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Highly Stable Nanoporous Sulfur-Bridged Covalent Organic 
Polymers for Carbon Dioxide Removal
 Carbon dioxide capture and separation requires robust solids that can stand 
harsh environments where a hot mixture of gases is often found. Herein, the 
fi rst and comprehensive syntheses of porous sulfur-bridged covalent organic 
polymers (COPs) and their application for carbon dioxide capture in warm 
conditions and a wide range of pressures (0–200 bar) are reported. These 
COPs can store up to 3294 mg g  − 1  of carbon dioxide at 318 K and 
200 bar while being highly stable against heating up to 400  ° C. The carbon 
dioxide capacity of the COPs is also not hindered upon boiling in water for 
at least one week. Physisorptive binding is prevalent with isosteric heat of 
adsorptions around 24 kJ mol  − 1 . M06–2X and RIMP2 calculations yield the 
same relative trend of binding energies, where, interestingly, the dimer of 
triazine and benzene play a cooperative role for a stronger binding of CO 2  
(19.2 kJ mol  − 1 ) as compared to a separate binding with triazine (13.3 kJ mol  − 1 ) 
or benzene (11.8 kJ mol  − 1 ). 
  1. Introduction 

 Developments in the highly porous organic frameworks with 
nanometer-scale porosity (1–100 nm) have attracted signifi -
cant attention due to their wide range of potential applications 
which includes sorption and separation of gases, catalysis, 
removal of hazardous compounds, water treatment, support for 
catalytically active species, and electronic devices. [  1–4  ]  Carbon 
dioxide (CO 2 ) removal from the fl ue gas by porous materials is 
a key step in CO 2  sequestration for preventing global warming. 
Developing porous materials which stores and releases CO 2  
with fast kinetics and high reversibility over multiple cycles is of 
widely discussed strategy for a viable adsorption process in CO 2  
separation. [  5  ,  6  ]  Several porous materials such as meso porous 
silica, layered materials, zeolites, activated carbon, metal–
organic frameworks (MOFs), covalent organic frameworks 
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(COFs), and porous polymers with excel-
lent CO 2  adsorption capacities have been 
reported. [  7  ]  Among them, MOFs, COFs, 
and porous polymers gained substantial 
attention due to their high surface area, 
ability to be functionalized, thermal sta-
bility, recyclability, and selectivity for CO 2  
over other gases. [  2  ,  8–12  ]  

 The CO 2  sorption on adsorbents is 
mainly governed by physisorption and 
chemisorption phenomena. A facile revers-
ibility and lower selectivity of CO 2  at low 
pressures is the characteristic of physisorp-
tion, while higher selectivities and capaci-
ties but low reversibility observed in chemi-
sorbing materials such as amine function-
alized inorganic or organic materials. [  13  ]  
Although, MOFs are recognized for higher 
adsorption capacity for CO 2 , the oxidation 
and hydrolysis of MOFs due to the dative 
nature of the metal–ligand bonds restricts their application in 
humid conditions. Moreover, CO 2  adsorption capacity does not 
only dependent on the microporous surface area but suffi cient 
level of functionalities which tune the isosteric heat of adsorption 
required to attain higher CO 2  adsorption capacity. [  14  ]  Among the 
highest surface area porous polymers, porous poly mer networks 
(PPN–4) [  15  ]  and diamond-like porous aromatic frameworks (PAF–
1) [  16  ]  demonstrated specifi c surface area of 6461 and 5640 m 2  g  − 1  
respectively. CO 2  adsorption capacity of PPN–4 and PAF–1 is 
1710 mg g  − 1  (295 K, 50 bar) and 1300 mg g  − 1  (273 K, 40 bar). A pos-
sible advantage of porous polymers, compared to other micropo-
rous materials such as zeolites and activated carbons, is the poten-
tial synthetic diversity that can be incorporated into these organic 
structures. For example, hydroxyl terminated polymeric organic 
frameworks (POF) show high surface area, low energy band gap 
with CO 2  adsorption capacity of 185 mg g  − 1  at 1 bar and 273 K. [  17  ]  
Porous organics containing nitrogen in the backbone provide 
excellent selectivity of CO 2  over nitrogen as much as 442 calcu-
lated by ideal adsorbed solution theory (IAST) at 295 K. [  18  ]  Com-
mercially useful amorphous materials, such as activated carbons, 
have long been demonstrated that crystalline order is not a pre-
requisite for gas capture, and it was established that amorphous 
organic microporous materials can be prepared as simple as for-
mation of a hyper cross-linked polymer (HCP) network. [  19,20  ]  Inter-
estingly, many HCPs can be dissolved in common solvents and 
their ability to form fi lm makes them ideal porous polymers for 
membrane based applications. [  21,22  ]  In all these porous polymers, 
however, the use of costly catalysts, lengthy synthesis, and lack of 
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     Scheme  1 .     Chemical structures and properties of sulfur bridged COPs where appropriate thiol linkers are attached to triazine cores. a: dioxane, 
85  ° C and DIPEA, SA BET : BET surface area, CO 2  adsorption measured at 318 K and 200 bar for COP–3, and at 273 K and 1 bar for COPs–4–6. CO 2 /N 2  
(0.15:0.85) selectivity by IAST.  
stability or chemical versatility causes signifi cant drawbacks when 
large scale industrial operations are in question. 

 Triazines feature high nitrogen content as well as multiden-
tate chemistry, a necessity when a network polymer with per-
manent porosity is desired. [  12  ]  A reactive triazine derivative, cya-
nuric chloride is an attractive molecule for various organic syn-
theses owing to its low cost and chemo- and thermo-selective 
reactivity. The generally accepted reactivity trend includes a fi rst 
substitution at 273 K, the second at 298 K and the third at more 
than 343 K. [  23  ]  A series of triazine based mesoporous graphitic 
carbon nitride structures with exceptional thermal stability and 
permanent porosity are developed by Thomas et al. [  24–26  ]  Porous 
aromatic framework based on cyanuric chloride and piperazine 
with moderate surface area as control drug release carrier is 
reported. [  27  ]  

 Herein, we report a facile, catalyst free, low temperature syn-
thesis of sulfur based covalent organic polymers (COPs) which 
primarily contains triazine moiety as basic building block with 
surface areas up to 413 m 2  g  − 1  and CO 2  adsorption capacity of 
3294 mg g  − 1  at 318 K and 200 bar. These sulfur COPs also fea-
ture high amount of nitrogen and sulfur within the networks 
which facilitate very high CO 2  adsorption capacity, high temper-
ature stability and selectivity of CO 2  over nitrogen. To the best 
of our knowledge, sulfur COPs are the fi rst of the sulfur linked 
nanoporous polymers ever built. Robust, versatile, and inexpen-
sive, this new class of materials will bring functional solids for 
a wide variety of applications, such as gas capture/separation, 
lithium ion batteries, solar cells, and supercapacitors.  

  2. Results and Discussion 

 Sulfur linked COPs rely on thio-ether, R–S–R bonding. In 
order to construct these structures, we employed nucleophilic 
substitutions on a triazine trichloride, commonly known as 
cyanuric chloride (CC). CC is known to exchange chlorides 
stepwise by nucleophilic substitutions at different temperatures 
( Scheme    1   and Supporting Information Scheme S1). [  12  ]  The 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2270–2276
synthesis of COP–3 follows a typical nucleophilic aromatic sub-
stitution by 1,3,5-benzenetrithiol on the highly reactive triazine 
ring that is destabilized by three chlorides resulting in highly 
networked insoluble mass. This method proved to be facile 
(one pot), high yield (85%) and inexpensive, especially devoid of 
rare metals as catalysts.  

 The solid state  13 C-NMR and  1 H-NMR spectra with 
the assignment of the chemical shifts are presented in 
 Figure    1  . COP–3 show chemical shifts at 141.6 and 130 ppm, 
corresponding to the carbons of the aromatic benzene ring. 
The triazine ring carbons were assigned to 180.6 ppm in the 
 13 C-NMR spectra. In  1 H-NMR spectra, chemical shifts at 6.88 
and 3.00 ppm correspond to the protons of aromatic ben-
zene and some unreacted terminal aromatic–SH, respectively. 
Internal standard TMS shows the reference chemical shift at 
0 ppm. Functional groups present in COPs show characteristic 
FTIR absorptions. Several strong bands in the 1200–1600 cm  − 1  
region were identifi ed corresponding to the typical stretching 
modes of CN heterocycles. Additionally, the characteristic 
breathing mode of the triazine units is evident at 800 cm  − 1 . 
The absence of the characteristic C–Cl stretching vibration at 
850 cm  − 1  confi rmed that all three chlorine atoms on cyanuric 
chloride have been substituted.  

 TGA of COP–3 was performed up to 800  ° C at a heating rate 
of 10  ° C min  − 1  in air and nitrogen environment (Figure  1 d). 
COP–3 is started to decompose at around 340 and 370  ° C in 
air and nitrogen atmosphere, respectively. COP–3 shows supe-
rior thermal stability owing to its robust aromatic nature of 
the framework which is benefi cial for considering their poten-
tial application in CO 2  scrubbing operations. COP–3 is amor-
phous as evidenced by their powder X-ray diffraction (XRD) 
pattern (Supporting Information Figure S1). The phase purity 
and morphology of COP–3 were investigated by transmission 
electron microscopy (TEM), which revealed irregular particles 
with single phase morphology and texture is largely amorphous 
(Supporting Information Figure S2). 

 Porosity of COP–3 was confi rmed by measuring the Ar 
adsorption–desorption isotherm at 87 K ( Figure    2  ). The fully 
2271wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     Solid-state a) CP/MAS  13 C-NMR spectra, b)  1 H-NMR spectra and relative assignments of the respective structures, c) FTIR spectra for COP–3, 
and d) Thermogravimetric analysis for COP–3 in air and nitrogen.  
reversible Type I isotherm shows a rapid uptake at low pres-
sure, 0–0.1 bar, indicating a permanent microporous nature. 
The gradual increase in Ar uptake and the minor hysteresis 
may be due to the mesoporosity. The increase in the Ar sorp-
tion at relative pressures above 0.9 is due in part from inter-
particulate porosity associated with the meso- and macro-struc-
tures of the samples and inter-particular void. The BET model 
was applied over the relative pressure range of 0.05–0.25 (Sup-
porting Information Figure S3), which resulted in an apparent 
BET surface area of 413 m 2  g  − 1 . The Langmuir surface area is 
found to be 516 m 2  g  − 1 . The average pore size in the micropore 
region and pore volume calculated from non-local density func-
tional theory (NLDFT) for COP–3 is 2.7 nm and 0.31 cm 3  g  − 1 , 
respectively. The micropore surface area obtained from NLDFT 
is 764 m 2  g  − 1  for COP–3. The surface area measured from CO 2  
adsorption at 273 K for COP–3 is 310 m 2  g  − 1  (Supporting Infor-
mation Figure S3).  

 Interest in CO 2  capture or separation from fl ue gases or 
coal-fi red plants is highly attractive due to environmental 
and economic reasons. CO 2  and N 2  sorption isotherms were 
measured to elucidate the effect of nitrogen-rich framework on 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
the uptake at 273 K and 298 K up to 1 bar (Figure  2 b, Sup-
porting Information Table S1). COP–3 shows noteworthy 
uptakes and the adsorption process is reversible at both temper-
atures as the desorption branches are very close to that of adsorp-
tion. CO 2  capture in COP–3 is due to a combination of micro-
porous and nitrogen-rich framework which results 74 mg g  − 1  
and 50 mg g  − 1  CO 2  capture at 273 and 298 K, respectively, 
at atmospheric pressure. The isosteric heat of adsorption of 
COP–3 is 24.5 kJ mol  − 1 , in well accordance with nitrogen-rich 
porous organic frameworks. [  28,29  ]  The separation of CO 2  over 
N 2  is one of the prime requirements for the CO 2  capture tech-
nology. N 2  adsorption for COP–3 is 2.8 mg g  − 1  and 2.7 mg g  − 1  
at 273 K and 298 K respectively. The selectivity of CO 2  over N 2  
was measured by the Henry Law constants from the isotherms 
in the linear low pressure ( < 0.1 bar) range (Supporting Infor-
mation Figure S4). CO 2 /N 2  selectivity for COP–3 is 63.7 and 
24.4 at 273 and 298 K, at 1 bar which is comparable to reported 
porous materials. [  14  ,  30  ]  The CO 2 /N 2  selectivity is also predicted 
for CO 2 :N 2  (0.15:0.85) mixture by ideal adsorbed solution 
theory (IAST) which shows CO 2 /N 2  selectivity of 151 and 107 
at 273 and 298 K for COP–3. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2270–2276
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     Figure  3 .     a) High pressure CO 2  adsorptions for COP–3 measure at 318, 
328, and 338 K up to 200 bar. CO 2  adsorption (fi lled symbols)–desorption 
(open symbols). Theoretical simulated isotherms (dashed lines) show 
similar shapes and temperature dependency as experimental isotherms. 
Inset: 0–50 bar region was magnifi ed for better display. b) Effect of 
boiling in H 2 O on BET surface area and low pressure CO 2  adsorption 
capacities.  

     Figure  2 .     a) Ar adsorption–desorption isotherm measured at 87 K (inset: 
pore size vs differential pore volume); b) Low pressure CO 2  and N 2  
adsorptions for COP–3 at 273 and 298 K up to 1 bar. Adsorption (fi lled 
symbols), desorption (open symbols). Theoretical simulation (dashed 
lines) shows a near fi t to the experimental values below 0.5 bar.  
 High pressure CO 2  adsorption isotherms were collected at 
318, 328, and 338 K up to 200 bar to assess the potential of 
COP–3 for CO 2  capture applications ( Figure    3  , Supporting Infor-
mation Table S2). Exceptional CO 2  adsorption capacities were 
obtained at 200 bar, 3294 mg g  − 1  at 318 K, 3085 mg g  − 1  at 328 K 
and 2836 mg g  − 1  at 338 K. CO 2  isotherms follow a Type IV or 
V Brunauer isotherm. [  31  ]  The simulation results also show the 
same behavior as the experimental isotherm though the com-
puted absolute values are a bit higher than those of experiment 
ca. 700 mg g  − 1 . Choi et al. [  32  ]  simulated CO 2  capture capacity 
of three dimensional COFs under high pressure which show 
Type IV isotherms. Lack of very low pressure saturation by CO 2  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2270–2276
for COP–3 leads to isotherm assignments which fall in between 
Type IV and V. Almost no hysteresis in adsorption–desorption 
cycle can be attributed to weak interactions between CO 2  and 
COP–3 frameworks. Indeed polymeric materials are known 
for their elastic characteristic, [  33  ]  leading to an unusual second 
jump in the high pressure region of CO 2  isotherms which is 
caused by a reversible fl exing effect. [  34  ]  Unlike low tempera-
ture CO 2  uptake, CO 2  capture capacity under warm conditions 
is measured to ensure performance of COP–3 in exhaust gas 
environment. The comparison of COP–3 with some of the estab-
lished porous polymers and MOFs (Supporting Information 
2273wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Optimized CO 2  binding confi gurations for a) 1,3,5-triazine, b) benzene, and c) the 
sulfur-bridged dimer of the triazine and benzene monomers. In (d), a GCMC snapshot that 
shows a similar local binding geometry between CO 2  and benzene–triazine dimer motif as 
in the RIMP2 optimized structure is depicted. A quantitative difference in intermolecular dis-
tances between (c) and (d) may be due to a fi nite temperature effect in GCMC as well as less 
accurate empirical force fi eld parameters.  
Table S3) shows comparable CO 2  uptake at 298 K and 1 bar, 
however CO 2  uptake exceeds at high pressure for COP–3.  

 Thermal and water stability of an adsorbent is of prime impor-
tance when it is planned to be utilized for adsorption of CO 2  
from a fossil fuel burning thermal power plant. COP–3 has been 
subjected to extreme moist conditions at boiling temperatures 
to study the stability in steam-like gas streams. For a reliable 
water stability test, 100 − 300 mg of COP–3 was dispersed in H 2 O 
(15 mL) and kept at 100  ° C for 1 day, 3 days, and 1 week. Sam-
ples were drawn after specifi ed time periods, fi ltered and dried at 
100  ° C. Their respective surface areas and CO 2  adsorptions were 
measured (Figure  3 b). Although COP–3 lost more than 80% of 
its BET surface area upon boiling in water, its low pressure CO 2  
capacity has not equally degraded which confi rms that high sur-
face area is not the desired characteristic for CO 2  uptake. 

 The GCMC simulations were performed for theoretical com-
parison of the CO 2  uptake. The polymer model was prepared 
using the stoichiometric ratio between cyanuric chloride and 
bezenetrithiol to be 1:1, considering tapped density of COP–3 
(0.206 cm 3  g  − 1 ). Our GCMC results generally overestimate 
the CO 2  uptake compared to experiments at high pressures 
(Figure  3 , Supporting Information Table S2 and Table S4), 
shifted up more or less uniformly, but the shapes of isotherm 
and their temperature dependence are in reasonable agree-
ment with experiments. A good agreement between theory 
and experiment is also observed at low pressures below 0.5 bar 
(Figure  2 b). Some deviations in absolute capacities may be due 
to the FF parameters that are not optimized for this particular 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
system and a limitation of the polymer model 
used. Quantum chemical investigations of 
the CO 2  binding geometry and stabilization 
energy were conducted for 1,3,5-triazine, 
benzene, and sulfur-bridged dimer of triazine 
and benzene. M06–2X and RIMP2 yielded 
the same relative trend of binding energies 
for monomers and dimers, and here we use 
RIMP2/aug-cc-pVTZ energetic for discus-
sion. For benzene interacting with CO 2 , our 
results are consistent with previous compu-
tations. [  11  ,  35  ]  The most stable confi gurations 
of the adsorbed complexes are shown in 
 Figure    4  . Interestingly, the dimer of triazine 
and benzene plays a cooperative role for a 
stronger binding of CO 2  (19.2 kJ mol  − 1 ) as 
compared to a separate binding with triazine 
(13.3 kJ mol  − 1 ) or benzene (11.8 kJ mol  − 1 ) 
(Supporting Information Table S5). In 
1,3,5-triazine, CO 2  is located on the nitrogen 
side of aromatic ring in plane whereas for 
benzene CO 2  goes over the aromatic ring out 
of plane.  

 In dimer, the optimized position of CO 2  
turns out to be a combination of these two 
separately optimized structures, namely, 
interacting both with the side of triazine and 
top of benzene simultaneously. Indeed, we 
found that CO 2  preferably interacts with the 
side of triazine ring where carbon of CO 2  
is pointing to nitrogen of triazine. GCMC 
snapshot that shows a similar local binding geometry as in the 
RIMP2 lowest energy confi guration is depicted in Figure  4 d. 
The relatively longer intermolecular distances between CO 2  and 
benzene–triazine dimer motif in this GCMC snapshot as com-
pared to RIMP2 may be due to a fi nite temperature effect in 
GCMC that simulates experimental conditions unlike QM cal-
culations at 0 K, as well as the use of general FF parameters in 
GCMC that are not optimal. 

 Other sulfur based COPs, COP–4, COP–5 and COP–6 were 
also studied for its low pressure gas adsorption capacity and 
CO 2 /N 2  selectivity (see Supporting Information for their struc-
ture and characterizations). The complete substitution of chlo-
ride from cyanuric chloride can be seen from FTIR spectrum 
of COPs 4–6 (Supporting Information Figure S5) confi rming 
formation of sulfur bridged COPs. TGA reveals exceptional 
thermal stability up to 400  ° C for all COPs in nitrogen atmos-
phere (Supporting Information Figure S6). The specifi c sur-
face area of COPs 4–6 was quite lower (54 m 2  g  − 1  for COP–4, 
75 m 2  g  − 1  for COP–5 and 15 m 2  g  − 1  for COP–6) than COP–3 
as shown in  Figure    5  a and Supporting Information Figure S7. 
It is clearly visible that these COPs are not containing micro-
porous network and show large pores, mainly arises from 
macroporosity. The BET surface area is also calculated from 
CO 2  isotherms at 273 K, indicating 269.6 m 2  g  − 1  for COP–4, 
120.3 m 2  g  − 1  for COP–5 and 106.7 m 2  g  − 1  for COP–6. CO 2  cap-
ture capacity (Figure  5 b, Supporting Information Table S1) of 
COPs 4–5 ranges from 24–33 mg g  − 1  at 273 K and 1 bar which 
is mainly due to presence of nitrogen-rich frameworks. CO 2 /N 2  
heim Adv. Funct. Mater. 2013, 23, 2270–2276
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     Figure  5 .     a) N 2  adsorption–desorption isotherm for COPs 4–6 measured 
at 77 K (inset: pore size vs pore volume); b) Low pressure CO 2  and N 2  
adsorptions for COPs 4–6 at 273 K up to 1 bar. Adsorption (fi lled sym-
bols), desorption (open symbols).  
selectivity of COPs 4–6 measured by Henry’s constant is very 
poor, 8.1 for COP–4, 5.3 for COP–5 and 22 for COP–6 (Sup-
porting Information Figure S8 and Table S1), ranging from 
3.3–12.5 suggesting that COPs 4–5 does not have much poten-
tial for gas separation applications. This is further confi rming 
by predicting CO 2 :N 2  gas mixture selectivity by IAST which 
show 24.8 for COP–4, 18.1 for COP–5 and 65.8 for COP–6.   

  3. Conclusions 

 First sulfur bridged, nitrogen-rich, nanoporous covalent organic 
polymers (COPs) were synthesized by controlled nucleophilic 
substitution of cyanuric chloride and investigated for porosity 
and gas uptake under various conditions. COP–3 exhibits 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2270–2276
moderate surface areas however COP–3 shows exceptional CO 2  
capacity at 200 bar, even in the warm conditions. CO 2 /N 2  selec-
tivities and isosteric heat of adsorption of COP–3 is on par with 
nitrogen-rich porous polymers, while being superior in stability. 
Although surface area of COPs 4–6 is very low, it shows mod-
erate low pressure CO 2  sorption capacity.  

  4. Experimental Section 
  Materials : Cyanuric chloride and  N,N -diisopropylethylamine (DIPEA) 

were purchased from Sigma-Aldrich, USA. 1,3,5-benzenetrithiol, 
1,4-benzenedithiol, biphenyl-4,4 ′ -dithiol, 4,4 ′ -thiobisbenzenethiol were 
obtained from TCI, Japan. 1,4-dioxane and ethyl alcohol were purchased 
from SAMCHUN, South Korea. All solvents were dried and stored in 
anhydrous conditions. 

  Synthesis of Sulfur COPs : In a typical synthesis, DIPEA (2.5 mL, 
14.3 mmol) was added to 1,3,5-benzenetrithiol (0.52 g, 3.0 mmol) 
dissolved in 1,4-dioxane (120 mL) at 15  ° C. Cyanuric chloride (0.50 g, 
2.7 mmol), dissolved in 1,4-dioxane (30 mL), was added dropwise to the 
above solution with continuous stirring at 15  ° C in an N 2  environment. 
The yellowish white precipitate was stirred at 15  ° C for 1 h before being 
stirred at 25  ° C for 2 h and then at 85  ° C for 21 h. The white precipitate 
was washed with 1,4-dioxane and soaked in ethyl alcohol three times 
over the period of 12 h. Finally, the precipitate was dried at room 
temperature under vacuum for 2 h. Yield: 85%. Elemental analysis for 
C 9 N 3 H 3 S 3  calculated (%): C, 43.4; H, 1.2; N, 16.8 and found (%): C, 
44.6; H, 1.7; N, 14.6. This sample is designated as COP–3 following the 
order after our previous report on COPs. [  12  ]  A typical pathway for the 
substitution of chloride of cyanuric chloride at different temperature is 
demonstrated in Supporting Information Scheme S1. COPs 4–6 were 
synthesized following a similar procedure (see Supporting Information 
for further details). 

  Characterization :  1 H and  13 C NMR spectra were recorded on a Bruker 
DMX400 NMR spectrometer. Solid-state cross polarization magic angle 
spinning (CP/MAS) NMR spectra was taken by a Bruker Anence III 400 
WB NMR spectrometer. FTIR spectra were obtained on KBr pellets using 
a Perkin–Elmer FT-IR spectrometer. Thermogravimetric analysis (TGA) was 
performed on a NETZSCH–TG 209 F3 instrument by heating the samples 
to 800  ° C at 10  ° C min  − 1  in N 2  or air atmosphere. CHNS analyses were 
done on elemental analyzer ThermoQuest Italia S.P.A (CE Instrument). 
Ar sorption isotherms were obtained with a Micromeritics ASAP 2020 
accelerated surface area and porosimetry analyzer at 87 K. Prior to analysis, 
the samples were degassed at 150  ° C for 5 h under vacuum. The adsorption–
desorption isotherms were evaluated to give the pore parameters, including 
Brunauer–Emmett–Teller and Langmuir surface area, pore size and pore 
volume. [  36  ]  The pore size distribution and micropore surface area was 
determined by non-local density functional theory (NLDFT). X-ray diffraction 
(XRD) patterns of the samples were acquired from 0.5 °  to 60 °  by a Rigaku 
D/MAX–2500 (18kW) micro-area X-ray diffractometer. 

  Low and High Pressure Gas Adsorption : The low pressure CO 2  and N 2  
adsorption–desorption isotherms were measured separately at 273 K 
using a static volumetric system (ASAP 2020, Micromeritics Inc.). The 
temperature during adsorption and desorption was kept constant using a 
circulator. Prior to adsorption measurements, the samples were activated 
in situ by increasing the temperature at a heating rate of 1 K min  −  1  up to 
423 K under vacuum (5  ×  10  −  3  mmHg) and maintained for 5 h before the 
sorption measurements. Isosteric heats of adsorption were calculated 
from the adsorption data using Clausius–Clapeyron equation, [  37  ] 

 
�ad Ho = R

[
∂ ln P

/
∂

(
1/T

)]
θ   

where,  R  is the universal gas constant,   θ   is the fraction of the adsorbed 
sites at a pressure  P  and temperature  T . The CO 2 /N 2  selectivity was 
calculated from Henry’s constant and ideal adsorbed solution theory 
(IAST). [  38  ]  Rubotherm Magnetic Suspension Balance (MSB) was utilized 
for high pressure CO 2  adsorption capacity determination. In a typical 
2275wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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