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The search for efficient and high performing physisorbents for CO, capture and separation from point
sources as well as storage of cleaner gaseous fuels, such as H, and/or CHyg, is considered to be a major
challenge of numerous ongoing research activities in the domain of functional porous materials to avoid
global warming via stabilizing the atmospheric CO, level. Herein, a set of novel 1,2,3-triazole
functionalized covalent triazine frameworks (TzCTFs) was synthesized under typical ionothermal
conditions utilizing two rationally designed C3-symmetric triazole-substituted aromatic trinitrile building
block analogues, namely Tz-FCN and Tz-HCN, with fluorinated and non-fluorinated phenyl core,
respectively. A comparative and comprehensive elucidation to the effect of building block functionalities
on the textural and gas uptake properties of resulting TzCTFs has been discussed. TzCTF materials
synthesized at 600 °C give rise to significantly higher BET surface area (df-TzCTF600: 1720 m? g~* and
TzCTF600: 1582 m? g~%) compared to the TzCTF400 (874 m? g™%) and df-TzCTF400 (906 m? g™}
material synthesized at 400 °C. The dominating ultra-micropores in the range of 0.45-0.9 A, together
with embedded various CO,-phillic basic trizolic, triazine, and pyrrolic N-species, were synergistically
endowed with an exceptionally high uptake of both CO, (up to 6.79 mmol g~* at 273 K) and H, (up to
2.50 wt% at 77 K) under the pressure of 1 bar. Notably, the df-TzCTF600 with CO, uptakes of 4.60 mmol
g1 (298 K, 1 bar) and 6.79 mmol g~ (273 K, 1 bar), along with H, uptake capability of 2.50 wt% (77 K, 1
bar), ranks highest among all related CTF-based adsorbents under identical conditions to date. The
methane uptake capacity of df-TzCTF600 (4.37 wt% at 273 K, 1 bar) is also impressive and represents the
second highest among all porous organic polymers. Moreover, TzCTFs exhibit moderately high CO,
selectivity over N, with a CO,/N, selectivity of up to 27 (Henry) and 40 (IAST) at 298 K. Finally, the
obtained novel TzCTF materials in combination with facile modular synthesis via rationally designed
building blocks, high thermal and chemical stability, and excellent CO,, H, and CH,4 uptake and
separation capabilities make them promising task-specific adsorbents for various potential applications.
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which is widely accepted as one of the major contributors to
global warming.* According to the International Energy Agency
With rapid growth of global population and industrialization, (IEA), development of appropriate cost-effective highly efficient
the atmospheric concentration of carbon dioxide has increased —materials for carbon dioxide capture and separation from point
radically because of increasing consumption of fossil fuels, source post-combustion effluents, like flue gas and storage of

cleaner gaseous energy sources such as hydrogen and methane,

has a phenomenal potential to reduce CO, emission to
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energy-intensive chemisorption process (enthalpy of adsorp-
tion, ~Q > 40 kJ mol ').* However, it suffers from severe
drawbacks, including corrosion of the equipment, energy
penalty regeneration, and environmentally unfriendly expen-
sive disposal process of the amine solution upon its expira-
tion.** In order to achieve cost-effective and environmentally-
benign CO, capture, an extensive search of efficient novel
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porous organic polymers (POPs)**® has emerged. These polymers
are a promising potential alternative to the current technology
owing to their fast adsorption kinetics, governed by a highly
reversible physisorption via weak van der Waals forces (enthalpy
of adsorption ~Q < 40 kJ mol ").” On the other hand, the
decreasing number of sources of fossil fuel, and climate change,
caused by anthropogenic carbon dioxide emission, have spurred
a tremendous effort to store clean, high energy density gaseous
fuels, particularly H,, as an alternative energy source for the
replacement of current carbon-based energy sources via
advancement of hydrogen and fuel cell power technologies in
transportation, stationary, and portable application in order to
meet the global environmental and energy demands.'®

During the last decade, covalent triazine frameworks (CTFs),
a subclass of porous organic polymers (POPs), have drawn
enormous attention as emerging materials for a variety of
applications, including gas adsorption and separation,'>*
catalysis,”* water purification,*?* energy storage, and
sensing.*” Unlike traditional solid adsorbents, such as zeolites
(e.g. zeolite 13X and 5A),***° metal-organic frameworks,**>
activated carbons,”™*® and chemically functionalized meso-
porous materials,”** CTF-based adsorbents exhibit high toler-
ance for moisture along with a large accessible surface area,
tailored pore size, low skeleton density, superior thermal and
chemical stability, and functional and structural diversity
resulting in a plethora of polymerization reactions and judi-
cious limitless choice of organic building blocks. Since the
development of CTF by Kuhn et al in 2008,°° various
approaches have been adopted, such as alteration of reaction
temperature, changing molar ratio of monomer to ZnCl,,
utilization of multidentate building blocks, mixed ligands and
carbonization of as-synthesized CTFs to prepare a variety of
CTFs as high-performance CO, adsorbents.**** However, the
most intensively investigated approach is the covalent intro-
duction of polar hetero-atoms, particularly nitrogen, oxygen,
and fluorine functionalities, onto the pore surfaces of CTFs,
utilizing hetero-atom functionalized nitrile building blocks that
enable enhanced dipole-quadrupole interactions between the
pore surface and CO, gas molecules.>>™* Although significant
efforts have been made in the area of CTF materials modifica-
tion, only limited dimensionality, framework functionality,
polymerization, and topology alteration of these important
classes of materials have been addressed. There is no “ideal”
building block and/or polymerization condition for the
synthesis of highly efficient CTFs. Thus, introduction of
different building blocks comprising various functionalities
and investigation of new or modified polymerization conditions
are still highly desired to better realize the effect of chemical
functionalization on the targeted framework structures,
controlling the textural properties and functional efficiencies
for targeted applications. Recent theoretical studies show that
multi-N-containing heteroaromatic ring systems, such as
guanidine, 7-azaindole, melamine, 1,2,3-triazole, and 1,2,4-tri-
azole, are ideal for designing new porous materials for high
capacity storage and separation of CO, gas, because they
interact more strongly with CO, compared to the well known
functional systems, such as amine and fluorine.>
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Therefore, motivated by recent theoretical investigation of
the role of multi-N-containing hetero-aromatic rings in CO,
capture as well as versatile tunable and modular chemistry of
CTFs, herein we report for the first time the synthesis of a novel
series of triazole functionalized CTF-based materials (abbrevi-
ated onwards as TzCTFs), derived from two newly designed C3-
symmetric 1,2,3-trizole substituted aromatic trinitrile building
blocks, namely Tz-FCN and Tz-HCN, as a high-capacity storage
platform for both CO, and H, (Scheme 1). Our strategy of
selecting Tz-FCN and Tz-HCN monomers is manifold: (i)
conventional ZnCl, mediated typical cyclotrimerization of
nitrile functional groups of Tz-HCN and Tz-FCN would lead to
porous CTFs, where CO, adsorption would be facilitated
through dipole-quadrupole interactions between the triazine N
atom and CO, gas molecule inside the frameworks, (ii) intro-
duction of a thermally labile C-F bond into the Tz-FCN building
block would result in additional ultra-microporosity (<0.7 nm)
in the resulting CTF materials via well documented defluori-
nation and the subsequent etching phenomenon during high
temperature ionothermal process,* which would further
enhance CO, and H, adsorption capability as ultra-micropores
are most desirable trapping small gas molecules like CO, and
H,, and (iii) incorporation of highly polar multi-N-containing
1,2,3-triazole heteroaromatic units into porous networks
would significantly impact promoting CO, uptake capacity,
owing to highly favorable and stronger electrostatic interactions
between triazole units and CO, gas molecules. As described
below, the above-desired properties are all found in our four
triazole functionalized CTF-based materials, namely df
TzCTF600, dfTzCTF400, TzCTF600, and TzCTF400, synthesized
via ZnCl, mediated ionothermal process operated at 400 °C and
600 °C (Scheme 1). Current study describes the synthesis and
comprehensive characterization of four TzCTFs derived from
Tz-FCN and Tz-HCN building blocks, followed by their small
gas, particularly CO,, CH,4, and H,, uptake capabilities and
selective CO, binding over CH, and N,. Furthermore, the
present study also demonstrates the CO, capture and separa-
tion under kinetic flowing mixed gas (CO,/N,) condition, using
column breakthrough simulation, relevant to industrial post-
combustion capture. With the concept of present building
block design, the current work would give insight into the
preparation of new series of efficient solid adsorbents with
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Scheme 1 Schematic representation of the synthetic route of
proposed TzCTFs.
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tunable porous architectures, which would have potential
applications over a wide range of technological interests.

Experimental
General procedure for the preparation of TzCTFs

Syntheses of TzCTFs were carried out in ionothermal conditions
as reported by Kuhn et al.** with some modifications as follows.
In a typical experimental procedure, aromatic trinitrile building
block (0.5 g) and anhydrous ZnCl, (10 equivalents) salt were
transferred into a quartz ampoule (1.8 x 12 cm) under an inert
atmosphere. The ampoule was then evacuated, sealed under
vacuum, and then heated at the defined temperature for 48
hours. After the ampoule was cooled down to room temperature
and opened (Caution: ampoule is under high pressure which is
released while opening), the black solid was collected and stir-
red in distilled water (200 ml) for 48 hours to remove most of the
ZnCl, salt. The product was isolated by filtration and further
stirred in 1 N HCI (200 ml) for 48 hours to further remove the
residual salt. The resulting black solid was filtered and washed
successively with water, alcohol, and acetone and finally dried
under vacuum at 100 °C for 6 hours.

Results and discussion

To incorporate triazole moiety into the CTF network, we have
designed and synthesized two new nitrogen-rich C3-symmetric
triazole substituted aromatic trinitrile building blocks, namely
Tz-FCN and Tz-HCN, via versatile copper(i)-catalyzed click
reaction®* between the respective alkyne and 4-azido benzoni-
trile, as depicted in Scheme S1.f Both building blocks are
formed as solid precipitates, which are insoluble in all common
organic solvents. The Tz-FCN and Tz-HCN building blocks,
having large m-conjugated aromatic structures, were character-
ized through powder X-ray diffraction (PXRD), solid-state '*C
cross polarization-magic angle spinning (CP-MAS) nuclear
magnetic resonance, Fourier transformation infrared (FT-IR)
spectroscopy, and elemental analysis because of their
complete insolubility in common organic solvents (Fig. S1-S37).
TzCTFs were synthesized via ionothermal reactions between
nitrile building block, Tz-HCN and Tz-FCN, in molten ZnCl,
inside a sealed quartz tube, where ZnCl, is acting both as
a Lewis acid catalyst and a solvent. As reported earlier, the ratio
of ZnCl,/building block, polymerization temperature and
duration are crucial for structural and functional properties of
CTF-based materials.*>****®* In general, higher ratios of ZnCl,/
building block, such as 5 : 1 to 10 : 1, as well as higher reaction
temperature, 400 to 600 °C, are the most desirable synthetic
parameters to introduce enhanced textural and functional
properties via different extent of structural degradation in such
materials,>51,56:60637791 Moreover, high ZnCl,/building ratio
takes care of the solubility issue of monomers having compar-
atively higher mass during ionothermal reaction, which is
essential for occurrence of polymerization process in a uniform
and controlled manner. Therefore, a molar ratio of ZnCl, to
nitrile of 10: 1 was chosen, keeping view of high molecular
weight of our Tz-HCN and Tz-FCN monomers. Both
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polymerization reactions were performed at 400 and 600 °C
temperatures. With the above specified reaction conditions,
polymerization reactions were performed for 48 hours leading
to a black monolithic material in a moderate yield in each case.
These materials were completely insoluble in any common
organic solvent, including diluted aqueous solution of HCI and
NaOH, implying their excellent framework stability and chem-
ical inertness. The successful synthesis of fully condensed
TzCTFs was first confirmed by FT-IR (Fig. 1a). The characteristic
intense band at around 2230 cm™', attributed to C=N
stretching modes, disappears completely demonstrating total
conversion of monomers via trimerization reaction has taken
place. Meanwhile, two weak and extremely broad IR bands in
the range of 1300-1360 cm™ " and 1560-1580 cm ™~ ' appeared in
all TzCTFs, corresponding to the characteristic C-N stretch and
the quadrant stretch of the triazine rings, although the bands
are not clearly visible (highlighted green).>**"*

But, an additional characteristic breathing mode of the
triazine units is clearly visible at around 790 cm™" (highlighted
green) in the spectra of TzCTF materials synthesized at 400 °C,
while this band almost disappears in the spectra of materials
synthesized at 600 °C.**** Moreover, a strong broad band at
around 1609 cm " (highlighted violet) was easily identified in
all TzCTFs, attributing to the characteristic -N=N- stretching
frequency originating from 1,2,3-triazole ring, confirming the
presence of triazole unit in TzCTFs.%*” Therefore, FTIR analysis
proves ongoing carbonization of all TzCTFs during the ion-
othermal reaction and subsequent decomposition of both
triazine and triazole moieties, which become more prominent
with increasing synthesis temperature from 400 °C to 600 °C.

Solid-state *C NMR spectroscopy is used to gather addi-
tional, more detailed local structural information of newly
synthesized TzCTFs, as shown in Fig. 2. All TzCTFs show
a broad NMR signal spanning from 170 to 100 ppm for 400 °C
materials, TzCTF400 and dfTzCTF400, while for 600 °C mate-
rials such as TzCTF600 and df~TzCTF600, the signal is located in
the range of 170 to 90 ppm. The signal constituting aromatic
region is strong for 400 °C materials, whereas it becomes much
weaker and broader for TzCTF600 and dfTzCTF600, indicating
higher degree of carbonization with increasing synthesis
temperature. The presence of a 1,2,3-triazole moiety is indica-
tive by the resonance of two triazolyl carbons®®® at around 135-
148 ppm and 160-175 ppm for the triazine carbons®** of
triazine unit, depending upon the local electronic structures of
these heterocyclic rings. In our TzCTF materials, triazine reso-
nance peak appeared at ~162 ppm. The relative intensity of
triazine resonance peak is very small for TzCTF400 and df
TzCTF400 because of high intensity of aromatic signals,
whereas it becomes very visible as a distinct peak for TzZCTF600
and df-TzCTF600 as the aromatic resonance peaks are weak.
But, obvious proof for the existence of triazine units is still
elusive in all TzCTFs. However, the existence of triazol moiety is
confirmed by the presence of a shoulder peak at around
146 ppm with reasonable intensity corresponding to the reso-
nance of triazolyl carbons. By considering both FT-IR and solid-
state NMR results, we conclude that carbonization and
decomposition of both triazole and triazine units have
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Fig.1 (a) FT-IR and (b) Raman spectra of TzCTFs.

occurred. These processes are more pronounced with the high
synthesis temperature materials, TZCTF600 and df-TzCTF600.
The fine structure of TzCTFs was elucidated by wide-angle
powder X-ray diffraction (Fig. S4) and Raman spectroscopy
(Fig. 1b). The XRD profiles of TzCTFs not showing any sharp
peaks indicate the formation of disordered and largely amor-
phous structures, which is most common in CTFs family except
for a few examples of CTF materials, such as CTF-0, CTF-1, and
CTF-2 that show moderate crystallinity.*>”®”* However, all
TzCTFs exhibit a weak, extremely broad diffraction peak
centered at around 23.66° 26 for TzCTF400 and TzCTF600,
whereas for dfTzCTF400 and dfTzCTF600, it is located at
around 24.91° 26. The peaks at 2 = 23.66° and 24.91° corre-
spond to the 002 reflections where dyo, values are about 3.75
and 3.57 A, respectively, which are larger than the characteristic
doos value of 3.35 A observed for pure graphitic layer frame-
works.”” Thus, XRD analysis of TzCTFs indicates the existence of
low degree graphitic wall structures where nitrogen containing
graphene layers are arranged in a turbostratic fashion via weak
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interlayer coupling. Raman spectroscopy is an effective analyt-
ical technique for deep understanding of the structure and
identifying the doping effect of heteroatom doped carbon
materials.” In Raman spectra of TzCTFs, the intense sharp
Raman shift in the region of 2200-2250 cm ™", characteristic for
the aromatic nitrile group, disappears completely, indicating
the completeness of polymerization process, which is consis-
tent with the results obtained from FT-IR analysis. As shown in
Fig. 1b, all TzCTFs exhibit virtually superimposed, two well-
defined broad Raman bands peaking at around 1360 cm ™'
and 1600 cm ™', assigned to the D band and G band, respec-
tively. The origin of the D band is attributed to the presence of
disordered carbon structures, while the G band is associated
with the first-order scattering of the E,, mode of sp” hybridized
carbon atoms in a two-dimensional hexagonal graphitic layer
structure.”*”> These two Raman active peaks resemble those,
typically appearing in graphitized carbon materials, further
indicating partial graphitization of all TzCTF materials.”® The
Ip/I peak ratios of TzCTF400, TzCTF600, df-TzCTF400, and df-

df-TzCTF400
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Fig. 2 3C CP/MAS solid-state NMR spectra of TzCTFs. Spinning side bands are starred.
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TzCTF600 were estimated to be 0.83, 0.88, 0.89, and 1.02,
respectively, and ascend with increasing polymerization
temperature. Moreover, dfTzCTF400 and df-TzCTF600 present
slightly higher I/l ratio compared to that of TzCTF400 and
TzCTF600 materials, thus, indicating that TzCTFs synthesized
from fluorinated building block possess more structural defects
than the TzCTFs materials, prepared from a non-fluorinated
building block analog. Based on the powder X-ray diffraction
and Raman spectra analysis, TzCTFs are considered to be
partially graphitic in nature, comprising both small graphitic
layers and disordered amorphous carbon. To get further insight
into their chemical composition, the extent of degradation, and
bonding patterns of TzCTFs, elemental analysis (EA) and high
resolution X-ray photoelectron spectroscopy (XPS) measure-
ments were performed. Combustion elemental analysis reveals
a significantly higher C/N ratio than the theoretically calculated
values and it slowly grows with the increase in temperature
(Table S1t). This attributes to the fact that a partial decompo-
sition of TzCTFs took place during the polymerization process,
and it presumably occurs mainly via C-H and [CN]-elimination,
as observed in many previously reported CTF-based materials,
predominantly in those prepared by using higher molar ratio
(=10) of monomer to ZnCl, salt.”””® The XPS survey spectra of
TzCTFs (Fig. 3) consist of only carbon, nitrogen, and oxygen
spectroscopic signatures. There were no residual peaks associ-
ated with inorganic impurities, particularly zinc species such as
ZnCl, used in excess as major components during the poly-
merization reaction, which was further confirmed by ICP-OES
analysis. The complete removal of inorganic impurities during
acid-water washing process indicates the existence of well-
organized, interconnected porous structures of TzCTFs.
Furthermore, the survey scans (Fig. S5t) revealed the absence of
fluorine in both dfTzCTF400 and df-TzCTF600, synthesized at
400 °C and 600 °C, respectively. The complete defluorination
phenomenon associated with the dfTzCTF400 and dfTzCTF600
materials is in good agreement with previously reported data on
CTFs materials, synthesized using higher amount (10 equiva-
lent) of ZnCl,, where it is evident that trimerization of nitrile
and subsequent defluorination carbonization takes place
during the polymerization process.>** Moreover, the complete
defluorination process leads to in situ generation of highly
reactive species, CFn, which are responsible for etching the
polymeric backbone while coming out from the polymeric
matrix.”**® This defluorination process is the major cause of
structural defects in df"TzCTF materials synthesized from fluo-
rinated building blocks, compared to the TzCTF materials
derived from non-fluorinated building block analogs, which
well verifies the result obtained from Raman analysis. The
existence of oxygen, plausibly due to partial oxidation of TzCTFs
during polymerization, atmospheric oxygen, and/or moisture
trapped within the frameworks, is in accordance with the
literature reports.®>”® To assess the chemical bonding nature of
C and N atoms in the TzCTFs, the high resolution core-level XPS
spectra for C 1s and N 1s are measured, as depicted in Fig. 3.
The C 1s spectra of TzCTFs can be deconvoluted into four peaks
with binding energies of 284.6, 285.56-285.63, 286.50-286.52,
and 290.04-290.07 eV. The dominant peak centered at 284.6 eV

This journal is © The Royal Society of Chemistry 2019
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is ascribed to the sp*-hybridized graphitic carbon atoms (C=C),
whereas the peak with binding energy ranging 285.53-285.59 eV
is usually attributed to the sp>-hybridized carbon atom bonded
to nitrogen/oxygen atom (C-O and/or C-N). The peak with
binding energy ranging 286.50-286.52 €V is assigned as the sp>-
hybridized carbon atom attached to electronegative oxygen/
nitrogen atom (C=N and/or C=0), while the weakest decon-
voluted peak with binding energy ranging 290.04-290.07 is
associated as m-m* transitions.®***** The existence of the
intense peak of sp>-C atoms together with a very weak peak of
m-1t* transitions clearly suggest the partially graphitic layer
structures of TzCTF materials, which is consistent with results
obtained from powder XRD and Raman spectra analysis.

Similarly, the N 1s spectra of TzCTFs can be deconvoluted
into four peaks with binding energies of 398.6, 400.29-400.33,
401.30-401.33, and 402.55-402.57 eV. The first peak, centered at
398.6 eV, corresponds to hexagonal pyridinic nitrogen (-C=N-)
that mainly comes from the triazine rings of TzCTFs. The
second peak, located in the range of 400.29-400.33 eV, is
attributed to pyrrolic nitrogen species, while the third peak,
ranging 401.30-401.33 eV, is identified as doubly bonded
nitrogen atom (-N=N-), originating from the triazole units in
the framework.***>** The weakest fourth peak ranging 402.55-
402.57 €V is due to oxidized N-O species.*® The modalities of
TzCTFs were further characterized by field-emission scanning
electron microscopy (FE-SEM) and high resolution trans-
mission electron microscopy (HRTEM). The FE-SEM images of
TzCTFs display a typical morphology of agglomerated tiny
particles with almost regular shapes and homogenously
distributed sizes (Fig. 4). As shown in Fig. 4, TzCTFs networks
are composed of well-distributed uniform porous frameworks,
as revealed by HRTEM analysis. Bright contrast strips under the
focused image represent the interconnected hexagonal layer
structure, while dark contrast cores display empty channels and
pores. Thermogravimetric analysis shows that all four materials
exhibit exceptionally high thermal stability with minimum
weight loss even at 500 °C. The small amount of mass loss below
100 °C is attributed to the removal of remaining hydrated water
inside the TzCTFs networks.

To investigate the porosity parameters of TzCTFs (Table 1),
N, adsorption-desorption experiments were carried out at 77 K.
All samples were degassed at 140 °C for 12 h under vacuum
prior to the gas sorption measurement. According to the IUPAC
classification, all TzCTFs exhibit a combination of type-I & II
adsorption isotherm (Fig. 5). The sharp increase of nitrogen
uptake in the low relative pressure (p/p, < 0.01) indicates the
existence of abundant micropores and ultra-micropores in the
frameworks.** A small degree of apparent hysteresis between
adsorption and desorption isotherms was observed, which is
attributed to the presence of an additional low degree of mes-
oporosity in all TzCTFs.** The graphs of dfTzCTF600 and
TzCTF600 show hysteresis spanning the relative low pressure
range of 0.4-0.9, indicating the presence of well developed
additional mesopores, while the hysteresis spans almost the
entire range of p/p, = 0-0.9 for df-TzCTF400 and TzCTF400,
resembling a slight H4-type, which is typically observed for
materials with narrow slit-shaped pores and strong gas binding

J. Mater. Chem. A, 2019, 7, 1055-1068 | 1059


http://dx.doi.org/10.1039/c8ta08185a

Published on 04 December 2018. Downloaded by Regional Research Laboratory (RRL-Bhu) on 1/25/2019 12:08:00 PM.

Journal of Materials Chemistry A

View Article Online

Paper

(a1) i df-TzCTF600

Intensity (a.u.)

(b1) df-TzCTF600

Intensity (a.u.)

Binding Energy (eV)

T T T T T T T r T T T T T T T 1
280 282 284 286 288 290 292 294 296 394 396 398 400 402 404 406 408 410

Binding Energy (eV)

(a2) df-TzCTF400

Intensity (a.u.)

(b2) df-TzCTF400

Intensity (a.u.)

Binding Energy (eV)

L A A | T T T T T T T 1 T T T T T
280 282 284 286 288 290 292 294 296 394 396 398 400 402 404 406 408 410

Binding Energy (eV)

(a3) TzCTF600

Intensity (a.u.)

(b3) TzCTF600

Intensity (a.u.)

Binding Energy (eV)

T T T T T T T T T T T T T T T T T T 1
280 282 284 286 288 290 292 294 296 394 396 398 400 402 404 406 408 410

Binding Energy (eV)

(ad) TzCTF400

Intensity (a.u.)

(b4) TzCTF400

Intensity (a.u.)

Binding Energy (eV)

L L L A S R B N T T T T T T T T T 1 T
280 282 284 286 288 290 292 294 296 394 396 398 400 402 404 406 408 410

Binding Energy (eV)

Fig. 3 XPS spectra of TzCTFs materials: (al-a4) C 1s [i: C=C; ii: C-0O, C-N; iii: C=0, C=N; iv: t—7t* transition] and (b1-b4) N 1s [i: triazine C=

N; ii: pyrrolic N species; iii: trizolic N=N; iv: oxidized N-O species].

on the pore surface.®® The calculated Brunauer-Emmett-Teller
(BET) specific surface areas® over the pressure range p/p, =
0.05-0.3 were found to be in the following order: dfTzCTF600
(1720 m* g~ ') > TzCTF600 (1582 m* g~ ') > dfTzCTF400 (906 m>
g™ ') > TzCTF400 (874 m® g~ ') and the Langmuir surface areas
for TzCTFs series are 2238 m* g~ ', 1127 m*> ¢~ *, 1926 m* g,
and 1110 m*> g, for dfTzCTF600, df-TzCTF400, TzCTF600, and
TzCTF400, respectively. The obtained surface areas are
comparable with other previously reported high performing

1060 | J Mater. Chem. A, 2019, 7, 1055-1068

CTF and POP-based materials in the literature (see ESIT). The
total pore volumes estimated at p/p, = 0.99 are 1.12 cm® g~ (df
TzCTF600), 1.02 cm® g ' (TzCTF600), 0.70 cm® g ' (df
TzCTF400), and 0.69 cm® g~ (TzCTF400). This trend indicated
that BET surface area and total pore volume of TzCTFs increase
significantly when polymerization is carried out at 600 °C
compared to that at 400 °C. However, upon further increase of
synthesis temperature to 700 °C, the resulted dfTzCTF700 and

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 FE-SEM images (left) and HRTEM images (right): (a) df-TzCTF600, (b) df-TzCTF400, (c) TzCTF600, and (d) TzCTF400.

TzCTF700 materials display inferior textural properties
compared to their respective 600 °C materials (see ESIT).

Pore size distribution (PSD) is the crucial parameter char-
acterizing porous materials. N, isotherms (T = 77 K) based PSD
of TzCTF materials were calculated by non-local density func-
tional theory (NL-DFT) using “carbon-based slit-pore” model
(Fig. 6a).

All TzCTFs mainly comprise a significant fraction of micro-
pores with pore diameters smaller than 2 nm and a very small
fraction of broad pore-size distribution over 2 nm, corre-
sponding to the presence of additional mesopores. The degree
of microporosity can be evaluated from N, adsorption
isotherms by calculating the ratio of microporous volume to
total pore volume (Vy 1/Vior).*” The TzCTF series showed Vy 1/Viot
values ranging from 0.51 to 0.67, indicating the abundance and
dominance of micropores in these materials. Moreover, the PSD
of TzCTFs, based on N, adsorption isotherms measured at 77 K,
suggest the presence of significant amount of ultra-micropores
(<0.7 nm). However, the diffusion rate of N, molecules with
micropores filling particular pores, smaller than 0.7 nm at
extremely low relative pressure (<10~°), is quite slow at 77 K,
which might lead to under-equilibration of measured N,
adsorption isotherms giving inaccurate results.?®®* Associated
with low diffusion rate of N, molecules at 77 K, ultramicropores
filling requires extremely low relative pressure measurement

(=1077) that leads to time-consuming measurements.

900
{—— T2CTF 400 —+— TzCTF 600
800 —e— df-TzCTF 400 —=— df-TzCTF 600
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Fig. 5 Nitrogen adsorption—desorption isotherms of TzCTFs
measured at 77 K (solid and open symbols represent adsorption and
desorption, respectively).

Moreover, argon adsorption at 87 K also has limitations since
pore filling of ultramicropores still occurs at a very low relative
pressure and restricted diffusion of argon molecules at such
cryogenic temperature (87 K). This prevents argon molecules
from entering the narrowest ultramicropores (<5 A) despite the

Table 1 Porosity data derived from N, isotherm (77 K, 1 bar) of TzCTFs materials

Compound Sper” (m* g7") SLangb (m*g™) Vo.i® (em® g71) Viot (em® g™1) Vo.1/Viot Viicro® (CO2) (em® g™%)
dfTzCTF400 906 1127 0.40 0.70 0.57 0.081
dfTzCTF600 1720 2238 0.75 1.12 0.67 0.084
TzCTF400 874 1110 0.35 0.69 0.51 0.052
TzCTF600 1582 1926 0.64 1.02 0.62 0.056

“ Calculated BET surface area over the pressure range 0.05-0.3 P/P,. > Langmuir surface area calculated by applying Langmuir equation to nitrogen
adsorption isotherm over the pressure range 0-0.15 P/P,. ¢ Micropore volume calculated at P/P, = 0.1 for pores with diameter smaller than 1.6 nm.
4 Total pore volume calculated at P/P, = 0.99. ¢ Total pore volume for pores with diameters smaller than 0.9 nm at P/P, = 0.1 calculated from CO,

adsorption isotherm at 273 K (NL-DFT model).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Pore size distribution curve of TzCTFs derived from (a) N, adsorption isotherm (at 77 K) and (b) CO, adsorption isotherm (at 273 K) using

NL-DFT method.

fact that argon is non-interacting in nature with a variety of pore
surface functional groups.®**® Therefore, to achieve faster
equilibrated adsorption and extended range of narrowest
ultramicropores analysis with a greater degree of accuracy, CO,
adsorption analysis at 273 K can be performed.”’ The satu-
ration pressure of CO, at 273 K is 26 141 Torr; it ensures faster
and equilibrated adsorption analysis in the range of moderate
absolute pressure (1-760 Torr) with higher accuracy.

In addition, high saturation pressure of CO, at 273 K with
large diffusion rate and smaller kinetic diameter (0.33 nm)
allows more easy access to CO, molecules entering into the
ultramicropores (down to ~0.35 nm) compared with nitrogen
(kinetic diameter 0.36 nm) and argon (kinetic diameter 0.34
nm) molecules at cryogenic temperature. Therefore, CO,
adsorption isotherm at 273 K was used to derive better resolved
PSD in the ultramicroporous region spanning 0.3 to 1.0 nm by
non-local density functional theory (NL-DFT), using “carbon-
based slit-pore” model. The TzCTFs display similar kind of
PSD patterns of pores down to 1.0 nm (Fig. 6b). However,
a careful examination of PSD curves shows that the dominance
of significant fractions of micro- and ultra-micropores in df-
TzCTF600 and dfTzCTF400 is greater compared to that of
TzCTF600 and TzCTF400 materials. One of the most obvious
reasons for the occurrence of higher ultra-micropores is the
elimination of F-functional groups as reactive species like CF,,
C,F,, and F, from the resulting polymer networks during high
temperature polymerization process.* This observation is in
accordance with previous literature reports on the thermal
decomposition of fluorine-functionalized materials.*® The
release of fluorinated decomposition products etches the poly-
meric networks, thereby, creating additional narrow micro-
pores. Therefore, this is in good agreement with our hypothesis
that incorporation of F atoms by replacing H atoms in the
phenyl core of Tz-HCN building blocks would lead to a higher
degree of ultra-micropores (<7 A) in the resulting polymer
networks (dfTzCTF600 and dfTzCTF400). This is one of the
major decisive factors achieving enhanced gas uptake and
separation properties for any kind of microporous materials.

1062 | J. Mater. Chem. A, 2019, 7, 1055-1068

The co-existence of abundant narrow- and ultra-micropores
along with remarkably high thermal and chemical stability of
the current set of TzCTF materials motivated us to explore their
potential for uptake of cleaner energy source gases, particularly
H, and CH,. The H, adsorption isotherm measurements were
carried out at 7= 77 K and 1 bar (Fig. 7b). Table 2 summarizes
the H, uptake from all the scrutinized TzCTF materials. The df
TzCTF600 exhibits the highest H, uptake of 2.50 wt% followed
by dfTzCTF400, TzCTF600, and TzCTF400 with uptake capac-
ities of 2.16, 2.06, and 1.75 wt% respectively. Noteworthy, the H,
uptake capability of dfTzCTF600 (2.50 wt%) measured at
ambient pressure supersede all reported CTF based materials
under identical conditions, as summarized in Table S7.t
Methane is the primary component of natural gas and a poten-
tial bridging fuel to a low-carbon energy future.” Fig. 7a shows
that df-TzCTFs exhibits extremely high methane uptake near
ambient temperature and pressure condition. The dfTzCTF600
and dfTzCTF400 with CH, uptake capacity of 4.37 wt%
(2.72 mmol g ) and 3.58 wt% (2.23 mmol g ), respectively,
that are significantly higher than many highly efficient POP-
based CH, adsorbets at 273 K and 1 bar. But, with the only
exception of recently reported TPC-1 (6.2 wt%, 273 K and 1 bar)
material. Comparison table of current scenario of low pressure
CH, uptake adsorbents based on porous organic polymers is
given in Table S6.f It is worth mentioning here that both
hydrogen and methane uptake capacity are reduced down upon
further increasing the synthesis temperature to 700 °C (see
ESIY).

The search for structure-property relationship for CO,
uptake revealed that suitable pore size commensurate with the
kinetic diameter of a CO, molecule and strong interactions
between the porous frameworks and CO, molecules are the
most decisive features for enhancing the CO, uptake and
separation capacity. All TzCTFs comprises relatively small pore
sizes dominated in the range 0.45-0.9 A, which is most favor-
able for CO, uptake and thereby, separation of CO, from other
relatively larger kinetic diameter gases like CH, and N,. In
addition, the presence of CO,-phillic multi-N-containing

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) CH4 adsorption of TzCTFs measured at 273 K, (b) H, adsorption (solid symbols) and desorption (open symbols) isotherms for TzCTFs

measured at 77 K.

triazole and triazine units including pyrrolic N species inside
TzCTFs scaffolds is another desirable feature, which can be
expected to further enhance the CO, uptake capability of
TzCTFs frameworks. Therefore, the CO, uptake efficiency of all
TzCTFs was assessed by CO, isotherms recorded at T'= 273 K,
298 K, and 308 K (Fig. 8) up to 1 bar, which is summarized in
Table 2. As shown in Fig. 8, TzCTFs show remarkably high CO,
uptake capacities, both at low (0.15 bar) and ambient pressure
(1.0 bar), which are significantly higher for defluorinated TzCTF
materials than those of their counterparts synthesized from
non-fluorinated building block analog. The CO, uptake capacity
(6.79 mmol g~ ') of dfFTzCTF600 at T = 273 K under ambient
pressure is exceptionally high and outperforms the CO, uptake
capabilities of recently reported best performing CTF-based
adsorbents, such as FCTF-1-600 (5.53 mmol g '),* bipy-
CTF600 (5.58 mmol g~ 1), CTF-py (5.08 mmol g~ '),> HAT-CTFs-
450/600 (6.30 mmol g~ ')** and imine-linked 3D porous organic
framework PPF-1 (6.07 mmol g~ ). Therefore, to the best of our
knowledge, dfTzCTF600 with CO, uptake capacities of
6.79 mmol g ' (T = 273 K, 1 bar) possesses the highest
adsorption values reported for any CTF-based adsorbents so far.
The dfTzCTF400, synthesized at the lower temperature (400 °C),
also shows impressive CO, uptake capability with 5.51 mmol
g~ at T = 273 K at ambient pressure, which is comparable to
other high performing CO, adsorbents reported in the litera-
ture, as depicted in Table S7.f Similarly, dfTzCTF600 with

4.60 mmol g ! of CO, uptake capability at 298 K and ambient
pressure ranks highest among the claimed so far best per-
forming CO, adsorbents, such as FCTF-1-600 (3.41 mmol g~ *),*
CTF-py (3.79 mmol g~ '),% bipy-CTF600 (3.07 mmol g~ ')*® in the
CTF family and very recently reported NRPP-2 (3.71 mmol g~ ')’
in the POP fraternity at T = 298 K and ambient pressure.
Comparison of CO, capture performances and structural
parameters of best performing reported CTF materials,
measured under identical conditions, are summarized in Table
S7.7 However, the CO, uptake capacity decreases as the
synthesis temperature increases to 700 °C (see ESIt). The
decreased gas adsorption capabilities of 700 °C materials
compared to those of 600 °C materials are plausibly due to the
inferior textural properties, caused by greater degree of
carbonization and structural decomposition.

The exceptionally high CO, uptake capabilities of TzCTFs
further motivated us to explore their potential under conditions
closest to those of post-combustion CO, capture, where absor-
bents would inevitably be exposed to moisture.”® To explore the
influence of moisture on CO, uptake, degassed samples were
stored at open atmospheric conditions (~60% relative humidity
condition) for seven days, while CO, uptake capacities of
humidified samples were remeasured at different time intervals
during that period. Fig. 9a shows retention of CO, uptake
capacity by TzCTFs stored at open atmospheric conditions,
where in all cases, above 70% CO, uptake capacities were

Table 2 Summary of gas uptake properties for the presented TzCTFs series

CO, uptake® CH, uptake® H, uptake® Selectivity”
Material 273 K 298 K 308 K 0. 273 K 298 K 77K 298 K
df-TzCTF400 5.51 (2.02) 3.32 2.32 36 3.58 2.06 2.16 40 (27)
dfTzCTF600 6.79 (2.17) 4.60 3.00 34 4.37 2.19 2.50 30 (21)
TzCTF400 4.21 (1.38) 2.55 1.90 32 1.74 1.16 1.75 26 (24)
TzZCTF600 4.40 (1.27) 2.51 2.03 28 2.17 1.25 2.06 21 (17)

% Gas uptake in mmol g~
¢ Gas uptake in wt% at 1 bar. ¢

Tat 1 bar and values in parenthesis in mmol g~* at 0.15 bar. ”

of the initial slopes in the Henry region of the respective CO, and N, adsorption isotherms.

This journal is © The Royal Society of Chemistry 2019

Isosteric heat of adsorption at zero coverage in kJ mol ™.
Calculated by IAST method at molar ratio of 15/85 for CO,/N, and values in parenthesis are calculated from the ratlo
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Fig. 8 CO, adsorption (filled symbols) and desorption (open symbols) isotherms of TzCTF series measured at (a) 273 K, (b) 298 K, and (c) 308 K.

retained even after 7 days, which is better than that of many
reported best performing porous solid CO, adsorbents.*>** The
original CO, uptake capacity is restored to its original value
after redegassing the samples. Furthermore, we investigated
recyclability performance of dfTzCTF600 using Autosorb-iQ
Quantachrome instrument under both vacuum and tempera-
ture swing modes. In recyclability experiments, regeneration
cycles were carried out by evacuating the sample under ultra-
high pressure for one hour under ambient temperature or
heating it at 60 °C at ambient argon atmosphere, followed by
CO, uptake analysis at T = 273 K. After five consecutive regen-
eration cycles, the dfTzCTF600 almost completely retains its
original CO, uptake capacity (Fig. 9b). For low pressure post-
combustion capture, such as flue gas applications where CO,
content is only ~15% at a total pressure of 1 bar, a large CO,
uptake capability at 0.15 bar (CO, partial pressure in flue gas) is
a key feature that better highlights the adsorbent efficiency. As
shown in Table 2, all TzCTFs exhibit impressive amount of CO,
uptake at 0.15 bar, which is comparable or higher than that
many best known porous organic polymers like PAN-2
(1.97 mmol g~ '),*** PPN-6-SO;Li (2.02 mmol g~ ), PECNOF-3
(1.43 mmol g~ '),'** CPOP-1 (1.22 mmol g *),** and F-DCBP-1
(2.15 mmol g~ "), measured under identical conditions. In
fact, the uptake capacity of 2.17 mmol g~ * of CO, at 273 K and
0.15 bar of df-TzCTF600 makes it the best performing adsorbent
after the very recently reported HAT-CTFs.”®* The presence of
high number of ultramicropores and active CO,-phillic basic N-

species in the form of triazine, triazole, and pyrrolic units is
largely responsible for outstanding low pressure CO, capability
by TzCTFs. From the available CO, and N, single-gas adsorption
isotherms of TzCTFs, adsorption selectivity of CO, over N, at an
equilibrium partial pressure of 0.85 bar (N,) and 0.15 bar (CO,)
in the bulk phase was evaluated by adopting the ideal adsorp-
tion solution theory (IAST) model. As shown in Table 2, all
TzCTFs display moderate to good gas selectivity for CO,/N, gas
mixtures, derived from IAST model at 298 K and 1 bar with IAST
selectivity value of 30, 40, 21 and 26 for dfTzCTF600, df
TzCTF400, TzCTF600 and TzCTF400, respectively. The IAST
selectivity value of our highest performing dfTzCTF600 mate-
rial is comparable or higher than those of many well-known
related porous organic polymers, such as FCTF-1-600, F-DCBP-
CTF1, CTF-py, and bipy-CTF600, reported in the literature
(Table S77).7*57*> Recent report shows that to increase selectivity
of CO, over N,, introduction of nitrogen phobic functionality,
particularly nitrogen rich azo group into the polymeric networks
is the most effective pathway.'® However, azo-functionalized
POPs lead to moderate CO, uptake capability as azo group
has moderate affinity for CO,, unlike polar triazine and/or tri-
azole based moieties. For the sake of completeness, the CO,/N,
selectivity was finally calculated for TzCTFs by utilization of the
ratio of initial slopes, estimated from Henry's law constant for
single-component CO, and N, adsorption isotherms, measured
at 298 K. The estimated values are listed in Table 2.
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Towards better understanding of the binding affinity
between TzCTF networks and CO, molecules, the isosteric heat
of adsorption (Qs) was calculated with a variant of the Clausius-
Clapeyron equation from the CO, adsorption isotherms,
measured at T = 273 and 298 K (Fig. S91) and at 1 bar pressure.
The dfTzCTF400 shows the highest Qg value ranging 36-
35 k] mol', followed by dfTzCTF600, TzCTF400, and
TzCTF600 with ranging Qg values of 34-30, 32-25, and 28-
24 kJ mol ™", respectively. At zero-loading, the Q values of all
TzCTFs remain between 35 and 28 kJ mol™*, and the values
remain almost constant even at high loading, indicating the
presence of relatively strong interaction between TzCTFs skel-
etons and CO, molecules. Moreover, the Q. values of TzCTFs
over the entire range of CO, loading fall in the ideal range
(<40 kJ mol ") for CO, storage materials, suggesting lower
regeneration cost compared to conventional widely used amine
solutions (>40 kJ mol ). Among the four materials, df
TzCTF600 and dfTzCTF400 show the highest initial Qg values
of 35 and 34 k] mol™", respectively, suggesting a stronger
affinity for CO,, compared to TzCTF600 and TzCTF400 mate-
rials. The presence of additional narrow ultramicropores (<7 A)
because of defluorination carbonization process during

(a) |

L = Length of packed bed
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preparation, along with embedded basic CO,-phillic sites,
mainly trioazolic and pyrollic nitrogen species, synergistically
gives a rationale to the observed affinity towards CO, and,
thereby, exceptionally large CO, uptake capabilities of df
TzCTF600 and df"TzCTF400 materials.

For real-life application of TzCTFs as potential CO, adsor-
bents, particularly flue gas adsorbents, competitive CO, uptake
over N, needed to be examined further with regard to their
anticipated performance in pressure swing adsorption (PSA)
units. The separation of CO,/N, gas mixtures in a PSA unit is
commonly carried out in fixed bed adsorbers, in which the
separation performance is mainly dictated by a combination of
two separate factors: (i) adsorption selectivity and (ii) uptake
capacity. For a proper comparison of the performance of df
TzCTF600, dfTzCTF400, TzCTF600, and TzCTF400, transient
breakthrough simulations are conducted that are representative
of industrial fixed bed operations under kinetic flowing mixed
gas (CO,/N,) condition, using a precise methodology developed
by Krishna and Long (see ESIf for details). This methodology
has a great future potential to identify a vast number of various
type of porous materials having the most promising CO, sepa-
ration properties prior to extensive experimental efforts.'**'%® In
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a typical experiment, a mixed CO,/N, gas stream comprising
15% CO, and 85% N, was used at T = 298 K under 100 kPa to
simulate post-combustion flue gas, following the earlier work of
Mason et al.'* Fig. 10 presents typical breakthrough curves for
TzCTFs materials, where the x-axis is dimensionless time t,
which is derived as the division of the actual time ¢ by the
characteristic time Le/u. The y-axis in the plot is the concen-
tration of the components in the outlet gas stream, normalized
with respect to the inlet composition. A longer breakthrough
time for CO, indicates better separation performance, because
more of CO, can be adsorbed in the bed before the need for
regeneration. The best separation is achieved with dfTzCTF600
because of its high CO, uptake capacity in combination with
reasonably high CO,/N, adsorption selectivity, and the separa-
tion efficiency is comparable to the well-known CTF-based
materials, for examples, to those of CTF-1 and CTF-1-600.>*

Conclusion

In summary, we have introduced two newly designed C3-
symmetric 1,2,3-triazole substituted aromatic nitrile building
block analogs to prepare a set of novel highly microporous tri-
azole functionalized covalent triazine frameworks (TzCTFs)
under ZnCl, catalyzed ionothermal conditions for high-capacity
small gas uptake and separation. Comparative analyses of
structure, chemical composition, textural parameters, and gas
uptake capabilities of all TzCTFs were comprehensively carried
out. Owing to their large surface area, mostly arising from the
abundant and dominant narrow- and ultra-micropores along
with CO,-phillic multi-N-containing triazole and triazine
embedded pore surfaces, TzCTFs demonstrated exceptionally
high CO, and H, uptake capability. The best uptake was found
for df-TzCTF600 prepared at 600 °C, utilizing fluorinated
precursor with CO, uptake capacities of 6.79 mmol g ' (273 K, 1
bar) and 4.6 mmol g~ (298 K, 1 bar). The H, storage efficiency
was measured to be 2.5 wt%, which ranks among the highest
reported to date for related CTF-based materials under identical
conditions. Higher CO,-accessible micropore volume,
Vimicro(co,), calculated from CO, isotherm (T = 273 K), plays
a crucial role in enhancing CO, uptake at low pressure,
compared to the high surface area and microporous volume
fractions (Vy.1/Vior), derived from the N, isotherm (T = 77 K).
Notably, judicious incorporation of thermally labile sacrificial
fluorine functionalities into the nitrile building block (Tz-FCN)
is one of the most pivotal factors, generating a large degree of
ultra-microporosity in the resulting frameworks owing to in situ
etching process, caused by the release of reactive fluorinated
species from the polymer backbone during high temperature
polymerization conditions. Moreover, our approach of grafting
thermally labile fluorine atom and incorporation of triazole
based multi-N-containing hetero-aromatic moiety into the
nitrile building block may enable new possibilities for the
rational design and synthesis of novel advanced microporous
materials for multi task-specific carbon capture and energy
storage applications. Along this direction, an extended investi-
gation of the present series of materials is currently ongoing in
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, dimethylamino pyridine, ammonium formate, potassium
iodide, triethylamine, CuSO,4.5H,0, cesium fluoride, and sodium thiosulfate were purchased
from Spectrochem (India). 1,3,5-trifluorobenzene, (trimethylsilyl)acetylene,
tetrakis(triphenylphosphine)palladium(0), Pd/C, 5-nitroisophthalic acid, DCC, 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. All organic solvents were
procured from Spectrochem (India). Anhydrous THF was prepared by continuously refluxing
THF over sodium and freshly distilled under argon. Column chromatography was performed

using silica gel purchased from Spectrochem (India).

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 CDCI; 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.
Solid state cross polarization magic angle spinning (CP-MAS) 3C NMR was performed
at ambient temperature on JEOL JNM-ECX400II solid-state NMR spectrometer operating at
a frequency of 400 MHz. Fourier-transform Infrared spectra (FT-IR) of starting materials
and as-synthesized TzCTFs 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 monochromated 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 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 casted on a clean piece of
silicon wafer. High-resolution Transmission electron microscopy (TEM) images were

captured using field-emission JEOL, JEM-2100F at an accelerating voltage of 200 kV. The
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powder samples were dispersed in dichloromethane (DCM) and one drop of the suspension
was drop casted 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
IT XPS with AES module comprising argon ion as well as C60 sputter guns. All low pressure
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. N, (77 K) and H, (77 K)
isotherms were measured using a liquid nitrogen bath. CO, N,, and CH, isotherms at variable
temperatures (from 273 K to 308 K) were measured 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 analysis temperature 308 K, 298 K,
and 273 K, respectively. 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 the

isotherms using the non-local density functional theory (NL-DFT) slit pore model on carbon.

Section B. General Synthetic Procedures:

CN
Me,3| SiMey
Fete o —-Hf;(’—-s
Wl
[
Sileg
F © T2-FCN

CN

SiMe;

s \?L\?,,

SiMe,
Tz-HCN

CN

A: HIO42H,0, Conc.H,SO,, Finely ground KI, 70°C, 6 hours; B: Trimethylsilylacetylene, Cul,
Pd(PPh;),, THF, Triethylamine, 90°C, 12 hrs; C: CsF, Ethanol, Tetrahydrofuran, 50 min, RT; D: 4-
Azidobenzonitrile, Sodium ascorbate, Water, Tetrahydrofuran, 40°C, 3 days.

Scheme S1: Synthetic route of Tz-FCN and Tz-HCN building blocks
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Synthetic Procedures:

1,3,5-trifluoro-2,4,6-triiodobenzene (F1):5! A 100 ml round bottom flask equipped with stir
bar was charged with 25 ml conc. H,SO,4 and the flask was cooled down to 0°C using an ice-
bath. Then HIO,4.2H,0 (3.88 g, 17.03 mmol) was added into the mixture over 15 minutes
followed by addition of finely grounded KI (8.51 g, 51.27 mmol) in small portions over 10
mins. 1,3,5-trifluorobenzene (1.5 g, 11.3 mmol) was added dropwise via a syringe and the
mixture was stirred for 10 minutes while the temperature was held at 0°C. The ice-bath was
removed and the reaction mixture was at 70°C for an additional 6 hours. After completion of
reaction, the mixture was cooled down to room temperature and poured into crushed ice
while stirring. The mixture was extracted with diethyl ether (3 x 50ml) and the combined
organic layer was washed by saturated solution of sodium thiosulfate (2x50 ml), water and
dried over anhydrous MgSO, The organic layer was evaporated to dryness to afford F1 as off
white colored solid almost quantitatively. The product is directly used in next step without
any further purification.

1,3,5-trifluoro-2,4,6-tris[(trimethylsilyl)ethynyl)|benzene (F2):32 A 250 ml two neck
round bottom flask equipped with stir bar was charged with 1,3,5-trifluoro-2,4,6-
triitodobenzene (1.5 g, 294 mmol), Cul (60 mg, 0.294 mmol), and
tetrakis(triphenylphosphine)palladium(0) (340 mg, 0.29 mmol), anhydrous THF (40 ml), and
freshly distilled triethylamine (40 ml) under argon atmosphere. The reaction mixture was
stirred for 30 mins at room temperature followed by dropwise addition of
trimethylsilylacetylene (1.21 g, 12 mmol). The mixture was heated at 90°C under inert
condition for an additional 12 hours. After completion of reaction, the reaction mixture was
cooled down to room temperature, filtered and extracted by dichloromethane (3 x 50 ml). The
combined organic layer was washed with water and dried over anhydrous MgSO,. The
organic layer was evaporated to dryness under reduced pressure. The crude product was
purified by silica gel column chromatography (hexane) yielding 1,3,5-trifluoro-2,4,6-
tris[(trimethylsilyl)ethynyl)Jbenzene (F2) (915 mg, 85 %) as white colored solid. 'H NMR
(400 MHz; CDCl;): 0.26 (s, 27H).

1,3,5-triethynyl-2,4,6-trifluorobenzene (F3):5° A 50 ml round bottom flask equipped with
stir bar was charged with 1,3,5-trifluoro-2,4,6-tris[(trimethylsilyl)ethynyl)|benzene F2 (915
mg, 2.17 mmol), 14 ml of THF, and 7 ml of ethanol followed by addition of CsF (1.04 g, 6.84
mmol). The reaction mixture was stirred for 50 minutes at RT under inert condition. The

solvent was evaporated under reduced pressure and the crude product was purified by silica
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gel column chromatography (hexane:dichloromethane 9:1) yielding F3 (205 mg, 55 %) as
white colored solid. '"H NMR (400 MHz; CDCls): 3.53 (s, 3H).

Synthesis of Tz-FCN: A 250 ml round bottom flask equipped with stir bar was charged with
1,3,5-triethynyl-2,4,6-trifluorobenzene (200 mg, 0.98 mmol), 4-azidobenzonitrile (510 mg,
3.39 mmol), THF (75 ml), and water (30 ml). The resulting clear solution was purged with
argon over 30 min at room temperature followed by addition of CuSO4.5H,0 (81 mg, 0.31
mmol) and sodium ascorbate (119 mg, 0.60 mmol). The reaction mixture was heated to 40°C
and kept stirring for 3 days under inert atmosphere. The bright yellow precipitate was filtered
and washed several times with DMSO, Water, Methanol, DCM, and Acetone, respectively,
and finally dried in vacuum oven at 70°C resulting Tz-FCN (61% yield; Mp 194 °C) as bright
yellow colored solid. The titled compound (Tz-FCN) is almost insoluble in all common
organic solvents. Solid-state 3C NMR (ppm): 156, 141, 131, 120, 112, 107; IR (KBr pellet,
cm!): 2230, 1607, 1515, 1460, 1400, 1236, 1080, 1039, 987, 841, 735, 551.
1,3,5-tris[2-(trimethylsilyl)ethynyl|benzene (H1):52 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 diisopropyl amine (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 MgSO,. 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 (H2):5¢ A 100 ml round bottom flask equipped with stir bar was
charged with 1,3,5-tris(2-(trimethylsilyl)ethynyl)benzene (2.0 g, 5.45 mmol) and methanol
(60 ml) followed by addition of K,COs (4.51 g, 32.70). The clear reaction mixture was stirred
at room temperature for 6 hours. After completion of reaction, mixture was filtered and
solvent was evaporated to dryness. The crude product was purified by column
chromatography (silica gel, hexane) to afford the title compound (750 mg, 91.6% yield). 'H
NMR (400 MHz; CDCls): 3.11 (s, 3H), 7.57 (s, 3H).

Synthesis of Tz-HCN: The title compound was synthesized adopting the above mentioned
procedure for Tz-FCN using 1,3,5-triethynylbenzene (200 mg, 0.9797 mmol) as starting
material resulting yellow colored compound (55.4% yield; Mp 174 °C). The titled compound
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(Tz-HCN) is almost insoluble in all common organic solvents. Solid-state '*C NMR (ppm):
146, 139, 131, 121, 111; IR (KBr pellet, cm™): 2230, 1607, 1515, 1400, 1236, 1039, 987,
840, 551; Anal. Calcd for C33HgNs: C, 68.03; H, 3.11; N, 28.85. Found: C, 66.79; H, 3.05;
N, 29.41.

Synthesis of 4-azido benzonitrile:5° A 100 ml round bottom flask equipped with stir bar was
charged with 4-aminobenzonitrile (1.18 g, 10 mmol), p-toluenesulfonic acid monohydrate
(5.16 g, 30 mmol), and acetonitrile (40 ml). The reaction mixture was cooled down to 0-5°C
and stirred for 1 hour. Ice-cold 6.0 ml sodium nitrite (1.38 g, 20 mmol) solution was added
dropwise into the reaction mixture and stirring was continued for 30 min and then solid
sodium azide (1.04 g, 16 mmol) was added and the mixture was stirred for an addition 1.0
hour at 10°C. The reaction mixture was then allowed to room temperature followed by
extraction with chloroform (3x25 ml). The chloroform layer was washed by water (3x100 ml)
followed by drying the organic part over anhydrous MgSO,. The organic layer was
evaporated to dryness under reduced pressure using rotary evaporator. The crude product was
purified by column chromatography (silica gel, chloroform: hexane = 3:2) to obtain the title

compound (1.01 g, 82%). '"H NMR (400 MHz; DMSO-dg): 7.25 (d, 2H), 7.78 (d, 2H).

Section C. FT-IR Spectroscopy:

1. —C=N (2230 cm™)
2. “N—N— (1609 cm™")
3. ~C=N— (1513 cm™)
4. —C—F (740 cm™)

Transmittance

1 W
W/ =
32 Y D-Con
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e Tz-HCN: R
T

-——7—1— .
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-1
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Figure S1: FT-IR spectra of Tz-FCN and TzHCN building blocks
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Section D. Solid-State 13C CP-MAS NMR Spectroscopy:
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Figure S2: Solid-state 13C CP/MAS NMR spectrum of Tz-FCN building block. Spinning side
bands are starred.S°
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Figure S3: Solid-state 13C CP/MAS NMR spectrum of Tz-HCN building block. Spinning

side bands are starred.S®
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Section E. Powder X-ray diffraction analysis:

TzCTF400

—— df-TzCTF600
—— df-TzCTF400
—— TzCTF600

Intensity (a.u.)

T T T T T T T T
5 10 15 20 25 30 35 40
20 (degree)

Figure S4: Powder X-ray diffraction spectra of all TzZCTF materials.

Section F. Elemental analysis:

Table S1. Elemental analysis of TzCTFs materials from combustion process

Sample Elemental Analysis (Experimental) C/N C/H
C N H

TzCTF400 69.17 7.89 2.61 8.76 26.50
TzCTF600 67.56 7.05 2.16 9.58 31.15
df-TzCTF400 63.24 8.97 2.13 7.05 29.70
df-TzCTF600 60.83 8.26 2.01 7.36 28.29

Calc. Tz-HCN 68.03 28.85 3.11 2.35 21.87

Section G. XPS survey scan:
@ c1s df-TzCTF600| [(b)  c1s df-TzCTF400
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Figure S5: XPS survey spectra (a—d) of TzCTFs
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Section H. Pure component isotherms of N, and CHy:
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Figure S6: (a) N, adsorption, (b) CH4 adsorption of TzCTF series measure at 273 K, 298 K,

and 308 K under 1 bar and (c) Isosteric heat of adsorption for TzCTFs derived from CH,

adsorption isotherms at 273 K and 298 K

Section I. Henry plots for CO,, N,, and CHy:
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Figure S7: Henry plots of all TzCTF materials as derived from CO,, N,, and CH, isotherms
at T =273, 298, and 308 K.

Section J. Henry selectivity:

Table S2. CO,/N, and CO,/CH,4 selectivity measured on the TzCTF materials at T = 273,
298, and 308 K

Initial slope of TZCTF series materials

Temp. TzCTF400 TzCTF600 df-TzCTF400 df-TzCTF600
C02 CH4 Nz C02 CH4 N2 C02 CH4 N2 C02 CH4 N2
273K | 11.323 | 1.542 | 0.558 | 10.008 | 1.706 | 0.624 | 17.626| 3.404 | 1.154 | 17.299| 3.859 | 1.406
298K | 5.348 | 0.963 | 0.226 | 4.960 | 0.967 | 0.284 | 8.486 | 1.705 | 0.316 | 10.613 | 1.824 | 0.508
308K | 3.719 | 0.662 | 0.085 | 3.652 | 0.705 | 0.171 | 5.602 | 0.786 | (-ve) | 5.852 | 1.207 | 0.261
Henry selectivity of TZCTF series materials by initial slop method”

Temp. TzCTF400 TzCTF600 df-TzCTF400 df-TzCTF600
CO,/CH4 CO,/N, CO,/CH4 CO,/N, CO,/CH4 CO,/N, | CO,/CHy CO,/N,
273K 7.342 20.276 5.865 16.036 5.177 15.265 4.482 12.298
298K 5.551 23.638 5.125 17.424 4.974 26.78 5.818 20.868
308K 5.614 43.519 5.181 21.343 7.118 ND 4.846 22.37

ND: not determined as the initial slope is negative, “The selectivity of all TZCTF materials was measured from
the ratio of the initial slopes in the Henry region of the respective CO,, N,, and CH, adsorption isotherms at T =
273, 298, and 308 K. The slopes of adsorption isotherms are obtained for each material by linear curve fitting as
displayed in Figure S7.

Section K. Fitting of pure component isotherms:

The experimentally measured excess loadings of CO,, and N,, obtained at three different
temperatures, 273 K, 298 K, and 308 K, were first converted to absolute loadings before data
fitting. The data for both adsorption and desorption cycles were included in the data fitting.
The procedure for converting to absolute loadings is the same as described in the Supporting
Information accompanying the paper of Wu et al.3” For the purpose of converting to absolute

loadings, the pore volumes used are specified in Table S3.

510



The isotherm data for CO, were fitted with the dual-site Langmuir model

b b
Ap +qB,sat Ap (1)
1+b,p 1+b,p

q = qA,sat

The Langmuir fit parameters for adsorption of CO, are provided in Table S4 for df-
TzCTF600, df-TzCTF400, TzCTF600, and TzCTF400. The simpler Langmuir model was
adequate for fitting the isotherm data for Ny; Table S5 provides the Langmuir parameters for
N, for df-TzCTF600, df-TzCTF400, TzCTF600, and TzCTF400. The isotherm fits are
excellent for all four materials at all temperatures. This is demonstrated in the comparisons of
experimental data and the isotherm fits for df-TzCTF600, df-TzCTF400, TzCTF600, and
TzCTF400 in Figure S8.
Section L. Isosteric heat of adsorption:
The isosteric heat of adsorption, O, defined as

Oln p

O, =RT (a—Tl (2)

were determined using the pure component isotherm fits using the Clausius-Clapeyron

equation. Figure S9 presents a comparison of the isosteric heats of adsorption of CO, in df-

TzCTF600, df-TzCTF400, TzCTF600, and TzCTF400 as a function of the CO, loading. The

heats of adsorption of all four materials are close to one another.

Section M. IAST calculations of adsorption selectivities and uptake capacities:

The selectivity of preferential adsorption of component 1 over component 2 in a mixture

containing 1 and 2, perhaps in the presence of other components too, can be formally defined

as

Sy = D12 3)
pi/p

In equation (3), ¢, and g, are the absolute component loadings of the adsorbed phase in the

mixture. These component loadings are also termed the uptake capacities. In all the

calculations to be presented below, the calculations of ¢; and ¢, are based on the use of the

Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz.5®

For 15/85 mixtures, the IAST calculations of CO, and N, uptakes at 298 K in df~-TzCTF600,

df-TzCTF400, TzCTF600, and TzCTF400 are compared in Figure S10. We note that the

uptake of both guest molecules is highest in df~TzCTF600 mainly because of its higher pore

volume. The lowest CO, uptakes are for TzZCTF400 and TzCTF600.

S11



Figure S11 presents the values of the CO,/N, adsorption selectivity for 15/85 flue gas mixture
at 298 K using equation (3). We note that the CO,/N, adsorption selectivity is highest for df-
TzCTF400 and lowest for TzCTF600.

Section N. Transient breakthrough simulations in fixed bed adsorbers:

The separation of CO,/N, mixtures is commonly carried out in fixed bed adsorbers in
which the separation performance is dictated by a combination of three separate factors: (a)
adsorption selectivity, and (b) uptake capacity. For a proper comparison of the performance
of df-TzCTF600, df-TzCTF400, TzCTF600, and TzCTF400, we carried out transient
breakthrough simulations that are representative of industrial fixed bed operations. The
simulation methodology is as described in earlier publications.’*“¢ For all the breakthrough
calculations reported in this work, we assume negligible diffusion resistances for all materials

In order to evaluate the different adsorbents for use in a PSA unit, breakthrough
calculations were performed using fixed beds of identical dimensions. The bulk densities of
the packed materials are as specified in Table S3. For the breakthrough simulations, the
following parameter values were used: length of packed bed, L = 0.3 m; voidage of packed
bed, L = 0.4; superficial gas velocity at inlet, # = 0.04 m/s. The characteristic contact time
between the adsorbent and the surrounding gas phase is L&u. It is common to use the
dimensionless time, 7= fu/Lg, obtained by dividing the actual time, 7, by the characteristic
time, L&/u when plotting simulated breakthrough curves. The operating temperature is 298 K
and the total pressure is 1 bar. The partial pressures of CO, and N, at the feed gas inlet are 15
kPa, and 85 kPa, respectively.

The breakthrough calculations for df-TzCTF600, df-TzCTF400, TzCTF600, and
TzCTF400 are compared in Figure 10 (main text). The y-axis in the plot is the concentration
of the component in the outlet gas stream, normalized with respect the inlet composition.

A longer breakthrough time for CO, indicates better separation performance because
more of CO, can be adsorbed in the bed before the need for regeneration. The best
separations are achieved with df~TzCTF600. The reason for its good separation is mainly
attributable to its high CO, uptake capacity (as noted in Figure S3), in combination with
reasonably high CO,/N, adsorption selectivity (see Figure S4). The poorest separation is
achieved with TzCTF600, and the reason for its poor performance is due to the low CO,
uptake capacity (see Figure S3), in combination with low CO,/N, adsorption selectivity (see

Figure S4).
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Section O. Notation used in breakthrough simulation:

b Langmuir constant for species i at adsorption, Pa™
G molar concentration of species 7 in gas mixture, mol m-3
Cio molar concentration of species 7 in gas mixture at inlet to adsorber, mol m-

L length of packed bed adsorber, m

Di partial pressure of species i in mixture, Pa

Dt total system pressure, Pa

qi component molar loading of species 7, mol kg™!
t time, s

T absolute temperature, K

u superficial gas velocity in packed bed, m s-!
Greek letters

£ voidage of packed bed, dimensionless

Yo, framework density, kg m-

T time, dimensionless

Subscripts

i referring to component i

t referring to total mixture

Section P. Supporting tables:
Table S3. Salient properties of df~TzCTF600, df-TzCTF400, TzCTF600, and TzCTF400.

Material Bulk density (g cm3) | Pore volume (cm? g'!)
df-TzCTF600 0.337 1.124
df-TzCTF400 0.292 0.7057

TzCTF600 0.348 1.02
TzCTF400 0.544 0.6949

Table S4. Dual-site Langmuir parameters for adsorption of CO, in df-TzCTF600, df-
TzCTF400, TzCTF600, and TzCTF400. The experimentally measured excess loadings were
first converted to absolute loadings before data fitting.

Material Temperature Site A Site B
/K g Asat ba gB,sat By
mol kg! Pa’! mol kg! Pa™
df-TzCTF600 273 K 0.9 2.63x10* 15.5 6.22x10-6
df-TzCTF600 298 K 0.9 1.12x104 15.5 3.16x10-¢
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df-TzCTF600 308 K 0.9 5.43x10° 15.5 1.74x10-6
df-TzCTF400 273 K 1.4 1.91x10+ 9.8 7.33x10¢
df-TzCTF400 298 K 1.4 6.94x107 9.8 2.75%10¢
df-TzCTF400 308 K 1.4 3.9x10 9.8 1.43x10-6
TzCTF600 273 K 0.7 1.71x10+ 11.4 4.91x10°
TzCTF600 298 K 0.7 5.24x107 11.4 2.1x10-6
TzCTF600 308 K 0.7 3.44x10 11.4 1.55x10¢
TzCTF400 273 K 1.05 1.3x104 8.1 6.74x10¢
TzCTF400 298 K 1.05 3.44x107 8.1 2.71x10¢
TzCTF400 308 K 1.05 2.15x10° 8.1 1.96x10-6

Table SS. Single-site Langmuir parameters for N, in df<TzCTF600, df-TzCTF400,
TzCTF600, and TzCTF400.

Material Temperature 7/ K | ga st (mol kg!) ba (Pal)
df-TzCTF600 273 K 15 9.48x107
df-TzCTF600 298 K 15 3.32x107
df-TzCTF600 308 K 15 1.49x107
df-TzCTF400 273 K 7 1.9x10°
df-TzCTF400 298 K 7 4.42x107

TzCTF600 273 K 13 5.34x107
TzCTF600 298 K 13 2.25x107
TzCTF600 308 K 13 1.65x107
TzCTF400 273 K 15 3.8x107
TzCTF400 298 K 15 1.5x107
TzCTF400 308 K 15 7.0x108

Table S6. Comparison of surface area, CH, uptake (> 2 wt% at 273 K) and Oy of other high-
performing POP and CTF based adsorbents at 1 bar.

POP & CTF-based SZBET_I CH, Uptake [wt%)] Oy
adsorbents (m” g7) [KJ mol] Ref.
77K 273K 298 K
TPC-1 1940 6.2 - - 60
df-TzCTF600 1720 4.38 2.18 23.5 Current work
df-TzCTF400 906 3.57 2.06 24.2 Current work
TzCTF600 1582 2.17 1.24 21.2 Current work
TzCTF400 874 1.68 1.15 21.3 Current work
PPOP-1 720 4.01 - -
PPOP-2 920 4.29 - - S15
PPOP-3 880 3.24 - -
BDT-3 1010 2.9 - - S16
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BILP-6-NH, 1185 2.8 - - S17
TPMTP 890 2.7 - - S18
PCTF-4 1404 2.7 - - 24
BILP-6 1261 2.7 1.90 13.2
BILP-3 1306 24 1.70 16.6 SP
ALP-1 1235 2.6 1.50 20.8 S20

Cz-POF-3 1927 2.54 1.714 20.2
Cz-POF-1 2065 2.29 1.56¢ 19 521
BILP-4 1135 2.53 1.80 13.0 S22
PPF-1 1740 243 - 15.1
PPF-2 1470 2.31 - 15.9 %
BILP-12 1497 24 1.50 18.6 S23
TNP-4 1348 2.38 1.42 20 S24
MM2 1360 2.34 1.51° -
MMI1 1800 2.06 1.34% - !
CTF-TPC 1668 2.14 - - S14
PAF-60 1094 2.0 1.50 24.1 S25
JUC-Z8 4743 2.0 - - S26

ameasured at 290 K. Pmeasured at 293 K

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

SeET CO, Uptake O Selectivity?®X | H, Uptake
CTF-based (m2 g [mmol g'] [KJ (CO,/Ny) [Wt%] Ref
adsorbents )
77K | 273K | 298K | 308 K | MOI"] | Henry | IAST | 77K
df-TzCTF600 1720 | 6.79 | 4.60 | 3.00 | 34 17 30 2.50 | Current work
df-TzCTF400 906 | 5.51 | 332 | 232 | 35 22 40 2.16 | Current work
TzCTF600 1582 | 440 | 251 | 2.03 | 28 16 21 2.06 | Current work
TzCTF400 874 | 421 | 255 | 190 | 32 21 26 1.75 | Current work
HAT-CTF 450/600 | 1090 | 6.3 - - 27.1 - - -
HAT-CTF-600 899 5.1 - - - - - - 23
HAT-CTF-450 756 4.4 - - - - - -
F-DCBP-CTF-1 | 2437 | 598 | 382 | - 331 | 31 - 1.77
F-DCBP-CTF-2 | 2036 | 523 | 3.16 | - - 22 - - >
CTF-py 1239 | 508 | 379 | - 35.1 | 45 - 1.63
CTF-ph 1991 | 454 | 3.05 | - 332 | 20 - 1.87 .
bipy-CTF500 1548 | 534 | 3.07 | 1.77¢ | 342 | 6l 42 1.63
bipy-CTF600 2479 | 558 | 295 | 1.84« | 344 | 37 24 2.10 56
lut-CTF350 635 | 4.06 | 241 | 159 | 37.4 | 76 66 1.22
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lut-CTF400 968 4.55 2.72 | 1.80¢ | 375 63 53 1.36
lut-CTF500 1680 504 | 2.58 | 1.71¢ | 38.2 27 27 1.60
lut-CTF600 2815 4.99 2.52 | 1.66% | 33.3 26 23 2.00
FCTF-1-600 1535 5.53 341 - - - 19 -
FCTF-1 662 4.67 3.21 - 35 - 31 - >
pCTF-1 2034 4.97 - - 25.9 - - 1.75 S9
TPC-1 1940 4.90 - - 39 38P - 2.00 60
MM2 1360 4.77 - - 32 23b 445 1.74 51
PCTF-4 1404 4.65 2.86 - ~31 56b - 1.30 24
fI-CTF-350 1235 4.28 2.29 1.594 | 32.7 27 23 -
fI-CTF-400 2862 4.13 1.97 1.314| 30.7 15 16 1.95 A
CTF-0 2011 4.22 - - - - - - 22
PoM 947 4.17 - - - - 14.20 S10
PCTP-1 1200 491 3.24 2.56¢ | 44.5 46.1 - - S11
CTF-BI-4 1025 4.85 - 2.72¢ 44.0° - -
CTF-BI-5 836 4.49 - 2.68¢ 35.6° - -
CTF-BI-9 885 4.29 - 2.36¢ 341'37_3 67.4b - - S12
CTF-BI-10 1099 4.45 - 2.58¢ ' 31.3% - -
CTF-BI-11 1549 4.93 - 2.63¢ 34.3b - -
MCTP-1 1452 4.64 | 2.69 1.82 | 40.0 15.4 - - S13
CTF-TPC 1668 4.25 32 20.0° | 30.0° 1.75 S14

ameasured at 313 K, measured at 273 K. “‘measured at 303 K

Section Q. Supporting figures:
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Figure S8. Comparison of the pure component isotherm data in df~TzCTF600, df-TzCTF400,
TzCTF600, and TzCTF400 with the fitted isotherms (shown by continuous solid lines) at
various temperatures.
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TzCTF400, TzCTF600, and TzCTF400 as a function of the CO; loading.

e =
5 " — dfTzCTFE00 £ 04r _ grT2CTF600
[=]
E 12 | = df-TzCTF400 E — f-TzCTF400
B TzCTF400 > 03[ == TzCTF400
5 10F 2
= — TzCTFG00 E = TzCTFGO00
E osf =
[Tyl w 02}
% 06F g
£ op4f E il
2 IAST calculations; o ““IAST calculations;
.g 02F 15/85 CO2/N2 = 1585 CO3z /N2
S mixture; 298 K = mixture; 298 K
~ 00 ; i i i i 2, 0.0 : i ; i i
8 00 02 04 06 08 10 = 00 02 04 06 08 10
Bulk gas phase pressure, p; / bar Bulk gas phase pressure, py / bar

Figure S10. Calculations using Ideal Adsorbed Solution Theory (IAST) of Myers and
Prausnitz®? for uptakes of CO, and N, expressed as moles per kg of adsorbent, in equilibrium
with binary CO,/N, gas mixture maintained at isothermal conditions at 298 K. In these
calculations the partial pressures of CO, and N, are taken to be p,/p, = 15/85.
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Figure S11. Calculations using Ideal Adsorbed Solution Theory (IAST) of Myers and
PrausnitzS® for CO,/N, adsorption selectivity for a binary CO,/N, gas mixture maintained at
isothermal conditions at 298 K. In these calculations the partial pressures of CO, and N, are
taken to be p/p, = 15/85.
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Figure S13: 'H NMR of 1,3,5-triethynyl-2,4,6-trifluorobenzene
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Figure S15: 'H NMR of 1,3,5-triethynylbenzene
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Figure S16: 'H NMR of 4-azidobenzonitrile.

As per the reviewer comment, soluble model compound (MC-1) has been synthesized to
justify further the successful formation of current building blocks Tz-HCN and Tz-FCN via
“click reaction”.

Section R. Structure, synthesis, and charactrization of Model Compounds:

Chart S1: Chemical structure of model compound, MC-1 and MC-2. The synthesis of MC-2
is already reported by X.-J. Wang et al. in Scientific Report, 2013, 3, 1149.5%7

.
P1 P2 P3 TEFC?
L S
OA\Q/&O—;- n’*@*o — oé\@*o — - OA\QAO — P o meH
a b c d
NO, NO, NH, N3
Scheme S2: Synthetic route of MC-1 (a): DMAP, DCC, tert-Butanol; (b): Pd/C, ammonium

formate, MeOH; (c): HCI, sodium nitrite, NaN;, Methanol, 0°C; (d): Sodium ascorbate,
CuS0,4.5H,0, Water, Tetrahydrofuran, 40°C, 3 days.
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Synthesis of Di-tert-butyl 5-nitroisophthalate (P1):52% It was synthesized from 5-
nitroisophthalic acid using literature method and purified by column chromatography (100%
CHCl5) to get 6.3 g of white solid (65%). '"H NMR (400 MHz; CDCl;): 1.64 (s, 18H), 8.92
(d, 2H), 8.87 (t, 1H)
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Figure S17: '"H NMR of di-tert-butyl 5-nitroisophthalate, P1

Synthesis of Di-tert-butyl 5-aminoisophthalate (P2):52° It was synthesized from di-tert-
butyl 5-nitroisophthalate using literature method with quantitative yield and the as-
synthesized compound is used in next step without any further characterization.

Synthesis of Di-tert-butyl 5-azidoisophthalate (P3):527 A 250 ml round bottom flask
equipped with stir bar was charged with di-fert-butyl 5-aminoisophthalate (4.7 g, 16.02
mmol), MeOH (175 ml) and HC1 (0.5 M, 175 ml). The reaction mixture was cooled down to
0-5°C and stirred for 1 hour. Ice-cold solution of sodium nitrite (3.31 g, 48.06 mmol) was
added dropwise into the reaction mixture and stirring was continued for 1 hour. Then the
reaction mixture was slowly poured into a solution of NaNj; (3.16 g, 48.5 mmol) at 0°C. The
combined reaction mixture was then stirred for additional 1.0 hour. The reaction mixture was
then extracted by dichloromethane (3 x 50 ml). The combined organic layer was washed with
water and dried over anhydrous MgSO,. The organic layer was evaporated to dryness under

reduced pressure to obtain crude product which was purified by silica gel column
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chromatography (hexane:dichloromethane 5:5) yielding P1 (3.84 g, 75 %) as white solid. 'H
NMR (400 MHz; CDCls): 1.61 (s, 18H), 7.78 (d, 2H), 8.32 (t, 3H)
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Figure S18: 'H NMR spectra of precursor, P3

Synthesis of model compound (MC-1): A 250 ml round bottom flask equipped with stir bar
was charged with 1,3,5-triethynyl-2,4,6-trifluorobenzene, F3 (210 mg, 1.02 mmol), di-tert-
butyl-5-azidoisophthalate, P3 (1.11 g, 3.49 mmol), THF (100 ml), and water (40 ml). The
resulting solution was purged with argon over 30 min at room temperature followed by
addition of CuS0O,4.5H,0 (80 mg, 0.32 mmol) and sodium ascorbate (127 mg, 0.64 mmol).
The reaction mixture was heated to 40°C and kept stirring for 3 days under inert atmosphere.
After completion of the reaction THF was evaporated and organic part was extracted by
DCM (3 x 25 ml) and washed with water followed by drying over anhydrous MgSO,.
Organic layer was evaporated to dryness and the crude product was purified via column
chromatography (silica gel, ethyl acetate:dichloromethane 0.2:9.8) to obtain cream colored
solid compound (609 mg, 51%). 'H NMR (400 MHz; CDCl3): 1.66 (s, 54H), 8.58 (s, 3H),
8.59-8.60 (d, 6H), 8.70 (t, 3H)
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Figure S19: '"H NMR spectra of MC-1

As per the reviewer suggestion, TzCTFs synthesis were made at 700°C using both fluorinated

(Tz-FCN) and non-fluorinated (Tz-HCN) building block and evaluated their textural and gas

adsorption properties to further address the synthesis temperature effect on gas uptake

properties in TzCTFs series materials.

Section S. Gas uptake experiments and textural properties:
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Figure S20: Nitrogen adsorption-desorption isotherms measured at 77 K (the solid and open
symbols represent adsorption and desorption, respectively); the inset display the pore size
distribution calculated by the NL-DFT method.
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Table S8: Porosity data derived from N, isotherm (77 K, 1 bar) of TzCTFs materials
synthesized at 700°C

. SBETa SLan b ‘]0.1C Vtotd \/microe (COZ)
Mat 1 g Vo1/Vio
aleria m2g!) | (mg!) | emigh) | emigh) | OV (emdgh)
df-TzCTF700 1628 1921 0.66 1.24 0.53 0.040
TzCTF700 1307 1582 0.55 1.16 047 0.033

Calculated BET surface area over the pressure range 0.05-0.3 P/P,. ’Langmuir surface area calculated by
applying Langmuir equation on nitrogen adsorption isotherm over the pressure range 0-0.15 P/P,. (c) Micropore
volume calculated at P/P, = 0.1 for pores with diameter smaller than 1.6 nm. (d) Total pore volume calculated at
P/P,=0.99. (e) Total pore volume for pores with diameters smaller than 0.9 nm at P/P, = 0.1 calculated from
CO, adsorption isotherm at 273 K (NL-DFT model).

Table S9: Gas uptake properties for the presented TzCTF materials synthesized at 700°C

CO, Uptake? CH, Uptake® H, Uptake®
Material
273 K 298 K Oy 273 K 298 K 77 K
df-TzCTF700 |4.68 (1.16) 3.04 25 1.96 1.26 2.12
TzCTF700 4.06 (0.95) 2.55 31 1.46 0.98 1.67

3Gas uptake in mmol g!' at 1 bar and values in parenthesis in mmol g-!' at 0.15 bar , YIsosteric heat of adsorption
at zero coverage in kJ mol!, °Gas uptake in wt% at 1 bar.
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2.1 {—+—df-TzCTF700@298K —v—df-TzCTF700@273K 1.0 |—4—df-TzCTF700@298K —v—df-TzCTF700@273K

-
(-]
1

1.5+

CH, Uptake (mmol/g)
e N
1 1 1

e
o
L.

[ e A T S T A B B E e e L S B
00 01 02 03 04 05 06 07 08 09 10 1.1
Pressure (bar) Pressure (bar)

Figure S21: (a) CH4 adsorption (left) and (b) N, adsorption (right) of df-TzCTF700 and
TzCTF700 material measured at 273 K and 298 K under 1 bar
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Figure S22: (a) H, adsorption-desorption isotherm of df-TzCTF700 and TzCTF700 material

measured at 77 K under 1 bar

Table S10: Comparison of textural and gas adsorption properties of our highest performing
df-TzCTF600 material with other high-performing related CTF-based materials

CH,4 H,
CTF-based Seer | g Vi 0> Upt%(e Uptake | Uptake
(mZ g—l) micro micro [mm()l g ] % % Ref.
adsorbents (m?g) [cm? g!] [Wt%] | [wt]
273 K | 298 K | 273K 77 K
df-TzCTF600 1720 1505 0.75 6.79 4.60 4.38 2.50 Current work
HAT-CTF ND ND -
a50/600 | 1090 6.3 1 - - ’
HAT-CTF-600 | 899 ND ND 5.1 - - -
F-DCBP-CTF-1| 2437 ND 0.51 5.98 3.82 - 1.77
57
F-DCBP-CTF-2| 2036 ND 0.34 5.23 3.16 - -
CTF-py 1239 ND 0.45 5.08 3.79 - 1.63 95
bipy-CTF500 1548 ND ND 5.34 3.07 - 1.63 s
lut-CTF500 1680 ND ND 5.04 2.58 - 1.60
FCTF-1-600 1535 752 ND 5.53 3.41 ND ND 55

ND: not determined
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