b and TT-
TCBz-g demonstrated CO, uptake of approximately 16.5 wt%
(3.76 mmol g~ ') at STP, along with high selectivity for carbon
dioxide over nitrogen.
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TT-CBz, TT-BCBz and TT-TPA: Synthesized by Sonogashira-Hagihara polymerisation [DMF/Et;N (1:1), Pd(PPhs),, Cul]
Scheme 1 Synthesis of thienyltriazine-based CPPs TT-CBz, TT-BCBz and TT-TPA.
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Results and discussion

The synthesis of the polymers TT-CBz, TT-BCBz, TT-TCBz-(a-g)
and TT-TPA was accomplished using functionalized 2,4,6-
tri(thiophen-2-yl)}-1,3,5-triazine and other nitrogen-containing
conjugated systems. 2,4,6-Tri(thiophen-2-yl)-1,3,5-triazine was
synthesized from 2-cyanothiophene using the procedure reported
by Misra and their group (ESIT).>®> The synthetic route for the
porous polymers is illustrated in Schemes 1 and 2. TT-CBz, TT-
BCBz and TT-TPA were obtained through the Sonogashira cou-
pling reaction of 2,4,6-tris(5-ethynylthiophen-2-yl)-1,3,5-triazine
(TE-TT) with dibromocarbazole (CBz), tetrabromo-bicarbazole
(BCBz) and tribromotriphenylamine (TPA), respectively. For the
synthesis of the TT-TCBz polymer series, the initial step involved
the synthesis of a precursor in which thienyltriazine was flanked
by three carbazole units at the o-carbon of thiophene. This
precursor was synthesized using a method reported in the litera-
ture for a similar compound with benzene at the core (Scheme S1,
ESIF).>° This precursor (TT-TCBz) was used for FeCl;-mediated
polymerization under different conditions: (1) oxidative polymer-
ization (OP), (2) Friedel-Crafts polymerization (FCP), and (3)
competitive oxidative/Friedel-Crafts polymerization (CO/FC-P)
(Scheme 2). Under oxidative conditions, we explored five different
reaction conditions by altering the reaction solvent, temperature,
and presence or absence of MeNO,, as shown in Scheme 2.

TT-TCBz

View Article Online
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The successful formation of the porous polymeric backbone
and the incorporation of the monomers into the framework
were studied by Fourier transform infrared (FT-IR) spectroscopy
(Fig. 1 and Fig. S1, S2, ESIt), solid-state '*C CP/MAS
NMR spectroscopy (Fig. 2), elemental analysis (Table S2, ESIY)
and solid-state UV-visible absorption spectroscopy (Fig. S3a
and b, ESIt). Polymers TT-CBz, TT-BCBz and TT-TPA feature
a disubstituted C-C triple bond, confirmed by a weak band
around 2180 cm™ " in the IR spectra. The stretching vibrations
around 1500, 1370 and 800 cm ' in all the polymers are
characteristic of the s-triazine moiety. Peaks at approximately
3080 cm ™' and 1625 cm ! are assigned to sp>-C-H stretching
and C-C double bond stretching of the thiophene ring. A peak
at 3403-3450 cm™ ' indicates the ability of porous polymers to
absorb moisture from the air. A comparison of the FT-IR
spectra of the precursors and the corresponding polymers is
presented in Fig. S1, ESLt In the solid-state "*C NMR spectra,
all the CPPs exhibited a peak at around 167-168 ppm, corres-
ponding to the carbon of the triazine ring. The peaks in
the range of 84-96 ppm in the solid-state "*C NMR spectra
of TT-CBz, TT-BCBz and TT-TPA correspond to quaternary
alkyne carbons involved in polymerization. The peaks at
around 143-148 ppm correspond to thiophene carbon bonded
to the triazine ring (o carbon). Additional peaks in the range of
110-135 ppm correspond to other carbon atoms of thiophene

Oxidative Polymerization (OP)

a) CHCly, FeCl, rt, 72 h, (TT-TCBz-a)

b) CHCl3, MeNO,, FeClg, rt, 72 h, (TT-TCBz-b)

¢) DCE, FeCls, 80 °C, 72 h, (TT-TCBz-c)

d) DCE, MeNO,, FeCls, 80 °C, 72 h, (TT-TCBz-d)
) CHCI3, MeNO,, FeCls, 60 °C, 72 h, (TT-TCBz-€)

Conditions (a-e)

Friedel-Crafts Polymerization (FCP)

Competitive Oxidative/
Friedel-Crafts Polymerization (CO/FC-P)

DCE, FeCl3, 80°C, 72 h

DCE, FeCl, rt, 72 h

o

TT-TCBz-f

AN~

o ~o o7
TT-TCBz-g

* All the reactions were done under an inert atmosphere

Scheme 2 Polymerization of TT-TCBz under different reaction conditions in the presence of FeCls to give polymers TT-TCBz-a, TT-TCBz-b, TT-TCBz-

c, TT-TCBz-d, TT-TCBz-e, TT-TCBz-f, and TT-TCBz-g, respectively.
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Fig.1 Stacked FT-IR spectra of TT-CBz, TT-BCBz, TT-TCBz-b, and
TT-TPA, respectively.

from thienyltriazine and the phenyl pendant of carbazole and
triphenylamine.

Polymers TT-TCBz-f and TT-TCBz-g exhibited several peaks
in the aliphatic region due to the Friedel-Crafts reaction
between the monomer TT-TCBz and dimethoxymethane. Such
peaks are commonly observed in Friedel-Crafts polymerization
reaction (Fig. 2(E) and (F)).>* By combining the results of FT-IR
and solid-state >*C NMR studies, we can conclude that the
represented polymer skeletons were formed. The C, H, and N
contents of the polymers were determined (Table S2, ESIt)
through elemental analysis. The experimental results showed
deviation from the theoretically obtained values, which can be
attributed to the presence of unreacted end groups, catalyst
residues, and the trapped gases and moisture from the air in
the samples. All three polymers, except those in the TT-TCBz
series, possess an extended m-conjugation, corroborated by the
broad absorption profile in the solid-state UV-visible spectra
with the absorption profile extending from 350 nm to 750 nm
(Fig. S3a, ESIT). The hindered conjugation due to the bicarba-
zole unit in TT-BCBz is evident from its blue-shifted absorption
compared to TT-CBz and TT-TPA. Polymers TT-TCBz-(a-g) have
their absorption profile centered between 300 nm and 550 nm,
which is expected from its structure having hindered conjugation
created by the three carbazole units flanked on the thienyltriazine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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core (Fig. S3b, ESIf). The Kubelka-Munk plot was used to
calculate the band gap of the polymers (Fig. S4 and S5, ESIf).
Their band gap values follow the trend TT-TPA < TT-CBz < TT-
BCBz < TT-TCBz-b. This trend aligns with the extent of conjuga-
tion of the polymers. The conjugation is hindered in TT-BCBz and
TT-TCBz-b, resulting in their higher band gap. The band gap of
the polymers TT-TCBz (a-g) lies in the range 2.25-2.78 eV. The
band gap values of the polymers indicate the potential of these
materials in optical applications.

Powder X-ray diffraction measurements (Fig. S6a and b, ESIY)
reveal broad diffraction peaks, which confirm the disordered,
amorphous nature of the polymers and can be attributed to the
kinetic control of the reaction. Though the porous polymers were
subjected to extensive Soxhlet purification and were also washed
with 6N HCI, some sharp peaks were observed in the PXRD
spectrum of TT-TCBz-e and TT-TCBz-f (Fig. S6b, ESIt). This
might arise from the residual metal ion present in the sample
due to the favorable interaction between the nitrogen atom of
the polymer and iron.>® Thermal gravimetric analysis (TGA)
measurements revealed the high thermal stability of the poly-
mers, as more than 90% of the mass is retained even at 450 °C
for polymers TT-CBz, TT-BCBz, and TT-TPA. TT-TCBz-a, TT-
TCBz-b, TT-TCBz-d and TT-TCBz-e are among the most thermally
stable polymers reported, with their decomposition temperature
around 590 °C (Fig. S7a and b, ESIY).

The morphology of the polymers was examined using trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM) (Fig. 3 and Fig. S8, ESIt). Except for the
polymer TT-BCBz, which exhibits a morphology consisting of
small fibres (Fig. 3(d)-(f)), all other polymers (TT-CBz, TT-TCBz-
(a-g), TT-TPA) have a very similar small particle-like morphol-
ogy, as evidenced by their respective TEM images. However, this
particle size was uniform only in TT-TCBz-a, TT-TCBz-b, TT-
TCBz-d and TT-TPA. All the other polymers displayed a mor-
phology comprising particles of varied sizes.

The permanent porosity (i.e., polymer surface area) and the
pore size distributions of the polymers were measured through
nitrogen adsorption and desorption at 77.3 K. Insight into the
porous properties revealed that all the polymers exhibit a
mixture of Type II and Type IV adsorption isotherms (Fig. 4(A)
and (B)) according to IUPAC classification. The polymers TT-CBz,
TT-BCBz, and TT-TPA display a sharp increase in N, uptake at P/
P, = 0.9-1, suggesting the dominance of meso- and macropores
from the inter-particle voids in these polymers. The uptake of N,
at relatively low pressures P/P, < 0.1 is very low, indicating
relatively low microporosity in these polymers (Fig. 4(A)). How-
ever, the polymers TT-TCBz (a-g) display a reasonable increase
in N, uptake at relatively low pressures P/P, < 0.1, indicating the
absence of macropores and dominance of micro and mesopores
(Fig. 4(B)). Moreover, all the polymers show an open-loop
behavior in the desorption cycle, indicating their ability to
undergo expansion. TT-TCBz-b exhibits excellent swelling ability
on the addition of solvents like methanol or THF to the dried
polymer. As depicted in Table 1, the BET surface area was found
to be 13, 316, 1059 and 54 m> g~ for TT-CBz, TT-BCBz, TT-TCBz-
b, and TT-TPA, respectively. The high surface area of TT-TCBz-b

Mater. Adv., 2023, 4, 4812-4822 | 4815
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Fig. 2 Fig. 2 Solid-state 13C NMR spectra of (A) TT-CBz, (B) TT-BCBz, (C) TT-TCBz-b, (D) TT-TPA, (E) TT-TCBz-f and (F) TT-TCBz-g, respectively

(* The peaks marked by asterisks represent the spinning sidebands).

compared to other polymers can be attributed to the facile FeCl,-
mediated polymerization of the carbazole units. The pore dia-
meter of the polymers was determined by the Barrett-Joyner—
Halenda method.”® With the exception of TT-TCBz-b, the other
polymers primarily exhibit a major distribution of pores within
the macropore range (Fig. 5(A)). All the polymers in the TT-TCBz
series had a very narrow pore size distribution of around 3.2-
4.1 nm (Fig. 5(B)). However, the expected general trend that an
increase in temperature leads to an increase in surface area was
not observed in these polymers. Inagaki and co-workers reported
the synthesis of spirobifluorene-based polymers synthesized by
oxidative polymerization, Friedel-Crafts polymerization and
competitive oxidative and Friedel-Crafts polymerization.>” The
trend observed for the BET surface area in the present study is
different from the one observed by Inagaki and their group on
the spirobifluorene system.

4816 | Mater. Adv, 2023, 4, 4812-4822

We synthesized the polymer of precursor TT-TCBz under
seven different conditions, among which TT-TCBz-b displayed
the best surface area of 1054 m> g~ '. However, both cross-
linked polymers, TT-TCBz-f and TT-TCBz-g exhibit high micro-
pore surface area and a high percentage of micropore volume.
The significant increase in surface area upon using MeNO,
along with FeCl; can be attributed to the enhanced solubility of
FeCls, which aids in the polymerization reaction.

Porous materials with a high surface area are known to show
high CO, adsorption capacity. However, increasing the heteroa-
tom content of the polymer and incorporating functionalities
capable of generating an electrostatic field on the porous sur-
face are highly desirable to enhance the interaction of CO, with
the porous medium. Porous polymers rich in heteroatom
content are recognized for their ability to facilitate dipole-
quadrupole interaction, which in turn increases the affinity of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) TT-, (d) TT-BCBz, (g) TT-TCBz-b and (j) TT-TPA; TEM images of (b) TT-CBz, (e) TT-BCBz, (h) TT-TCBz-b and (k) TT-TPA;
HRTEM images of (c) TT-CBz, (f) TT-BCBz, (i) TT-TCBz-b and (l) TT-TPA, respectively.

CO, towards the porous material.>® The electron-rich nature of
carbazoles has made polycarbazoles a potential material for
CO, sequestration.?® The polymers belonging to the TT-TCBz
series have the added benefits of three carbazole units flanked
on the thienyltriazine system, making them highly potential
candidates to be explored in CO, adsorption and gas selectivity
studies. Besides that, all the polymers in the TT-TCBz series

© 2023 The Author(s). Published by the Royal Society of Chemistry

also had high BET surface area compared to the other three
polymers. We evaluated the polymers TT-TCBz-(a-g) for their
affinity to adsorb CO, using BET sorption analysis. Fig. 6 and
Table 2 show the CO, adsorption isotherms of the porous
copolymer, TT-TCBz-a, TT-TCBz-b, TT-TCBz-c, TT-TCBz-d, TT-
TCBz-e, TT-TCBz-f, and TT-TCBz-g at 263 K, 273 K and 298 K.
In all cases it can be seen that CO, uptake capacity increases

Mater. Adv., 2023, 4, 4812-4822 | 4817


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00353a

Open Access Article. Published on 08 September 2023. Downloaded on 7/24/2025 6:20:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

1200
——TT-CBz (A)
& 1000
(7]
o
T 800+
S
B 600
2
-
o
S 400
<
2
T 200
©
-
a W .
0 ISR LS RLa S
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P°)

Fig. 4

1200

View Article Online

Paper

1000

800 +

600

400 4

Quantity Adsorbed (cm?/g STP)

200 -+

——TT-TCBz-a
——TT-TCBz-b
——TT-TCBz-c
——TT-TCBz-d
—+—TT-TCBz-e

~—— TT-TCBz-f

TT-TCBz-g

(B)

0.0 0.2

T T
0.4 0.6

Relative Pressure (P/P°)

of TT-TCBz-a, TT-TCBz-b, TT-TCBz-c, TT-TCBz-d, TT-TCBz-e, TT-TCBz-f, and TT-TCBz-g, respectively.

Table 1 Porosity parameters of the CPPs TT-CBz, TT-BCBz, TT-TCBz-b, and TT-TPA

(A) Stacked N, adsorption—desorption isotherms of TT-CBz, TT-BCBz, TT-TCBz-b and TT-TPA. (B) Stacked N, adsorption—desorption isotherms

N 1 SMiZc:rob1 SLaanmulir AYel'age Pore 3 1 VTotg] 1
Sample code  Sper [m* g ] [m* g™'] [m* g™ diameter (nm) Vaicro [em® g7 1] [em® g7 Swicromer (%) Vaicrol Vrotal (%)
TT-CBz 13 6 23 2.7 0.003100 0.004319 46 71
TT-BCBz 316 49 641 7 0.025264 0.560830 15 4.5
TT-TCBz-b 1059 401 1980 4 0.207263 1.093440 38 18.9
TT-TPA 54 19 95 3.5 0.009832 0.048306 35 20
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Fig. 5 (A) Pore-size distribution curves of TT-CBz, TT-BCBz, TT-TCBz-b and TT-TPA. (B) Pore-size distribution curves of TT-TCBz-a, TT-TCBz-b, TT-

TCBz-c, TT-TCBz-d, TT-TCBz-e, TT-TCBz-f, and TT-TCBz-g, respectively.
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Fig. 6 CO, adsorption—desorption isotherms of (A) TT-TCBz-a, (B) TT-TCBz-b, (C) TT-TCBz-c, (D) TT-TCBz-d, (E) TT-TCBz-e, (F) TT-TCBz-f, (G) TT-
TCBz-g at different temperatures, respectively; (H) CO, adsorption—desorption isotherms of TT-TCBz-a, TT-TCBz-b, TT-TCBz-c, TT-TCBz-d, TT-TCBz-e,
TT-TCBz-f, and TT-TCBz-g at 273 K, respectively and (I) isosteric heat of adsorption of CO, gas on TT-TCBz-a, TT-TCBz-b, TT-TCBz-c, TT-TCBz-d, TT-

TCBz-e, TT-TCBz-f, and TT-TCBz-g, respectively.

monotonically with increasing CO, pressure. The CO, adsorption
capacity of the material is calculated as 11.4 wt% (2.6 mmol g ),
16.5 wt% (3.75 mmol g~ '), 9.8 wt% (2.24 mmol g~ '), 14.7 wt%
(3.36 mmol g "), 15.8 wt% (3.61 mmol g '), 11.70 wt%
(2.66 mmol g~ '), and 16.58 Wt% (3.77 mmol g~ ') at 263.0
K/100 kPa for TT-TCBz-a, TT-TCBz-b, TT-TCBz-c, TT-TCBz-d,
TT-TCBz-e, TT-TCBz-f, and TT-TCBz-g, respectively. The high
CO, adsorption capacity of the polymers can be attributed to
the rich heteroatom content (N and S) that leads to increased
dipole-quadrupole interactions between the polymer skeleton
and CO, molecule. We had also given theoretical evidence of
the interaction of both N and S of thienyltriazine with CO,
molecules in our earlier report.’® Also, the electron-rich carba-
zole in the polymer framework and high charge density at the
nitrogen site can enhance the interaction of POPs with
the polarisable CO, molecules. The CO, adsorption is lowest
for TT-TCBz-c, which also has the lowest BET surface area.

© 2023 The Author(s). Published by the Royal Society of Chemistry

TT-TCBz-b and TT-TCBz-g show the highest CO, adsorption but
almost equal capacity. The high adsorption capacity of TT-
TCBz-b is a consequence of its high BET surface area, whereas
for polymer TT-TCBz-g the high CO, adsorption capacity,
despite having a BET surface area comparable to other poly-
mers, can be a direct consequence of its cross-linked structure
and high percentage of micropore volume. The reversible
natures of these isotherms indicated the absence of chemi-
sorption of CO, over TT-TCBz-(a-g). The isosteric heat of
adsorption (Qst) is calculated from the CO, isotherms mea-
sured at 263, 273, and 298 K temperatures by using the
Clausius—Clapeyron equation. The isosteric heats of adsorption
are plotted as a function of the amount of CO, uptake in
Fig. 6(I). These Qst values are below the energy of the chemical
bond formation, but quite high heat of adsorption due to the
presence of triazine rings suggested the strong interaction of
CO, molecules at the surface of the copolymers. TT-TCBz-b and
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Table 2 Porosity parameters of the polymers TT-TCBz-a, TT-TCBz-b, TT-
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Paper

TCBz-c, TT-TCBz-d, TT-TCBz-e, TT-TCBz-f, and TT-TCBz-g, respectively

CO, uptake (mmol g ')

p b a at 100 kPa
SBET SMicro SLangmuir Average Pore VTotal
Sample code [m® g™ '] [m*g '] [m* g '] diameter (nm) Vigicro® [em® g7 [em® '] Suicro/mer (%) Vaticro/Vrotal (%) 263 K 273 K 298 K
TT-TCBz-a 637 285 1152 3.5 0.147921 0.569 44 25.97 2.61 2.21 1.29
TT-TCBz-b 1059 401 1980 4 0.207263 1.093 38 18.9 3.75 3.00 1.77
TT-TCBz-c 523 227 95662 3.4 0.118968 0.189 43.4 62.9 2.24 1.88 1.10
TT-TCBz-d 854 391 1533 3.7 0.204468 0.314 45.7 65.07 3.36 2.76 1.58
TT-TCBz-e 832 404 1479 3.7 0.210460 0.309 48.5 68.1 3.61 2.91 1.68
TT-TCBz-f 821 474 1439 4.1 0.245843 0.332 57.7 74.7 2.66 2.19 1.33
TT-TCBz-g 848 465 1390 4.1 0.241056 0.321 54.8 75.1 3.77 3.11 1.92

¢ Sger is the surface area calculated from the N, adsorption isotherm in the relative pressure (P/P,) range. b Svriero is the microporous surface area
calculated from the N, adsorption isotherm based on the Harkins Jura method. ¢ Vycro is the microporous volume derived from the ¢ plot. 4 Vorotal

is the total pore volume at P/P, = 0.996.

TT-TCBz-g with surface area of 1059 m*> g~' and 848 m> g,
respectively, show a decent CO, adsorption of 3.00 mmol g *
and 3.11 mmol g ! at 273 K and 1 bar if compared to the CO,
adsorption of some POPs synthesized using similar conditions
and having high surface area such as COP-3** (Sppr =
1980 m” g~ ', CO, adsorption: 4.6 mmol g~ " at 273 K and 1 bar),
COP-3-1t> (Sggr = 1490 m” g~ ', CO, adsorption: 3.5 mmol g " at
273 K and 1 bar), CPOP-1"® (Sgpr = 2220 m? g~ !, CO, adsorption:
48 mmol g ' at 273 K and 1 bar) and CNOP-2'* (Sggr =
1546 m> g~ ', CO, adsorption: 4.0 mmol g ' at 273 K and
1 bar). The adsorption capacity of the POPs reported here is
comparable and even higher in some cases compared to some

POPs reported in the literature with a very high surface area
(Table S3, ESIt).

Considering the high surface area as well as the high CO,
adsorption of TT-TCBz-b and TT-TCBz-g, we conducted selec-
tivity calculations for CO,:N, with an increasing CO, mol%
from 5 to 25% at an interval of 5% mixture of CO,/N, at 298 K.
We utilized the ideal adsorbed solution theory (IAST), as devel-
oped by Myers and Prausnitz for binary mixtures at a pressure
of 1 bar.*® The mixture composition CO,:N, (15:85) holds
particular significance, being representative of flue gas compo-
sition and the separation of CO, from N, during the post-
combustion process is crucial. It is clear from the gas uptake
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Fig. 7 (A) and (D) Dual-site Langmuir—Freundlich fitting (a) (red line) for the CO, (blue cycle) isotherm measured at 298 K for TT-TCBz-b and TT-TCBz-

g, respectively. (B) and (E) Dual site Langmuir—Freundlich fitting (a) (red line) for the N, (black cycle) isotherm measured at 298 K for TT-TCBz-b and TT-
TCBz-g, respectively. (C) and (F) Selectivity of CO, over N, at 298 K: change of adsorption selectivity with increasing CO, mol% from 5 to 25% at an
interval of 5% mixture of CO,/N, for TT-TCBz-b and TT-TCBz-g, respectively.
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curves that CO, uptake is high compared to that of N, at 298 K
(Fig. 7(A), (B), (D) and (E)). This can be a consequence of the
quadrupole moment and kinetic diameter difference between
these gases (CO,, 3.30 A; N, 3.64 A) that allows easy diffusion of
CO, molecules into the pores.*! The uptake behavior of CO,
and N, gases at 298 K for TT-TCBz-b and TT-TCBz-g have been
fitted using the dual-site Langmuir-Freundlich model (DS-LF)
(Fig. 7(A) (B), (D) and (E)). Furthermore, the IAST results
indicate that for TT-TCBz-b the selectivity for the CO,:N,
(15:85) mixture is 24.5 (Fig. 7(C)) at 298 K, whereas for TT-
TCBz-g, it is approximately 65 (Fig. 7(F)). Despite having the
same pore size, this disparity can be attributed to the cross-
linked structure and the notably higher percentage of micro-
pore volume in TT-TCBz-g. The selectivity displayed by TT-
TCBz-g for CO, over N, at ambient conditions is comparable
and even higher than several POPs reported in the literature
(Table S4, ESIt).>*

Conclusion

In summary, we have reported the synthesis and properties of
heteroatom-rich polymers containing thienyltriazine and other
nitrogen-rich moieties. The main focus of this work was an
inexpensive FeCl;-mediated method for the synthesis of
triazine-carbazole-based polymers through oxidative polymer-
ization, Friedel-Crafts polymerization and competitive oxida-
tive/Friedel-Crafts polymerization. Furthermore, in addition to
exhibiting a high BET surface area, the cross-linked flexible
polymers showed high thermal stability, and CO, uptake,
reaching as high as 16.5 wt% at 263 K and 1 atm. The polymers
also displayed high CO, selectivity over nitrogen. In particular,
the high CO, selectivity of TT-TCBz-g over N, can be attributed
to its cross-linked structure and a high percentage of micropore
volume. These polymers can be potential materials for further
exploration into CO, trapping and conversion reactions. Over-
all, their potential as organic semiconductors for energy and
environmental applications form the basis for future studies.
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