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Porous organic polymers (POPs) with high physicochemical stability have attracted 

significant attention from the scientific community as promising platforms for small gas 

separation adsorbents. Although POPs have amorphous morphology in general, with the 

help of organic chemistry toolbox, ultrahigh surface area materials can be synthesized. 

In particular, nitrogen-rich POPs have been studied intensively due to their enhanced 

framework-CO2 interactions. Postsynthetic modification (PSM) of POPs has been 

instrumental for incorporating different functional groups into the pores of POPs which 

would increase the CO2 capture properties. We have shown that functionalizing the 

surface of POPs with nitro and amine groups increases the CO/N2 and CO2/CH4 

selectivity significantly due to selective polarization of CO2 molecule. In addition, 

controlled postsynthetic nitration of NPOF-1, a nanoporous organic framework 

constructed by nickel(0)-catalyzed Yamamoto coupling of 1,3,5-tris(4-
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bromophenyl)benzene, has been performed and is proven to be a promising route to 

introduce nitro groups and to convert mesopores to micropores without compromising 

surface area. Reduction of the nitro groups yields aniline-like amine-functionalized NPOF-

1-NH2. Adequate basicity of the amine functionalities leads to modest isosteric heats of 

adsorption for CO2, which allow for high regenerability. The unique combination of high 

surface area, microporous structure, and amine-functionalized pore walls enables NPOF-

1-NH2 to have remarkable CO2 working capacity values for removal from landfill gas and 

flue gas. Benzimidazole-linked polymers have also been shown to have promising CO2 

capture properties. Here, an amine functionalized benzimidazole-linked polymer (BILP-

6-NH2) was synthesized via a combination of pre- and postsynthetic modification 

techniques in two steps. Experimental studies confirm enhanced CO2 uptake in BILP-6-

NH2 compared to BILP-6, and DFT calculations were used to understand the interaction 

modes of CO2 with BILP-6-NH2.  Using BILP-6-NH2, higher CO2 uptake and CO2/CH4 

selectivity was achieved compared to BILP-6 showing that this material has a very 

promising working capacity and sorbent selection parameter for landfill gas separation 

under VSA settings. Additionally, the sorbent evaluation criteria of different classes of 

organic polymers have been compared in order to reveal structure-property relationships 

in those materials as solid CO2 adsorbents.
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1.1 Global CO2 Concerns 

Globally, the main greenhouse gases (GHGs) produced by human activities are 

carbon dioxide, methane, nitrous oxide, and fluorinated gases. In 2013, carbon dioxide 

(CO2) accounted for 82% of all greenhouse gas emissions from human activities in U.S.1 

The industrial revolution has caused a dramatic rise in CO2 emission reaching  401.62 

ppm as of December 2015.1 The increase in CO2 concentration in the atmosphere is an 

urgent global problem that needs to be addressed immediately because of its effect on 

global climate, ocean pH levels and chemistry of plants. In 2013, electricity production 

was responsible for 31% of GHGs while transportation accounted for 27%.1 In 2012, as 

high as ~87% of the world’s energy has harvested from fossil fuel sources and 

realistically, this situation will not change until sustainable and cleaner energy sources 

and technologies become widely available at a reasonable cost which can take a 

significant amount of time.2 Switching from coal-fired power plants to natural gas-fired 

power plants has been consider an alternative way to mitigate CO2 emission since the 

latter has lower carbon footprint.3 In addition, replacing the oil based gas with natural gas 

in automotive industry is also highly desirable for the abovementioned reasons; however, 

natural gas is found in reservoirs and has tangible amounts of CO2, N2, and H2S that need 

to be minimized before transport and use to prevent pipeline corrosion and to increase 
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the energy density.4 Another renewable energy source of methane is landfill-gas which is 

endorsed by the Environmental Protection Agency (EPA) as an alternative to fossil fuels.5 

Landfill gas, a by-product of the decomposition of municipal solid waste (MSW), is mainly 

composed of ~50% CH4 and ~50% CO2 where CO2 needs to be separated prior to 

usage.5 Therefore, CO2 capture and sequestration (CCS) efforts have attained great 

attention over the past decades.6  In particular, the selective separation of CO2 from N2, 

CH4, and H2 has gained interest since carbon dioxide is the main impurity in flue gases 

(gases that exit to the atmosphere via an exhaust port such as smoke stacks from power 

plants) as well as natural gas.3   

 

Figure 1.1. Different technologies and associated materials for CO2 separation 

and capture. 
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1.2 CO2 Capture Technologies 

There are several methods that have been proposed for CO2 capture from a power 

plant gas stream, where in some cases multiple techniques can be combined to achieve 

more efficient separation.7 (1) Post-combustion capture where CO2 is separated from the 

gas mixtures at the end of the process. (2) Pre-combustion (Syngas/Hydrogen) capture 

where fossil fuel or biomass is first converted to a mixture of H2, CO, and CO2 then CO2 

removed prior to use of hydrogen as a fuel. (3) Oxy-fuel combustion where high purity O2 

is used to replace the air by separating N2 from air so the flue gas from this process is 

rendered CO2 rich compared to post-combustion gas mixture. Different technologies have 

been suggested to yield high purity of gas stream with each of them possesing 

advantages and disadvantages (Figure 1.1). Among those the most promising 

techniques can be summarized as membrane based separation, chemical absorption by 

amine solutions and adsorption based separation by porous solids.  

Membranes are semipermeable thin layers of different materials that can 

selectively separate gas molecules. Membranes can be either organic (polymeric) or 

inorganic (carbon, zeolite, ceramic or metallic) and can be either porous or non-porous. 

In general, the performances of membranes decrease for selective CO2 capture from low 

CO2 concentration in feed stream (<20%).7 

With the current technology, alkonolamine solutions (typically 30 wt% in water) are 

widely employed to capture CO2 from flue gas by chemisorption where CO2 is chemically 

absorbed. This process is also known as amine scrubbing, here a chemical reaction 

occurs between CO2 and amine solution to form carbamate or bicarbonate anion 

depending on the amine type (Scheme 1.1) and therefore up to 98% of CO2 can be 
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captured.8 The CO2-laden solvent is then transferred to a regeneration vessel where heat 

is applied to regenerate the amine solution for further use. Due to high heat capacity of 

water and the strong binding of CO2 and alkonolamine, high temperatures (>120 oC) are 

needed to regenerate the amine.9 Therefore, there is a ~30% energy penalty in coal-fired 

power plants in amine scrubbing step. In addition, low boiling point of amines and their 

decomposition during regeneration makes them less attractive. The expected properties 

of an ideal liquid absorbent can be summarized as high capture capacity and selectivity 

towards the targeted gas, regeneration with a minimal amount of input energy, thermal 

and chemical stability, and a straightforward synthetic route from accessible precursors.10 

Today’s inventories of absorbents for carbon dioxide capture application, unfortunately, 

are far from combining two or more of these properties together. 

The idea of the use of porous solid materials as CO2 adsorbent to purify flue 

gas/landfill gas has been intensively investigated. The biggest advantage of the proposed 

Scheme 1.1. Formation of carbamate and bicarbonate from reaction of CO2 and 

amines.carbamate and bicarbonate from reaction of CO2 and amines. 
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method is that the separation takes place in the gas phase and so the regeneration energy 

penalty is greatly reduced compare to MEA solution process because water is not 

involved. The heat capacities of porous sorbents are reported to be much lower compared 

to water.11 There are numerous porous materials that have been tested for selective CO2 

capture. Zeolites are more effective compared to MEA solutions, however, they suffer 

from low CO2 uptake capacity and structure tunability.12 Activated carbons are also 

intensively studied as CO2 adsorbents and their low selectivity of CO2/N2 and CO2/CH4 

limits their usage. The development of efficient solid adsorbents depends on the design 

of new materials with high chemical and physical stability, reversible adsorption, high 

adsorption capacity of CO2, and high selectivity under industrial conditions. One of the 

emerging porous materials that can address the aforementioned problems are Metal-

organic frameworks (MOFs) which are crystalline hybrid materials that are composed of 

organic ligands (struts) and metal ions (nodes).13 MOFs are the most studied porous 

materials in the areas including but not limited to gas separation,14 heterogeneous 

catalysis15-17 and sensing18 due their tunable chemical and physical properties. Their 

ultra-high surface area, permanent porosity, thermal stability, well-defined structures, and 

tunable pore functionality have made them promising candidates for CO2 capture. 

Although there are MOFs that survive harsh conditions, in general, due to the reversible 

nature of coordination bonding, MOFs are subject to hydrolysis which limits their usage 

as flue gas contains significant amounts of water.19 Porous organic polymers (POPs) 

have been suggested to tackle the abovementioned problems since POPs are superior 

to MOFs in terms of chemical stability due to their covalently bonded highly cross-linked 

porous structure.20 Due to their stable covalent nature, POPs are not subject to hydrolysis 
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in the presence of water and remain intact under acidic or basic conditions.21 POPs can 

also be designed to form crystalline networks known as covalent-organic frameworks 

(COFs) i.e. B-O, C-N, and B-N bonds, if the linkage forming the framework allows for 

correction under thermodynamic conditions.22 The crystalline structure of COFs, 

however, comes with the price of low chemical stability under aqueous conditions. On the 

other hand, physicochemical stability of POPs allows researchers to modify the pore 

surface with polar functional groups to attract CO2 molecules.23 

1.3 Porous Solid Adsorbents for CO2 Capture 

Recently, a great amount of effort has spent on reducing the parasitic energy, the 

minimum energy required to release captured CO2, for carbon capture processes 

because of the energy intensive regeneration of amine solvents. Lower heat capacity of 

solid adsorbents makes them a better candidate as low cost CO2 adsorbent materials. 

However, the similar physical properties of the gases in the mixtures (CO2, N2, CH4, H2O) 

is one of the greatest challenge towards selective CO2 capture (Table 1.1).24 Therefore, 

researchers are required to develop materials that can differentiate those small 

differences in gas molecules. Thus, synthetic porous materials (MOFs, POPs, etc) have 

attracted considerable attention which can be modified to have targeted properties such 

as surface area, pore size and pore functionality.10 Although the structure of other porous 

materials such as zeolites, porous silica, and activated carbon can also be tuned, it is 



www.manaraa.com

 

7 
  

very limited compared to POPs and MOFs. As mentioned above, the relatively low 

chemical stability of MOFs towards moisture limits their usage as solid sorbents for CO2 

capture.  

According to IUPAC classification, microporous solids have pore width not exceeding 

2 nm; mesoporous materials are materials that exhibit pore width ranging from 2 - 50 nm, 

and macroporous materials having pores larger than 50 nm.25 It is well known that 

microporous materials show better performance for CO2 capture and separation 

processes while materials possessing mesopores are more promising as CO2 storage 

adsorbents. Although the kinetic diameters of the targeted gases are close, the much 

higher quadrupole moment of CO2 enables for the selective CO2 capture by adsorption.24 

Due to lower polarizability of N2 compared to CH4, the much higher selectivity for CO2 

over N2 compared to CO2 over CH4 can be achieved. It is worth noting that the vast 

majority of the studied POPs and MOFs in the literature have pore diameters much bigger 

Table 1.1 Physical parameters of selected gases. (Ref. 24) 

 

Gas Kinetic 
Diameter 
(Angstrom) 

Polarizability 
(×10-25 cm3) 

Quadrupole 
Moment 
(×10-26 esu cm2) 

Dipole Moment 
(×10-18 esu cm) 

He 2.55 2.0 0.0 0 

Ar 3.54 16.4 0.0 0 

N2 3.64 17.4 1.5 0 

CH4 3.82 25.9 0.0 0 

CO2 3.30 29.1 4.3 0 

H2O 2.65 14.5 - 1.85 
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than the targeted gases, and therefore the separation mechanism relies on selective 

adsorption rather than a size exclusion mechanism.  

Porous Organic Polymers (POPs), a class of highly cross-linked, amorphous 

microporous polymers, have recently emerged as a promising adsorbent for small gas 

capture and separation.26 POPs, in general, exhibit exceptional physicochemical stability 

towards acid, base and moisture. This is in a part a result of the covalently linked 

backbone used to form the frameworks. Although, POPs are amorphous because of 

irreversible reactions, exceptionally high surface areas can be achieved with only a small 

percentage comprise from their calculated geometric surface areas.27 Qiu et al reported 

a new class of POPs referred to as PAFs (Porous Aromatic Framework).28 PAF-1 was 

synthesized by Yamamoto coupling using tetra(bromo phenyl)methane (Scheme 1.2) as 

a building block with an exceptionally high BET surface area of 5600 m2 g-1.This suggests 

that the lack of long-range order in POPs does not necessarily translates into low surface 

area materials. In addition, surface area, average pore size and pore functionality can be 

tuned for targeted applications.  

In order for a porous organic polymer to be employed as solid adsorbent for carbon 

capture from flue gas as well as natural gas stock, the following criteria must be met.24  

 The adsorbent needs to have high CO2 adsorption capacity under industrial 

settings in order to make separation column smaller. 

 The adsorbent needs to have high selectivity toward CO2 to increase the purity of 

captured gas CO2 which is crucial as CO2 is not the main component in the gas 

mixtures. 
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 The adsorbent needs to be chemically stable towards moisture, SOx and NOx as 

they are present in the gas stream as contaminants. 

 The adsorbent needs to be mechanically stable in order to allow for dense packing 

for maximum volumetric capacity. 

 The adsorbent itself and building blocks should be readily synthesized from 

abundant and accessible chemicals to make the process cost-effective. 

 The regeneration of adsorbent should be achieved with minimal additional energy 

input to decrease the energy penalty of the total system. 

 The mass and heat transfer of the adsorbents should be good. Densely packed 

adsorbents should allow the adsorption and desorption of the guest molecules. In 

addition, heat conductivity is needed since temperature can be used to regenerate 

the adsorbents.  

1.4 Synthesis of Porous Organic Polymers 

Since organic chemistry is the tool box of porous organic polymer design, numerous 

different routes have been explored to synthesize new functional materials. Although 

some methods employ expensive metals to catalyze the reaction, there are metal-free 

condensation reactions which present an economically viable route for the mass 

production of porous adsorbents. Some of the most common reactions used to synthesize 

POPs are Yamomoto coupling, Suzuki coupling, Friedel-Crafts alkylation, imidazole ring 

formation, dibenzo-dioxane formation, imidization, amidation, Sonagashira cross-

coupling, homocoupling of aromatic amines, nitrile cyclotrimerization and acetyl 

cyclotrimerization.28-34 It is worth noting that the same (considering their amorphous 
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morphology) POP can be synthesized from different synthetic routes as long the 

functional groups survives the synthesis and work up steps. Almost all synthetic strategies 

to obtain porous materials employ either ditopic or polytopic functional organic linkers in 

order to attain extended frameworks. It has been shown that targeted textural properties 

such as extremely high surface area, permanent porosity, and narrow pore size 

distribution, hierarchical pore structure and chemical functionality can be achieved by 

varying the molecular building units and/or modifying the synthesis condition.29 Combined 

together, these parameters dictate the structure-function relationship in POPs and 

determine their effectiveness in CO2 capture applications. Metal catalyzed cross-coupling 

reactions are perhaps the most extensively used synthetic routes for POPs preparation. 

As mentioned above PAF-1 presents remarkably high surface area which uptakes 

significant amounts of  gas (H2, CH4, CO2) under high pressure settings. The very high 

surface area of PAF-1 and PPN-4 was attributed to diamond-like framework topology 

which provides accessible pores with highly cross-linked structures.35 Due to its robust 

Scheme 1.2. Yamamoto Coupling Formation of PAF-1 
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aromatic structure, PAF-1 showed high thermal and chemical stability. However, carbon-

based PAFs do not perform well in gas storage applications at low pressure (1 bar) due 

to their uniform and non-functionalized pore walls that lead to low isosteric heats of 

adsorption for CO2 (~17 kJ mol-1).36  

Scheme 1.3 Synthesis routes of some hetero atom containing POPs. 
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Theoretical screening of MOFs and POPs have shown that incorporation of hetero 

atoms (N, S, O, F) into the pores of POPs results in enhanced CO2  binding affinities and 

therefore higher CO2 uptake capacity  at low pressures.37, 38 This is due to dipole-

quadrupole interactions between hetero atoms on POPs and CO2 molecules. Since CO2 

has a greater quarupole moment and polarizability compared to CH4 and N2, the materials 

possessing those functional sites allow for selective CO2 capture.3 Therefore, a great 

amount of effort has been devoted to developing POPs that features Lewis basic sites 

which capture CO2 selectively from gas mixtures by polarizing CO2 molecules. Some 

selected hetero atom decorated POPs are shown in Scheme 1.3. The list for hetero atom 

containing POPs includes those developed by El-Kaderi such as Benzaimidazole-Linked 

Polymers (BILP),39, 40 Borazine-Linked Polymers  (BLPs),41 and Azo-Linked Polymers 

(ALP)32 and many other systems: Polymer Intrinsic Microporosity (PIM),42 Covalent 

Triazine Frameworks (CTZ)33 and Conjugated Microporous Polymers(CMP),43 Covalent 

Organic Polymers (COPs),44 and imine,45 and imide46 linked porous polymers.  

El-Kaderi and coworkers introduced a new class of porous organic materials called 

Benzaimidazole-Linked Polymers (BILPs), prepared by metal-free catalyzed 

condensation of aryl-o-diamine and arylaldehyde that resulted in imidazole-ring formation 

Scheme 1.4.30 BILPs show CO2 uptake as high as 5.4 mmol g-1 at 273 K and 1 bar and 

very good selectivity as high as 113 for CO2 over N2 and 17 for CO2 over CH4 at 273 K. 

In addition, the sorbent selection criteria also showed BILPs outperform most of the best 

performing materials in the literature which will be discussed in detail in Chapter 4.39 

Benzimidazole is one of many functionalities that can be incorporated in the POPs to 

achieve selective CO2 capture. Decorating the pores of POPs with strongly polar groups 
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such as –OH, -NH2, -SO3, has been instrumental for achieving selective CO2 capture and 

high uptake capacity.21, 47 In the case of BILP, benzimidazole functional groups are 

formed as the framework grows via a self-assembly method. There are mainly two other 

methods to have targeted functionality in POPs: (1) pre-synthesis modification (PEM) of 

building blocks wherein CO2-philic moieties are attached to building blocks before 

framework formation, (2) post-synthesis modification (PSM) processes in which functional 

groups are tethered to the pore walls after framework assembly as depicted in Figure 1.2 

As mentioned above, selective CO2 capture and capacity are the most important features 

for CO2 adsorbents. High surface area materials do not necessarily lead to high CO2 

uptake since gas uptake capacity depends on the favorable interactions between pore 

walls and guest gas molecules.21  

Scheme 1.4. A schematic representation of the syntheis of BILPs. 
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1.5 Pre- and Postsynthetic Modification of POPs 

Decorating the pore walls of POPs with functional groups via the self-assembly 

network process provides access to only limited functional groups. On the other hand 

presynthetic and postsynthetic modification of POPs has been instrumental for 

incorporating many different functional groups into POPs.48 Even though PEM and PSM 

of POPs have been studied more recently and in far less depth compared to MOFs,49 

there are very few successful studies reported. Each method has its own merits and 

demerits. Presynthetic modification allows us to install functional groups on specified 

A. Pre-synthetic Modification 

 

B. Post-synthetic Modification 

 

Figure 1.2. Schematic representation of pre- and post-synthetic modification 

synthesis. 
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positions in a more controlled manner compared to postsynthetic modification since the 

monomer(s) that are used in synthesis can be purified prior to framework formation. 

However, there are some problems associated with this method. First, functionalization 

of building blocks often necessitates alternate reaction conditions (i.e. protection of some 

functional groups) due to possible side reactions , and these reactions are often time 

consuming and non-trivial. In addition, synthesis of POPs requires harsh conditions such 

as high temperature, acidic or basic media where the functional groups on the building 

blocks may Undergo side reactions or decompose. Therefore, it has been found 

convenient to introduce targeted functionalities within the pores after framework formation 

via PSM where almost countless of functional groups can be incorporated with the help 

of organic chemistry. Chemical and thermal stability of POPs have allowed researchers 

to introduce heterogeneity to the surface even at harsh reaction conditions such as 

low/high pH and high temperature.50 On the other hand, PSM of POPs often leads to 

much lower surface areas due to uncontrolled loading of functional groups which block 

the ultramicropores making them inaccessible to gas molecules.51 In addition, functional 

group loading per linker is always much lower compared to presynthetic modification even 

under controlled conditions also the sites that are being functionalized in POPs may be 

difficult to control if there is more than one site which can undergo the same reaction. 

Nevertheless, PSM of POPs to incorporate amine functionality has been reported recently 

for many systems.21, 50, 52, 53  

Zhou and coworkers have shown the successful incorporation of polyamine groups in 

PPN-6 which resulted in excellent CO2 uptake as high as 4.3 mmol g-1 and selectivity of 

442 (calculated by Ideal Adsorbed Solution Theory) CO2 over N2 at 1 bar and 295 K.50 
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They have observed significant increase in the heat of adsorption, correspondingly, CO2 

uptake capacity which is attributed to strong electrostatic interaction between basic amine 

functionality and CO2 molecule. They have also previously reported on incorporation of 

sulfonic acid and its lithium salt within the pores of PPN-6 (Scheme 1.5) via PSM and an 

increase in binding affinity of CO2 and corresponding CO2 uptakes has been observed.47 

Alkyl amine tethering to POPs also reported by Garibay et.al where de novo synthesis of 

methyl-, hydroxymethyl-, and phthalimidomethyl functionalized POPs were achieved and 

treatment of phtalimide functionalized POP with hydrazine has resulted in alkyl amine 

functionalized POP.53 This method presents amine loading in a more controlled manner 

due to presynthetic functionalization of the framework. Similar observations have been 

reported by the authors where more basic amines resulted in significant enhancement in 

CO2 uptake and binding affinity. However, both studies resulted in low loading of 

Scheme 1.5. Post-synthesis modification of Porous Polymer Networks. 
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functional group (∼0.25–0.3 N rich linker / phenyl) yet dramatic decrease in surface 

areas.53 

1.6 Sorbent Evaluation Criteria 

Although numerous porous organic and organic–inorganic hybrid materials have been 

evaluated for CO2 capture and separation, a careful analysis of the tradeoff between 

selectivity and uptake capacity was not evaluated until the recent work of Bae and Snurr.54 

The general observation made by Bae and Snurr was that the high surface area property 

favors CO2 separation from landfill gas in pressure swing adsorption (PSA) where 

adsorption takes place at high pressure (>5 bar) and desorption takes place at 

atmospheric pressure (1 bar), whereas the narrow pore size and high enthalpies of 

adsorption lead to optimal CO2 removal from flue gas using vacuum swing adsorption 

(VSA) where adsorption takes place at atmospheric pressure (1 bar) and desorption is 

done at reduced pressure (0.1 bar). In both cases an ideal adsorbent shows high 

Table 1.2. Adsorbent evaluation criteria suggested by Bae and Snurr. 

CO2 uptake under adsorption conditions (mol kg-1) 
𝑁1

𝑎𝑑𝑠 

Working CO2 capacity (mol kg-1), N1
ads − N1

des ∆N1 

Regenerability (%),  (∆N1/N1
ads)x100            R 

Selectivity under adsorption conditions, (N1
ads/N2

ads)x(y2/y1)  α12
ads 

Sorbent selection parameter,  (α12
ads)2/(α12

des)x (∆N1/∆N2) 
S 

𝑁: adsorbed amount, 𝑦: molar fraction in the bulk phase. Subscripts 1 and 2 correspond 

to the strongly adsorbed component (CO2) and the weakly adsorbed component (CH4 or 

N2), respectively. α12 : Selectivity of gas component 1 over 2. ads and des correspond to 

adsorption and desorption conditions, respectively. Reproduced from Ref. 54 with 

permission from The Royal Society of Chemistry. 
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selectivity and gas uptake at adsorption pressure and minimum uptake at desorption 

pressure which yields high working capacity as well as high regenerability levels.37  

Five evaluation criteria (Table 1.2) were adopted from the chemical engineering field 

to investigate the effectiveness of porous adsorbents: CO2 uptake, working capacity for 

CO2, adsorbent regenerability, selectivity under adsorption conditions, and sorbent 

selection parameter. At this point the strength of the POP-CO2 interaction becomes very 

important. As depicted in Figure 1.3 the basicity of N-rich functional groups shows 

variation depending on the conjugation, hybridization etc. Although sorbents that are 

functionalized with very basic functional groups result in higher binding affinity and initial 

 

 

Figure 1.3. Basicity of some nitrogen rich functional groups. 
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CO2 uptake, their regenerability levels are much lower compared to ones that are mildly 

basic such as aniline and benzimidazole.37 These criteria, although not perfect, provide a 

more comprehensive approach for assessing the suitability of porous adsorbents in CCS 

processes.  

1.7 Dissertation Problem 

Considerable effort has been made to develop efficient solid sorbent materials for CO2 

capture from flue gas and landfill gas via adsorption-based separation to mitigate CO2 

level in the atmosphere. Among the solid adsorbents investigated, POPs have received 

considerable attention because of their physical and chemical stability in addition to 

structural tunability. However, POPs that do not possess hetero atoms i.e N, O, S, F do 

not show high selective adsorption of CO2 under ambient temperature and pressure 

Incorporation of those hetero atom containing functional groups can be done via different 

routes. The main objectives of this dissertation are to functionalize POPs with amino 

groups which are capable of increasing binding affinity of CO2. PSM has been 

instrumental for incorporating many different functional groups including amino groups. 

However, excess amount of reagent and longer reaction times yields materials with much 

lower surface area due to blocking of micropores.  With these considerations in mind, we 

set out to design, synthesize, and characterize POPs with high physicochemical stability 

which allows us to decorate the pore walls with functional groups without destroying the 

backbone even in concentrated acidic media. This was achieved by nitration of aromatic 

rings and subsequent reduction to amine in order to compare the effect of different 

functionalities. Optimizing the reaction conditions for functional group loading, it is 

possible to obtain POPs with high surface area which shows higher uptake of CO2 even 
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at low pressures compared to POPs with higher degree of functionalization. Gas sorption 

capabilities and textural properties were investigated through gas sorption experiments 

at different temperatures. 

Functionalization of BILPs with amine groups was also among the goals of this 

dissertation. Functionalization of POPs with dual functional groups has been shown to be 

useful in order to have a synergetic effect of each functional group on CO2 uptake and 

selectivity. Our group has recently reported that triazine functionalized BILPs show 

enhanced selectivity as well as thermal stability compared to traditional BILPs. However 

due to lower basicity of triazine groups compared benzimidazole, the effect on CO2 uptake 

is less pronounced. Here, we have designed an amino functionalized BILP which showed 

enhanced CO2 capture capacity due to comparable basicity of aniline like amine and 

benzimidazole. In addition, amine and benzimidazole groups involved in intramolecular 

hydrogen bonding lead to different binding modes with CO2 compared to traditional BILP. 

To have a better understanding of the effect of amine groups on CO2 binding capabilities 

we have also performed DFT calculations. Advancements in understanding the effect of 

different functional groups on CO2 adsorption properties could guide the scientific 

community on designing materials with better performance. In our opinion, the research 

presented here provides an important step for the development of advanced materials for 

CO2 capture and separation
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2.1 Introduction 

Porous organic polymers (POPs) have received considerable attention due to their 

potential in important fields such as catalysis, sensing, optoelectronics, as well as gas 

storage and separation.26, 55-61 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 significant role especially in selective gas binding and separation 

(Figure 2.1) In this regard, post-synthesis modification (PSM) of organic polymers23, 53, 62, 

63 and their inorganic counterparts metal–organic frameworks (MOFs)49, 64 have emerged 

as an invaluable synthetic tool that allows for pore surface modification. This approach 

can overcome some of the synthetic challenges that can be encountered when pre-

                                            

1 Islamoglu, T.; Gulam Rabbani, M.; El-Kaderi, H. M., J. Mat. Chem. A 2013, 1, 10259-10266. 

Reproduced by permission of The Royal Society of Chemistry. 
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functionalized building units cannot be employed to construct porous materials due to 

chemical or physical incompatibility. Although PSM has been well documented for MOFs, 

the metal-linker interactions in some MOFs 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–H2SO4.49 In contrast, the 

covalent nature of POPs makes them chemically robust and enables pore chemical 

modification under the aforementioned conditions without compromising porosity. 

It is now well established that tailoring accessible nitrogen40 or amine50 functionalities 

into the framework of porous materials can significantly enhance CO2 binding and 

 

Figure 2.1 Selective CO2 capture with NPOFs. 
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uptake. 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, landfill) and hydrogen fuels.65 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 significant role in CO2 separation.31 For example, in flue 

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 flue 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 flue 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.37 On the contrary, 

direct amination 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 flue gas and natural gas thereby facilitating adsorbents regeneration. 

With these considerations in mind, we report in this study on post-synthesis 

modification of NPOFs through direct nitration of aryl linkers followed by reduction and 

we illustrate the consequence of pore modification on small gas uptake and storage. The 

resulting functionalized frameworks have moderate isosteric heats of adsorption that are 

optimal for post-combustion CO2 capture from flue gas and separation from methane-rich 

gases as evidenced by the presented CO2/N2 and CO2/CH4 selectivity studies. 

2.2 Experimental Section 

2.2.1 Materials and Methods 
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All starting materials and solvents, unless otherwise noted, were obtained from Acros 

Organics and used without further purification. 1,3,5,7-Tetraphenyladamantane was 

synthesized according to a published method.66 (Scheme 2.1)  SiCl4 was purchased from 

Sigma-Aldrich. SnCl2 was purchased from MP Biomedicals, 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. Elemental microanalyses 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 μL 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 flat 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-70Scanning Electron Microscope. Powder 
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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 Kα radiation with a 2θ range of 1.5–35. FT-IR spectra were obtained on a 

Nicolet-Nexus 670 spectrometer furnished with an attenuated total reflectance 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 refilled with helium, weighed precisely 

then transferred back to the analyser. The temperatures for adsorption measurements 

were controlled by using a refrigerated bath of liquid nitrogen (77 K), liquid argon (87 K), 

or temperature controlled water bath (273 K and 298 K). 

Scheme 2.1 Synthesis of 1,3,5,7-tetrakis(4-acetylphenyl)adamantane. 
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Figure 2.2 1H NMR for 1,3,5,7-tetrakis(4-acetylphenyl)adamantane in CDCl3. 

 

Figure 2.3 13C NMR for 1,3,5,7-tetrakis(4-acetylphenyl)adamantane in CDCl3. 
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2.2.2 Synthetic Aspects 

Synthesis of 1,3,5,7-tetrakis(4-acetylphenyl)adamantane (TAPA). A 250 mL 

reaction flask was charged with AlCl3 (16.4 g, 123 mmol), placed in an ice bath and 90 

mL of acetyl chloride 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 filtered over a 

medium glass frit. Excess DCM was removed by evaporation under reduced pressure. 

The resulting product was crystallized from DCM–EtOH mixture to afford TAPA as off-

white crystals (2.35 g, 68% yield). 1H NMR (CDCl3, 300 MHz) δ (ppm) 7.98 (d, JHH = 6.0, 

8H), 7.595 (d, JHH = 9.0, 8H), 2.61 (s, 12H), 2.24 (s, 12H). 13C NMR (CDCl3, 75 

MHz) δ(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 flask 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 colored solution which was further refluxed at 80 °C for 16 h. 

The solution was allowed to cool down to room temperature then was filtered over a glass 

http://www.chemspider.com/Chemical-Structure.6127.html
http://www.chemspider.com/Chemical-Structure.11187629.html
http://www.chemspider.com/Chemical-Structure.6104.html
javascript:popupOBO('CMO:0001140','C3TA12305G')
javascript:popupOBO('CMO:0001140','C3TA12305G')
javascript:popupOBO('CMO:0001140','C3TA12305G')
javascript:popupOBO('CMO:0001574','C3TA12305G')
javascript:popupOBO('CMO:0001140','C3TA12305G')
http://www.chemspider.com/Chemical-Structure.682.html
javascript:popupOBO('CMO:0000593','C3TA12305G')
http://www.chemspider.com/Chemical-Structure.64654.html
javascript:popupOBO('CMO:0000595','C3TA12305G')
http://www.chemspider.com/Chemical-Structure.64654.html
javascript:popupOBO('CMO:0000981','C3TA12305G')
http://www.chemspider.com/Chemical-Structure.682.html
javascript:popupOBO('CHEBI:27338','C3TA12305G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=27338')


www.manaraa.com

 

28 
  

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 flask 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 

Scheme 2.2 Schematic representation of NPOF-4 synthesis and its post-synthesis 

modification. 
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temperature. The resulting powder was isolated by filtration through a glass frit and 

washed with water and ethanol. The obtained powder was soaked in ethanol–

water mixture for 16 h, filtered 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 flask was charged with 50 mg NPOF-

4-NO2, 30 mL EtOH, and 350 mg of SnCl2. The mixture was refluxed at 80 °C for 18 h. 

The resulting green suspension was filtered, 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 filtered and washed with copious 

amounts of water and with 0.25 M NaOH in order to neutralize it. The 

resulting polymer was purified by Soxhlet extraction in a water–EtOH mixture. 

The polymer was finally 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%. 

2.3 Results and Discussion 

2.3.1 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. 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 
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good yields following a slightly modified procedure that was reported recently by Kaskel 

as depicted in Scheme 2.234 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 
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Figure 2.4. TGA traces of NPOF-4, NPOF-4-NO2 and NPOF-4-NH2. 
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modification of the framework particularly to introduce polar functional groups that are 

known to enhance gas storage or separation properties. For example, pore surface 

chemical modification of organic frameworks with amino groups has significantly 

enhanced CO2 binding in porous polymer networks (PPNs)50 and PAFs.53 In addition to 
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Figure 2.5 Solid state 13C NMR of NPOF-4 (A), NPOF-4-NO2 (B), NPOF-4-NH2 

(C). 
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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 first modified 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. Nitration of NPOF-4 was 

  

 

 
 
 

Figure 2.6 SEM images of NPOF-4 (A) and its modified frameworks NPOF-4-NO2 (B) 

and NPOF-4-NH2 (C). 
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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 refluxing 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 (Figure 2.4). 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. SEM imaging of the polymers revealed aggregated spherical particles of variable size 

in the range of ∼0.4 to 1.1 μm (Figure 2.6). As expected, NPOF-4 and its modified 

networks are amorphous as evidenced by powder X-ray diffraction study. The chemical 

functionalization of the polymers was investigated by FT-IR and solid-state 13C 

NMR spectroscopic methods. Error! Reference source not found. shows the FT-IR 

spectra of the building block, TAPA, and the synthesized polymers. 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 cyclotrimerization. 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 (Figure 2.5). 

Successful incorporation of nitro groups were confirmed by the appearance of new FT-IR 

bands at 1532 and 1350 cm−1 (Figure 2.7) which can be ascribed to the asymmetrical 

and symmetrical stretching of NO2, respectively, in NPOF-4-NO2.67 Upon reduction, these 

bands disappear and the new bands at 3350 and 3230 cm−1 confirm the conversion of 

the nitro groups into the amine functionality. Solid-state 13C NMR spectra reveal the 
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broadening of the peaks at around 150 ppm upon nitration and reduction most probably 

due to the overlap between the signals of substituted carbons (Figure 2.5). 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 2.2 (The functional 

group loading calculation is based on 100% cyclotrimerization of TAPA to afford NPOF-

4). The nitrogen content, as expected, increased to 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.53 It 

should be noted that attaining acceptable microelemental values for modified covalent 

networks and their post-synthesis modified material has been very problematic perhaps 

 

Figure 2.7 FTIR spectra of TAPA, and NPOFs. 
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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. 

2.3.2 Porosity Measurements and Gas Storage Studies 

The porosity of polymers was investigated by argon uptake measurements. Figure 

2.8A 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 flexible 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 = 0.01–0.15 

resulted in apparent surface areas SABET of 1249 m2 g−1 (NPOF-4), 337 m2 g−1 (NPOF-4-

NO2), and 554 m2 g−1 (NPOF-4-NH2). The surface area decreased significantly upon pore 

functionalization with nitro groups which can restrict pore accessibility by argon. Further 

modification 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 fitting 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 (Figure 2.8B). Pore volumes were calculated from single-point 

measurements (P/Po = 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 
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Figure 2.8 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. 
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chemical nature of the latter can be advantageous for small gas storage and separation 

applications as described below.23  

Low-pressure gas sorption measurements for CO2, H2, CH4, and N2 were collected 

(Figure 2.8) 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 functionalization 

on CO2 uptake at 273 K and 298 K is depicted in Figure 2.9 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 (2.41 mmol 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 2.1 Pore modification 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 quadrupole moment which enhance CO2 interactions with 

the –NO2 and –NH2 functional sites of the modified frameworks. In addition to these 

favourable interactions, the narrower pores generated upon modification 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 significant 

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),30, 40 functionalized conjugated 

javascript:popupOBO('CMO:0001168','C3TA12305G')
javascript:popupOBO('CHEBI:60027','C3TA12305G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=60027')
javascript:popupOBO('CHEBI:60027','C3TA12305G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=60027')


www.manaraa.com

 

38 
  

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

120

140

0.0 0.2 0.4 0.6 0.8 1.0

0

10

20

30

40

50

60

70

80

90

0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

10

12

14

0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

10

0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

 

 
 

 NPOF-4 

 NPOF-4-NO2

 NPOF-4-NH2

Pressure (bar)

CO
2
 uptake  at 273 K

U
p

ta
k
e
 (

m
g

/g
)

 

 

 

 NPOF-4 

 NPOF-4-NO2

 NPOF-4-NH2

Pressure (bar)

CO
2
 uptake  at 298 K

U
p

ta
k
e
 (

m
g

/g
)

 

 

 

 NPOF-4 

 NPOF-4-NO2

 NPOF-4-NH2

Pressure (bar)

H
2
 uptake  at 77 K

U
p

ta
k
e
 (

m
g

/g
)

 

 

 

 NPOF-4 

 NPOF-4-NO2

 NPOF-4-NH2

Pressure (bar)

H
2
 uptake  at 87 K

U
p

ta
k
e
 (

m
g

/g
)

 

 

 

NPOF-4 

NPOF-4-NO2 

NPOF-4-NH2 

Pressure (bar)

CH
4
 uptake  at 298 K

U
p

ta
k
e
 (

m
g

/g
)

 

 

 

 NPOF-4 

 NPOF-4-NO2 

 NPOF-4-NH2

Pressure (bar)

CH
4
 uptake  at 273 K

U
p

ta
k
e
 (

m
g

/g
)

 

Figure 2.9 Gas uptake isotherms for NPOF-4 (green triangles), NPOF-4-NO2 (blue 

squares) and NPOF-4-NH2 (red circles) at 273 and 298 K. 
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microporous polymers (CMPs)68 but are much lower than alkyl amine-tethered 

porous polymer networks (PPNs),50 PAFs,53 and alkylamine appended MOF64 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).50 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)53 that is similar to the 

values reported for polyamine-tethered PPN-6.50 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 

considerable energy penalties. While pore functionalization with –NO2 and –NH2 has 

drastic impact on the binding affinity of CO2, its impact on the final CO2 uptake at 1.0 bar 

was less significant (Figure 2.9). It seems that the microporous nature of NPOF-4 and its 

high surface area allow for significant 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 flue gas usually consists of ∼15% CO2, ∼75% N2 and ∼10% other gases.  
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Table 2.1 Gas uptakes, binding affinities and selectivities of NPOFs. 

 

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 significant 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 correspond 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 findings by Wilmer et al. have suggested that very high binding 

affinities for CO2 are less desirable when porous adsorbents such as MOFs were 

screened for CO2 capture from flue gas or natural gas, and that only moderate surface 

areas (1000 to 1500 m2 g−1) would be needed.37 Ironically, 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 both materials can have novel properties for use in selective CO2 separation from 

natural gas or flue gas. Additionally, the fully reversible nature of the CO2 isotherms of 

both samples at ambient conditions (Figure 2.9) also indicate that CO2–adsorbent 

interactions are weak enough to allow for adsorbent regeneration without applying heat. 
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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 Figure 2.8G. 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.69 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 Figure 2.8H. 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 functionalities 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.70  
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Figure 2.10 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). 
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2.3.3 Gas Selectivity Studies 

Effective CO2 adsorbents are expected to have high selectivity for CO2 over other 

gases such as N2 (∼75% in flue 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 after framework 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 flue gas) especially for the functionalized NPOFs. The same trend 

was also noticed for the CH4 isotherms which show markedly lower uptakes for the 

modified frameworks (Figure 2.8E). Selectivity studies were first calculated according 

to Equation (1) where S is the selectivity factor, qi represents the quantity adsorbed of 

component i, and pi represents the partial pressure of component i.8  

S = [q1/q2]/[p1/p2] Equation 1 

The uptake values given partial pressures are tabulated in Table 2.2. 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 Equation 

(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 
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investigate the selective gas uptake nature of a wide range of porous adsorbents 

including porous organic materials as we have reported recently for BILPs.30, 71 According 

to initial slope calculations presented in Table 2.1, the CO2/N2 selectivity levels for 

functionalized NPOFs are again much higher than the value calculated for NPOF-4 and 

are somewhat higher than the values obtained from Equation (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.23 For comparison, NPOF-4-NO2 out performs other selective adsorbents at 273 

Table 2.2 CO2 and N2 uptakes for CO2/N2 selectivity studies via Equation S. 

 

Table 2.3 CO2 and CH4 uptakes for CO2/N4 selectivity studies via Equation S. 

 

Table S3: CO2 over CH4 uptakes for selectivity studies CO2 over CH4 at 273 and 298 K by using equation S

Table S2: CO2 over N2 uptakes for selectivity studies CO2 over N2 at 273 and 298 K by using equation S
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K including BILPs (59–128),30, 71 PECONF-2 (109),72 BPL carbon (17.8), ZIFs (17–50),73, 

74 Bio-MOF-11 (81)75 and noncovalent porous materials (NPMs) (74).76 By following the 

same procedure described above, we calculated CO2 selectivity over CH4 at 273 K and 

298 K (Table 2.1). In a typical natural gas purification 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 pressure.77 The CO2/CH4 selectivity values 

obtained from both methods; initial slope calculations and Equation (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,78 BPL carbon,73 ZIFs,73 and most MOFs.7, 79 The outcome of 

selectivity studies surprisingly indicates that introducing the nitro functionality into the pore 

walls of microporous organic frameworks have significant effect on CO2 separation from 

N2 and CH4 (Figure 2.9). 

In addition to the selectivity studies described above, we used the ideal adsorbed 

solution theory (IAST)80 wherein selectivities of binary gas mixtures are calculated as a 

function of pressure like we have reported for the amorphous organic polymers BILP-

1071 and halogendecorated borazine-linked polymer BLP-10(Cl).81 To be consistent with 

the data presented earlier, we have selected gas mixture compositions relevant to flue 

gas (CO2/N2: 15/85) and natural gas (CO2/CH4: 5/95) at 298 K as depicted in Figure 

2.11 and summarized the results in  Table 2.1 
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The results from IAST calculations agree with those obtained from Equation (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 favorable interactions 

between CO2 and the chemically modified pore surface of NPOF-4-NO2 and NPOF-4-

NH2, which become less accessible as the CO2 pressure increases. The 

 

Figure 2.11 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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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). The 

CO2/CH4 selectivity of all NPOFs as a function of pressure (0 to 1 bar) or composition 

does not change considerably when compared to the CO2/N2 selectivity because 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).82 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 CO2.83 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 latter is the most significant factor, 

however, recent studies have documented that variability in pore size and shape can alter 

CO2 uptake and hence selectivity.84, 85  

 

2.4 Conclusions 

We have synthesized a new NPOF and successfully used post-synthesis modification 

processes to functionalize the framework with –NO2 and –NH2 functionalities and 

investigated their effect on CO2 uptake and the potential use of functionalized NPOFs in 

small gas separation and storage applications. The metal-free synthesis of NPOF-4 and 

its convenient pore surface modification resulted in a significant enhancement in 

CO2 binding affinity and selective binding over nitrogen and methane: CO2/N2 (139) and 

CO2/CH4 (15) at 273 K. We have confirmed that the high surface area does not 
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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 functionalized 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).
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3.1 Introduction 

Porous organic polymers (POPs), constructed from the assembly of organic building 

units, have gained significant attention as promising candidates for gas storage, 

separation, catalysis and sensing due to their tunable functionality.29, 86 The use of POPs 

for selective CO2 capture from flue gas and landfill gas is very promising due to the stable 

covalent nature which keeps POPs intact under acidic and basic conditions in addition to 

the tolerance of these materials towards water.50, 87 Exceptionally high surface area POPs 

like PAFs (porous aromatic frameworks) and PPNs (porous polymer networks) can be 

synthesized by performing homocoupling reactions of aryl building blocks and the surface 

area of these materials can be further enhanced by controlling the reaction conditions.28, 

88 However, POPs composed of only carbon and hydrogen atoms do not perform well 

under gas separation settings at low pressure (1 bar) due to their lack of CO2-philic sites 

                                            

2Islamoglu, T; Kim, T.; Kahveci, Z.; El-Kadri, O.M.; El-Kaderi, H.M., J. Phys. Chem. C 2016, 120, 

2592−2599. Reproduced by permission of The American Chemical Society. 
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which leads to low isosteric heats of adsorption for CO2.21 It is well documented that high 

surface area materials do not necessarily lead to high CO2 uptake since gas uptake 

capacity depends on the favorable interactions between pore walls and guest gas 

molecules.23 The physical and chemical stability of POPs allows for chemical 

modification, a process that can be used to impart desirable properties such as pore 

hydrophilicity which is central for gas separation and storage applications.53  

Among the new directions that have been explored to enhance sorbent-CO2 

interactions is pore functionalization using polar groups such as hydroxy, nitro, amine, 

sulfonate, azo, imidazole, triazine, imine, etc. (Figure 3.1)21, 38, 47, 63, 89-94 Incorporation of 

these functionalities in the framework can be achieved by pre-synthesis modification of 

building blocks wherein CO2-philic moieties are attached to building blocks before 

framework formation, self-functionalization where functional groups are formed as 

 

Figure 3.1 Schematic representation of post functionalized POPs. 
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polymer networks grows i.e. imidazole, azo, triazine or through post-synthesis 

modification (PSM) processes in which functional groups are tethered to the pore walls 

after the framework assembly. Although pre-synthesis modification generally permits 

more controlled loading of functional groups, there are major drawbacks associated with 

the method. First, functionalization of building blocks often necessitates alternate reaction 

conditions (i.e. protection of functional groups), and these reactions are often time 

consuming and non-trivial. Second, some reaction conditions require harsh conditions 

such as high temperature and acidic or basic media where the functional groups on the 

building blocks may not survive or which may lead to side reactions due to competition 

with other functional groups in the reaction media.95 Therefore, introducing targeted 

functionalities within the pores after framework formation (i.e. PSM) has been noted as 

an advantageous approach.49  

Recently, post-nitration and subsequent reduction of porous networks has been 

demonstrated as a simple methodology for obtaining nitro and amine functionalized 

porous materials, respectively.21 However, this method leads to much lower surface areas 

due to uncontrolled loading of functional groups which block the ultramicropores making 

them inaccessible to gas molecules. Partial framework collapse is also possible if the 

framework cannot tolerate prolonged exposure to harsh reaction conditions.96 We 

recently used PSM to functionalize NPOF-4 with –NO2 and –NH2 and investigated the 

effect on CO2 uptake and separation.21 Significant enhancement in CO2 binding affinity 

and selective binding over nitrogen and methane was observed. However, because of 

uncontrolled nitration the specific surface area of the –NO2 and –NH2 functionalized 

frameworks dropped dramatically and led to only modest CO2 uptake at low pressure. 
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Thus, pore functionalization with CO2-philic sites without compromising porosity remains 

a challenge for developing efficient CO2 adsorbents. Uncontrolled functional group 

loading often leads to functionalization of the ultramicropores which then become 

inaccessible to gas molecules. Therefore new strategies for systematic functionalization 

of NPOFs are needed to retain the surface areas of these materials.  

In this study we designed a set of experiments to combine both high surface area and 

chemical functionality in NPOFs and to demonstrate the remarkable performance of 

functionalized NPOFs in CO2 separation from flue gas and landfill gas. PSM of NPOF-1 

under controlled conditions afforded NPOF-1–NO2 and NPOF-1–NH2, which retain high 

surface area and accessible micropores. We also show that prolonged functionalization 

reaction time and the use of excess amounts of nitric acid have detrimental impact on the 

textural properties of the functionalized frameworks which diminish their use as CO2 

adsorbents. For simplicity, the nitrated NPOF-1, made by using 2 eq. of HNO3 and the 

reduced amine functionalized derivative will be denoted as NPOF-1-NO2 and NPOF-1-

NH2, respectively. While NPOFs nitrated using excess amounts of HNO3 (125 eq./phenyl 

) and the reduced derivatives will be denoted as NPOF-1-NO2(xs) and NPOF-1-NH2(xs), 

respectively. 

3.2 Experimental Section 

3.2.1 General Techniques, Materials and Methods 

All starting materials and solvents, unless otherwise noted, were obtained from Acros 

Organics and used without further purification. 1,3,5-tris(4-bromophenyl)benzene 

(TPBBr) was synthesized according to literature.97 Solvents were dried by distillation. Air-
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sensitive samples and reactions were handled under an inert atmosphere of nitrogen 

using either glovebox or Schlenk line techniques. Elemental microanalyses 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 µL platinum pans under an 

atmosphere of air (heating rate 5 °C /min). For scanning electron microscopy imaging 

(SEM), samples were prepared by dispersing the material onto a sticky carbon surface 

attached to a flat aluminium sample holder. The samples were then coated with platinum 

at a pressure of 1 x 10-5 mbar under a nitrogen atmosphere for 70 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 Kα 

radiation with a 2θ range of 1.5-35. FT-IR spectra were obtained on a Nicolet-Nexus 670 

spectrometer furnished with an attenuated total reflectance accessory. Porosity and gas 

sorption experiments were collected using a Quantachrome Autosorb iQ volumetric 

analyser using adsorbates of UHP grade. In a typical experiment, a sample of polymer 

(~50 mg) was loaded into a 9 mm large bulb cell (Quantachrome) of known weight which 

is then hooked up to the gas analyser and degassed at 130 °C / 1.0 x 10-5 bar for 12 
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hours. The degassed sample was refilled with helium, weighed precisely then transferred 

back to the analyser. The temperatures for adsorption measurements were controlled by 

using a refrigerated bath of liquid nitrogen (77 K), and a temperature controlled water bath 

(273 K and 298 K). 

Synthesis of NPOF-1: NPOF-1 was synthesized following a modified method 

from previous reports.97 A 200 mL reaction flask equipped with a stir bar was charged 

with TPBBr (400 mg, 0.736 mmol) then filled with N2 after evacuation under vacuum. 

Under inert conditions (glove box), Ni(COD)2 (1.03 g, 3.75 mmol), COD (0.4 mL, 3.75 

mmol), 2,2-bipyridyl (585 mg, 3.75 mmol), 60 mL anhydrous DMF, and 40 mL of freshly 

distilled THF were added. The resultant suspension was heated at 80 °C for 24 h. The 

mixture was cooled to room temperature and 40 mL of 6 M HCl was added and stirred for 

3 h. The resultant white powder was filtered and washed with 2 M HCl, hot water, THF, 

ethanol and acetone, and dried under reduced pressure to afford NPOF-1 as a white 

powder (255 mg, 87% yield) Anal. Calcd. for C24H15 : C, 95.02; H, 4.98. Found: C, 88.36; 

H, 4.93. 

Synthesis of NPOF-1-NO2: A 50 mL round bottom flask was charged with 10 mL 

of concentrated H2SO4 then cooled to 0 °C. To this solution, 100 mg NPOF-1 was added 

in small portions followed by dropwise addition of 93 µL fuming HNO3 and stirred for 90 

min at 0 °C. The mixture was poured into 75 mL of ice and stirred for 30 minutes at room 

temperature. The resulting powder was isolated by filtration through a medium glass frit 

and washed with copious amounts of water and ethanol, and dried under reduced 

pressure to afford NPOF-1-NO2 (108 mg) as a brownish powder. Anal. Calcd. for 

C24H12N3O6 : C, 65.76%; H, 2.76%; N, 9.59%. Found: C, 71.86 %; H, 3.70%; N, 4.70%. 
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Synthesis of NPOF-1-NH2: A 50 mL round bottom flask equipped with a stir bar 

was charged with 80 mg NPOF-1-NO2, 10 mL methanol, and 10 mL distilled water under 

nitrogen. The resultant suspension was degassed with N2 for 20 min before adding 

sodium dithionite (1.2 g, 6.9 mmol) then was heated to 75 ºC for 18 hours. The resultant 

material was filtered and suspended in warm water (25 mL) for 30 min. The suspension 

was filtered and washed with warm water twice. The resultant polymer was suspended in 

25 mL 4 M HCl in order to ensure complete reduction to amine then was washed with 

water followed by 2 M NaOH in order to neutralize the amine. The isolated product was 

suspended in warm water (30 mL) for 60 minutes. After filtration the polymer was 

suspended in warm ethanol and THF twice for 30 min cycles. The polymer lastly was 

filtered and washed with methanol and dried overnight under vacuum at 120 ºC to yield 

dark brownish NPOF-1-NH2 (68 mg). Anal. Calcd. for C24H18N3 : C, 82.73%; H, 5.21%; N, 

12.06%. Found: C, 75.47%; H, 4.22%; N, 5.01%. 

Synthesis of NPOF-1-NO2(xs): A published procedure was followed. A 50 mL 

round bottom flask was charged with 10 mL of concentrated H2SO4 then cooled to 0 °C. 

To this solution, 75 mg NPOF-1 was added in small portions followed by drop wise 

addition of cold HNO3 (6 mL, 70%) 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 filtration through a glass frit and washed with copious amount with water 

and ethanol, and dried under reduced pressure to afford NPOF-1-NO2(xs) (89 mg) as a 

brownish powder. Anal. Calcd. for C24H12N3O6 : C, 65.76%; H, 2.76%; N, 9.59%. Found: 

C, 60.44 %; H, 2.81%; N, 6.49%. 
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Synthesis of NPOF-1-NH2(xs): A published procedure was followed. A 100 mL 

reaction flask was charged with 70 mg NPOF-1-NO2(xs),, 30 mL EtOH, and 300 mg of 

SnCl2. The mixture was refuxed at 80 °C for 18 h. The resulting green suspension was 

filtered, then suspended in 20 mL of concentrated HCl and stirred for 5 h at room 

temperature. The HCl was replenished twice  and stirring continued for another 2 h at 

room temperature. The mixture was then filtered and washed with copious amounts of 

water and with 0.25 M NaOH in order to neutralize it. After washing with water again 

polymer was finally washed with EtOH and dried to yield dark brownish NPOF-1-NH2(xs) 

(55 mg). Anal. Calcd. for C24H18N3 : C, 82.73%; H, 5.21%; N, 12.06%. Found: C, 64.71%; 

H, 4.76%; N, 9.58%.  

Scheme 3.1 Schematic representation of NPOF-1 synthesis and its post-synthesis 

modification. 
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3.3 Results and Discussion 

3.3.1 Synthesis and Characterization 

The synthesis of NPOF-1 was carried out according to literature methods as 

presented in Scheme 3.1. We have noticed that room temperature polymerization 

procedure resulted in low surface area materials  and therefore heating the reaction 
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Figure 3.2 FT-IR spectra of NPOF-1 and its derivatives. 
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Figure 3.4. PXRD pattern of polymers. 
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Figure 3.5. SEM images of polymers. 
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mixture to 80 °C was needed to optimize the porosity of NPOF-1.35 Additionally, using a 

mixture of DMF/THF solvent system and heating all reactants and reagents together to 

80 °C starting from room temperature resulted in a slight increase in the reported surface 

area (1950 vs 2060 m2 g-1).97 The nitration of NPOF-1 was performed at 0 ºC in the 

presence of 2 equivalents of HNO3 per phenyl ring for 90 min resulting in NPOF-1-NO2. 

NPOF-1 was also nitrated with excess HNO3 for 6 h at 0 ºC (previously published method) 

and named as NPOF-1-NO2(xs).21 However, the long nitration period and use of excess 

HNO3 resultes in much lower surface area for NPOF-1-NO2(xs) (749 m2 g-1) compared to 

NPOF-1-NO2 (1295 m2 g-1). The sorption data was collected for both nitro-functionalized 

materials in order to reveal the effect of over-functionalization. Functionalized NPOFs 

were then reduced to afford corresponding amine-functionalized frameworks, namely 

NPOF-1-NH2 and NPOF-1-NH2(xs). Figure 3.2 shows the FT-IR spectra of the pristine 

polymer NPOF-1 and its post-synthetic functionalized derivatives. Upon nitration, new FT-

IR bands appeared at 1532 and 1350 cm-1 which can be ascribed to the asymmetrical 

and symmetrical stretching of NO2, respectively.67 Reduction of nitro groups to amino 

functionalities resulted in the disappearance of these bands and the presence of new 

bands at 3350 and 3230 cm−1 that correspond to asymmetrical and symmetrical N-H 

stretching, respectively. According to PXRD studies, all frameworks are amorphous and 

lack long-range ordering (Figure 3.4). SEM images revealed aggregated spherical 

particles of variable sizes as shown in Figure 3.5. TGA analysis (Figure 4.4) shows that 

the functionalized polymers lost only ~5 wt% up to 300 °C after subtracting the initial 

weight lost which is due to residual solvents and/or moisture. To gain more information 

about the chemical composition of the polymers, we performed elemental analysis which 
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can be used to estimate nitrogen loading. Interestingly, the use of excess HNO3 resulted 

in a lower than expected nitration levels of 1,4 substituted phenyl rings (~0.59 nitro/phenyl 

ring) while controlled nitration yields ~0.4 nitro loading per phenyl ring which is still more 

efficient than previously reported method for POPs resulting in ~0.25-0.3 N/phenyl.53 

Presumably, the nitrogen content increase upon reduction (5.01%) due to replacement of 

oxygen with a much lighter atom, hydrogen. It is worth noting that the deviation in 

elemental analysis results is common with amorphous polymers, especially for post-

functionalized POPs. This could be a result of one or a combination of several factors 

such as (1) frameworks are considered to be non-defective structure, (2) 

remaining/unreacted end groups, (3) inaccessible pores where functionalization does not 

take place, (4) trapped salts/reagents/catalysts inside the pores.48, 98, 99  

3.3.2 Textural Properties 

 

Figure 3.6. Nitrogen isotherms at 77 K (A) and pore size distribution from NLDFT 

using N2 at 77 K (B). 
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The specific surface area and pore size distribution of NPOF-1 and its derivatives were 

comparatively characterized by means of CO2 (273 K) and N2 (77 K) sorption-desorption 

measurements for ultramicro and micro/mesopores, respectively. The corresponding 

nitrogen adsorption isotherms and pore size distribution of NPOFs are depicted in Figure 

3.6. All nitrogen isotherms of functionalized NPOFs show a sharp uptake at very low 

pressure region (P/P0 < 0.01) and then form a plateau in most of the pressure range which 

is consistent with their expected microporous nature. In contrast, NPOF-1 displayed a 

gradual increase in N2 uptake and pronounced hysteresis at P/P0 > 0.1 as a result of 

mesopores and framework swelling. The textural properties of all frameworks are listed 

in Table 1. As stated earlier, NPOF-1 was synthesized according to a modified published 
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procedure and exhibits high surface area (SABET = 2062 m2 g-1). As expected, the surface 

areas of all functionalized polymers are lower compared to NPOF-1. The use of excess 

(125 eq./phenyl) HNO3 and longer reaction time (6 h), NPOF-1-NO2(xs) shows the lowest 

surface area (749 m2 g-1). On the other hand, when NPOF-1-NO2 was synthesized from 

only 2 eq. of HNO3 per phenyl ring and the reaction was quenched after 90 minutes, the 

surface area was enhanced by 73% (1295 m2 g-1). The combination of high surface area 

and chemical functionality is crucial for improving CO2 uptake. Subsequent reduction of 

nitro functionalized NPOFs yielded NPOF-1-NH2 and NPOF-1-NH2(xs) with surface areas 

of 1535 m2 g-1 and 1074 m2 g-1, respectively. Pore size distribution was estimated by 

Table 3.1. CO2 uptakes at 298 K, Qst and IAST selectivity results 

    CO2 at 298 K IAST Selectivities 

Polymer aSABET bVMic,DFT c0.15 bar c1 bar dQst eCO2/N2 eCO2/CH4 

NPOF-1 2062 0.28 (19) 11 (-) 67 (-) 21.7 8 3 

NPOF-1-NO2 1295 0.36 (58) 27 (2.5) 111 (1.7) 29.2 20 6 

NPOF-1-NO2(xs) 749 0.23 (70) 26 (2.4) 88 (1.3) 32.0 45 11 

NPOF-1-NH2 1535 0.48 (71) 47 (4.3) 166 (2.5) 32.1 25 10 

NPOF-1-NH2(xs) 1074 0.35 (77) 39 (3.5) 129 (1.9) 32.6 41 8 

aBET surface areas are reported in m2 g-1. bMicropore volume determined by NLDFT; the values in 

parentheses are the percentage of micropore volume relative to total pore volume. cThe uptakes of 

CO2 at corresponding pressure in mg g-1 at 298 K; the values in parenthesis are the ratio of the uptake 

to NPOF-1 in the same column to illustrate the enhancement in uptake compared to NPOF-1. 

dIsosteric heat of adsorption of corresponding gas at zero coverage calculated from isotherms 

collected at 273 and 298 K using Virial equation. dSelectivity calculated by IAST at 298 K and 1 bar.  
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fitting the nitrogen uptake branch of the isotherms using the NLDFT (cylindrical/spherical 

pore geometry with zeolites/silica) model and was found to be in a broad range of 

micropore/mesopore region for NPOF-1. After the nitration of NPOF-1, all of the 

mesopores (centered around 42.5 Å) were successfully converted to micropores (9-13 

Å). It was expected to observe a slight shift in the pore width maxima after reduction of 

NO2 to NH2 groups due to size difference, however this change was almost negligible. 

The use of CO2 adsorption at 273 K has been often employed to calculate 
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ultramicoporosity (pores less than 0.7 nm) for microporous materials instead of N2 

adsorption at 77 K. This is due to the much slower diffusion of N2 at 77 K which could 

prevent N2 adsorption in ultramicropores and lead to very long data collection time.100 

Therefore, we have also employed CO2 as a probe molecule in order to obtain more 

information about pore sizes and this revealed that ultramicropores (<4 Å) were created 

after postsynthetic-modification of NPOF-1 (Figure 3.7). Pore volumes of NPOF-1 and 

its derivatives are calculated from N2 isotherms collected at 77 K using NLDFT under the 

same settings used for PSD calculation. Since the scope of the current study is to 

maintain/and or generate microporosity in the frameworks, we have calculated micropore 

percentage rather than reporting total pore volume from a single point calculation. 

Micropore and total pore volumes are calculated by considering the pores up to 2 nm and 

10 nm, respectively. For total pore volume calculation, 10 nm thresholds were selected 

as PSD analysis did not show any pores beyond 10 nm. As shown in Table 3.1, micropore 

volume percentage increased dramatically up to 77% of total pore volume for NPOF-1-

NH2(xs). Moreover, a closer look at the data reveals that NPOF-1-NH2 might be more 

beneficial for CO2 capture since it possesses 0.48 cm3 g-1 micropore volume which 

corresponds to 71% of its total pore volume and is 37% higher compared to NPOF-1-

NH2(xs). This new synthetic strategy enables controlled functional group loading while 

maintaining high porosity making the functionalized networks very promising for selective 

CO2 capture from gas mixtures as detailed below.  

3.3.3 Gas uptake and selectivity studies 

To assess the potential of functionalized NPOFs in CO2 capture from flue gas and landfill 

gas, adsorption isotherms on activated samples for carbon dioxide, methane and nitrogen 
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were collected at 273 and 298 K (Figure 3.8 and Figure 3.9). All isotherms are fully 

reversible illustrating the facile uptake and release of gases, which makes them 

energetically attractive for gas separation applications. It is well documented that 

microporosity is essential for CO2 capture from gas mixtures that possess low CO2 

content. We have recently shown that high percentage of microporosity in addition to 

functionality can be achieved for NPOFs by PSM. Despite an increase in CO2 uptake 

upon PSM, the use of excess amounts of HNO3 and longer reaction time allowed nitration 

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

10

12

14

0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

10

12

14

0.0 0.2 0.4 0.6 0.8 1.0

0

2

4

6

8

10

 NPOF-1

 NPOF-1-NO
2

 NPOF-1-NO
2
(xs)

 NPOF-1-NH
2

 NPOF-1-NH
2
(xs)

 

 

C
H

4
 U

p
ta

k
e
 (

m
g

 g
-1
)

Pressure (bar)

CH
4
 Uptakes at 273 K(A) (B)

 

 

 NPOF-1

 NPOF-1-NO
2

 NPOF-1-NO
2
(xs)

 NPOF-1-NH
2

 NPOF-1-NH
2
(xs)

C
H

4
 U

p
ta

k
e
 (

m
g

 g
-1
)

Pressure (bar)

CH
4
 Uptakes at 298 K

(C)

 NPOF-1

 NPOF-1-NO
2

 NPOF-1-NO
2
(xs)

 NPOF-1-NH
2

 NPOF-1-NH
2
(xs)

 

 

N
2
 U

p
ta

k
e
 (

m
g

 g
-1
)

Pressure (bar)

N
2
 Uptakes at 273 K (D)

 NPOF-1

 NPOF-1-NO
2

 NPOF-1-NO
2
(xs)

 NPOF-1-NH
2

 NPOF-1-NH
2
(xs)

 

 

N
2
 U

p
ta

k
e
 (

m
g

 g
-1
)

Pressure (bar)

N
2
 Uptakes at 298 K

 

Figure 3.9. CH4 uptakes at 273 K (A)  and 298 K (B), N2 uptakes at 273 K (C) and 

298 K (D) of polymers.  
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to take place in narrow micropores which limits their accessibility by gas molecules as 

evidenced by dramatic decrease in surface area values. However controlled 

functionalization by reducing the reaction time and limiting the acid amount allowed us to 

synthesize NPOF-1-NH2 which uniquely combines high surface area, ultramicroporosity, 

and amine functionality. Integrating these properties into porous adsorbents is needed in 

order to enable high and selective CO2 uptake at low pressures (0.15 bar) which is 

desirable for post-combustion carbon capture where the flue gas usually consists of ~15 

% CO2, ~75 % N2 and ~10 % other gases.8 Figure 3 illustrates the advantages associated 

with controlled post functionalization on CO2 uptake. The observed CO2 isotherms 

suggest that using stoichiometric amount of HNO3 with shortened reaction time results in 

high CO2 uptake at low pressures. For instance, NPOF-1-NH2 takes 2.07 mmol g-1 (91.2 

mg g-1) CO2 at 273 K and 0.15 bar whereas NPOF-1-NH2(xs) takes 1.76 mmol g-1 CO2 

(77.6 mg g-1) under the same conditions. Notably, both amine functionalized NPOFs take 

more CO2 then nitro functionalized NPOFs and non-functionalized NPOF-1. These 

observations originate from the polarizable nature of the CO2 molecule and its large 

Table 3.2. CH4 and N2 uptakes of polymers at 273 and 298 K. 

 CH4 Uptake (mg g-1) N2 Uptake (mg g-1) 

 273 K 298 K 273 K 298 K 

 0.5 bar 1 bar 0.5 bar 1 bar 0.1 bar 1 bar 0.1 bar 1 bar 

NPOF-1 12.24 23.27 5.31 10.36 0.84 8.24 0.51 6.08 

NPOF-1-NO2 13.27 24.04 5.67 10.73 0.97 8.68 0.59 6.51 

NPOF-1-NO2(xs) 6.82 11.54 3.68 6.67 0.53 6.08 0.27 2.94 

NPOF-1-NH2 14.00 24.40 6.97 12.66 1.08 13.18 0.88 9.79 

NPOF-1-NH2(xs) 12.94 21.33 6.83 12.11 0.88 10.02 0.40 4.92 
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quadrupole moment. The relatively large dipole moment of NO2 and NH2 results in dipole-

quadrupole interactions with CO2, and remarkable increases the initial CO2 uptake at low 

pressure range. At 1.0 bar and 273 K NPOF-1-NH2(xs) adsorbs 4.61 mmol g-1 (203.1 mg 

g-1) of CO2 whereas NPOF-1-NH2 adsorbs 5.88 mmol g-1 of CO2 (258.9 mg g-1). It is worth 

noting that the uptake by NPOF-1-NH2 exceeds top performing adsorbents such as cage 

frameworks,101 functionalized CMPs,102 ALPs,32, 91 BILPs,30, 103 metal containing organic 

polymers,104, 105  and amine appended POPs.44, 53, 106-109  

Comparison of methane uptake reveals that in contrast to CO2, functionalization 

with polar groups does not enhance methane uptake as a result of the low CH4-framework 

interactions (~22 kJ mol-1). These findings suggest that pore functionality along with 

microporosity are central parameters for enhanced CO2 uptake at low pressures (up to 1 

bar) while high accessible surface area improves CH4 uptake. ( Figure 3.10 and Table 

3.2). The Qst values show all functionalized NPOFs to have higher heats of adsorption for 

CO2 over non-functionalized NPOF-1 over the entire loading range. The enhanced Qst 

values are expected due to both chemical and physical pore modification. In addition to 

the electronic nature of -NH2 and -NO2, upon framework functionalization, the pore size 

of NPOF-1 is also reduced and this provides higher adsorption potentials for CO2 via 

possible multi-pore wall interactions. Pore modification increases CO2 binding affinity 

from 21.7 kJ mol-1 to 32.6 kJ mol-1 for NPOF-1-NH2. These observations again can be 

ascribed to the polarizable nature of the CO2 molecule and its large quadrupole moment 

in addition to Lewis acid-base interactions between CO2 and primary amines. The Qst 

drops with higher CO2 loadings for functionalized NPOFs as functional sites become 

saturated; however, non-functionalized NPOF-1 did not follow this trend due to lack of 
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chemical heterogeneity. It is worth mentioning that the interaction between aniline like 

primary amines and CO2 resulted in a moderate Qst value which is desired for cost 

effective CO2 adsorbents. On the other hand, alkyl amine appended MOFs110 and POPs50 

resulted in much higher (>50 kJ mol-1) binding affinities which require higher energy input 

for regeneration of the adsorbents. The high binding affinity of alkylamines towards CO2 

originates from high electron density localized on nitrogen sites in addition to multiple 

amine (inter and/or intra molecular)-CO2 interactions favored by the flexible nature of the 

tethered amines. On the other hand, the electron density of aniline-like amines are 
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Figure 3.10. Selectivity calculated by IAST for CO2/N2 (A) and CO2/CH4 (B) at 298 

K.  
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Table 3.3. Adsorbents for VSA in flue gas (CO2/N2: 10/90) separation at 298 

K, Pads = 1 bar and Pdes = 0.1 bar.  

Adsorbent N1
ads ∆N1  % R α12

ads S 

NPOF-1 0.17 0.15 89.7 8 7 

NPOF-1-NO2 0.42 0.37 88.5 20 42 

NPOF-1-NO2(xs) 0.41 0.36 87.6 45 194 

NPOF-1-NH2 0.76 0.66 87.1 25 57 

NPOF-1-NH2(xs) 0.63 0.55 87.1 41 159 

TBILP-2 (Ref. 89) 0.67 0.59 88.3 42 192 

BILP-12 (Ref. 39) 0.55 0.49 88.7 27 73 

ZIF-78 (Ref. 54) 0.60 0.58 96.3 35 396 

SNU-Cl-va (Ref. 54) 0.47 0.41 87.3 38 262 

  

Table 3.4. Adsorbents for VSA in landfill gas (CO2/CH4: 50/50) separation at 298 

K, Pads = 1 bar and Pdes = 0.1 bar.  

Adsorbent N1
ads ∆N1  % R α12

ads S 

NPOF-1 0.79 0.71 89.2 2.5 6 

NPOF-1-NO2 1.52 1.30 85.2 5.8 29 

NPOF-1-NO2(xs) 1.39 1.16 83.2 10.9 125 

NPOF-1-NH2 2.53 2.10 82.9 9.9 91 

NPOF-1-NH2(xs) 2.01 1.65 82.1 8.4 68 

TBILP-2 (Ref. 89) 2.20 1.84 83.7 7.6 63 

BILP-12(Ref. 39) 2.01  1.71  85.3  6.0  34 

SNU-Cl-va (Ref. 54) 1.51 1.21 80.6 9.7 84 

Diimide-POP (Ref. 54) 1.39 1.05 76.0 5.8 16 
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delocalized through the pi-electrons of benzene rings directly linked to the amine. In this 

case, the amine basicity is much lower and therefore only physical interactions between 

the amine sites and CO2 molecules take place. Nevertheless, the Qst values for 

functionalized NPOFs are strong enough to accommodate high CO2 at low pressures and 

exceed most of the best performing materials such as BILPs39 and bio-MOF-11.111  

Selectivity of an adsorbent towards CO2 is also as important as the uptake since CO2 

is not the main component in the gas mixtures to be purified. Therefore, great efforts have 

been directed towards the design of porous materials that have high CO2/N2 and CO2/CH4 

selectivity for CO2 removal from flue gas and landfill gas, respectively. Ideal Adsorbed 

Solution Theory (IAST) is a widely accepted method for investigating the selectivity of 

porous adsorbents using only pure gas isotherms to calculate gas mixture adsorption.80 

As depicted in Figure 3.10., the IAST results indicate that NPOF-1-NO2(xs) has the 

highest selectivity among the NPOFs studied here for CO2/N2 as it has the lowest surface 

area and therefore lowest N2 uptake at 298 K. NPOF-1-NH2 has a CO2/N2 selectivity of 

25 at 298 K and 1 bar. However, for CO2/CH4 selectivity, NPOF-1-NH2 performed very 

similar to that of NPOF-1-NO2(xs) due to much higher CO2 uptake of the former at 0.5 

bar. The high surface area along with amine functionality allows NPOF-1-NH2 to perform 

better at higher CO2 concentrations.  

3.3.4 Working Capacity Study 

Although numerous porous organic and organic–inorganic hybrid materials have been 

evaluated for CO2 capture and separation, a careful analysis of the trade-off between 

selectivity and uptake capacity was not evaluated until recently.54 The general 

observation made by Bae and Snurr was that high surface area favours CO2 separation 
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from landfill gas in pressure swing adsorption (PSA), whereas narrow pore size and high 

enthalpies of adsorption lead to optimal CO2 removal from flue gas using vacuum swing 

adsorption (VSA). Furthermore, five evaluation criteria (vide infra) were adopted from the 

chemical engineering field to investigate the effectiveness of porous adsorbents: 

CO2 uptake, working capacity for CO2, adsorbent regenerability, selectivity under 

adsorption conditions, and sorbent selection parameter. These criteria, although not 

perfect, provide  

a comprehensive approach for assessing the suitability of porous adsorbents in CCS 

processes. 

Because 87% of the world’s total energy production comes from burning fossil 

fuels, there is an urgent need for selective capture of CO2 from flue gas. A careful analysis 

of the performance of NPOFs for this task (CO2/N2 : 10/90) using VSA at 298 K is 

presented in Table 3.3. Adsorbents for VSA in flue gas (CO2/N2: 10/90) separation at 298 

K, Pads = 1 bar and Pdes = 0.1 bar. The working capacities (ΔN1) were determined by 

calculating the CO2 adsorption difference between 1.0 and 0.1 bar using IAST derived 

uptakes. According to Table 3.3, NPOF-1-NH2 showed great CO2 uptake enhancement 

at low pressures (4.3 folds higher compared to NPOF-1) due to the unique combination 

of high micropore volume and chemical functionality in addition to optimum isosteric heats 

of adsorption for CO2, as a consequence, NPOF-1-NH2 revealed the highest working 

capacity (0.66 kg mol-1) compared to other NPOFs evaluated here. On the other hand, 

the lower micropore volume and surface area of NPOF-1-NH2(xs) resulted in ~17% less 

working capacity although both materials have primary amine functionalized frameworks 

and very similar Qst for CO2. It is worth noting that the high surface area of NPOF-1-NH2 
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and low partial pressure (10%) of CO2 resulted in low CO2/N2 selectivity and therefore 

low S value compared to NPOF-1-NH2(xs) with the latter displaying much lower working 

capacity.   

Switching from coal-fired power plants to natural gas-fired power plants presents an 

alternative strategy to mitigate CO2 emissions before renewable energy sources become 

widely available since natural gas has a lower carbon footprint. For the same reason, the 

use of natural gas in automotive applications is highly desired; however, natural gas found 

in reservoirs has tangible amounts of CO2, N2, and H2S that need to be minimized before 

transport and use.112 Natural gas as well as landfill gas purification processes involve CO2 

removal to prevent pipeline corrosion and to increase the energy density of this methane 

rich gas making on-board storage and use more efficient. Therefore, we assessed NPOFs 

performance in landfill gas purification from CO2 under VSA conditions at 298 K (Table 

3.4). NPOF-1-NH2 outperformed all other NPOFs reported in Table 4 in terms of working 

capacity (2.10 kg mol-1). Since the concentration (partial pressure) of CO2 is higher in 

landfill gas (50%), the outcome of high surface area adsorbents along with chemical 

functionality becomes more pronounced. For instance, NPOF-1-NH2 gives a ~20% 

enhancement in working capacity compared to NPOF-1-NH2(xs) in the case of flue gas; 

however, this difference becomes ~27% in the case of landfill gas separation due to 

higher partial pressure of CO2. Although the high CO2/CH4 selectivity of NPOF-1-NO2(xs) 

due to low surface area results in a higher S parameter, the much lower working capacity 

compared to NPOF-1-NH2 makes it a less promising candidate for CO2 separation from 

landfill gas. On the other hand, the ideal combination of high surface area, binding affinity 

and microporous nature of NPOF-1-NH2 gives rise to high CO2/CH4 selectivity and 
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working capacity which results in very high S value. This suggests that NPOF-1-NH2 can 

be more suitable for CO2 separation from mixtures where CO2 concentration is at or 

above 50%.  

3.4 Conclusions 

In conclusion, we have synthesized NPOF-1 and presented its post-synthetic modification 

of the material to functionalize the framework with –NO2 and –NH2 functionalities. Using 

stoichiometric amounts of nitric acid and shortening the reaction time allowed us to 

maintain and/or generate ultramicropores and to incorporate polar functional groups 

which are essential properties for CO2 capture at low pressures (<1 bar). We have shown 

that coupling the high surface area and aniline-like amine functionality in NPOF-1-NH2 

yields very high CO2 working capacity and selectivity which result in high sorbent selection 

parameter for CO2 capture from landfill gas under VSA settings. 
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4.1 Introduction 

Leveraging natural gas and landfill gas instead of coal and petroleum to meet energy 

demands is one of the promising approaches for reducing greenhouse gas emissions.113 

This has been suggested as an alternative strategy since the combustion of methane 

produces the smallest amount of CO2 for each unit of heat produced as CH4 has the 

highest hydrogen to carbon ratio among all hydrocarbons.114 Landfill gas, a by-product of 

the decomposition of municipal solid waste, is composed of ~50% CH4 and ~50% CO2 

and the CO2 needs to be separated prior to usage as a fuel to increase the energy density 

and to prevent corrosion.115 Considerable efforts have been made to develop efficient 

solid sorbent materials for CO2 capture from gas mixtures via adsorption-based 

                                            

3  Islamoglu, T.; Behara, S.; Kahveci, Z.; Tessema, T.D.; Jena, P. and El-Kaderi, H.M. Enhanced 

Carbon Dioxide Capture from Landfill Gas using Bifunctinalized Benzimidazole-Linked Polymers 

2016 (under review) 
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separation.12, 37, 116, 117 Among the investigated solid adsorbents, porous organic polymers  

(POPs) have received considerable attention because of their physical and chemical 

stability in addition to structural tunability.20 Incorporating functional groups in POPs such 

as benzimidazole,40 triazine,118, 119 azo,32, 120 sulfonate121, nitro,21, 90 amine,51, 52 imide,78, 

122 imine,45, 93, 123 Troger's base124, porphyrin,125 benzoin,126 isocyanurate,127 

benzoxaole128 and hydroxy groups129, 130 can help to polarize CO2 which enhance CO2-

POP interactions (Figure 4.1). The interactions of CO2 with adsorbing materials are 

especially important for CO2 capture at pressures below 1 bar.37 Among the well-

investigated functional groups is benzimidazole which attracted a great deal of attention 

because of its chemical stability and optimal pKa that favors physisorptive interactions 

with CO2.71, 131 Aniline-like amine functionalities are also of interest because of the ideal 

 

Figure 4.1. Interactions of CO2 and BILP-6-NH2. 
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pKa of aniline as opposed to alkyl amines where localized electron density on the nitrogen 

results in chemisorption of CO2 instead of physisorption.53, 132 Chemisorption of CO2 is 

not ideal because high temperatures are then required to regenerate the sorbent.11 It was 

shown recently that POPs containing multiple functional groups exhibit combined effects 

of each functional group that improve selective binding of CO2.133-136 For example, we 

have shown that the incorporation of triazine groups in benzimidazole linked polymers 

(BILPs) results in improved selective CO2 capture capabilities.89 Because the amine 

functionality is known for improved CO2 capture and separation by porous adsorbents, 

we hypothesized that placing amine groups adjacent to benzimidazole units in BILPs 

would increase CO2 binding capabilities through multiple interactions and/or providing 

extra adsorption sites. 

Here, we use pre- and postsynthetic modification methods to synthesize BILP-6-NH2 

that combines both benzimidazole and amine functionalities for use in gas separation 

applications. We have performed DFT calculations to gain insight into the intermolecular 

interactions between CO2 and BILP-6-NH2. DFT calculations reveal that there is an 

intramolecular hydrogen bonding in BILP-6-NH2 involving the N-H (amine) group 

(hydrogen atom donor) and N(sp2) of the benzimidazole ring (hydrogen atom acceptor). 

As a result of this hydrogen bonding, the first adsorbed CO2 molecule prefers to stay out 

of the plane and interacts with both the imidazole and amine nitrogen atoms. Moreover, 

the second CO2 molecule interacts more strongly in the case of BILP-6-NH2 because of 

the CO2
...H-N (imidazole) interaction in addition to CO2

...CO2 interactions, which are 

absent in BILP-6. Experimental CO2 isotherms show enhanced CO2 adsorption capacity 

of BILP-6-NH2 compared to BILP-6. 
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4.2 Experimental Section 

4.2.1 General Techniques, Materials and Methods 

All starting materials and solvents, unless otherwise noted, were obtained from Acros 

Organics and used without further purification. 2-nitroterephthaldehyde (TPAL-NO2) was 

synthesized according to literature procedure and 1H NMR is shown in Figure 4.2.137, 138 

Data for BILP-6 was used from our previous report.139 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. Elemental microanalyses were 

performed at the Midwest Microlab, LLC. Liquid 1H and 13C NMR spectra were obtained 

using 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 µL 

platinum pans under an atmosphere of air (heating rate 5 °C /min). For scanning electron 

microscopy imaging (SEM), samples were prepared by dispersing the material onto a 

sticky carbon surface attached to a flat aluminium sample holder. The samples were then 

coated with platinum at a pressure of 1 x 10-5 mbar under a nitrogen atmosphere for 70 

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 
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multipurpose diffractometer. Samples were mounted on a sample holder and measured  

using Cu Kα radiation with a 2θ range of 1.5-35. FT-IR spectra were obtained on a Nicolet-

Nexus 670 spectrometer furnished with an attenuated total reflectance accessory. 

Porosity and gas sorption experiments were collected using a Quantachrome Autosorb 

iQ volumetric analyser using adsorbate of UHP grade. In a typical experiment, a sample 

of polymer (~50 mg) was loaded into a 9 mm large bulb cell (Quantachrome) of known 

weight which was then hooked up to a gas analyser and degassed at 130 °C / 1.0 x 10-5 

bar for 12 hours. The degassed sample was refilled, weighed precisely and then 

transferred back to the analyser. The temperatures for adsorption measurements were   

 

Figure 4.2. 1H NMR spectra of TPAL-NO2 in CDCl3.  
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controlled by using a refrigerated bath of liquid nitrogen (77 K), and a temperature 

controlled water bath (273 K and 298 K). 

Synthesis of BILP-6-NO2: A 200 mL Schlenk flask was charged with 2,3,6,7,14,15-

hexaaminotriptycene hexahydrochloride (110 mg, 0.195 mmol), 75 mL of anhydrous 

DMF, and a stir-bar. The resultant solution was cooled to ca. -30 ºC then treated drop-

wise with a solution of 2-nitroterephthaldehyde (52.5 mg, 0.293 mmol) in anhydrous DMF 

(25 mL). The temperature was maintained around -30 ºC for 3 hours and the resultant 

slurry solution  was left to warm to room temperature overnight. The flask containing the 

reaction mixture was flushed with air for 15 minutes and capped tightly. The reaction 

mixture was then transferred to a static oven and heated gradually to 130 °C (0.5 °C/min) 

and kept for 3 days to afford a fluffy brownish polymer which was isolated by filtration over 

a medium glass frit and subsequently washed with DMF, acetone, water, 2 M HCl, 2 M 

Scheme 4.1. Schematic representation of synthesis of BILP-6 and BILP-6-NH2. 
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NaOH, water, and acetone. The resultant polymer was dried under reduced pressure to 

afford BILP-6-NO2 (83 mg) as a brownish powder.  

Synthesis of BILP-6-NH2: A slightly modified literature report was followed for 

reduction of nitro groups.140 A 50 mL round bottom flask equipped with a stir bar was 

charged with 75 mg BILP-6-NO2, 10 mL methanol, and 10 mL distilled water under 

nitrogen. The resultant suspension was degassed with N2 for 20 min before adding 

sodium dithionite (1 g, 5.75 mmol) which was then was heated to 75 °C for 18 hours. The 

resultant material was filtered and suspended in warm water (25 mL) for 30 min. The 

suspension was filtered and washed with warm water twice. The resultant polymer was 

suspended in 25 mL 4 M HCl in order to ensure complete reduction to amine then was 

washed with water followed by 2 M NaOH in order to neutralize the amine. The isolated 

product was suspended in warm water (30 mL) for 60 minutes. After filtration the polymer 

was suspended in warm ethanol and THF twice for 30 min cycles. The polymer lastly was 

filtered and washed with methanol and dried overnight under vacuum at 120 ºC to yield a 

dark brownish BILP-6-NH2 (55 mg). Anal. Calcd. for C64H37N15 : C, 75.65%; H, 3.67%; N, 

20.68%. Found: C, 67.91%; H, 4.42%; N, 16.45%.  

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization 

The synthesis of BILP-6-NO2 was performed according to a method we reported 

previously, where an acid-catalyzed condensation reaction between aryl-o-amine and 

aryl-aldehyde forms the imidazole ring as depicted in Scheme 4.1.30 It is worth noting that 
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BILP-6-NH2 cannot  be synthesized  de novo because of a side reaction that could  

possibly lead to homopolymerization of amine functionalized aldehyde linker. Therefore, 

we first synthesized the –NO2 functionalized network (BILP-6-NO2) followed by reduction 

of the nitro groups to amines to give BILP-6-NH2. Although postsynthetic modification 

(PSM) has been instrumental for introducing targeted functionality into POPs, complete 

functionalization of all possible sites is nearly impossible even when excess equivalents 

of reagents are used  (~0.6 functional group/benzene achieved).51 Most likely this is due 

to a lack of accessibility of all sites that can be functionalized in these amorphous  
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Figure 4.3. FT-IR spectra of TPAL-NO2 and polymers.  
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materials. Very recently we developed controlled PSM of NPOFs to prevent micropore 

blocking upon functionalization, however, controlling the loading of functional group sites 

remains a great challenge.51 On the other hand, pre-synthesis functionalization ensures 

a loading of 1 nitro/phenyl ring which enables a more accurate prediction and visualization 

of the final structure. In addition, by employing pre-synthesis functionalization we have 

excluded the possibility of additional nitro/amine groups being loaded onto the benzene 

rings of the triptycene moieties. As expected, BILP-6-NH2 was not soluble in common 

organic solvents such as tetrahydrofuran, dimethylformamide, dichloromethane and 
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Figure 4.4. TGA traces of polymers. 
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Figure 4.5. SEM images of BILP-6 and BILP-6-NH2. 
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methanol. The chemical stability of BILP-6-NH2 was confirmed by washing the polymer 

with 2 M NaOH and 2 M HCl and the thermal stability was confirmed by TGA where it was 

found that only ~8 wt% is lost up to 400 °C after the initial weight loss due to residual 

solvent and/or moisture (Figure 4.4). FT-IR studies showed that the peak at 1690 cm-1 

(C=O from aldehyde) is almost completely diminished which confirms successful 

polymerization (Figure 4.3). Complete reduction of nitro groups is demonstrated by a 

significant decrease in the intensity of the band at 1528 cm-1 (asymmetrical and stretching 

of NO2). Symmetrical stretching of NO2 can also be seen at 1350 cm-1; however, the 

decrease in this peak cannot be interpreted upon reduction of nitro groups due to 

overlapping of peaks from other groups around the same region. Peaks at 3369 and 3172 

cm-1 can be assigned to N-H stretches from the imidazole ring and amino group. The 

peak around 3600 cm-1 can be attributed to H-bonded water molecules.141 According to 

PXRD studies, all polymers are amorphous and lack long-range ordering as previously 

reported for BILPs. SEM images revealed aggregated plated particles of variable sizes 

as shown in Figure 4.5. Microelemental  analysis results showed 16.45 wt% nitrogen for 

BILP-6-NH2 which is ~28% higher compared to BILP-6 (12.87 wt%). This is expected 

because of incorporation of amine groups. A deviation in microelemental analysis for 

POPs is common due to their amorphous nature. 

4.3.2 Textural Properties 

The specific surface area and pore size distribution of BILP-6 and BILP-6-NH2 were 

characterized by means of N2 (77 K) adsorption-desorption measurements. The 

corresponding nitrogen adsorption isotherms and pore size distributions of BILPs are 
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depicted in Figure 4.6. Both nitrogen isotherms show a sharp uptake at very low pressure  

(P/P0 < 0.01) followed by a plateau (0.01<P/Po<0.9) which is consistent with their 

expected microporous nature. A sharp increase in N2 uptake around P/Po> 0.9 is 

observed and can be attributed to N2 condensation in inter-particle voids which is common 

in POPs having small particle sizes. The textural properties of BILPs are listed in Table 

4.1. The Brunauer-Emmett-Teller surface areas of BILP-6 and BILP-6-NH2 were 

measured to be 1458 and 1185 m2
 g-1, respectively. It is worth noting that BILP-6-NH2 is 
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Figure 4.6. Nitrogen isotherms at 77 K (A) and pore size distribution from NLDFT 

using N2 at 77 K (B). 
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~9.2 %  heavier than BILP-6 and in addition, the amino groups are occupying some space 

in the pores. Thus the 18% drop in surface area from BILP-6-NH2 to BILP-6 is expected. 

This further confirms the efficiency of the pre-synthesis functionalization method for 

construction of functionalized POPs where a noninvasive pore functionalization can be 

achieved. A pore size distribution (PSD) analysis of the polymers was determined by 

fitting the N2 adsorption isotherm (77 K) using NLDFT with the carbon model (slit/cylindr. 

pores, QSDFT adsorption branch). The analysis shows that the pores in BILP-6-NH2 and 

BILP-6 are 8.8 and 10 Å, respectively. The mesopore peaks observed at ~23 Å are most 

likely due to N2 condensation at inter-particle voids which are acting as mesopores. Pore 

volumes from single point adsorption at P/Po
 = 0.9 are measured to be 0.64 and 0.48 cm-

3 g-1 for BILP-6 and BILP-6-NH2, respectively.  

 

Table 4.2. Surface areas, CO2 uptakes at 298 K, Qst and IAST selectivity results of 

polymers. 

    CO2 Uptake IAST  

Polymer aSABET bVMic,DFT c0.5 bar c1 bar dQst 
eCO2/CH4 

BILP-6 1458 0.44 (0.64) 153.5 (90.6) 208.8 (121.3) 28.3 3 

BILP-6-NH2 1185 0.38 (0.48) 184.5 (119.3) 244.8 (164.7) 29.5 6 

 

aBET surface areas are reported in m2 g-1. bMicropore volume determined by NLDFT in cm-3 

g-1 ; the values in parentheses are the percentage of micropore volume relative to total pore 

volume. cThe uptakes of CO2 at corresponding pressure in mg g-1 at 273 K (298 K) dIsosteric 

heat of adsorption of corresponding gas at zero coverage calculated from isotherms collected 

at 273 and 298 K using Virial equation. dSelectivity calculated by IAST at 298 K and 1 bar.  
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4.3.3 Gas uptake and selectivity studies 

To reveal the effect of amine functionalized BILP on CO2 capture from landfill gas 

settings we have collected carbon dioxide and methane adsorption isotherms at 273 and 

298 K. The hysteresis-free isotherms confirm the reversibility of gas uptake/release in the 

polymers which is essential fo r identifying cost efficient CO2 capture (Figure 4.7). The 

superior CO2 uptake of BILP-NH2 relative to BILP-6 is also demonstrated by CO2 

adsorption isotherms at both temperatures. At 298 K, the difference in uptake becomes 

more pronounced after ~0.4 bar where BILP-6 starts to plateau but BILP-6-NH2 continues 
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Figure 4.7. CO2 (A) and CH4 (B) uptakes of BILP-6 and BILP-6-NH2 at 273 and 298 

K. 
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to show a rise in uptake. At 0.4 bar and 298 K, BILP-6-NH2 shows 22% (81 vs 99 mg g-1) 

enhancement in CO2 uptake while it increases to 36% (121 vs 165 mg g-1) at 1 bar.  This 

is most likely because  of the amine functionalities in BILP-6-NH2 which provide 

extra/cooperative adsorption sites for CO2. On the other hand, CH4 uptake for BILP-6-

NH2 at 298 K is lower than BILP-6 due to the higher surface area of the latter. These 

findings are in agreement with recent findings in the literature where CO2 uptake 

correlates with pore functionality while the surface area plays a dominant role for CH4 

uptake.21 It is worth noting that a high CO2 uptake at 0.5 bar is desirable for landfill gas 

separation under vacuum swing adsorption (VSA) settings as the CO2 content in landfill 

gas is generally ~50%. BILP-6 adsorbs 2.05 mmol g-1 of CO2 at 298 K and 0.5 bar while 

BILP-6-NH2 adsorbs 2.57 mmol g-1 under the same conditions which corresponds to a 
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Figure 4.8. Isosteric heat of adsorption of CO2 for BILP-6 and BILP-6-NH2. 
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25% enhancement in the uptake. At 1 bar, BILP-6-NH2 stores of 5.56 and 3.74 mmol g-1 

of CO2 at 273 and 298 K, respectively, which exceeds top performing POP adsorbents 

such as cage frameworks,101 functionalized conjugated miroporous polymers (CMPs),68 

azo-linked polymers (ALPs),32, 92 BILPs,103 and amine appended POPs.53 

The virial equation was fitted to CO2 and CH4 isotherms collected at 273 and 298 K to 

calculate isosteric heats of adsorption of the guest molecules. At zero coverage, the 

interaction of CO2 with the most energetically favored sites are calculated to be 28.3 and 

29.5 kJ mol-1 for BILP-6 and BILP-6-NH2, respectively (Figure 4.8). The strength of this 

interaction drops to ~26 kJ mol-1 with increasing CO2 loading due to saturation of the 

active binding sites. The higher Qst
 for BILP-6-NH2 is most likely due to a combination of 

CO2–benzimidazole/amine interactions and the small pores of BILP-6-NH2 that allow for 

 

Figure 4.9. CO2/CH4 selectivity calculated by IAST for BILPs at 298 K. 
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multiple pore wall interactions with CO2. The reported Qst for BILP-6-NH2 is consistent 

with fully reversible CO2 isotherm where CO2 release is achieved by pressure drop 

without heating. Although the CH4 uptake by BILP-6-NH2 is lower than that of BILP-6 at 

298 K and 1 bar, the binding affinity of CH4 increased significantly upon incorporation of 

amino groups which can be attributed to slightly smaller pores of BILP-6-NH2. 

Given the high CO2 uptake and desirable binding affinity, we studied the use of BILP-

6-NH2 in selective CO2 capture from landfill gas. Ideal Adsorbed Solution Theory (IAST) 

is a widely accepted method for investigating the selectivity of porous adsorbents using 

only pure gas isotherms to calculate gas mixture adsorption.80 As depicted in Figure 4.9, 

BILP-6-NH2 shows enhanced CO2/CH4 selectivity (5.0 vs 8.4 at 1 bar) compared to BILP-

6 at all pressure ranges (0-1 bar) at 298 K. A slight increase in selectivity observed with 

increasing pressure for BILP-6-NH2 can be attributed to the effect of the amino groups 

which provide additional adsorption sites for CO2.  

4.3.4 DFT Study 

In order to have a better understanding of the effect of incorporating amino groups 

adjacent to an imidazole moiety on CO2 binding modes, we carried out DFT calculations 

with local density approximation (LDA) functional consisting of the Slater exchange and 

Volk–Wilk–Nusair correlation functional (SVWN)142. It is worth noting that since the 

interaction of CO2 molecules with BILPs are calculated using only active sites of the 

structure, it is expected to have a deviation between calculated and experimental binding 

affinity since the effect of pore size and multi-pore wall interactions are ignored in DFT 

calculations for the sake of computational expense. We have used the Gaussian 09 

package143 and the 6-311+G*144 basis set for all our computations. The convergence in 
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the total energy and force was set at 1 × 10−6 eV and 1 × 10−2 eV Å−1, respectively. Initially 

different geometries were considered where the CO2 molecules were allowed to approach 

different binding sites of the benzimidazole/amine-containing units (Figure 4.10). The 

electrostatic potential (ESP) maps of structures are shown in (Figure 4.11). We recently 

reported on BILP-CO2 interactions sites which were identified using two different levels of 

theory, LDA and MO6.145 Our findings showed that the interaction of CO2 with 

benzimidazole was mainly through N(sp2) in imidazole and C in CO2 in addition to 

complementary interactions involving aryl C–H and CO2 (C–H⋯O C O) with variable 

bond distances in the range of 2.79–2.94 Å.145 The other nitrogen, N(sp3), was not 

preferred by CO2 presumably because of delocalization of the lone pairs on that nitrogen 

 

Figure 4.10. Fully optimized geometries of BILPs–CO2 interactions calculated at 

the M06/6-311+G* level of theory. (a) BILP-6@CO2 top view; (b) and (c) BILP-6-

NH2@CO2 top and side view, respectively; (d) BILP-6@2CO2 top view; (e) and (f) 

BILP-6-NH2@2CO2 top and side view, respectively; The bond lengths are in Å. The 

blue, grey, white and red colours stand for N, C, H and O atoms, respectively.  
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with the aromatic system. The same calculations were performed for BILP-6 for 

comparison purposes and we have found very similar CO2–framework interaction modes. 

We postulated that incorporation of amino groups in BILP-6-NH2 would facilitate an 

increase in binding affinity for the first CO2 molecule; however, due to intramolecular 

hydrogen bonds in the BILP-6-NH2 involving the N(sp2) of the heterocyclic five-membered 

ring and N-H group, the binding affinity was slightly lower compared to BILP-6 (31.78 vs 

28.77 kJ mol-1 ). However, the average binding affinity of the second CO2 molecule in 

BILP-6 and BILP-6-NH2 follows a different trend. In the case of BILP-6, the second CO2 

molecule prefers to stay out of the plane and interacts with the same nitrogen atom 

resulting in an average binding affinity of 29.34 kJ mol-1. In the case of BILP-6-NH2, the 

second CO2 also prefers to stay out of the plane; however it can interact with the first CO2 

in a T-shaped orientation to minimize its energy since the first CO2 is also out of the plane. 

BILP-6 BILP-6-NH2 

 

 

 

 

 

Figure 4.11. Electrostatic potential map for BILP-6- and BILP-6-NH2. 
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In addition, the second CO2 is aligned to form a hydrogen bond with the H atom in N-H 

(imidazole) which shows a distance of 2.18 Å. Therefore, the average binding affinity of 

the second CO2 molecules is calculated to be 36.57 kJ mol-1. It is clear from the DFT 

calculations that amino groups are responsible for enhanced CO2 uptake in BILP-6-NH2 

compared to BILP-6 in which the imidazole is the only active site as preferred adsorption 

sites. The bond lengths between the C and O atoms of the CO2 molecule does not change 

(i.e. 1.16 Å) compared to neutral CO2, whereas the shape is slightly bended (bond angle 

reduces to 176°) which is consistent with previous reports.146  

4.3.5 Sorbent Evaluation Criteria 

Although CO2 uptake is important at the partial pressure of interest, selectivity 

under the same condition is of similar significance. A recent report by Bae and Snurr has 

been instrumental for evaluating porous solid adsorbents for a given application.54 We 

have applied the sorbent evaluation criteria to BILP-6 and BILP-6-NH2 and compared 

them to some of the best performing materials in the literature.39, 51, 54, 89, 91, 135 We 

postulate that the narrow pore size and higher enthalpy of adsorption for BILP-6-NH2 for 

CO2 would make it superior under vacuum swing adsorption (VSA). Briefly, sorbent 

evaluation criteria show CO2 uptake under adsorption conditions (N1
ads), working capacity 

for CO2 (∆N1), adsorbent regenerability (R), selectivity under adsorption conditions 

(α12
ads) and sorbent selection parameter (S), which combines the selectivity and working 

capacity in one parameter. We assessed the performance of BILP-6-NH2 in landfill gas 

purification from CO2 (CO2/CH4 : 50/50) under VSA conditions at 298 K and an adsorption 

pressure of 1 bar and desorption pressure of 0.1 bar (Table 4.2). BILP-6-NH2 presents a 

working capacity of 2.14 kg mol-1 which corresponds to a 43% increase compared to 
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BILP-6 and it is higher than all other sorbents listed in Table 4.2. The combination of 

higher CO2/CH4 selectivity  (α12
ads) for BILP-6-NH2 in addition to higher working capacity 

translates into more than 3 fold enhancement in S factor compared to BILP-6. It is worth 

nothing that NPOF-1-NH2 has higher selectivity of CO2/CH4 compared to BILP-6-NH2 and 

therefore presents higher S value despite the higher working capacity of the latter. 

 

4.4 Conclusions 

We have successfully synthesized a high surface area bifunctionalized 

(benzimidazole and amine) BILP. DFT calculations revealed that BILP-6-NH2 shows 

Table 4.3. VSA Evaluation Criteria for CO2 Separation from Landfill Gasa 

 Adsorbents bN1
ads b∆N1 R α12

ads S Ref 

BILP-6 1.89 1.50 79.2 5.0 23.5 This work 

BILP-6-NH2 2.63 2.14 81.3 8.4 76.0 This work 

BILP-10 1.70 1.44 84.3 7.6 59.3 39 

BILP-12 2.01 1.71 85.3 6.0 33.7 39 

NPOF-1-NH2  2.53 2.10 82.9 9.9 91.0 51 

ALP-1 2.04 1.73 85.1 5.8 35.1 91 

ALP-5 2.07 1.67 80.9 8.3 75.0 91 

TBILP-2 2.20 1.84 83.7 7.6 62.5 89 

SNU-Cl-sca 1.99 1.60 80.4 7.5 38 135 

Dimide-POP 1.39 1.05 76.0 5.8 16 54 

ZIF-82 1.42 1.20 84.9 5.6 20.5 54 

HKUST-1 2.81 1.90 67.5 5.5 19.8 54 

 

aCO2:CH4= 50:50, T= 298K, Pads= 1 bar, and Pdes = 0.1 bar. b In mol kg-1. 
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different interaction modes with CO2 compared to its counterpart BILP-6. Amine groups 

provide co-adsorption sites and hence facilitate CO2-CO2 interactions. Enhanced CO2 

uptake in BILP-6-NH2 was also shown with experimental isotherms. The high CO2 uptake 

and selectivity in BILP-6-NH2 give rise to a very promising working capacity and sorbent 

selection parameter for landfill gas purification from CO2 under VSA settings. Overall, this 

work demonstrates the effect of functionalized nanoporous organic polymers design on 

CO2 separation from methane-rich gases. 
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The research presented in this dissertation entails the design and synthesis of 

nanoporous organic polymers and their postsynthetic modification for gas separation 

applications. Novel heteroatom free porous organic polymers (POPs) were synthesized 

then functionalized with nitro and amine groups to investigate the effect of nitro and amine 

functionality on selective carbon dioxide capture. In addition, a novel amine functionalized 

Benzimidazole-Linked Polymer (BILP) was designed and the synergetic effect of the 

functional groups on CO2 uptake was studied. The important aspects of this dissertation 

are summarized below. 

First, we have target the synthesis of a novel POP using metal free synthesis 

approach. To do that we have synthesized a novel building block, 1,3,5,7-tetrakis(4-

acetylphenyl)adamantane and acid catalyzed cyclotrimerization of that molecule in 

ethanol/xylenes yields a Nanoporous Organic Framework (NPOF-4) with a BET surface 

area of 1249 m2 g−1. High physicochemical stability of NPOF-4 allowed us to perform 

post-synthetic modification on NPOF-4 which afforded NPOF-4-NO2 after nitration in 

sulfuric acid/nitric acid mixture and its subsequent reduction resulted in an amine-

functionalized framework NPOF-4-NH2. Surface modification resulted in a significant 

enhancement in CO2 binding affinity: 32.5 and 30.1 kJ mol-1 and selective binding over 

nitrogen and methane: CO2/N2 (139) and CO2/CH4 (15) at 273 K. These results confirmed 

that surface functionality overweigh the high surface area with regards to high CO2 uptake 

and binding affinity. Therefore, we concluded that having polar groups (-NO2 and -NH2) 

http://www.chemspider.com/Chemical-Structure.682.html
javascript:popupOBO('CHEBI:27338','C3TA12305G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=27338')
javascript:popupOBO('MOP:0000569','C3TA12305G')
javascript:popupOBO('CHEBI:32952','C3TA12305G','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=32952')
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on pore walls notably enhance the initial CO2 uptake and overall selectivity. These results 

highlight the potential use of functionalized NPOFs in post-combustion CO2 separation 

and in natural gas purification processes. The functionalized NPOFs are also capable of 

storing up to 1.15 wt% H2 at 77 K and 1 bar with high isosteric hydrogen heats of 

adsorption (8.1 and 8.3 kJ mol-1). The relatively high initial uptake of H2 by functionalized 

NPOFs also indicates the significance of the physical and electronic nature of the pores 

in the design of future hydrogen storage sorbents. 

Our first work showed that nitro and amine functionalities can significantly enhance 

the CO2 selectivity of POPs; however, because of the drastic decrease in surface area 

upon functionalization, the effect of functionalization on final gas uptake was much less 

pronounced. As it was explained in Chapter 1, CO2 uptake at relevant pressures and 

temperatures is also as important as selectivity. Therefore we developed controlled 

postsynthetic modification of NPOF-1 to achieve non-invasive modification. NPOF-1, first 

reported by our group in 2011, is a nanoporous organic framework constructed by 

nickel(0)-catalyzed Yamamoto coupling of 1,3,5-tris(4-bromophenyl)benzene shows a 

BET surface area of 2062 m2 g-1. Controlled nitration is proven to be a promising route to 

introduce nitro groups and to convert mesopores to micropores without compromising 

surface area. Reduction of the nitro groups yields aniline-like amine-functionalized NPOF-

1-NH2 that has a micropore volume of 0.48 cm3 g–1, which corresponds to 71% of the total 

pore volume and a Brunauer–Emmett–Teller surface area of 1535 m2 g–1. Adequate 

basicity of the amine functionalities leads to modest isosteric heats of adsorption for CO2, 

which allow for high regenerability. The unique combination of high surface area, 

microporous structure, and amine-functionalized pore walls enables NPOF-1-NH2 to have 
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remarkable CO2 working capacity values for removal from landfill gas and flue gas. The 

performance of NPOF-1-NH2 in CO2 removal ranks among the best by porous organic 

materials. 

Lastly, we have synthesized a novel amine functionalized BILP named BILP-6-NH2 to 

investigate the synergetic CO2 adsorption effect of amine and benzimidazole groups. We 

hypothesized that placing the amine groups adjacent to benzimidazole would increase 

CO2 binding capabilities via facilitating a co-adsorption and/or providing an extra 

adsorption site. We have performed DFT calculations to gain insight into the 

intermolecular interactions between CO2 and BILP-6-NH2. DFT calculations reveal that 

the second CO2 molecule interacts more strongly in the case of BILP-6-NH2 because of 

the CO2
…HN (imidazole) interaction in addition to CO2

…CO2 interactions which were 

absent in BILP-6. Enhanced CO2 adsorption capacity as well as higher CO2/CH4 

selectivity in BILP-6-NH2 compared to BILP-6 was also confirmed experimentally from the 

collection of CO2 isotherms showing that this material has a very promising working 

capacity and sorbent selection parameter for landfill gas separation under VSA settings. 
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