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Impact of post-synthesis modification of nanoporous
organic frameworks on small gas uptake and selective
CO2 capture†

Timur İslamoğlu, Mohammad Gulam Rabbani and Hani M. El-Kaderi*

Porous organic polymers containing nitrogen-rich building units are among the most promising materials

for selective CO2 capture and separation applications that impact the environment and the quality of

methane and hydrogen fuels. In this study, we report on post-synthesis modification of nanoporous

organic frameworks (NPOFs) and its impact on gas storage (H2, CH4, CO2) and selective CO2 binding

over N2 and CH4 under ambient conditions. The synthesis of NPOF-4 was accomplished via acid

catalyzed cyclotrimerization reaction of 1,3,5,7-tetrakis(4-acetylphenyl)adamantane in ethanol/xylenes.

NPOF-4 is microporous and has high surface area (SABET ¼ 1249 m2 g�1). Post-synthesis modification of

NPOF-4 by nitration afforded NPOF-4-NO2 and its subsequent reduction resulted in an amine-

functionalized framework NPOF-4-NH2 that exhibits improved gas storage capacities and very high

CO2/N2 (139) and CO2/CH4 (15) selectivities compared to NPOF-4.
1 Introduction

Porous organic polymers (POPs) have received considerable
attention due to their potential in important elds such as
catalysis, sensing, optoelectronics, as well as gas storage and
separation.1–8 Among the attractive features of POPs are their
exceptionally high surface area, remarkable physicochemical
stability, adjustable pore size, and chemical nature tunability,
which collectively dictate the structure–function relationship in
POPs. In general, chemical heterogeneity of the pores in porous
architectures plays a signicant role especially in selective gas
binding and separation. In this regard, post-synthesis modi-
cation (PSM) of organic polymers9–14 and their inorganic coun-
terparts metal–organic frameworks (MOFs)15,16 have emerged as
an invaluable synthetic tool that allows for pore surface modi-
cation. This approach can overcome some of the synthetic
challenges that can be encountered when pre-functionalized
building units cannot be employed to construct porous mate-
rials due to chemical or physical incompatibility. Although PSM
has been well documented for MOFs, the metal-linker interac-
tions in someMOFs can limit their use in PSM processes which,
in some cases, require harsh reaction conditions such as those
encountered in the nitration of aryl linkers by a mixture of
concentrated HNO3–H2SO4.15 In contrast, the covalent nature of
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POPs makes them chemically robust and enables pore chemical
modication under the aforementioned conditions without
compromising porosity.

It is now well established that tailoring accessible nitrogen17

or amine functionalities into the framework of porous materials
can signicantly enhance CO2 binding and uptake.12 CO2 capture
and sequestration (CCS) has received considerable attention due
to the greenhouse nature of CO2 and the fact that it is one of the
major contaminants of methane-rich gases (shale, natural,
landll) and hydrogen fuels.18 It has been recognized that a high
surface area property is very relevant to gas storage under high
pressure conditions while it plays a less signicant role in CO2

separation.19 For example, in ue gas the CO2 composition is only
�15% and its removal by porous materials is mainly driven by
the chemical nature of the pores that can selectively bind CO2

over other gases present in ue gas such as N2, SO2, NO2, etc.
Moreover, a very recent report by Wilmer et al. indicates that the
pore functionalization with alkylamines is less favourable for CO2

separation from ue gas by vacuum swing adsorption (VSA) that
operates in the pressure range of 0.1–1.0 bar because of the high
charge density on the nitrogen sites that react with CO2 and lead
to very high heats of adsorption.20 On the contrary, direct ami-
nation of aryl linkers leads to pore functionalization wherein the
less negative charge on the amine affords moderate binding
affinities that are advantageous for CO2 removal from ue gas
and natural gas thereby facilitating adsorbents regeneration.

With these considerations in mind, we report in this study
on post-synthesis modication of NPOFs through direct nitra-
tion of aryl linkers followed by reduction and we illustrate the
consequence of pore modication on small gas uptake and
J. Mater. Chem. A, 2013, 1, 10259–10266 | 10259
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storage. The resulting functionalized frameworks have
moderate isosteric heats of adsorption that are optimal for post-
combustion CO2 capture from ue gas and separation from
methane-rich gases as evidenced by the presented CO2/N2 and
CO2/CH4 selectivity studies.
2 Experimental section
2.1 Materials and methods

All starting materials and solvents, unless otherwise noted, were
obtained from Acros Organics and used without further purica-
tion. 1,3,5,7-Tetraphenyladamantane was synthesized according
to a publishedmethod.21 SiCl4 was purchased from Sigma-Aldrich.
SnCl2 was purchased fromMPBiomedicals, LLC. Absolute ethanol
was purchased from Pharmaco Products. Solvents were dried by
distillation. Air-sensitive samples and reactions were handled
under an inert atmosphere of nitrogen using either glovebox or
Schlenk line techniques. Elementalmicroanalyses were performed
at the Midwest Microlab, LLC. Liquid 1H and 13C NMR spectra
were obtained on a Varian Mercury-300 MHz NMR spectrometer
(75 MHz carbon frequency). Solid-state 13C cross-polarization
magic angle spinning (CP-MAS) NMR spectra for solid samples
were taken at Spectral Data Services, Inc. Spectra were obtained
using a Tecmag-based NMR spectrometer operating at a H-1
frequency of 363 MHz, using a contact time of 1 ms and a delay of
three seconds for CP-MAS experiments. All samples were spun at
7.0 kHz. Thermogravimetric analysis (TGA) was carried out using a
TA Instruments Q-5000IR series thermal gravimetric analyser with
samples held in 50 mL platinum pans under an atmosphere of air
(heating rate 5 �C min�1). For scanning electron microscopy
imaging (SEM), samples were prepared by dispersing the material
onto a sticky carbon surface attached to a at aluminium sample
holder. The samples were then coated with platinum at a pressure
of 1 � 10�5 mbar under a nitrogen atmosphere for 90 seconds
before imaging. Images were taken on a Hitachi SU-70 Scanning
Electron Microscope. Powder X-ray diffraction data were collected
on a Panalytical X'pert pro multipurpose diffractometer. Samples
were mounted on a sample holder and measured using Cu Ka
radiation with a 2q range of 1.5–35. FT-IR spectra were obtained on
a Nicolet-Nexus 670 spectrometer furnished with an attenuated
total reectance accessory. Porosity and gas sorption experiments
were collected using a Quantachrome Autosorb 1-C volumetric
analyser using adsorbates of UHP grade. In a typical experiment, a
sample of polymer (�60 mg) was loaded into a 9 mm large bulb
cell (Quantachrome) of known weight which is then hooked up to
the Autosorb 1-C and degassed at 120 �C/1.0 � 10�5 bar for
12 hours. The degassed sample was relled with helium, weighed
precisely then transferred back to the analyser. The temperatures
for adsorption measurements were controlled by using a refrig-
erated bath of liquid nitrogen (77 K), liquid argon (87 K), or
temperature controlled water bath (273 K and 298 K).
2.2 Synthetic aspects

Synthesis of 1,3,5,7-tetrakis(4-acetylphenyl)adamantane
(TAPA). A 250 mL reaction ask was charged with AlCl3 (16.4 g,
123 mmol), placed in an ice bath and 90 mL of acetyl chloride
10260 | J. Mater. Chem. A, 2013, 1, 10259–10266
was added under N2 to afford a colourless solution. A mixture
of tetraphenyladamantane (TPA) (2.50 g, 5.67 mmol) and
freshly distilled dichloromethane, DCM, (100 mL) was added
to this solution at 0 �C and stirred for 10 minutes, and then it
was allowed to warm to room temperature and stirred for 16 h.
The reaction mixture was carefully poured into ice (200 mL)
then stirred for 30 minutes at room temperature. The organic
layer was extracted with DCM and washed with 10% NaHCO3

solution. The resulting yellow solution was dried over MgSO4

and ltered over a medium glass frit. Excess DCM was
removed by evaporation under reduced pressure. The result-
ing product was crystallized from DCM–EtOH mixture to
afford TAPA as off-white crystals (2.35 g, 68% yield). 1H NMR
(CDCl3, 300 MHz) d (ppm) 7.98 (d, JHH ¼ 6.0, 8H), 7.595 (d,
JHH ¼ 9.0, 8H), 2.61 (s, 12H), 2.24 (s, 12H). 13C NMR (CDCl3, 75
MHz) d (ppm) 197.9, 154.0, 135.7, 128.9, 125.5, 46.8, 39.8, 26.9.
TOF MS ES+ m/z for C42H40O4 calcd 609.3005, [M + H]+

609.353.
Synthesis of NPOF-4. A 200 mL reaction ask was charged

with TAPA (300 mg, 0.493 mmol), 60 mL absolute ethanol and
60 mL xylenes (dried over Na). The colourless solution was
cooled to 0 �C and SiCl4 (18.3 mL, 157.8 mmol) was added
dropwise under N2. The solution was allowed to stir for
30 minutes at 0 �C, and then 1 hour at room temperature to give
a black coloured solution which was further reuxed at 80 �C for
16 h. The solution was allowed to cool down to room temper-
ature then was ltered over a glass frit. The yellow powder was
washed with ethanol, 2.0 M HCl, 2.0 M NaOH, water, DCM, and
then dried to afford NPOF-4 (240 mg, 91% yield) as a yellow
powder. Anal. calcd for C126H96: C, 93.99%; H, 6.01%. Found: C,
83.09%; H, 6.11%.

Synthesis of NPOF-4-NO2. A 50 mL round bottom ask was
charged with 12.5 mL of concentrated H2SO4then cooled to 0 �C.
To this solution, 180 mg NPOF-4 was added in small portions
followed by dropwise addition of 9 mL 70% HNO3 and stirred
for 6 h at 0 �C. The mixture was poured into 100 mL of ice and
stirred for 30 minutes at room temperature. The resulting
powder was isolated by ltration through a glass frit and
washed with water and ethanol. The obtained powder was
soaked in ethanol–water mixture for 16 h, ltered and dried to
give NPOF-4-NO2 (225 mg) as a brown powder. Anal. calcd for
C126H84N12O24: C, 70.39%; H, 3.94%; N, 7.82%. Found: C,
67.52%; H, 4.61%; N, 4.84%.

Synthesis of NPOF-4-NH2. A 100 mL reaction ask was
charged with 50 mg NPOF-4-NO2, 30 mL EtOH, and 350 mg of
SnCl2. The mixture was reuxed at 80 �C for 18 h. The
resulting green suspension was ltered, then suspended in 20
mL of concentrated HCl and stirred for 16 h at room
temperature. The HCl was replenished and stirring continued
for 5 h at room temperature. The mixture was ltered and
washed with copious amounts of water and with 0.25 M NaOH
in order to neutralize it. The resulting polymer was puried by
Soxhlet extraction in a water–EtOH mixture. The polymer was
nally washed with EtOH and dried to give NPOF-4-NH2

(42 mg) as a dark brown powder. Anal. calcd for C126H108N12:
C, 84.53%; H, 6.08%; N, 9.39%. Found: C, 65.49%; H, 4.77%;
N, 7.42%.
This journal is ª The Royal Society of Chemistry 2013
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3 Results and discussion
3.1 Synthesis and characterization of NPOFs

Cyclotrimerization of acetyl functional groups which is
frequently used to construct macromolecules through benzene
ring formation has been employed here for synthesizing the
adamantane-based nanoporous organic polymers (Scheme 1).
This acid catalyzed cyclotrimerization of three acetyl groups
results in the formation of a 1,3,5-substituted benzene ring with
the elimination of three water molecules.

NPOF-4 was synthesized in good yields following a slightly
modied procedure that was reported recently by Kaskel as
depicted in Scheme 1.22 We have noticed that the controlled
addition of SiCl4 at 0 �C prevents rapid premature oligomers
formation and leads to a more controlled pore formation and
enhanced porosity. Although there are reports describing the
room temperature cyclotrimerization of acetylated aromatic
molecules to generate isolated molecules, high temperatures
are frequently used to either accelerate the rate of reactions or to
overcome the steric and electronic effects of substituents.
NPOF-4 is insoluble in common organic solvents such as DMF,
THF, toluene, ethanol, etc., and remains intact upon washing
with aqueous HCl and NaOH (6 M) as evidenced by spectral and
physical studies. The high chemical stability of NPOF-4 enables
post-synthesis modication of the framework particularly to
introduce polar functional groups that are known to enhance
gas storage or separation properties. For example, pore surface
chemical modication of organic frameworks with amino
groups has signicantly enhanced CO2 binding in porous
polymer networks (PPNs)12 and PAFs.14 In addition to the amine
functionality, pore decoration with nitro (NO2) groups is also
important for separating polar gases as predicted by theoretical
calculations and supported by experimental studies. Integrating
these functionalities into the pore of MOFs and ZIFs led to
noticeable enhancement in the selective binding of CO2 over
CH4 and N2. Consequently, we have rst modied NPOF-4 by
nitration (NPOF-4-NO2) then reduced the resulting network to
the corresponding amino-functionalized framework (NPOF-
4-NH2) and evaluated their gas uptake and selective binding.
Scheme 1 Schematic representation of NPOF-4 synthesis and its post-synthesis
modification.

This journal is ª The Royal Society of Chemistry 2013
Nitration of NPOF-4 was carried out by treatment with a
mixture of concentrated HNO3–H2SO4 to yield NPOF-4-NO2 as a
brown powder in a quantitative yield. The nitrated framework
was then reduced to NPOF-4-NH2 by using SnCl2 in ethanol
under reuxing conditions at 80 �C for 18 h which resulted in a
dark brown powder. While the synthesis of NPOP-4-NO2 and
NPOP-4-NH2 under harsh acidic conditions attests to the
chemical robustness of the resultant polymers, their thermal
stability was examined by TGA. The parent NPOP-4 remains
stable up to 400 �C, while the functionalized networks; NPOF-4-
NO2 and NPOF-4-NH2, are less stable and start to decompose at
about 200 �C (ESI, Fig. S3†). SEM imaging of the polymers
revealed aggregated spherical particles of variable size in the
range of�0.4 to 1.1 mm (ESI, Fig. S4†). As expected, NPOF-4 and
its modied networks are amorphous as evidenced by powder
X-ray diffraction study (ESI, Fig. S5†). The chemical function-
alization of the polymers was investigated by FT-IR and solid-
state 13C NMR spectroscopic methods. Fig. 1 shows the FT-IR
spectra of the building block, TAPA, and the synthesized poly-
mers. Upon polymerization, the intensity of the band at
1680 cm�1 (C]O) of TAPA is substantially decreased in the
spectrum of NPOF-4 as a result of acetyl groups cyclo-
trimerization. This was further supported by the disappearance
of the signal at 26.0 ppm in the 13C NMR spectrum of NPOF-4
which corresponds to the methyl carbon in acetyl groups (ESI,
Fig. S7†). Successful incorporation of nitro groups were
conrmed by the appearance of new FT-IR bands at 1532 and
1350 cm�1 (Fig. 1) which can be ascribed to the asymmetrical
and symmetrical stretching of NO2, respectively, in NPOF-4-
NO2.23 Upon reduction, these bands disappear and the new
bands at 3350 and 3230 cm�1 conrm the conversion of the
nitro groups into the amine functionality. Solid-state 13C NMR
spectra reveal the broadening of the peaks at around 150 ppm
upon nitration and reduction most probably due to the overlap
between the signals of substituted carbons (ESI, Fig. S7†).

The chemical composition of the functionalized networks
was investigated by elemental analysis that indicated the
content of nitrogen by mass to be 4.84% for NPOF-4-NO2 (�0.54
N per phenyl directly attached to adamantane) as illustrated in
Scheme 1.24 The nitrogen content, as expected, increased to
Fig. 1 FT-IR spectrum of TAPA, NPOF-4, NPOF-NO2, and NPOF-NH2.

J. Mater. Chem. A, 2013, 1, 10259–10266 | 10261
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7.42% upon reduction. Notably, this method seems to be more
effective than the previous methods reported for porous
aromatic frameworks (PAFs) which resulted in only 0.25–0.3 N
per phenyl rings.14 It should be noted that attaining acceptable
microelemental values for modied covalent networks and their
post-synthesis modied material has been very problematic
perhaps because of uncontrolled functionalization reactions
and incomplete reduction of the nitro groups. Other factors may
include trapping of metal and/or byproducts inside the pores.

3.2 Porosity measurements and gas storage studies

The porosity of polymers was investigated by argon uptake
measurements. Fig. 2A shows the argon adsorption–desorption
isotherms for NPOF-4, NPOF-4-NO2, and NPOF-NH2 at 87 K. All
isotherms are fully reversible and exhibit hysteresis that is well
pronounced for NPOF-4 most likely due to the exible nature of
the framework as documented for numerous porous organic
materials. The rapid argon uptakes at very low pressure (below
0.1 � 10�3 bar) are indicative of microporosity and applying the
Brunauer–Emmett–Teller (BET) model within the pressure range
of P/Po ¼ 0.01–0.15 resulted in apparent surface areas SABET of
1249m2 g�1 (NPOF-4), 337 m2 g�1 (NPOF-4-NO2), and 554m2 g�1
Fig. 2 Gas uptake isotherms Ar (A), PSD from NLDFT (B), CO2 (C), Qst for CO2 (D),
CH4 (E),Qst for CH4 (F) and H2 (G),Qst for H2 (H). Adsorption (filled) and desorption
(empty). PSD is offset by 0.02 for NPOF-4-NO2 and 0.04 for NPOF-4 for clarity.

10262 | J. Mater. Chem. A, 2013, 1, 10259–10266
(NPOF-4-NH2). The surface area decreased signicantly upon
pore functionalization with nitro groups which can restrict pore
accessibility by argon. Further modication by nitro group
reduction resulted in a surface area value that is intermediate
between those of NPOF-4 and NPOF-4-NO2. Pore size distribution
(PSD) was estimated by tting the argon uptake branch of the
isotherms with NLDFT (cylindrical/spherical pore geometry with
zeolites/silica model) and found to have two major pore size
distributions, 8.05 and 16.8 Å for NPOF-4, 7.73 and 10.8 Å for
NPOF-4-NO2, and 7.73 and 15.4 Å for NPOF-4-NH2 (Fig. 2B). Pore
volumeswere calculated from single-pointmeasurements (P/Po¼
0.95) and found to be 0.78, 0.21, and 0.28 cm3 g�1 for NPOF-4,
NPOF-4-NO2, and NPOF-NH2, respectively. The porous properties
of NPOF-4 and its functionalized networks are comparable to
those of porous organic networks and the chemical nature of the
latter can be advantageous for small gas storage and separation
applications as described below.11

Low-pressure gas sorption measurements for CO2, H2, CH4,
and N2 were collected (Fig. 2) in order to investigate the impact of
pore functionalization on gas storage and the preferential
binding of CO2 over CH4 and N2. The impact of pore function-
alization on CO2 uptake at 273 K and 298 K is depicted in Fig. 2B
and S11 (ESI)† which indicate that NPOF-4-NH2 has the highest
uptake (2.90 mmol g�1) at 1 bar and 273 K. This uptake is about
20%higher than the uptakes of NPOF-4-NO2 (2.41mmol g�1) and
16% higher than that of NPOF-4 (2.50 mmol g�1) despite of the
much higher surface area of the latter. Moreover, the resulting
isotherms were used to estimate the enthalpies of adsorption
(Qst) by employing the virial method as summarized in Table 1.
Pore modication increases the CO2 binding affinity from
23.2 kJ mol�1 (NPOF-4) to 32.2 kJ mol�1 (NPOF-4-NO2) and
30.1 kJ mol�1 (NPOF-4-NH2). These observations originate from
the polarizable nature of the CO2 molecule and its large quadru-
pole moment which enhance CO2 interactions with the –NO2 and
–NH2 functional sites of the modied frameworks. In addition to
these favourable interactions, the narrower pores generated upon
modication can also increase the adsorption potential of CO2 by
multiple wall interactions. The Qst drops with increased CO2

loading for functionalized NPOFs and this clearly indicates
the signicant interactions between the CO2 molecules and the
functionalized pore surface. In contrast to this observation, the
chemically homogeneous and non-functionalized pore surface of
NPOF-4 leads to a uniform Qst upon increased CO2 loading. The
Qst values for functionalized NPOFs exceeds most of organic
polymers including benzimidazole-linked polymers (BILPs),17,25

functionalized conjugated microporous polymers (CMPs)26 but
are much lower than alkyl amine-tethered porous polymer
networks (PPNs),12 PAFs,14 and alkylamine appended MOF16

which feature short-chain aliphatic amines having CO2 binding
affinities similar to those of amine solutions being employed in
CO2 scrubbing technologies (50–100 kJ mol�1).12 It should be
noted that PSM of highly porous aromatic frameworks such as
PAF-1 with methylamine (PAF-1–CH2NH2) enhanced CO2 uptake
from 2.47 mmol g�1 (PAF-1) to 4.40 mmol g�1 (PAF-1–CH2NH2) at
273 K/1 bar; however, the amine functionality also gave rise to a
much higher binding affinity (15.6 vs. 57.6 kJ mol�1)14 that is
similar to the values reported for polyamine-tethered PPN-6.12
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3ta12305g


Table 1 Gas uptakes, binding affinities and selectivities (CO2/N2 and CO2/CH4) for NPOF-4, NPOF-4-NO2 and NPOF-4-NH2

Network SABET
a

CO2 at 1
b bar CH4 at 1

b bar
Selectivityc

(initial slope) Selectivityd (eqn (1)) Selectivitye (IAST)

273 K 298 K Qst 273 K 298 K Qst CO2/N2 CO2/CH4 CO2/N2 CO2/CH4 CO2/N2 CO2/CH4

NPOF-4 1249 109.9 61.6 23.2 20.2 8.2 24.6 27(16) 3(3) 49 (14) 3(3) 12 3(3)
NPOF-4-NO2 337 106.3 68.8 32.5 9.0 5.4 20.8 139(66) 15(10) 133 (62) 16(11) 59 12(11)
NPOF-4-NH2 554 127.8 82.8 30.1 12.5 7.4 20.7 101(40) 11(8) 81 (29) 13(9) 38 9(9)

a Surface area (m2 g�1) was calculated from Ar isotherm at 87 K. b Gas uptake in mg g�1 and the isosteric enthalpies of adsorption (Qst) in kJ mol�1.
c Selectivity (mol mol�1) was calculated from initial slope calculations at 273 K and (298 K). d Selectivity was calculated from the formula of (q1/q2)/
(p1/p2) at 273 K and (298 K). e Selectivity was calculated from IAST for 15/85 gas mixtures for CO2/N2 and 5/95 (50/50) gas mixtures for CO2/CH4 at
298 K.
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The higher CO2 binding affinities are due to the reactive nature of
the alkylamine employed for the functionalization of PAF-1 and
PPN-6 as evidenced by the large initial Qst values at very low CO2

pressure. The reactivity of alkylamines toward CO2 is prompted by
the high charge density on the nitrogen sites. On the contrary, the
nitrogen sites of arylamines are less reactive; nevertheless, they
still have high affinity for CO2. Tailoring the binding affinity for
selective CO2 capture and separation is essential because high
heats of adsorption can lead to a major drawback wherein
regeneration processes of adsorbents are associated with consid-
erable energy penalties. While pore functionalization with –NO2

and –NH2 has drastic impact on the binding affinity of CO2, its
impact on the nal CO2 uptake at 1.0 bar was less signicant
(Fig. 2C). It seems that the microporous nature of NPOF-4 and its
high surface area allow for signicant CO2 uptake at ambient
pressure and 273 K.

For gas separation purposes, designing adsorbents that have
high CO2 uptake at low pressure (0.15 bar) is very desirable for
low-pressure post-combustion CO2 capture applications as ue
gas usually consists of �15% CO2, �75% N2 and �10% other
gases. In addition to the impact of pore miniaturization of
functionalized NPOF-4 on CO2 separation from N2 and CH4,
integrating chemical heterogeneity into the pore walls
to polarize the CO2 molecule can have a signicant effect on
CO2 uptake at low pressures. At 0.2 bar and 273 K, NPOF-4-NO2

adsorbs 1.15 mmol g�1 (5.08 wt%) of CO2 whereas NPOF-4-NH2

adsorbs 1.32 mmol g�1 (5.80 wt%) which respectively corre-
spond to 54% and 76% increase in the gravimetric capacity of
CO2 relative to that of the non-functionalized NPOF-4
(0.75 mmol g�1, 3.30 wt%). The relatively large dipole moments
of –NO2 and –NH2 result in dipole–quadrupole interactions with
CO2, and remarkably increase the initial CO2 uptake in the low
pressure range.

As stated earlier, recent ndings by Wilmer et al. have sug-
gested that very high binding affinities for CO2 are less desirable
when porous adsorbents such as MOFs were screened for CO2

capture from ue gas or natural gas, and that only moderate
surface areas (1000 to 1500 m2 g�1) would be needed.20 Ironi-
cally, the Qst of NPOF-4-NO2 (32.2 kJ mol�1) and NPOF-4-NH2

(30.1 kJ mol�1) are within the desirable range and suggest that
bothmaterials can have novel properties for use in selective CO2

separation from natural gas or ue gas. Additionally, the fully
reversible nature of the CO2 isotherms of both samples at
This journal is ª The Royal Society of Chemistry 2013
ambient conditions (Fig. 2C) also indicate that CO2–adsorbent
interactions are weak enough to allow for adsorbent regenera-
tion without applying heat.

We have also studied the H2 and CH4 uptake in order to
evaluate the impact of –NO2 and –NH2 functionalities on the
binding affinity of H2 and CH4. Both gases are being considered
as alternative fuels for automotive applications because of their
abundance and clean nature. The H2 uptake by NPOF-4 (1.33 wt
%) and its functionalized frameworks were modest (NPOF-NO2,
0.93 wt% and NPOF-NH2, 1.15 wt%) at 77 K/1 bar although the
functionalized materials have higher binding affinities towards
H2 as depicted in Fig. 2H. The Qst values for H2 were calculated
from adsorption data collected at 77 K and 87 K by the virial
method. At zero-coverage, the Qst values are 7.17, 8.30 and
8.09 kJ mol�1 for NPOF-4, NPOF-4-NO2 and NPOF-NH2,
respectively. These values are higher than the values reported
for organic polymers in general and similar to those having
functionalized pores.27 In a similar fashion, the CH4 uptake at
273 K, 298 K and 1 bar were collected for all materials and the
corresponding heats of adsorption were again calculated by using
the virial method, and the results are presented in Fig. 2F. A
comparison of the methane uptake capacities for NPOF-4 and its
functionalized derivatives suggests that surface area is the
dominant factor in attaining high H2 and CH4 storage capacities
at low pressure (1.0 bar), while surface functionality plays a more
important role for CO2 capture. Additionally, the methane Qst

values suggest that pore functionalization with polar function-
alities reduces the interaction with methane as a result of the
non-polar nature of the CH4 molecule which is consistent with
recent reports on methane storage by non-functionalized PAFs.28
3.3 Gas selectivity studies

Effective CO2 adsorbents are expected to have high selectivity
for CO2 over other gases such as N2 (�75% in ue gas) and CH4

(�95% in natural gas) along with high CO2 capacity for gas
separation application. Therefore, we carried out CO2/N2 and
CO2/CH4 selectivity studies for NPOF-4 before and aer frame-
work functionalization to evaluate the preferential CO2

adsorption at 273 K and 298 K. The general observation was that
all materials show very low N2 uptake but tangible CO2 amounts
at 0.15 bar (CO2 partial pressure in ue gas) especially for the
functionalized NPOFs. The same trend was also noticed for the
J. Mater. Chem. A, 2013, 1, 10259–10266 | 10263
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Fig. 3 Gas sorption capacities of NPOF-4 (A), NPOF-4-NO2 (B), and NPOF-4-NH2

(C) at 273 K. CO2 (red circle), CH4 (olive square), and N2 (blue triangle). SEM
images of NPOF-4 (D) and its modified frameworks NPOF-4-NO2 (E) and NPOF-4-
NH2 (F).
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CH4 isotherms which show markedly lower uptakes for the
modied frameworks (Fig. 2E). Selectivity studies were rst
calculated according to eqn (1) where S is the selectivity factor,
qi represents the quantity adsorbed of component i, and pi
represents the partial pressure of component i.29

S ¼ [q1/q2]/[p1/p2] (1)

For post-combustion CO2 capture, the partial pressure of
CO2 and N2 are 0.15 bar and 0.75 bar, respectively. The CO2/N2

selectivity studies resulted in a very high value for NPOF-4-NO2

(133) and a lower value for NPOF-NH2 (81) at 273 K.
Furthermore, CO2/N2 selectivity studies were determined

by using the ratios of Henry's law constants which can be
calculated from the initial slopes of pure gas isotherms. The
initial slope calculations for CO2/N2 selectivity resulted in
higher values than those calculated according to eqn (1); for
example NPOF-4-NO2 and NPOF-NH2 have selectivities of 139
and 101 at 273 K, respectively. This simple and convenient
method has been widely employed to investigate the selective
gas uptake nature of a wide range of porous adsorbents
including porous organic materials as we have reported
recently for BILPs.25,30 According to initial slope calculations
presented in Table 1, the CO2/N2 selectivity levels for func-
tionalized NPOFs are again much higher than the value
calculated for NPOF-4 and are somewhat higher than the
values obtained from eqn (1). Nevertheless, both methods
revealed the highly selective nature of NPOF-4-NO2 and NPOF-
4-NH2 towards CO2 over N2. It is noteworthy that the selectivity
levels are among the highest by porous materials.11 For
comparison, NPOF-4-NO2 out performs other selective adsor-
bents at 273 K including BILPs (59–128),25,30 PECONF-2 (109),31

BPL carbon (17.8), ZIFs (17–50),32,33 Bio-MOF-11 (81)34 and
noncovalent porous materials (NPMs) (74).35 By following the
same procedure described above, we calculated CO2 selectivity
over CH4 at 273 K and 298 K (Table 1). In a typical natural gas
purication process, the mole fractions of CO2 and CH4 are
0.05 and 0.95, respectively, resulting in CO2 having a partial
pressure of only 0.1 bar in a mixture having 2 bar total pres-
sure.36 The CO2/CH4 selectivity values obtained from both
methods; initial slope calculations and eqn (1), provided
consistent data for each framework. The selectivity trend is in
line with those observed for CO2/N2 studies and reveal that the
NPOF-4-NO2 with selectivity levels of 15 again outperforms the
parent framework NPOF-4 (3) and its amine-functionalized
derivative NPOF-4-NH2 (11) at 273 K. The CO2/CH4 selectivity
values of the functionalized frameworks fall within the range
of recently reported porous materials such as diimide-based
organic polymers,37 BPL carbon,32 ZIFs,32 and most MOFs.38,39

The outcome of selectivity studies surprisingly indicates that
introducing the nitro functionality into the pore walls of
microporous organic frameworks have signicant effect on
CO2 separation from N2 and CH4 (Fig. 3).

In addition to the selectivity studies described above, we
used the ideal adsorbed solution theory (IAST)40 wherein
selectivities of binary gas mixtures are calculated as a function
of pressure like we have reported for the amorphous organic
10264 | J. Mater. Chem. A, 2013, 1, 10259–10266
polymers BILP-1030 and halogen decorated borazine-linked
polymer BLP-10(Cl).41 To be consistent with the data pre-
sented earlier, we have selected gas mixture compositions
relevant to ue gas (CO2/N2: 15/85) and natural gas (CO2/CH4:
5/95) at 298 K as depicted in Fig. 4 and summarized the results
in Table 1.

The results from IAST calculations agree with those obtained
from eqn (1) and the initial slope calculation methods. The
highest CO2/N2 selectivity was observed for NPOF-4-NO2, which
starts at 59 at low coverage and then drops gradually to �40 as
the pressure increases to 1.0 bar while the selectivity of NPOF-4-
NH2 is lower (38) and its change as a function of pressure is less
steep. In contrast, the non-functionalized NPOF-4 has a much
lower selectivity (12) that is independent of pressure. These
clear differences in selectivity levels and trends can be ascribed
to the favourable interactions between CO2 and the chemically
modied pore surface of NPOF-4-NO2 and NPOF-4-NH2, which
become less accessible as the CO2 pressure increases. The CO2/
CH4 selectivity for a binary gas mixture of 5/95 at low coverage is
very similar for functionalized NPOFs (12–9) which is higher
than that of NPOF-4 (3). Similarly, the same selectivity levels
were also observed for CO2/CH4: 50/50 (bio-gas composition,
ESI, Fig. S17†). The CO2/CH4 selectivity of all NPOFs as a func-
tion of pressure (0 to 1 bar) or composition does not change
considerably when compared to the CO2/N2 selectivity because
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 IAST selectivities of CO2 over N2 (A) and CO2 over CH4 (B) for binary gas
mixtures of 15/85 and 5/95 molar compositions, respectively, in NPOFs at 298 K.
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CH4 has much higher adsorption potential than N2 due to its
more polarizable nature CH4 (26 � 10�25 cm3) vs. N2 (17.6 �
10�25 cm3).42 It is worth noting that our reported selectivity
data was obtained from pure gas isotherms and such studies
do not take into consideration the competing nature of gas
molecules or moisture for binding sites that can render
functionalized NPOFs less selective for CO2.43 The enhanced
selectivity upon pore functionalization originates from a
combination of pore size reduction and the polar nature of the
functional groups (–NH2 and –NO2), the later is the most
signicant factor, however, recent studies have documented
that variability in pore size and shape can alter CO2 uptake and
hence selectivity.44,45
4 Conclusions

We have synthesized a new NPOF and successfully used post-
synthesis modication processes to functionalize the frame-
work with –NO2 and –NH2 functionalities and investigated
their effect on CO2 uptake and the potential use of function-
alized NPOFs in small gas separation and storage applications.
The metal-free synthesis of NPOF-4 and its convenient pore
surface modication resulted in a signicant enhancement in
CO2 binding affinity and selective binding over nitrogen and
methane: CO2/N2 (139) and CO2/CH4 (15) at 273 K. We have
conrmed that the high surface area does not necessarily lead
to high CO2 uptake and selectivity. These results feature the
potential of functionalized NPOFs in post-combustion CO2

separation and its removal from natural gas. The functional-
ized NPOFs are also capable of storing up to 1.15 wt% H2 at 77
K and 1.0 bar with a high isosteric heat of adsorption (8.1 and
8.3 kJ mol�1).
This journal is ª The Royal Society of Chemistry 2013
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