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A series of four thiophene and triazine containing conjugated porous polymers (CPPs) comprising the
same building block, tris(thienyltriazine, is synthesized using the alkyne cyclotrimerization reaction for
TT-CPP1, Sonogashira coupling reaction for TT-CPP2, Glaser coupling reaction for TT-CPP3 and Stille
coupling reaction for TT-CPP4. By varying the spacer between tris(thienyltriazine units, the porosity
(3.6, 4.8 and 5.3 nm, respectively) and the band gap value (2.43, 2.11 and 2.03 eV, respectively) of TT-
CPP1, TT-CPP2 and TT-CPP3 have been efficiently tuned. All the TT-CPPs display significant thermal
stability up to 450 °C. Nitrogen and sulfur of triazine and thiophene moieties, respectively, act as
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electron-donating centers in these porous polymer frameworks, resulting in excellent adsorption of the
Lewis acidic CO, molecule. A maximum CO, uptake of 11.4 wt% (2.6 mmol gfl) at 263 K under 100 kPa
pressure has been observed for TT-CPP1 compared to the other two CPPs due to the small pore size
and strong adsorbate—adsorbent interactions. Configurational bias Monte Carlo (CBMC) molecular simu-
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Introduction

Porous organic polymers (POPs), which include polymers of
intrinsic microporosity (PIMs),' hyper-cross-linked polymers
(HCPs),”> covalent triazine-based frameworks (CTFs)® and con-
jugated microporous or porous polymers (CMPs or CPPs),*®
are gaining more recognition compared to their inorganic
counterparts as they have inherent remarkable chemical and
physical stability along with the possibility to tune their struc-
ture. Among these POPs, CPPs are generally synthesized by
employing metal-catalyzed cross-coupling reactions that result
in the formation of extended m-conjugated 3D networks.” A
judicious selection of the monomer and the polymerization
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lations have shed light on the selective capture, position and binding energy of CO, for TT-CPP1/2/3.

conditions or the techniques employed can enable one to have
easy control over the physical and chemical properties of CPPs.
Another advantage of conjugated porous systems is that various
chemical functionalities can be introduced into the pores by
employing different organic reactions.” The presence of a rigid
n-conjugated structure imparts these materials with excellent
thermal and chemical stability, larger surface areas and tun-
able porosity.>® CPPs have received wide attention from the
research community for their potential applications in gas
storage,'*® production of hydrogen,"” ™ catalysis,**>® iodine
capture,”’ light-harvesting,*® and supercapacitors.

In the past couple of years, CPPs/CMPs are gaining wide
recognition in the field of organic electronics.*>*' This necessi-
tates one to have control over their electronic properties because
each energy application of this class of materials demands
different optimum band gap values: solar cell systems
(E, = 1.65-3.27 eV for entire visible-light absorption),** CO, reduction
(E, = 1.75-3.0 eV)* and water splitting (E, = 1.5-2.5 €V).**** To tune
the band gap in CPPs, it is necessary to have structural control.
However, efforts for such an outcome are significantly less in
the literature. One significant contribution in this regard was
recently made by Coskun and group, where they reported band
gap tailoring via acid-dependent in situ cyclization.>®

An insight into the literature reveals that the most efficient
strategies® to establish structural control in conjugated porous
polymers are employed: (i) by controlling the conjugated
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structure and morphology, (ii) by controlling the porous struc-
ture, (iii) by tuning the length and geometry of the monomer,
(iv) by employing a statistical copolymerization technique, and
(v) by tuning the reaction conditions. Furthermore, it is now a
well-proven fact that the presence of electron-rich aromatic
rings and large heteroatom content can enhance the host-guest
interaction of CPPs and boost their overall performance to act
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as the storehouse of gases. Thiophene, a sulfur-containing
aromatic electron-rich heterocycle, is a commonly employed
building block in a linear conjugated polymer. However, thio-
phene containing conjugated porous polymers are significantly
less in the literature.””**

Inspired by the above facts and scope, herein, we present the
synthesis of a class of thienyltriazine based porous polymers
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TT-CPP4
Scheme 1 Synthesis of the trithienyltriazine based conjugated porous polymers (TT-CPP1, TT CPP2, TT-CPP3 and TT-CPP4).
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TT-CPP1, TT-CPP2, TT-CPP3, and TT-CPP4 using alkyne trimer-
ization, Sonogashira-coupling, Glaser coupling, and Stille cou-
pling reactions, respectively. The resulting frameworks display
high levels of porosity (surface areas up to 545 m” g~ '), stability
and CO, adsorption up to 11.4 wt%. This structural control
established over the porous structures is done by efficiently
tuning the size and geometry of the building blocks (i.e., by
using a spacer) and by tuning the reaction conditions. Their
band gaps have also been tuned efficiently.

Results and discussion

The synthesis of the targeted CPPs was done by using functio-
nalized 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine as the core moiety.
The tris(thienyl)triazine core was synthesized starting from
2-cyanothiophene by using the procedure reported by Misra
and group.*® It was then converted to its triacetylene derivative
1. Scheme 1 outlines the synthesis of TT-CPP1, TT-CPP2,
TT-CPP3 and TT-CPP4. TT-CPP1 was synthesized by a Co,
(CO)s mediated alkyne trimerisation reaction of 1. TT-CPP2
was synthesized by a Sonogashira coupling reaction of 1
with 2,4,6-tris(5-bromothiophen-2-yl)-1,3,5-triazine (2), whereas
TT-CPP3 was synthesized by a Glaser coupling reaction of 1. On
the other hand, TT-CPP4 was synthesized by the Stille coupling
of tristannyl derivative 2,4,6-tri(thiophen-2-yl)-1,3,5-triazine*®
with its tribromo counterpart 2. Thus, keeping the core moiety
intact, we have varied the spacer (benzene, acetylene, and
diacetylene) to tune the porosity and band gap energy.

The chemical connectivity and structure of the networks
were characterized by Fourier transform infrared (FTIR)
spectroscopy (Fig. 1 and Fig. S2, ESIt), solid state >C CP/MAS
NMR spectroscopy (Fig. 2 and Fig. S1, ESIt), elemental analysis
(Table S1, ESIt) and solid-state UV-visible absorption spectro-
scopy (Fig. 3a and Fig. S9, ESIT). The FT-IR spectra show a weak
band corresponding to disubstituted C-C triple bonds at
around 2175 ecm™ ! in TT-CPP2 and TT-CPP3 (Fig. 1, blue and
red spectra). The stretching frequencies around 800, 1370
and 1500 cm ™" confirm the successful incorporation of the
s-triazine moiety in the polymer frameworks, whereas the peaks
at about 3080 and 1625 cm ™~ are assigned to sp> C-H stretching
and C-C double bond stretching of the thiophene ring, respec-
tively (Fig. 1, black, blue and red spectra). The IR spectra also
indicate complete attenuation of the peaks at around 2100 and
3400 cm ™" in TT-CPP1-3 involving 1 as the precursor (Fig. 1 and
Fig. S3, S4a, ESIT). There is also a complete disappearance of
the C-Br band at 1049 cm ™' in TT-CPP2 and TT-CPP4 (Fig. 1
and Fig. S3b, S4b, ESIt). This confirms their high degree of
polymerization.

In the solid-state ">*C NMR spectra (Fig. 2), TT-CPP1, TT-CPP2
and TT-CPP3 showed a peak at around 173 ppm, and TT-CPP4
showed a peak at 170 ppm, arising from the carbon atoms of the
triazine core. The peaks in the range of 84-96 ppm in the spectra
of TT-CPP2 and TT-CPP3 are attributed to quaternary alkyne
carbons involved in polymerization. The peaks at about 153,
149, 138-135, and 127 ppm correspond to the thiophene carbons,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of TT-CPP1, TT-CPP2 and TT-CPP3.

where the first peak at 153 ppm corresponds to the thiophene
carbon bonded to the triazine ring (o carbon). The peaks marked
with an asterisk in the spectra of TT-CPP2 and TT-CPP3 are the
spinning sidebands. By combining the results of FT-IR and solid-
state *C NMR spectroscopy, it can be concluded that the repre-
sented polymer skeletons are formed. The experimental values of
the C, H, and N contents of the polymers in the elemental analysis
showed some deviation from the theoretical values due to the
presence of unreacted end groups and catalyst residues, as well as
trapped gases and moisture, as reported earlier.**™**

The solid-state UV-visible spectra of the polymers (Fig. 3 and
Fig. S9, ESIt) showed broad absorption extending from 350 nm to
800 nm for TT-CPP2, TT-CPP3 and TT-CPP4, a characteristic of the
extended m-conjugation of the polymer. However, TT-CPP1 also
showed an absorption peak in the low energy region extending
from 650 nm to 850 nm. This can be attributed to efficient
interlayer stacking between the polymer framework arising prob-
ably due to its small pore size, n-n interaction and presence of
sulfur atoms. The Kubelka-Munk plot was used to calculate their
band gaps (Fig. 3b-d and Fig. S10, ESIt). The Kubelka-Munk plot
of TT-CPP1 (Fig. 3b) shows a very small hump in the range of
1.5 to 1.8 €V with an onset of the same at 1.5 eV which is due to
the interlayer stacking in the polymer framework. Their band-gap
values follow the trend TT-CPP3 < TT-CPP2 < TT-CPP4 < TT-
CPP1. The observed trend is in agreement with the extent of
conjugation of the polymers. On moving from polymer TT-CPP1
to TI-CPP2 and TT-CPP3, the color of the polymer powder
darkens (Scheme 1), supporting the decreasing band gap and
increased m-conjugation in the same order.

Mater. Adv,, 2021, 2, 7473-7481 | 7475
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Fig. 2 Solid-state CP-MAS *C NMR spectra of TT-CPP1, TT-CPP2 and
TT-CPP3.

The extension of m-conjugation leads to a decrease in the
band gap, and thus TT-CPP3 with the most extended
n-conjugation has the smallest band gap of 2.03 eV, whereas
TT-CPP1 with the least extension of n-conjugation has the
largest band gap of 2.43 eV. This trend can also be attributed
to the fact that the incorporation of a compact and rigid
carbon-carbon triple bond makes the polymer framework more
coplanar, and its electron-withdrawing nature enhances the
donor-acceptor nature of the polymer framework, thereby low-
ering the band gap.

As expected, all the CPPs possess a disordered, amorphous
structure, as proven by the broad diffraction peaks in the
powder X-ray diffraction measurements (Fig. 4a and Fig. S7,
ESIt). This also supports the fact that the polymerization
reactions are kinetically controlled. The high thermal stability
of the CPPs was proved by the thermal gravimetric analysis
(TGA) measurement (Fig. 4b and Fig. S8, ESIT). TT-CPP2 and
TT-CPP4 retained more than 95% mass at 500 °C, whereas
TT-CPP1 and TT-CPP3 retained more than 85% mass at 500 °C.

7476 | Mater. Adv,, 2021, 2, 7473-7481
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The impressive thermal stability of the polymers can be
ascribed to the highly rigid and cross-linked polymer frame-
work. The chemical stability of the TT-CPPs was established by
dipping the samples in common organic solvents, an acid and
then a base for 3 days and then recording their FTIR spectra.
Compared to the FTIR spectra of the as-synthesized materials,
the polymer skeleton was found to remain intact (Fig. S11,
ESIt).

Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) were used to establish the particle
size and morphology of these polymers (Fig. 5 and Fig. S5,
ESIt). The SEM image of TT-CPP1 (Fig. 5a and b) showed a
spherical particle-like morphology, which was also confirmed
by its TEM image. The SEM and TEM images of both TT-CPP2
(Fig. 5d and e) and TT-CPP3 (Fig. 5g and h) showed a fibrous
morphology; the former had fibers of more ordered and uni-
form structure, and the latter showed a random intertwining
(fibrous) porous structure. TT-CPP4 had an undefined mor-
phology of agglomerated lumps (Fig. S5a and b, ESIY). The
HRTEM images (at 20 nm scale) of all TT-CPPs showed the
presence of alternate dark and bright worm-like structures,
which is commonly observed in such porous structures (Fig. 5c,
fand i). The permanent porosity and the pore size distributions
of the polymers were studied by nitrogen sorption at 77 K. The
adsorption isotherms for all the polymers were a mixture of
Type II and Type IV (Fig. 6a) as per the IUPAC classification,
and a sharp pore size distribution was observed (Fig. 6b). The
uptake of N, at relatively low pressures P/P°< 0.1 is very low,
indicating a low level of microporosity in these CPPs. However,
a steep increase in N, uptake was observed at P/P° = 0.9-1,
indicating the dominance of mesopores and macropores. The
dominant meso- and macropores can arise from the interparti-
cular voids in the porous polymer frameworks. As shown in
Table 1, the BET surface area was found to be 545, 511 and
491 m* g~ * for TT-CPP1, TT-CPP2, and TT-CPP3, respectively.
TT-CPP4 showed a very low surface area of around 5 m* g/,
indicating that the Stille coupling reaction is not an efficient
synthetic strategy for the synthesis of thienyltriazine based
conjugated porous polymers. This has been proven by carrying
out the reaction in solvents of different boiling points like THF
(reaction temperature kept at 70 °C), toluene (reaction tem-
perature kept at 110 °C) and mesitylene (reaction temperature
kept at 170 °C). All the polymers obtained were non-porous
except in the case when mesitylene was used as a solvent.
However, the surface area obtained was very low. Therefore,
considering the inefficiency of the Stille coupling reaction in
this particular case, the polymer TT-CPP4 was excluded from
establishing the structure-property relationship. Guipeng Yu
and group reported the template assisted synthesis of a nano-
tubular porous polymer having a structure similar to TT-CPP4.
They synthesized the polymer by using the Yamamoto coupling
reaction and the BET specific surface area was found to be
741 m® g '.** The decreasing trend of the surface area from
TT-CPP1 to TT-CPP3 can be attributed to the increasing size/
length of the linker/spacer if the thienyltriazine system is
viewed as the core. In TT-CPP1 the linker is a benzene ring,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Powder diffraction patterns of the TT-CPPs, and (b) TGA profiles

of the TT-CPPs.

whereas in TT-CPP2 and TT-CPP3 the linkers are acetylene and
diacetylene, respectively.

The total pore volume at a relative pressure of P/P° = 0.99
was found to be 0.19, 0.63, and 0.38 cm® g~' for TT-CPP1,
TT-CPP2, and TT-CPP3, respectively. The average pore diameter
obtained using nonlocal density functional theory (NLDFT)
demonstrates that the mesopores are centered in the 3 to
6 nm range for all the polymers. The expected trend for the
pore size as well as the surface area of the polymers is in
agreement with the experimentally observed trend.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Solid-state UV-visible spectra of TT-CPPs, and (b—d) Kubelka—Munk plot for the band gap calculation of TT-CPP1, TT-CPP2, and TT-CPP3,

The polymer TT-CPP1 was previously reported by Wang*®
and co-workers in 2018 by direct-arylation polymerization. They
reported a specific surface area of 74.9 m> g~ ' and 192.8 m* g~*
for TT-CPP1 when the ratio of the thienyltriazine precursor and
tribromo benzene precursor was 1 and 1.5, respectively. This
polymer was also used for the photocatalyzed oxidative cou-
pling of benzylamine. Its synthesis by a different reaction
strategy in our case led to a 2.5 fold increase in the surface
area (595 m* g~ ). This also explains the possibility of using the
synthesized polymer as a photocatalyst with better efficiency.
The morphology in our case was a spherical particle shape for
TT-CPP1. In contrast, Wang et al. reported a fibrous morphol-
ogy for the same polymer, thus depicting the effect of the
reaction conditions on the morphology.

These findings show directions to efficiently tune the elec-
tronic structure as well as the band gap values (Fig. 7) in CPPs
by careful selection of the monomer and varying the linker/
spacer. In this case, by using an efficient heteroatom rich
monomer and by varying the spacer, not only the porous
characteristics such as the surface area and pore diameter
but also the band gap value have been engineered, showing
successful structural control (Fig. 7).

Conjugated porous polymers are finding a wide range of
applications. However, they are gaining special recognition as
CO, sequestration materials.>® CO, is one of the major green-
house gases and is a well-known cause of the adverse effects of
global warming.’* The CO, adsorption isotherms of TT-CCP1,

Mater. Adv,, 2021, 2, 7473-7481 | 7477
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Fig. 5 SEM (a, d and g), TEM (b, e and h) and HRTEM (c, f and i) images of TT-CPP1, TT-CPP2, and TT-CPP3, respectively.

TT-CPP2 and TT-CPP3 at 263, 273, and at 298 K are illustrated
in Fig. 8. As shown in Table 1, their CO, adsorption capacities
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Fig. 6 (a) N, adsorption—desorption isotherm of the TT-CPPs at 77 K, and
(b) pore-size distribution curve of the TT-CPPs.
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are calculated as 11.4 wt% (2.6 mmol g~ %), 7.1 wt% (1.63 mmol g~ %),
and 5.3 wt% (1.22 mmol g ') at 263 K/100 kPa for TT-CPP1,
TT-CPP2, and TT-CPP3, respectively (Fig. 8a—c). The presence of N
and S heteroatoms in these polymers is responsible for the high CO,
adsorption. Also, quadrupole-quadrupole and dipole-quadrupole
interactions between the polymer frameworks and CO, molecules
play an important role. The CO, adsorption is also enhanced by the
presence of increased n—m interactions in the polymer skeleton due
to the interaction between the quadrupole moments of CO, and the
n-clouds in the materials. The CO, adsorption trend for the poly-
mers is in agreement with their observed surface area calculated
from the N, sorption isotherm. The high adsorption of CO, by
TT-CPP1 may be attributed to its highest surface area amongst all
the polymers, its small pore size and the high percentage of
micropore volume. The reversible nature of these isotherms con-
firms the CO, adsorption over TT-CPP-1/2/3 to be physisorption in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Porosity parameters of the CPPs studied in the present work
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CO, uptake (mmol g™ ') at 100 kPa

SBETa SLangmuir SMicrob AVefage pore VMicroc Vtotald SMicro/BET VMicro/Vtotal
Sample code [m*g '] [m?>g '] [m®>g '] diameter (nm) [ecm®g '] [em®g™'] (%) (%) 263 K 273 K 298 K
TT-CPP1 545 964 252 3.6 0.132 0.196 46.23 67 2.62 2.18 1.27
TT-CPP2 511 998 176 4.8 0.091 0.630 34.44 14 1.75 1.63 1.08
TT-CPP3 491 831 273 5.3 0.141 0.383 55.30 36 1.42 1.22 0.76

¢ Sger is the surface area calculated from the N, sorption isotherm. b Swmicro 18 the microporous surface area calculated from the N, adsorption
isotherm based on the Harkins Jura method.  Vyero is the microporous volume derived from the ¢plot. 4 Voo is the total pore volume at

P/P° = 0.996.

243 eV 2.11eV 2.03 eV
Band gap decreases TT-CPP1 > TT-CPP2 > TT-CPP3

Surface area increases TT-CPP1 >TT-CPP2 > TT-CPP3

Pore size increases TT-CPP1 <TT-CPP2 < TT-CPP3

Fig. 7 Tunable properties of the TT-CPPs.

nature. The CO, isotherms measured at 263, 273 and 298 K were
utilized to calculate the isosteric heat of adsorption (Qg) by employ-
ing the Clausius-Clapeyron equation. Fig. 8d shows a plot of the
isosteric heats of adsorption against the CO, uptake. These Qg
values are below 40 k] mol ', ie., the energy of chemical bond
formation. This further supports the absence of chemisorption and
the presence of strong physisorption of CO, molecules at the
polymer surface containing triazine and thiophene units. The
recyclability of CO, uptake for TT-CPP1 (taken as a representative
example) is very good, as evident from the uptake after four
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consecutive adsorption cycles at 298 K (Fig. S12, ESIt). TT-CPP1
with a moderate surface area of 545 m”> g~ shows decent CO,
adsorption of 2.18 mmol g~ * at 273 K and 1 bar if compared to the
CO, adsorption of some best-reported materials such as TPMTP>*
(Sger = 890 m?> g™, CO, adsorption: 5.8 mmol g~ ' at 273 K and
1 bar), P-PCz>? (Sger = 890 m> g, CO, adsorption: 5.57 mmol g~ * at
273 K and 1 bar), and HAT-CTF-450/600>* (Sggr = 1090 m” g%, CO,
adsorption: 6.3 mmol ¢~ " at 273 K and 1 bar). Although TT-CPP2
and TT-CPP3 show moderate CO, adsorption, their adsorption
capacity is comparable and even higher in some cases compared
to some CPPs reported in the literature with a very high surface area
(Table S2, ESIY).

To gain a clearer understanding of the highly efficient
uptake of CO, for TT-CPP1 over TT-CPP2/3, CBMC molecular
simulations in BIOVIA, Materials Studio, have been carried out.
At first, TT-CPP1/2/3 containing (1 x 1 x 1) hexagonal unit cells
has been optimized, and CO, sorption was performed at 298 K
up to a fixed pressure of 1 bar (Fig. 9). TT-CPP-1 displays strong

—e— CO, ads of TT-CPP2 at 263 K
—o— CO, des of TT-CPP2 at 263 K
1—=—co, ads of TT-CPP2 at 273 K
—0—CO; des of TT-CPP2 at 273 K
40 {—e— CO, ads of TT-CPP2 at 298 K
—o— CO, des of TT-CPP2 at 298 K

(d)

Qst / kJmol™!

—=— TT-CPP1
54 —«— TT-CPP2
——TT-CPP3

5 10 15 20 25 30
Valcm?® (STP)g™!

Fig. 8 CO, adsorption—desorption isotherms of (a) TT-CPP1, (b) TT-CPP2 and (c) TT-CPP3 at different temperatures, and (d) Qg of CO, for the

TT-CPPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 CBMC molecular simulation: sorption and location of CO, at 298 K for (a) TT-CPP1, (b) TT-CPP2 and (c) TT-CPP-3. (d) CO, binding energy.

quadrupole-quadrupole and dipole-quadrupole interactions with
high binding energy (BE = —30.5 k] mol ") compared to TT-CPP2
(BE = —18.8 k] mol ') and TT-CPP3 (BE = —20.6 k] mol ") (Fig. 9).
These BE values are correlated well with their pore sizes. Both the C
and O atoms of CO, interact with S of thiophene (S---O-C = 3.2 A)
and triazine N of TT-CPP-1 (C-O- - -N = 3.6 A).

Conclusions

In summary, we describe the synthesis of a series of heteroatom
enriched conjugated porous polymers TT-CPP (1-4) based on
the thienyltriazine system. Their surface area, pore size and
band gap have been tuned efficiently and hierarchically. The
CPPs display high thermal and chemical stabilities and high
CO, adsorption, indicating the potential of these polymers in
the CO, sequestration process. TT-CPP1 showed the highest
adsorption of about 2.6 mmol g~ (11.4 wt%). The polymers
display band gaps in the range of 2.03-2.43 eV. This study is
relevant for the application of CPPs in organic electronics,
optoelectronics, and photochemical water splitting, and the
high sulfur content of these materials makes them a potential
candidate for application in supercapacitors and lithium-ion
batteries.”> *°
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