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fluorine functionality as the origin of abundant microporosity and
multi-N-containing triazole functionality as strong CO,-philic unit
into the building block, which integrates high surface area (up to 2106 m*> g™*) and pore volume (up to 1.43 cm® g™') largely
dominated (>90%) by narrow- and ultra-micropores together with high nitrogen and oxygen heteroatom content in the resulted
Tz-df-CTF materials. The high microporosity in Tz-df-CTFs is mainly generated through the in situ defluorination process of
the perfluorinated Tz-PFCN building block during the ionothermal process, and pore surfaces embedded with CO,-philic basic
N-active sites as both triazole and triazine moieties confer the frameworks with the highest amount of CO, capture (7.65 mmol
g ' at 273 K, 1 bar) and H, storage (2.91 wt % at 77 K, 1 bar) capability among all known porous organic polymers, including
CTF systems, till date. The methane uptake capacity (4.41 wt % at 273 K, 1 bar) of these materials ranks second highest as well.
A breakthrough simulation shows good separation of CO,/N, (flue gas composition) and CO,/CH, binary gas mixture in Tz-
df-CTFs under industrial fixed-bed operational conditions. We anticipate that this unique dual approach will allow new
opportunities toward designing and synthesizing of novel high-performing nanoporous sorbents for task-specific applications in
the domain of clean energy and environmental fields.

B INTRODUCTION regeneration pathway, and an environmentally concerning
costly discarding process of expired amine solution.”” On the
other hand, H, is an inexpensive alternative gaseous fuel
abundantly available from the almost inexhaustible source of
water and containing significantly higher energy density per
unit mass compared with conventional fossil fuels, like
petroleum and coal.® However, commercialization of H, as a
practicable fuel is highly restricted by technological obstacles
associated with the lack of effective and reversible viable H,
storage systems, which spurred tremendous attention to store
hydrogen in porous solid materials as an alternative energy

The exponential increase of the concentration of atmospheric
carbon dioxide (CO,) produced from the combustion of fossil
fuels has raised extreme awareness on the overall impact in the
global climate change."” As per the prediction of the
International Energy Agency, the development of suitable
porous solid sorbents that can efficiently adsorb and store CO,
from point source postcombustion effluents, especially power
plant-emitted flue gas, has an incredible prospective, which can
mitigate the CO, emissions to a greater extent and, eventually,
slow down the climate change and upcoming energy shortage

crises.>™® Moreover, a sorbent with high-capacity CO, capture source tg substitute the current carbon-based energy
and separation capability has numerous industrial applications, resources.. ) ) C ow

such as in water-shift reactors, biogas purification, and natural MO.St existing porous f mat.erlals, like zeoll;t_elsé " metal—
gas upgradation. Till date, CO, scrubbing by aqueous amines is organic frameworks, alcgtl\;%ted carbons, and porous
an extensively used technology for industrial CO, capture and organic polymers (POPs), have been demonstrated as
separation involving an energy-intensive chemisorptive path- promising and competent candidates for high-performance gas
way as it is associated with high adsorption enthalpy (Q > ~40

kJ mol™).” Despite the widespread use of the amine-based Received: December 31, 2018

technology, it is still challenging as it suffers from serious Revised:  May 16, 2019
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storage and separation owing to their fast sorption kinetics
influenced by a highly reversible energy-efficient (Q,, > ~40 kJ
mol™") physisorptive pathway where weak van der Waals
forces are associated between pore walls of the adsorbent and
gas molecules, which render the sorption process with a low-
energy penalty and sustainability.”’ Amongst various porous
solid sorbents, POPs hold the greatest potential as emer?n
materials in gas adsorption and separation gpé)licationsf -
including catalysis,"** water purification,”*® energy stor-
748 and chemo—biosensing,49’50 owing to their enhanced
physicochemical and thermal stability and highly tunable large
surface area, pore volume, and pore size/shape along with
superior topological and functional diversity originated via
modularity in synthesis and immense choice of organic
building units compared with the existing traditional solid
adsorbents. Various approaches have been made to integrate
organic building blocks with different dimensionalities (two-
dimensional (2D), three-dimensional (3D)) and chemical
functionalities mostly comprising heteroatoms, like N, O, and
F, which target porous structures with large surface area and
pore volume dominated by micropores and high heteroatom
content to induce strong binding intensity between pore walls
and gas molecules for enhancement of their adsorption and
separation efficiency.”’ ~>® Mostly, porous structures preferably
integrated with large basic N-sites and high microporous
surface area are ideal for enhanced capture of polarizable acidic
CO, molecules whereas higher adsorptive hydrogen storage
capability is featured by porous solid materials having a high
degree of ultra-micropores of size typically below 9 A,
combining high surface areas mostly derived from narrow-
and ultra-micropores.”®>” A recent study also found that a
higher level of oxygen functionality is desirable for enhanced
H, capture.”® To date, a great deal of efforts has been made to
develop porous organic polymers with enhanced CO, uptake
capacities, paying very limited attention to increase their H,
storage capabilities. Porous organic polymers categorized as
best-performing CO, sorbents known in recent times mostly
suffer from a moderate-to-low H, storage capability due to lack
of a proper synthetic approach. Therefore, it still remains an
enormous challenge to recognize more convenient and
efficient approaches for developing unique porous organic
materials that share the above-mentioned physicochemical
properties in a synergistic manner, which could be applied as a
high-capacity dual storage media for both CO, and H,.
Bearing in mind these ideas, we report a dual strategic
approach adopted through the rational design of a unique class
of nitrogen-rich triazole-functionalized perfluorinated aromatic
nitrile building blocks (Tz-PFCN) to prepare triazole-
embedded covalent triazine framework (CTF)-based POPs
as extraordinarily high-performing materials for small gas
uptake and separation, specifically CO, and H,. Our dual
strategic approach mainly features the judicious integration of a
thermally sacrificial large fluorine functionality (C—F) and
strongly CO,-philic multi-N-containing basic triazole unit into
the Tz-PFCN building block to prepare a novel class of
extremely microporous CTF-based adsorbents with high
heteroatom loading, in particular, N/O active sites, exhibiting
high affinity for both CO, and H, binding with improved
molecular sieving capabilities. We hypothesized that integra-
tion of a large number of thermally labile C—F bonds into the
building block would produce high surface area comprised of a
higher degree of ultra-microporosity (pore size < 0.7 nm) to
the resulted CTF materials through controlled etching of
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framework by in situ-generated reactive fluorinated species
(CF,) via defluorination during the high-temperature polymer-
ization process. On the other hand, incorporation of the multi-
N-containing triazole functional group comprising three
different active nitrogen sites with varying basicity along with
inherent triazine nitrogen in the pore surfaces of resulting
frameworks would strongly boost the affinity for CO, owing to
their most favorable electrostatic interactions with polar CO,
molecules.”” Further, CTF synthesis via the high-temperature
ionothermal process inherently associated with O-doping
(=C=0/-C-0) in the resulted frameworks would be
further advantageous for H, capture process. Moreover, the
present work also featured CO, uptake and separation under
dynamic flowing mixed gases, such as CO,/N, and CO,/CH,,
mimicking the industrial flue gas treatment and natural gas
upgradation process using the column breakthrough simulation
methodology. With the present strategy of the building block
design principle, the current work would provide an under-
standing on the synthesis of novel categories of high-
performing solid sorbents with tailorable porous structures,
which would find potential applications over a wide variety of
technological benefits (Scheme 1).

Scheme 1. Schematic Illustration of the Formation of Tz-df-
CTFs via a Dual Strategic Approach
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B EXPERIMENTAL SECTION

Synthesis of the Building Block (Tz-PFCN). The synthesis of
the building block, Tz-PFCN, was carried out by adopting the well-
known Cu(I)-catalyzed “click reaction”.?” In a typical procedure, a
250 mL round bottom flask equipped with a stir bar was charged with
1,3,5-triethynylbenzene (150 mg, 0.998 mmol), 4-azidotetrafluor-
obenzonitrile (755 mg, 3.49 mmol), tetrahydrofuran (60 mL), and
water (15 mL). The resulting clear solution was purged with argon
over 30 min at room temperature followed by addition of CuSO,-
SH,0 (78.4 mg, 0.313 mmol) and sodium ascorbate (121.5 mg, 0.613
mmol). The reaction mixture was heated to 60 °C and kept stirring
for 3 days under an inert atmosphere. It was filtered and evaporated to
dryness followed by extraction by ethyl acetate (2 X 75 mL). The
organic part was then washed with distilled water three times and
dried over MgSO,, followed by evaporation, resulting in a crude
product, which was purified via silica gel column chromatography
(ethyl acetate/petroleum ether (4:1)) to obtain a light-yellow colored
compound (yield: 315 mg, 39.6%). "H NMR (400 MHz; DMSO-dy):
5 (ppm) 8.66 (s, 3H, Ar-H), 9.44 (s, 3H, triazole-H). 'F NMR (400
MHz; DMSO-dy): —133.58 (m, 6F), —145.62 (m, 6F). FT-IR (ATR,
400—4000 cm™!): 3550, 3147, 2965, 2248, 1653, 1619, 1507, 1389,
1295, 1155, 1097, 1033, 997, 891, 827, 763.

Synthesis of Tz-df-CTF Materials. All Tz-df-CTF materials were
synthesized under an ionothermal condition as described in the
literature by Thomas and co-workers®' with a slight alteration as
follows. The typical experimental procedure involved transfer of
triazole-functionalized perfluorinated aromatic trinitrile (Tz-PFCN)
building blocks (500 mg) and anhydrous ZnCl, salt (854 mg) with a
molar ratio of 1:10 into a quartz ampoule under an inert atmosphere.
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Figure 1. FT-IR (left) and Raman (right) spectra of Tz-PFCN ligand and Tz-df-CTFs.

The ampoule was then evacuated, flame-sealed under vacuum, and
slowly heated (10° min™') to the desired temperature inside a
furnace. Once the desired temperature was achieved, heating was
continued for another 42 h. The ampoule was cooled down to
ambient temperature and opened. It is worth mentioning that the
ampoule is under high pressure, which is released while opening. The
resultant black solid was collected and stirred in distilled water (200
mL) for 48 h to remove the majority of the ZnCl, salt. The product
was isolated via filtration and further stirred in 1 N HCI (200 mL) for
48 h to eliminate further the residual salt. The resulting solid was
finally filtered and washed repeatedly with water until neutral pH was
attained in the filtrate. Finally, the solid was washed with alcohol and
acetone and dried under vacuum at 100 °C for 6 h, a set of light
weight black powders with yield around 56% (Tz-df-CTF400), 50%
(Tz-df-CTFS00), and 48% (Tz-df-CTF600) were obtained with
respect to the starting monomer (Tz-PFCN) by mass.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Tz-df-CTFs. The
nitrogen-rich triazole-substituted aromatic perfluoro trinitrile
building block, namely, Tz-PFCN, was synthesized via a
copper(I)-catalyzed alkyne-azide click reaction between 1,3,5-
triethynylbenzene and 4-azidotetrafluorobenzonitrile precur-
sor, as depicted in Scheme S1.°> Fourier transform infrared
(FT-IR) and 'H and "F NMR spectroscopy were used to
characterize the monomeric building block (see Supporting
Information). The synthesis of Tz-df~CTFs was carried out via
Lewis acid (anhydrous ZnCl,)-catalyzed trimerization of Tz-
PFCN adopting ionothermal conditions, as reported by
Thomas et al.°' In a typical synthetic procedure, C3-symmetric
Tz-PFCN building blocks were cyclotrimerized by direct
heating in molten zinc chloride inside a flame-sealed quartz
tube where ZnCl, performed as both a Lewis acid catalyst and
reaction medium. We have chosen a 10:1 molar ratio of the
ZnCl, to Tz-PFCN building block since the higher amount of
Zn salt would take into account the solubility issue of the high-
molecular weight Tz-PFCN monomer under ionothermal
condition to make the polymerization process proceed in a
uniform and controlled manner.”' Moreover, a higher molar
ratio of ZnCl, is desirable to induce rich textural properties
mostly suitable for capturing small gases.”’ We have carried out
the polymerization reactions at 400, 500, and 600 °C for 42 h
using 10 equivalents of ZnCl, resulting in a black monolithic
material with a moderate yield in each case. The resulting
materials are abbreviated now onward as Tz-df-CTFx, where x
denotes polymerization temperature, Tz represents the triazole
functionality, and df stands for complete defluorination. Tz-df-
CTF materials are completely insoluble in water, dilute acids,
and bases as well as common organic solvents, suggesting the
formation of 3D networks with excellent chemical stability.
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The successful formation of Tz-df-CTFs was confirmed by
various analytical and spectroscopic techniques, such as
elemental analysis, FT-IR, Raman, X-ray photoelectron
spectroscopy (XPS), and powder X-ray diffraction (PXRD).
As shown in Figure 1, the disappearance of the intense
characteristic C=N stretching band at around 2248 cm™ and
the emergence of two new characteristic broad bands at around
1310 and 1580 cm ™" corresponding to the C—N stretching and
breathing mode of the triazine ring indicated the formation of
fully condensed triazine-based Tz-df-CTF materials via cyclo-
trimerization of nitrile groups.””*>** An additional character-
istic breathing mode at around 792 cm™" corresponding to the
triazine unit is clearly observed for the 400 °C material,
whereas at higher synthesis temperature (500 and 600 °C),
this vibration band is almost featureless.’”*

A broad IR band peaking at around 1609 cm™" is assigned as
the characteristic ~N=N-— stretching mode of 1,2,3-triazole
ring, indicating the existence of triazole moiety in all Tz-df-
CTFs, which is well in agreement with the literature.®>%%"!
Therefore, FT-IR analysis is evident for the presence of both
triazine and triazole groups in Tz-df-CTFs and broadening of
IR peaks might be attributed to the partial carbonization and
decomposition associated with the materials.”"*”*®

To get a more detailed scenario of the extent of structural
degradation in as-synthesized Tz-df-CTFs as a function of
temperature, combustion elemental analysis is performed
(Table S1). The analysis reveals much lower nitrogen content
and higher C/N ratio as compared with the theoretically
calculated values, which slowly grows with increase in
temperature, indicating a significant loss of nitrogen during
polymerization because of partial structural decomposition.
The decomposition process apparently proceeds mainly via
C—H and [CN] elimination involving different reactive
intermediates and mechanistic pathways, and it becomes
prominent for CTFs prepared by utilizing a higher molar ratio
(=10) of ZnCl, salt to monomer as well as increasing
polymerization t<3mp<er:1tur<e.37’69_71

The X-ray photoelectron spectroscopy is conducted to get
more precise information of the network formation, purity,
chemical compositions, and bonding patterns of all Tz-df-
CTFs. The survey spectrum reveals the existence of only
carbon, nitrogen, and oxygen spectroscopic signatures with
nitrogen element contents of 8.9, 7.70, and 6.30 wt % and
oxygen element contents of 12.4, 12.87, and 13.60 wt % for Tz-
df-CTF400, Tz-df-CTFS00, and Tz-df-CTF600, respectively
(Figure SS). The appearance of the oxygen signal is plausibly
due to the decomposition of the framework via different
reaction pathways involving reactive benzyne-type and/or

DOI: 10.1021/acs.chemmater.8b05365
Chem. Mater. 2019, 31, 3929—-3940


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b05365/suppl_file/cm8b05365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b05365/suppl_file/cm8b05365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b05365/suppl_file/cm8b05365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b05365/suppl_file/cm8b05365_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.8b05365/suppl_file/cm8b05365_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.8b05365

Chemistry of Materials

Tz-df-CTF400 (a1) Tz-df-CTF400 (b1) Tz-df-CTF400 (c1)
3 3 3
s s s
7] 7} @
c c c
2 2 2
£ ] £
T T T T T T T T T T T T T T T T 1 T T T T T 1
298 296 294 292 290 288 286 284 282 280 410 408 406 404 402 400 398 396 394 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Tz-df-CTF500 (a2) Tz-df-CTF500 (b2) Tz-df-CTF500 (c2)
s 8 s
z 2z z
£ 5 ‘@
< c c
] e e
£ £ £
T T T T T T T T r T T T T T T T 1 T T T T T
298 296 294 292 290 288 286 284 282 280 410 408 406 404 402 400 398 396 394 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Tz-df-CTF600 (a3) Tz-df-CTF600 (b3) Tz-df-CTF600 (c3)
3 3 3
8 s 8
2 2 2
7} o 7}
c c c
2 1] 2
£ £ £

Binding Energy (eV)

T T T T T T T T T T T T T T T T 1
298 296 294 292 290 288 286 284 282 280 410 408 406 404 402 400 398 396 394 538
Binding Energy (eV)

T T T T
534 532 530 528

Binding Energy (eV)

T
536 526

Figure 2. High-resolution XPS spectra of Tz-df-CTFs material: (al—a3) C 1s, (b1—b3) N 1s, and (c1—c3) O 1s deconvoluted spectra.

radical intermediates, which can subsequently react with
oxygen and/or moisture during open air aqueous workup as
well as trapped atmospheric oxygen and/or moisture within
the highly porous polymeric networks.”>’*”> No residual
signals for zinc species, including ZnCl,, were observed in the
XPS analysis. The complete removal of zinc salt during the
acid—water washing process indicates the overall formation of
an interconnected well-organized porous architecture. Fluorine
units completely disappear in all Tz-df-CTFs under a high-
temperature (400—600 °C) ionothermal condition, as revealed
by the complete absence of any signature peak for fluorine in
XPS analysis, which is well in agreement with the previous
report on the thermal C—F bond cleavage in single-wall carbon
nanotubes”® and related CTF-based materials synthesized
under similar conditions.”> Moreover, a deeper understanding
of the chemical bonding nature of C, N, and O atoms in Tz-df-
CTF materials was obtained from high-resolution core-level
XPS spectra of C 1s, N 1s, and O 1s (Figure 2). The
deconvoluted C 1s spectra of Tz-df-CTFs are composed of
four peaks with binding energies of 284.6, 285.55, 287.29, and
289.95 eV. The dominant signal peaking at 284.6 eV
corresponds to the sp’-hybridized double-bonded carbon
atoms, whereas the peak with binding energy of 285.55 eV
refers to the sp*>-hybridized carbon atoms bonded to nitrogen/
oxygen atoms (C—O/C—N). The third peak with binding
energy of 287.29 eV is assigned to sp>-hybridized carbon atoms
attached to nitrogen/oxygen atoms (C=N/C=O0), and the
weakest peak with binding energy 289.95 eV is featured in the
7—r* transition.”*”’° Similarly, the N 1s spectrum of Tz-df-
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CTF materials is also deconvoluted into four distinct peaks
with binding energies of 398.6, 400.32, 401.09, and 403.03 eV.
The first peak centered at 398.6 eV is attributed to the
hexagonal pyridinic nitrogen (—C=N) that mainly originates
from the triazine unit, whereas signals located at 400.32 and
401.09 eV are associated with the single-bonded nitrogen (N—
N=N) and the double-bonded nitrogen atom (N—N=N)
derived from embedded triazole moiety inside all frame-
works.”>”””® A minor amount of oxidized N species (N—O)
with a binding energy of 403.03 €V is observed as well.”*”>
Thus, core-level XPS analysis further supports the existence of
triazine and triazole units in all Tz-df-CTFs in spite of
carbonization and decomposition process associated during
their formation pathway, which is in accordance with the FT-
IR analysis and literature. Moreover, the oxygen signal can be
fitted into three peaks with binding energies of around 531.5,
532.8, and 533.4 eV. The first peak corresponds to O=C and
the last peak is assigned to O—C (28.4—31.8%), both of which
are consistent with the C Is signal analysis result.””*" The
second peak at around 532.8 eV appears due to adsorbed
oxygen and/or moisture inside the Tz-df-CTF network.””
Raman spectroscopy is further employed to analyze Tz-df-
CTF materials (Figure 1). All Tz-df-CTFs show two well-
defined virtually superimposed Raman bands centered at
around 1354 and 1585 cm™ similar to the characteristic D and
G Raman band, respectively, typically observed in partially
graphitic amorphous carbon materials. The complete dis-
appearance of the sharp intense Raman band (~2252 cm™)
for the cyano group further confirms the formation of fully
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Figure 3. (a) Nitrogen adsorption—desorption isotherms of Tz-df-CTFs measured at 77 K (solid and open symbols represent adsorption and
desorption, respectively). (b) Pore size distribution (PSD) curves of Tz-df-CTFs derived from the N, adsorption isotherm (77 K).

condensed Tz-df-CTF networks, as also observed from FT-IR
analysis. In general, D band occurs from sp*-hybridized carbon
atoms with defects, ie., a disordered graphite structure,
whereas G band is related to the first-order scattering of the
E,, mode for sp>-hybridized carbon atoms in a two-
dimensional hexagonal graphitic layer structure. Ip/I; values
of 0.97, 1.01, and 1.04 for Tz-df-CTF400, Tz-df-CTF500, and
Tz-df-CTF600, respectively, indicate the fact that with
increasing polymerization temperature from 400 to 600 °C,
the structural defects also increase as the extent of structural
decomposition becomes higher at higher synthesis temper-
ature, resembling the result obtained from elemental analysis of
Tz-df-CTFs.*' ™ The CTF-based materials are mostly
amorphous in nature except a few, like CTF-0, CTF-1, and
CTE-2, that show moderate crystallinity.”"**** As expected,
the wide-angle powder X-ray diffraction analysis of Tz-df-CTF
materials (Figure S6) showed a featureless diffraction pattern
with two extremely broad peaks at around 26 = 24.45° (do, =
3.64 A) and 20 = 43.28° (d,o = 2.08 A), confirming the
formation of a partially graphitized amorphous polymeric
structure. However, the estimated dy, for Tz-df-CTFs is larger
than that of the characteristic ideal dgy, value of 3.35 A
observed in a pure graphite layer. Thus, both Raman and
PXRD analysis indicate a random combination of a small
disordered graphitic layer structure induced by significant N-
and O-doping into the layers.

The modality of Tz-df-CTFs was further analyzed by field-
emission scanning electron microscopy (FE-SEM) and high-
resolution transmission electron microscopy (HR-TEM). The
FE-SEM images of Tz-df-CTFs exhibited a typical surface
morphology of agglomerated tiny and irregular shaped
particles homogenously distributed through the polymeric
matrix (Figure S7). The microstructure of Tz-df-CTFs was
observed via HR-TEM images constituting well-distributed
uniform interconnected micro-and ultra-micropores (Figure
S8) with a continuous polymeric phase, as indicated by the
presence of homogenously distributed dark and bright areas.

Gas Adsorption Properties. The porosity parameters of
Tz-df-CTF materials were derived using the N, adsorption—
desorption isotherm measured at 77 K. According to the
IUPAC classification, the isotherms of Tz-df-CTF materials
can be broadly classified as type-I isotherm with some type-II
character, as depicted in Figure 3a. The fully reversible
isotherms of Tz-df-CTFs feature a steep rise in nitrogen uptake
at a low relative pressure (P/P, < 0.01), which is characteristic
for the existence of abundant micropores. At higher relative
pressure (<0.1), a continuous steady rise of adsorption
isotherms is observed for Tz-df-CTF600, reflecting the
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presence of well-developed narrow mesopores, which is most
desirable for effective diffusion of incoming gas molecules into
the porous networks and thereby enhancing the gas uptake
capacity.*”” The rate of rise of the adsorption isotherm
became slower for materials with a decreasing synthesis
temperature, revealing lowering of the narrow mesoporosity
in Tz-df-CTF500 and Tz-df-CTF400 compared with Tz-df-
CTF600. Thus, simply by changing the synthesis temperature,
fine modulation of porosity in Tz-df-CTF materials can be
achieved. A small degree of hysteresis in the partial pressure
range of 0.1—0.9 and 0.4—0.9 was observed for Tz-df-CTFS00
and Tz-df-CTF400, respectively, further attributing the
presence of well-organized mesopores as mostly narrow slitlike
in nature. Tz-df-CTF400 possesses almost a flat adsorption
plateau without any hysteresis between the adsorption—
desorption step, indicating its exclusive microporous in
nature.*®

The specific Brunauer—Emmett—Teller (BET) surface area
was estimated to be 1550 m* g™ for Tz-df-CTF400, 1878 m”
g~' for Tz-df-CTFS00, and 2105 m* g~" for Tz-df-CTF600,
whereas the corresponding Langmuir surface area was found to
be 2068, 2388, and 2548 m> g_l combining a total pore volume
of 0.89, 1.08, and 1.43 cm’ g_l, respectively. The obtained
textural parameters are comparable and/or higher than those
of other previously reported high-performing POP, including
CTF-based materials, in the literature.*>>*3*% 79!

The pore size distribution (PSD) was estimated by fitting
the N, isotherm (77 K, 1 bar) with nonlocal density functional
theory (NL-DFT) using a “carbon-based slit-pore” model
(Figure 3b), which clearly indicates the dominance of the
larger fraction of ultra-micropores with a pore diameter around
0.55 nm along with a relatively smaller fraction of narrow
micropores with pore diameters of around 1.16, 1.43, and 1.76
nm. Besides, a small proportion of narrow mesopores
spreading over 2—S nm is observed as well in all Tz-df-
CTFs. The degree of narrow mesoporosity slowly grows on
increasing the synthesis temperature and becomes the highest
for Tz-df-CTF600, making it ideal for an enhanced gas
adsorption capability because the presence of narrow
mesopores along with abundant micropores is greatly advanta-
geous for the sorption process as it provides a smooth gateway
for diffusion of gas molecules, whereas micropores are the most
desired environment for trapping of small gas molecules.*”*”"*
The microporous surface areas and pore volumes were
calculated to be 1453, 1746, and 1754 m® g~' for Tz-df-
CTF400, Tz-df-CTFS500, and Tz-df-CTF600, respectively,
whereas the corresponding micropore volumes were deter-
mined as 0.75, 0.89, and 0.91 cm® g~ (Table 1). Since narrow
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Table 1. Textural Parameters Derived from N, (77 K, 1 bar) and CO, (273 K, 1 bar) Isotherm

material Sper” (m? g SLangb (m® g Smmicro” (m gil) Vmicrod (cm® g Viota” (cm® g
Tz-df-CTF400 1550 2068 1453 0.75 0.89
Tz-df-CTFS00 1878 2389 1746 0.89 1.08

2106 2549 1754 091 1.43

Tz-df-CTF600

Vicoy (em®g™) N (%)*
0.088 9.63 (8.90)
0.095 7.97 (7.70)
0.099 6.15 (6.30)

“Calculated BET surface area from N, isotherm over the conventional pressure range of 0.05—0.3 bar. bLangmuir surface area estimated by
applying the Langmuir equation on the nitrogen isotherm over the pressure range 0—0.15 bar. “Micropore surface area calculated using the classical
t-plot method. “Micropore volume calculated at P/P, = 0.1 for pores < 1.6 nm. “Total pore volume calculated from the N, isotherm based on the
slit pore NLDFT equilibrium model. TTotal pore volume (pores diameter < 1 nm) calculated from CO, isotherm at 273 K on the basis of the CO,
NLDFT model at P/P, = 0.15. ®Nitrogen content is estimated via combustion process, and values in parenthesis are determined through XPS

analysis.

Table 2. Low-Pressure CO,, CH,, N,, and H, Uptake Behavior, Heat of Adsorption, and CO, Selectivity over N, and CH, of

the Presented Tz-df-CTFs
CO, uptake” CH,, uptake® N, uptake” H, uptake® selectivity”
material 273 K 298 K th 273 K 298 K Q_“b 273 K 298 K 77 K CO,/N, CO,/CH,
Tz-df CTF400 642 (232) 432 (1.33) 234 227 108 274 104 046 2.51 185 (227) 7.5 (80)
Tz-dfCTFS00 741 (236) 486 (135) 197 258 134 225 129 050 2.76 189 (21.5) 62 (72)
Tz-dfCTF600  7.65 (239) 508 (1.36) 200 276 132 240 132 053 2.91 168 21.1) 58 (57)

“Gas uptake in mmol g at 1 bar and values in parenthesis in mmol g at 0.15 bar. blsosteric heat of adsorption in kJ mol ™. “Gas uptake in wt %
at 1 bar. “Calculated by ideal adsorbed solution theory (IAST) method at a molar ratio of 15:85 for CO,/N, and 50:50 for CO,/CH, whereas
values in parenthesis are calculated from the ratio of the initial slopes in the Henry region of the respective CO,, CH,, and N, adsorption isotherms

at 298 K.
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microporosity is one of the most desirable parameters for
enhanced gas uptake capacity in porous materials, we have
further used CO, adsorption isotherm (273 K, 1 bar) to derive
better resolved PSD by nonlocal density functional theory
(NL-DFT) utilizing a carbon-based slit-pore model to have
more details and precise microporous (0.3—1.0 nm) structural
information of Tz-df-CTFs (Figure S9).”> A careful examina-
tion of PSD curves shows that the dominance of ultra-
micropores (<7 A) in Tz-df-CTFs slowly increases with
increasing synthesis temperature along with the increase of
CO, accessible micropore volume V,;..(CO,) from 0.088 to
0.099 cm® g~'. The large pore volume and significantly high
surface area dominated by extremely large fractions of narrow-
and ultra-micropores was mainly originated via ZnCl,-assisted
defluorination process during the high-temperature polymer-
ization reaction where thermally sacrificial aromatic C—F
bonds undergo a complete defluorination process resulting in
situ generation of extremely reactive fluorinated species (CF,,),
which subsequently etch the polymeric backbone while
releasing out from the polymeric matrix, thus creating fine
defects on the polymer backbone.

The abundant narrow- and ultra-micropore, high N,O-
heteroatom content, including impressive physicochemical and
thermal stability, inspired us to investigate their gas uptake
capabilities, especially CO,, H,, and CH,, relevant to
environment and energy applications, which is summarized
in Table 2. First, the CO, uptake capacity was assessed by CO,
isotherms measured at T = 273 and 298 K up to 1 bar. As
shown in Figure 4, all Tz-df-CTFs adsorb exceptionally high
CO, with an uptake capacity of 6.42 mmol g' (Tz-df-
CTF400), 7.41 mmol g~' (Tz-df-CTFS00), and 7.65 mmol g '
(Tz-df-CTF600) at 273 K and 1.0 bar. Similarly, at 298 K and
1.0 bar, they exhibit extremely high CO, adsorption as well as
uptake values of 4.32 mmol g~ (Tz-df-CTF400), 4.86 mmol
g~ (Tz-df-CTF500), and 5.08 mmol g~' (Tz-df-CTF600). To
the best of our knowledge, the obtained CO, adsorption values
of both Tz-df-CTFS00 and Tz-df-CTF600 represent the
highest CO, uptake capacity so far among all known POPs,
including CTF-based materials (Tables S6 and
§7).33659368994796 The exceptionally high CO, philicity of
Tz-df-CTFs can be correlated mainly by two major desirable
parameters, such as (i) large surface area that arises almost
entirely from narrow- and ultra-micropores, which is most
suitable for trapping both polar (CO,) and nonpolar (H, and
CH,) gas molecules and (ii) significantly high basic N sites
derived from embedded highly polar functionalities like
triazine and triazole moieties with strong affinity for polar
and acidic gas molecules like CO,, which synergistically
contribute to the exceptionally high CO, uptake ability.
However, it is worth mentioning that Tz-df-CTF600 with
slightly lower N content shows the highest CO, uptake
compared with Tz-df-CTFS00 and Tz-df~-CTF400, which
clearly indicates that nitrogen content alone weakly influences
the CO, uptake capacity. Therefore, CO,-accessible micropore
volume and high surface area combining extensive micro-
porosity are the more decisive factors in combination with N
content for the observed high CO, uptake in the newly
introduced Tz-df-CTF materials.

The H, storage capability of Tz-df-CTFs was investigated at
77 K and 1 bar since hydrogen storage at cryogenic
temperature under ambient pressure condition has recently
gained enormous attention as being viable for low-pressure
vehicular hydrogen storage for safe transportation.”” Figure 4c
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shows that Tz-df-CTF400, Tz-df-CTF500 and Tz-df-CTF600
exhibit unprecedentedly high H, uptakes of 2.51, 2.76, and
291 wt %, respectively. To date, Tz-df-CTF600 with a H,
uptake capacity of 2.91 wt % superseded all reported best
performing POP and CTF-based adsorbents (Tables S6 and
§7).535089969899 1t is worth mentioning that Tz-df-CTFs
demonstrate excellent reproducibility toward H, uptake and
retention of more than 98% of H, uptake capability even after
five repeated cycles of uptake in experiment. Tz-df-CTFs show
impressive CH, adsorption at 273 K and 1 bar (Figure 4d)
with an uptake capacity of 2.27 mmol g~' (3.63 wt %), 2.58
mmol g~ (4.12 wt %), and 2.76 mmol g~' (441 wt %),
representing the second highest value among known POPs and
related CTFs with the only exception of the recently reported
TPC-1 material (Table $8).°> The CH, uptake capacities of
these materials are high as well at 298 K and 1 bar, with the
maximum uptake of 1.32 mmol g~' (2.20 wt %) for Tz-df-
CTF600. The high surface area mostly derived from narrow-
and ultra-micropores combining large pore volume is the most
plausible parameter responsible for high uptake of nonpolar
gases, like H, and CH,. A comparative analysis of porosity
parameters and gas uptake (CO,, H,, and CH,) capacities of
Tz-df-CTFs with the current benchmark porous organic
polymers, including CTFs, is summarized in Table S9.

To get a qualitative understanding of the interaction
between Tz-df-CTF materials and gas molecules, isosteric
heat of adsorption (Q,) was calculated employing the
Clausius—Clapeyron equation from the adsorption isotherms
measured at T = 273 and 298 K (see Supporting Information).
For CO, adsorption, Tz-df-CTFs exhibit fairly good Q, values
in the range 19.7—23.4 k] mol ™" and remain almost constant as
a function of CO, loading, indicating the existence of strong
interaction between Tz-df-CTF skeleton and CO, molecules.
Likewise, Q, values for CH, adsorption are estimated in the
range 22.5—27.4 kJ mol™" for all Tz-df-CTFs.

To better highlight the practical efficiency of our Tz-df-CTF
materials as a CO, adsorbent for more realistic postcombus-
tion applications such as flue gas (CO, content is only ~15%
at a total pressure of 1 bar) treatment, the high CO, uptake
capability at 0.15 bar (~CO, partial pressure in flue gas) is a
highly desired feature. As shown in Table 2, all Tz-df-CTFs
exhibit more than 2.30 mmol g~' (maximum up to 2.39 mmol
g™') CO, uptake at 0.15 bar, which represents the highest
value among known POP and CTF-based materials except for
very recently reported HAT-CTFs (3.0 mmol
g™!).}#399598100101 High CO, uptake capability in the low-
pressure (0.1S bar) region further lead us to evaluate the
selectivity of CO, over N, in a CO,/N, (15:85) binary mixture
comprising of equilibrium partial pressure of 0.85 bar (N,) and
0.15 bar (CO,) in the bulk phase using the well-known ideal
adsorbed solution theory (IAST) model at ambient condition
(see Supporting Information for details).'"” Moreover, the
selectivity of CO, over CH, (50:50) was also calculated at an
equilibrium partial pressure of 0.50 bar for CO, and 0.50 bar
for CH, in the bulk phase, mimicking the natural gas
upgradation process.'””'** Tz-df-CTFs demonstrate almost
similar CO,-over-N, selectivity of 16.8—18.9, whereas the
range is 5.8—7.6 for CO,-over-CH,. The similar selectivity
values among Tz-df-CTFs may be ascribed to the little
difference in their CO, uptake capabilities and almost identical
porous architecture in the narrow- and ultra-microporous
region. For the sake of comparison, the Henry selectivity values
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tfor CO,/N, and CO,/CH, were calculated to be in the range
22.7-21.1 and 5.7—8.0, respectively, at ambient condition.

The unprecedented CO, uptake capabilities of Tz-df-CTFs
encouraged us to test the potential of applying them in more
realistic applications where moisture stability is a critical
requirement. In this context, Tz-df-CTFs were stored under
open atmospheric conditions (humidity range: 60—65%) for a
month whereas CO, uptake capacities were measured at a
different time interval during the specified time period. As
shown in Figure 4e, Tz-df-CTFS00 retained almost 72% of the
total CO, uptake capacity whereas Tz-df-CTF600 exhibited
65% retention of CO, uptake capacity even after 30 days. The
original CO, uptake capacity of all frameworks was restored to
its original position after re-degassing the samples at 140 °C
for 2 h under dynamic vacuum condition.

Transient Breakthrough Simulations. As described
earlier by Krishna and Long group, the transient breakthrough
simulations were conducted to validate the feasibility of
utilizing Tz-df-CTF materials to reflect the separation ability of
binary 15:85 CO,/N, and 50:50 CO,/CH, gas mixtures of a
pressure swing adsorption process for industrial-scale capture
(see Supporting Information for details)."®>~'*" Figure Sa
shows a schematic representation of a typical packed-bed
column as a model of an industrial fixed bed adsorber. Figure
Sb—d represents typical breakthrough curves for the separation
of 15:85 CO,/N, and 50:50 CO,/CH, binary gas mixtures in
Tz-df-CTFs. Complete separations of 15:85 CO,/N, and
50:50 CO,/CH, were realized with all Tz-df-CTFs whereby
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N, and CH, breakthrough occurred first almost immediately
through the bed and then CO, eluted through the fixed bed
after a certain time, 7.y. During a certain time interval,
0—T}peqy nearly pure N, or CH, can be recovered from the gas
mixture exiting the adsorber. For a quantitative estimation, we
arbitrarily set the outlet gas purity requirement for N, and CH,,
as 99% in the separation process and calculated the
productivity during time interval of 0—7y,,. On the basis of
the mass balance on the packed bed adsorber, the productivity
of pure N, with 99% purity exiting the adsorber was 5019.15,
5134.10, and 5210.72 mmol kg™' and the corresponding
amount of captured CO, on the adsorber was 942.52, 967.43
and 986.59 mmol kg™' from the 15:85 CO,/N, binary
mixtures for Tz-df-CTF400, Tz-df-CTFS00, and Tz-df-
CTF600, res¥ectively, which are comparable to known related
materials.'*”" ' Similarly, the productivity of 99% pure CH, at
the outlet of the adsorber during the 0—17y,,, time interval was
2030.65, 2136.01, and 2097.70 mmol kg™ whereas the amount
of captured CO, on the adsorber reached 2605.36, 2605.36,
and 2385.05 mmol kg™' from the 50:50 CO,/CH, binary
mixture for Tz-df-CTF400, Tz-df-CTES00, and Tz-df-CTF600
material, respectively.

B CONCLUSIONS

To conclude, we have introduced a dual strategic approach via
judicious design and synthesis of perfluorinated nitrogen-rich
triazole-functionalized trinitrile building blocks to prepare
highly N/O-doped extremely microporous CTF-based POPs
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(Tz-df-CTFs) adopting conventional ionothermal synthesis
and investigated their applicability as high-performance CO,,
CH,, and H, adsorbents. The Tz-df-CTF materials feature
large surface areas (up to 2106 m* g~') mostly attributed (up
to 93%) to extremely narrow- and ultra-micropores and high
N/O heteroatom content, which synergistically endow Tz-df-
CTFs with exceptionally large CO, uptake capability up to
7.65 mmol g™ (273 K, 1 bar) and 5.08 mmol g™* (298 K, 1
bar) and H, storage capability up to 2.91 wt % (77 K, 1 bar).
Both CO, and H, uptake values of Tz-df-CTFs set a new
benchmark among all known POPs. Moreover, the excellent
cycling ability makes them potential materials to be reused.
Our dual strategic approach reveals a unique guideline on the
benefit of using building blocks comprising extensive content
of both CO,-philic multi-N-containing heterocyclic triazole
moieties and thermally sacrificial abundant fluorine function-
alities to make ideal high-performing gas sorbents based on
porous organic polymers. This current approach will render
some general guideline to facilitate the rational design and
implementation of advanced porous materials as storage media
for multitask-specific carbon capture and energy storage
applications. An extended, in-depth investigation in this
direction is currently ongoing by our research group.
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Section A. Materials and Methods:

All chemical reagents were purchased from commercial sources and used as received
unless otherwise stated. Periodic acid, potassium iodide, triethylamine, cesium fluoride,
copper sulphate pentahydrate and sodium thiosulfate were purchased from Spectrochem,
India. 1,3,5-trifluorobenzene, 1,3,5-tribromobenzene, pentafluorobenzonitrile,
(trimethylsilyl)acetylene, tetrakis(triphenylphosphine)palladium(0) and sodium ascorbate
were purchased from Alfa-Aesar. Anhydrous zinc chloride was purchased from Alfa-Aesar
and further dried at 110 °C under vacuum prior to use. Column chromatography was
performed using silica gel purchased from Spectrochem, India. All organic solvents were
procured from Spectrochem, India. Anhydrous THF was prepared by freshly distilled from
continuously refluxing THF over sodium under argon. Triethylamine was purified prior to
use via distillation over KOH.

Solution 'H, and '""F NMR spectra were recorded on a Bruker® Ultrashield
instrument operating at a frequency of 400 MHz with tetramethylsilane (TMS) as an internal
standard using deuterated CDCl; or DMSO as solvent. All measurements were carried out at
ambient temperature and chemical shifts are reported in parts per million (ppm) relative to the
deuterated solvent. Fourier-transform Infrared spectra (FT-IR) of starting materials and as-
synthesized Tz-df~CTFs materials were obtained using a Perkin Elmer Spectrum-GX
spectrophotometer with KBr pallet in transmittance mode. All FT-IR spectra were
background corrected. Powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku
Ultima-IV diffractometer using monochromatic Cu-K,, (A = 1.54060 A) radiation with a scan
speed of 2° min-! and a step size of 0.01° in 20. The X-ray tube operated at a voltage of 40
kV and a current of 30 mA. Thermogravimetric analyses were carried out in a nitrogen
stream using Netzsch STA 449F3-jupiter thermogravimetric-differential scanning calorimetry
(TG-DSC) analyzer with a heating rate of 10 °C/min. The Raman spectra were measured on a
Horiba LabRAM HR confocal micro-Raman system with an excitation source of 532 nm
diode-pumped solid-state laser. Field emission scanning electron microscopy (FE-SEM)
images were taken using Carl Zeiss AG Supra Gemini 55 at an accelerating voltage of 15 kV
and equipped with OXFORD energy dispersive X-ray spectrometer. The powder samples
were dispersed in ethanol and the suspension was drop cast on a clean piece of silicon wafer.
High resolution transmission electron microscopy (HR-TEM) images were captured using
field-emission JEOL, JEM-2100F instrument. The powder samples were dispersed in

chloroform and one drop of the suspension was drop cast on a carbon-coated copper grid.



Elemental analysis (C, H, and N) were performed on a Thermo Scientific Flash 2000 Organic
Elemental Analyzer. High resolution X-ray photoelectron spectroscopy (XPS) spectra were
recorded with PHI 5000 Versa Probe II XPS with AES module comprising argon ion as well
as C60 sputter guns.

Gas adsorption-desorption experiments (up to 1 bar) were carried out on
Quantachrome Autosorb-iQ surface area & pore size analyzer. Before gas adsorption
experiment sample was degassed first at 140°C under a dynamic vacuum for 12 hours. High-
purity-grade He, N,, H,, CO, and CH,4 gases were used in all adsorption measurements. The
N, (77 K) and H; (77 K) isotherms were measured using a liquid nitrogen bath. The CO, and
CH,4 isotherms measured at 273 K and 298 K using a jacketed recirculating dewar containing
mixed water and ethylene glycol (1:1 ratio) and the dewar was connected to a chiller
(JULABO, FL300, working temperature range: -20 to +40°C, temperature stability: £ 0.5 °C)
having circulating methanol to precisely achieve the isothermal condition during
measurement. The Brunauer-Emmett-Teller (BET) surface area was calculated over the
relative pressure range 0.05 — 0.3 P/P, whereas Langmuir surface area calculated taking
relative pressure range 0 — 0.15 P/P,. Total pore volumes were measured at relative pressure
near 0.99 P/P, while microporosity was estimated by measuring the pore volume at a relative
pressure of 0.1 P/P. Pore size distributions and pore volumes were derived from both N, (77
K) and CO, (273 K) adsorption-desorption isotherms using the classical t-plot method as well
as non-local density functional theory (NL-DFT) slit-pore model for porous carbon using
ASiQwin software package. High pressure gas adsorption analysis was performed using fully
automated volumetric gas sorption analyzer namely iSorb-HP1 (Model-iSorbHP1-
XKRHSPNF100) from Quantachrome Instrument, USA using Polyscience circulator (serial
n0.1C1482229) to maintain the required isothermal condition during gas adsorption analysis.

Section B. General Synthetic Procedure of Precursors:
Me,Si SiMe;

U—x—\?/ \qa

SiMeg

H2 F F Tz-PFCN

CN
A: Trimethylsilylacetylene, Cul, Pd(PPh3),, THF, Triethylamine, 70°C, Overnight; B: CsF, Ethanol,
Tetrahydrofuran, 50 min, RT; C: 4-Azidotetrafluorobenzonitrile, Sodium ascorbate, Water, Tetrahydrofuran,
60°C, 3 days.

Scheme S1: Synthetic route of Tz-PFCN building block.
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1,3,5-tris[2-(trimethylsilyl)ethynyl|benzene:5! A 250 ml two neck round bottom flask
equipped with stir bar was charged with 1,3,5-tribromobenzne (6.0 g, 19.05 mmol), Cul
(145.12 mg, 0.762 mmol), PPh; (999.32 mg, 3.81 mmol), PdCI,(PPh;), (668.56 mg, 0.95
mmol), anhydrous THF (60 ml), and triethylamine (60 ml). The mixture was purged with
argon over 10 mins at room temperature followed by dropwise addition of
trimethylsilylacetylene (6.74 g, 19.05 mmol) under inert condition. The reaction mixture was
heated to 70°C for overnight and cooled down to room temperature. The mixture was filtered
and the filtrate was extracted by chloroform (3 x 50 ml) and washed with water and then
dried over anhydrous MgSQ,. Organic layer was evaporated to dryness and the crude product
was purified via column chromatography (silica gel, hexane) to obtain cream colored solid
compound (5.3 g, 80%). 'H NMR (400 MHz; CDCls): 0.23 (s, 27H), 7.49 (s, 3H).
1,3,5-triethynylbenzene:5? A 50 ml round bottom flask equipped with stir bar was charged
with 1,3,5-tris[2-(trimethylsilyl)ethynyl]benzene H1 (2 g, 5.45 mmol), tetrahydrofuran (30
ml) and ethanol (15 ml) followed by addition of CsF (2.60 g, 17.18 mmol). The reaction
mixture was then stirred for 50 minutes under inert condition at RT. It was filtered then and
solvent was evaporated under reduced pressure and the crude product was purified by silica
gel column chromatography (petroleum ether) to obtain the white colored pure compound H2
(750 mg, 91.6% yield). 'H NMR (400 MHz; CDCl;): 3.11 (s, 3H), 7.57 (s, 3H).

Section C. 'H and '°’F NMR Spectroscopy Studies:
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Figure S1: '"H NMR of 1,3,5-tris[2-(trimethylsilyl)ethynyl]benzene
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Figure S4: 'F NMR of Tz-PFCN building block
Section D. Elemental Analysis:

Table S1. Elemental analysis of Tz-df~CTF materials from combustion process

Elemental Analysis (Experimental)
Sample C/N C/H
C N H
Tz-df~CTF400 | 49.39 9.63 1.74 5.12 28.38
Tz-df-CTF500 | 47.90 7.97 2.04 6.01 23.48
Tz-df~CTF600 | 48.39 6.15 2.25 7.86 | 21.50
Calc. Tz-PFCN| 49.64 21.05 0.76 2.35 65.31
Section E. XPS Survey Scan of Tz-df-CTFs:
Cis

Intensity (normalized)

Tz-df-CTF600

Tz-df-CTF500

O1s

Tz-df-CTF400

N 1s

SN
]

—
1100 1000 900

800 700

‘ 600
Binding energy (eV)

500

400

300

200

——
100

Figure S5: XPS survey spectra Tz-df-CTFs




Section F. Wide-Angle Powder XRD Analysis of Tz-df-CTFs:

—— Tz-df~CTF400
—— Tz-df~-CTF500
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Figure S6. Powder X-ray diffraction spectra of Tz-df~-CTFs.
Section G. FE-SEM and HRTEM Analysis of Tz-df-CTFs:
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Figure S8. HR-TEM image (a) Tz-df~CTF400, (b) Tz-df-CTF500, and (c) Tz-df~CTF600.

Section H. Pore Size Distribution Curves Derived from CO, Isotherm:

0.30

|—— Tz-df-CTF600 —— Tz-df-CTF500

~ 0.2741——Tz-df-CTF400

= ]

o 0.244

3 4

o 0.21

£ 4

2 0.8

o

>

o 0154

<]

2 0.12]

E i

Z 0.09-

E B

g 0.06

2 0.03

0.00 —T T T T T

T * T " T T T . T ¥
03 04 05 06 07 08 09 10 11 1.2
Pore diameter (nm)

Figure S9. Pore size distribution curve of Tz-df~CTFs derived from CO, adsorption
isotherms (273 K) using NL-DFT method.



Section I. Fitting of Unary Isotherm Data:
The unary isotherm data for CO,, CHy, and N,, measured at 273 K and 298 K in Tz-df-CTFs,

were fitted with excellent accuracy with the single-site Langmuir isotherm model

bp

Q=qsm@

with 7-dependent parameter b

E
b=b exp| —
o p[RTj

The fitted parameter values are presented in Table S2,

(1

2

Table S3, and Table S4 derived from unary gas isotherm data of all Tz-df~CTFs measured at

273 K and 298 K.

Table S2. Langmuir fit parameter values for CO,, CHy, and N, in Tz-df~CTF400.

Gas gsat (mol kg) by (Pa™) E (kJ mol)
CO, 8.5 8.42E-10 23.4
CH, 5.4 4.04E-11 27.4
N, 12.6 3.32E-11 23.2

Table S3. Langmuir fit parameter values for CO,, CHy, and N, in Tz-df~CTF500.

Gas ¢sac (mol kg1) by (Pa) E (kJ mol™)
CO, 11 2.90E-09 19.7
CH,4 11 1.51E-10 22.5
N, 15 3.10E-12 28.6

Table S4. Langmuir fit parameter for CO,, CHy, and N, in Tz-df~CTF600.

Gas ¢sac (mol kg') by (Pa™) E (kJ mol!)
CO, 11.6 2.48E-09 20
CH,4 7.1 1.57E-10 24
N, 15 1.01E-11 26

Section J. Isosteric Heat of Adsorption:

The isosteric heat of adsorption, O, defined as

0 = RTZ(@Inp]
q

or

3)

were determined from the pure component isotherm fits at 298 K and 273 K using the

Clausius-Clapeyron equation.



Section K. IAST Calculation of Component Uptakes and Adsorption Selectivities:
The TAST calculations were performed for binary 15/85 CO,/N, and 50/50 CO,/CH, gas
mixtures at 298 K. The adsorption selectivity was calculated using equation
s, =419

YalVs (1)
where the g4, and gp represent the molar loadings of Tz-df~CTFs that is in equilibrium with a
bulk fluid mixture with mole fractions ya, and yg = 1 - yo. The molar loadings, also called
gravimetric uptake capacities, are expressed in mol kg'!. For 15/85 CO,/N, separations, the
mole fractions y, = 0.15 and yg = 1 - y5 = 0.85. For 50/50 CO,/CH,4 separations, the mole
fractions y, =0.5and yg =1 - y, =0.5.
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Figure S10. Calculations using Ideal Adsorbed Solution Theory (IAST) for uptakes of CO,,
CH,4 and N, expressed as moles per kg of adsorbent, in equilibrium with binary CO,/N, as
well as CO,/CH, gas mixture maintained at isothermal condition at 298 K. In these
calculations the partial pressures of CO, and N, for CO,/N, mixture are taken to be p,/p, =
15/85 and p,/p, = 50/50 for CO,/CH, mixture
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Figure S11. Calculations using Ideal Adsorbed Solution Theory (IAST) for CO,/N, and
CO,/CH, adsorption selectivity for a binary CO,/N, and CO,/CH,; gas mixture and
maintained at isothermal condition at 298 K. In these calculations the partial pressures of CO,
and N, are taken to be p/p, = 15/85 and for CO, and CH, are taken to be pi/p, = 50/50

Section L. Transient Breakthrough of mixtures in Fixed Bed Adsorbers:

The performance of industrial fixed bed adsorbers is dictated by a combination of adsorption
selectivity and uptake capacity. Transient breakthrough simulations were carried out for
binary 15/85 CO,/N, and 50/50 CO,/CH4 gas mixtures operating at a total pressure of 100
kPa and 298 K, using the simulation methodology described in earlier publications as stated
in main text. In a typical breakthrough simulation, the following parameter values were used:

length of packed bed, L = 0.3 m; voidage of packed bed, ¢ = 0.4; superficial gas velocity at

inlet, u = 0.04 m/s. The transient breakthrough simulation results are presented in

terms of a dimension/ess time, r:i—u. The y~axis is % of component in the gas
&

mixture exiting the adsorber. The partial pressures of CO, and N, in 15/85 CO,/N; binary

gas mixture at the feed gas inlet are 15 kPa, and 85 kPa, respectively. Similarly, the partial
pressures of CO, and CH4 in 50/50 CO,/ CH,4 binary mixture at the feed gas inlet are 50 kPa,
and 50 kPa, respectively.

Section M. Henry Selectivity Studies:

Table S5. Initial Slopes for individual isotherm and Henry Selectivity of Tz-df~CTFs.

Initial slope

Temp. Tz-df-CTF400 Tz-df-CTF500 Tz-df-CTF600

CO, CH, N, CO, CH, N, CO, CH,4 N,
273K 19.331 4.072 1.139 20.986 3.439 1.444 21.594 4.301 1.418
298K 11.468 1.425 0.504 11.260 1.562 0.524 11.142 1.941 0.528

Henry selectivity

Temp. Tz-df-CTF400 Tz-df-CTF500 Tz-df-CTF600

CO,/CH,4 CO,/N, CO,/CH, CO,/N, CO,/CH, CO,/N,
273K 4.747 16.971 6.102 14.533 5.021 15.228
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298K 8.047 22.754 7.208 21.488 5.740 21.102

Section N. Henry Plot for CO,, N,, and CH,:
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Figure S12. Henry plots of all Tz-df-CTF materials as derived from CO,, N, and CH4
isotherms at T =273 and 298K.

Section O. Productivity for CO,/CH,4 Separation:
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Figure S13. Comparison of CO, capture and CH, recovery productivity at 298 K.
Section P. Comparison Tables of Textural and Gas Uptake Properties:

Table S6. Comparison of surface area, CO, uptake (> 4 mmol g-!' at 273 K), Oy, selectivity
(COy/N,) and H, uptake of Tz-df~-CTF materials with notable POP based adsorbents at 1 bar.

SBET CO, Uptake (COZ{N.Z) H, Uptake
POPbased | (meg) | [mmolg'] | O Seosi | W%l | Ret
Adsorbents [KJ mol] at 298 K ’
77K | 273K | 298K Henry | IAST 77K
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2105

7.65

5.08

20.0

21.1

16.8

291

Tz-df-CTF600 Our work
Tz-df-CTF500 | 1878 | 7.41 | 4.86 19.7 215 | 189 2.76 Our work
Tz-df-CTF400 | 1550 | 6.42 | 4.32 23.4 227 | 185 251 Our work

CQN-le 1931 | 6.58 | 4.39 41.7 - 44.6 -
CQN-1g 1870 | 7.16 | 4.57 40.6 - 42.7 - 95
NRPP-1 1579 | 6.10 | 2.22 28 21 21 -
NRPP-2 1028 | 7.06 | 3.71 29.1 24 36 - o4
CPOP-1 2220 | 4.82 - 27 - 25 2.80 98
PPF-1 1740 | 6.12 - 25.6 - 14.54 275
PPF-2 1470 | 5.54 - 292 - 15.4 2.28 89

NPOF-1-NH, | 1535 | 584 | 3.77 32.1 - 25 - 33

TPMTP 890 | 5.80 | 3.60 283 634 61¢ - 36
P-PCz 1647 | 557 | 2.97 30.9 324 420 - 90
ALP-1 1235 | 537 | 3.25 292 27 28 2.19
ALP-2 1065 | 4.80 | 2.46 27.9 27 26 1.74 o1
BILP-4 1135 | 534 | 3.59 28.7 32 - 2.30
BILP-3 1306 | 5.11 | 3.30 28.6 31 - 2.10
BILP-6 1261 | 480 | 2.75 28.4 39 - 2.20 S4
BILP-7 1122 | 439 | 2.77 27.8 34 - 1.80

TBILP-2 1080 | 559 | 3.32 29.0 40 43 - S5

TpPaCOF(MW) | 724.6 | 5.10 | 2.00 34.1 - 320 - 36

COF-JLU-2 410 | 4.93 - 31 77 - 1.60 37
N-PEINK 1836 | 4.86 - 313 974 - 2.67 S8
Cz-POF-3 1927 | 4.77 - 27.8 23 20¢ 2.07
Cz-POF-1 2065 | 4.59 - 253 19 17 2.24 59

Zn@AB-COF | 1120 | 468 | 1.79 31.8 48 55 -

Li@AB-COF | 988 | 433 | 143 322 13 16 - S10
MCTP-1 1452 | 464 | 2.70 40 15.4 - - S11
PP-N-25 1257 | 4.60 - ~35 - - - S12

HEX-COF-1 | 1200 | 4.55 - 42 - - - S13
APOP-3 1402 | 454 | 2.59 275 - 26.0 1.80
APOP-1 1298 | 426 | 2.69 26.6 - 20.2 1.71 S14

SIOC-COF-5 | 707 | 450 - - - - 1.66 S15

SNU-Cl-sca 830 | 438 | 3.14 31.2 - 88 - S16

CZ@PON 502 | 431 | 1.67 42.01 107 - 1.65

BCzMB@PON | 865 | 4.02 | 143 31.96 58 - 1.57 St7

Fe-POP-1 875 | 431 - - - - - 318
HC-PCz-8 1688 | 4.30 | 3.50 20.4 17 - - 319
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BILP-1 1172 | 427 | 2.98 26.5 36 - 1.90 320
POFIB 917 | 423 | 2.16 - - - 1.25 21
PPN-6-SOsLi | 1186 | 420 | - 35.7 - 17° - 35
STP-2 1990 | 414 | - - - - 1.93 $22
CPOP-9 2440 | 414 | 223 24.5 - - 2.44 99
TSP-2 913 | 410 | 26 30.8 38 25 - $23
TB-MOP 694 | 405 | 257 245 50.6 - - $24
BILP-10 787 | 402 | 25 382 59 - 1.60 925
PAN-2 1242 | 400 | 2.89 39.3 104 | 500 - 100

emeasured at 273 K. measured at 295 K.

Table S7. Comparison of structural parameters, CO, (> 4 mmol g-!' at 273 K) and H, uptakes,
and CO,/N; selectivity of Tz-df-CTF materials with other most representative related CTF-
based adsorbents.

SBET CO, Uptake (COy/Ny) H,
Only CTF-based | (m* &™) [mmol g'] 0. Selectivity Uptake
adsorbents [KJ mol!] at 298 K [wt%e] Ref.
77K 273K 298 K Henry | IAST 77K
Tz-df-CTF600 2105 7.65 5.08 20.0 21.1 | l6.8 291 | Our work
Tz-df-CTF500 1878 7.41 4.86 19.7 215 | 189 2.76 | Our work
Tz-df~CTF400 1550 6.42 4.32 23.4 22.7 18.5 251 Our work
HAT-CTF 450/600| 1090 6.3 4.80¢ 27.1 126¢ - -
HAT-CTF-600 899 5.1 - - - - - 32
HAT-CTF-450 756 4.4 - - - - B,
caCTF-1-700 2367 6.00 3.55 30.6 - - 2.46
caCTF-2-700 1866 5.10 3.10 31.9 - - 1.89 >
F-DCBP-CTF-1 | 2437 5.98 3.82 33.1 31 - 1.77
F-DCBP-CTF-2 | 2036 5.23 3.16 - 22 - - >
CTF-pyHT 3040 597 4.22 27.1 29 - 2.63
CTF-py 1239 5.08 3.79 35.1 45 - 1.63
CTF-ph 1991 4.54 3.05 33.2 20 - 1.87 .
CTF-phHT 2675 4.17 2.69 25.4 11 - 2.46
bipy-CTF500 1548 5.34 3.07 34.2 61 42 1.63
bipy-CTF600 2479 5.58 2.95 34.4 37 24 2.10
Iut-CTF350 635 4.06 2.41 37.4 76 66 1.22
Iut-CTF400 968 4.55 2.72 37.5 63 53 1.36 %
Iut-CTF500 1680 5.04 2.58 38.2 27 27 1.60
Iut-CTF600 2815 4.99 2.52 33.3 26 23 2.00
FCTF-1-600 1535 5.53 3.41 - - 19 - 110
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FCTF-1 662 4.67 3.21 35 - 31 -
pCTF-1 2034 4.97 - 25.9 - 1.75 S26
TPC-1 1940 4.90 - 39 38° - 63
MM2 1360 4.77 - 32 23b 44b 1.74 68
PCTF-4 1404 4.65 2.86 ~31 56° - 1.30 39
JI-CTF-350 1235 4.28 2.29 32.7 27 23 -
fI-CTF-400 2862 4.13 1.97 30.7 15 16 1.95 V7
CTF-0 2011 4.22 - - - - - 38
P6M 947 4.17 - - - 14.20 S27
PCTP-1 1200 491 3.24 44.5 46.1 - - S28
CTF-BI-4 1025 4.85 - 44.0° - -
CTF-BI-5 836 4.49 - 35.6° - -
CTF-BI-9 885 4.29 - 343-31.7| 67.4° - - S29
CTF-BI-10 1099 4.45 - 31.3% - -
CTF-BI-11 1549 4.93 - 34.3b - -
MCTP-1 1452 4.64 2.69 40.0 15.4 - - S11
CTF-TPC 1668 4.25 - 32 20.0° | 30.0° 1.75 S30

ameasured at 297 K, measured at 273 K.

Table S8. Comparison of surface area, CH4 uptake (> 2 wt% at 273 K and 1 bar) and Qg of
other high-performing POP and CTF based adsorbents.

POP & CTF-based | S¥eT (™" &) CH, Uptake [wt%] Ou Ref
adsorbents 77K 273 K 298 K [KJ mol!] '
TPC-1 1940 6.2 - - 63
Tz-df-CTF600 2105 441 2.20 24.0 Our work
Tz-df-CTF500 1878 413 2.08 225 Our work
Tz-df-CTF400 1550 3.64 1.73 274 Our work
PPOP-1 720 4.01 - -
PPOP-2 920 429 - - 31
PPOP-3 880 3.24 - -
COF-JLU2 415 3.80 1.80 20.5 S7
BDT-3 1010 2.9 - - 32
BILP-6-NH, 1185 28 - - 33
TPMTP 890 27 - - 36
PCTF-4 1404 2.7 - - 39
BILP-6 1261 2.7 1.90 13.2
BILP-3 1306 2.4 1.70 16.6 534
ALP-1 1235 2.6 1.50 20.8 91
Cz-POF-3 1927 2.54 1.71¢4 20.2 39
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Cz-POF-1 2065 2.29 1.56¢ 19
BILP-4 1135 2.53 1.80 13.0 S4

PPF-1 1740 2.43 - 15.1
PPF-2 1470 231 - 15.9 89
BILP-12 1497 2.4 1.50 18.6 S35
TNP-4 1348 2.38 1.42 20 336

MM2 1360 2.34 1.51° -

MM1 1800 2.06 1.34° - 68
HEX-COF-1 1200 2.30 1.20 27 S13

APOP-3 1402 2.20 1.20 19.5
APOP-1 1298 2.13 125 18 S14
CTF-TPC 1668 2.14 - - 332
PAF-60 1094 2.0 1.50 24.1 337
JUC-Z8 4743 2.0 - - 338

Table S9. Comparison of porosity and gas sorption properties of Tz-df~-CTFs with the current
benchmark porous organic polymers.

SeET CO, Uptake CH, Uptake |H, Uptake
POP-based 2 1 1 o °
Adsorbents (m2 g1l [mmol g] [wt%] [wt%] Ref.
77K 273K 298 K 273K 77K
Tz-df-CTF400 1550 6.42 (2.32) | 4.32(1.33) 3.63 2.51 | Our work
Tz-df-CTF500 1878 7.41(2.34) | 4.86 (1.35) 4.12 2.76 | Our work
Tz-df-CTF600 | 2106 7.65(2.39) | 5.08 (1.36) 4.41 291 | Our work
CQN-1g 1870 7.16 4.57 - ; 95
NRPP-2 1028 7.06 3.71 - - 94
HAT-CTFs 1090 6.30 (3.0) | 4.8(2.0) - - 32
PPF-1 1740 6.12 - 2.43 2.75 89
CTF-pyHT 3040 5.97 4.22 - 2.63 96
CPOP-1 2220 4.82 . - 2.80 98
TPC-1 1940 4.90 . 6.20 2.00 63

“measured at 297 K; values in parenthesis in mmol g! at 0.15 bar

Section Q. High Pressure H, Adsorption Isotherms:
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Figure S14. Excess H; isotherms of Tz-df~CTFs at 298 K.

High-pressure (up to 35 bar) H, adsorption measurements were also performed at 298 K and
the resulting isotherms for Tz-df~-CTFs are presented in Figure S14 with uptake capacity up
to 0.65 wt% (at 35 bar, 298 K) for Tz-df~CTF600, which is higher than those of many best-
known porous materials under similar measurement conditions,38539-540
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