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Abstract 

The current, unprecedented CO2 concentration of 400 ppm in the atmosphere is anticipated to carry 

a devastating impact on global warming. Microporous organic polymers such as hypercrosslinked 

polymers (HCPs) and Scholl-coupled polymers (SCPs) have the potential to work as physisorbents for CO2 

capture from the exhaust streams of fixed-point emission sources such as power plants. Post-synthetic 

modification of the polymers to load CO2-philic groups is a tool for enhancing the polymer-CO2 

interactions. In general, the hydrophilicity of polymers increases as polar functional groups are loaded 

which in turn results in moisture competitive adsorption over CO2. In this work, we study the potential 

of HCPs and SCPs as adsorbents for CO2 capture. We also explored post-synthetic modification 

approaches to load polar functional groups onto the polymers such as nitrogen and fluorine. To evaluate 

the influence of moisture presence on the CO2 capacity of the polymers when polar groups are present, 

we developed a high-throughput screening tool for CO2/N2 selectivity under dry and wet conditions that 

is capable of screening 96 samples simultaneously. Our high-throughput screening revealed that the 

presence of polar groups increased the polymer‒CO2 interactions under dry conditions. However, in the 

presence of moisture, the affinity of the polymer towards CO2 deteriorates due to competitive moisture 

adsorption as a result of the increased hydrophilicity caused by the polar groups.   
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1.1 Introduction 

Earth’s increasing temperature has raised environmental concerns over greenhouse gases (GHGs) 

and their influence on the climate.1,2 These gases, including water vapor, carbon dioxide (CO2), methane 

(CH4), nitrogen oxides, etc., are naturally present in the atmosphere in certain concentrations.1 Naturally 

occurring phenomena such as volcanic eruptions can release small amounts of GHGs to the 

atmosphere.1,3 However, since the industrial revolution, anthropogenic GHGs emissions have led to a 

massive increase in their concentration in the atmosphere.1,4  More than 70% of the world’s energy is 

generated through combustion of fossil fuels in stationary power plants, which releases excessive 

amounts of CO2 into the atmosphere.5 Recent studies suggest that world’s demand for energy in 2030 

will increase by more than 50% of 2004 levels.6 In recent history, atmospheric CO2 levels have been 

consistently below 300 ppm‒that is until the 1950s since when CO2 levels have been gradually increasing. 

The present day atmospheric CO2 concentration is around 400 ppm.7  

CO2 is an infrared-active gas which acts as trap in the Earth’s atmosphere preventing reflected 

radiation from escaping into outer space. In a continuous cycle, the earth is irradiated by the sun, of 

which one-third gets reflected by clouds while the remainder is absorbed by oceans, landscapes, etc.1 

As the surface of the land and water heats, some of the absorbed energy is radiated back to the 

atmosphere in the form of thermal energy (IR wavelength) where rising concentrations of GHGs in the 

atmosphere increasingly prevent these radiations from escaping.1 The fact that fossil fuels are among 

the cheapest available energy source makes it impossible to neglect their importance to the energy-

intensive human activities.8,9 However, solutions must be provided to minimize the impacts on the 

environment that are associated with the high emissions of greenhouse gases to the atmosphere. 

1.2 Minimizing atmospheric CO2 concentration 

Power generation through renewable energy sources such as solar, wind, geothermal, etc., where 

no CO2 is emitted, would be the answer to climate change. Unfortunately, their slow pace of 

development makes them unlikely to displace fossil fuels as the primary source of energy in the near 

future. Furthermore, availability constraints are associated with renewable sources for instance, tidal 

energy can only be harvested when there are waves, and solar power requires daylight. As the world’s 

population increases, the demand for energy will also increase.10  
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Different feedstocks are used in fossil fuel based power plants including natural gas, oil, and coal. 

The relatively cheap price and high abundance of coal has made it the most used fossil fuel. Coal-fired 

power plants are major contributors to carbon emissions,6,11 with roughly one third of the United States 

CO2 emissions generated by these plants.12 Anthracite coal is composed of 93% carbon; hence on 

burning, a single gram will produce slightly less than 3.5 g of CO2, in addition to other impurities.13,14 

Using alternative fuels that have a higher hydrogen content will result in the reduction of carbon dioxide 

emissions to the atmosphere. Natural gas, for instance, is mainly composed of methane, which on 

combustion produces less CO2 per gram compared to coal; approximately 2.8 g of CO2 is produced from 

a gram of methane, a decrease of 20% CO2 when compared with anthracite coal.13,14 The lower heat of 

combustion of anthracite, 38 MJ/kg vs 50 MJ/kg for methane, also means that more coal must be burnt 

to convert water into steam, which is necessary to drive the power generation process.13,14 Replacing 

coal with natural gas would require the upgrade of current facilities to accommodate natural gas 

combustion chambers, however, due to the costs there is little incentives to pursue this course of 

action.15,16 Over the past decades, different strategies have been tested to remove post-combustion CO2 

from power plants, some of which are highlighted below.16 

1.3 Strategies for CO2 capture 

1.3.1 Pre-combustion CO2 capture 

Pre-combustion capture requires stripping CO2 from different streams of the process before burning 

the fuel. The use of an Integrated Gasification Combined Cycle (IGCC) in power plants is the most 

promising approach for pre-combustion capture. Within an IGCC unit, oxygen gas is used to gasify coal, 

which produces a gas mixture containing mainly CO and H2. To the mixture of oxygen and coal, steam is 

added and the resulting mixture is then directed to a shift convertor. Inside the shift convertor, water 

gas shift reaction converts CO to CO2 and more H2 (Figure 1.1). CO2 is separated from H2 to produce rich 

CO2 stream while H2 is then sent to a combustion turbine for power generation after mixing with steam 

or nitrogen from the air separation unit. The advantage of pre-combustion technology is that it generates 

a hydrogen-rich fuel, which can be used as a chemical feedstock, in a fuel cell for power generation, or 

in the development of a hydrogen economy. Pre-combustion capture can reduce the energy capture 

penalty of the process to 10–16% of the power plant output, roughly half that for post-combustion CO2 
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capture. However, new power plants have to be built to accommodate IGCC units which are expensive 

and require many sophisticated supporting systems.17  

 

 
1.3.2 Oxy-fuel combustion 

Oxy-fuel combustion, or “zero emission cycle”, is when the feedstock to the combustion chamber is 

burnt with high purity oxygen mixed with less than 5% recycled flue gas. The flow of oxygen is supplied 

through the use of cryogenic air separation unit while the recycled flue gas is essential to control the 

temperature of the combustion process, due to the fact that no current material can withstand the 

resultant excessive heat of combustion if a pure flue of oxygen is used (Figure 1.2). The resultant flue 

stream from oxy-fuel combustion is very rich in CO2 which in principal should lower the cost of carbon 

capture compared to other conventional methods. However, the high cost of building cryogenic air 

separation units for O2 production along with the fact that cooling cycles are necessary to control the 

temperature inside the combustion chamber are hindering factors to the implementation of oxy-fuel 

combustion in the near future.17  

Figure 1. 2 CO2 oxy-fuel combustion process. Reproduced (adapted) with permission 
from (Int. J. Greenh. Gas Control, 2008, 2, 9–20). Copyright (2019) Elsevier.17 

Figure 1. 1 Pre-combustion capture process. Reproduced (adapted) with permission 
from (Int. J. Greenh. Gas Control, 2008, 2, 9–20). Copyright (2019) Elsevier.17 
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1.3.3 Post-combustion CO2 capture 

This is seen as the most economically viable solution for CO2 capture in the near future.15 It simply 

implies retrofitting CO2 capture units to existing power generation facilities. Currently, post-combustion 

CO2 capture using amine solvents is considered the state-of-the-art technology and it has been applied 

on commercial scales. Compared to other conventional methods, this approach produces CO2 at very 

low partial pressures where it represents less than 15% of exhaust flow gas stream.16  

1.3.3.1 State-of-the-art technology 

Chemisorption of CO2 using amine solvents is the currently employed method for commercial scale 

post-combustion CO2 capture.18 Primary, secondary, or tertiary amines can be used in 30 wt% loading in 

water.18,19 CO2 loading capacity into primary amines such as monoethanolamine (MEA) and secondary 

amines such as diethanolamine, where it forms a very stable carbamate ion, is in the range of 0.5–1 mol 

of CO2 for every mol of amine solution.16,19 Some of the formed carbamates can get hydrolyzed to form 

hydrogen carbonates.20 However, the relative stability of the formed carbamate ion accompanied with 

the high specific heat capacity (Cp= 4.18 J K-1 g-1) of water requires a significant amount of energy to heat 

the solutions to 100–140 °C to release CO2 and regenerate the free amine solution. To date, MEA is the 

most commonly used amine for CO2 scrubbing.16,18,19,21 To overcome the high regeneration energy 

requirement of primary and secondary amines, tertiary amines such as N-methyldiethanolamine have 

also been developed. In the case of tertiary amines, there is no carbamate ion formation. Instead, 

hydrogen carbonate is formed by base-catalyzed hydration (Scheme 1.1).16,19 The CO2 capacity exceeds 

1 mol of CO2 per 1 mol of tertiary amine. However, tertiary amines possess lower reactivity towards CO2 

compared to primary and secondary amines. Using concentrated solutions of tertiary amines can 

enhance their reactivity towards CO2 without compromising their loading capacity, but this may cause 

more corrosion problems.16,19  

In addition to the costly nature of amines scrubbing process, there are also environmental concerns 

associated with their use.20 Amine solvents are prone to degradation due to the presence of certain 

molecules in the flue gas stream such as O2, SOx, and CO2 (Table 1.1) as well as thermal degradation 

resulting from the high regeneration temperatures.20 For every ton of captured CO2 using MEA, 3.2 kg 
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of degraded products, in the form of amines, aldehydes, and carboxylic acids, are emitted to the 

atmosphere.22,23  

The apparent drawbacks of using primary, secondary, and tertiary amines have led to the 

development of better performing sterically hindered amines such as 2-amino-2-methyl-1-propanol.16,19 

CO2 loading exceeds 0.5 mol of CO2 per 1 mol of amine, while the regeneration temperature is lowered 

to around 100 °C due to the lower stability of the carbamate ion.16,19  

 

The amine scrubbing process works as follows: the low pressure exhaust stream is directed at a 

controlled temperature between 60–80 °C to the bottom of a contactor column where lean 

(unsaturated) MEA solution is passed through the top. As the reaction between MEA and CO2 proceeds, 

the rich amine solution (saturated with CO2) is directed to another vessel where MEA is heated to below 

140 °C. CO2 is condensed, collected, compressed and sent to the final destination where it is used widely 

for enhanced-oil recovery (CO2-EOR) applications.16,18 MEA is cooled down using the lean/rich solution 

exchanger and is sent back to the main contactor column.16,18  

 

 

 

Scheme 1. 1 Amine solvents reaction with CO2 in a) primary and secondary amines, b) tertiary amines. 
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Composition of flue steam 
 (post-combustion) 

Concertation [%] Kinetic diameter [Å] 

N2 70─75 3.64 
CO2 15─16 3.30 
H2O 5─7 2.65 
CO 20 ppm 3.75 
O2 3─4 3.45 
SOx <800 ppm - 
NOx 500 ppm - 
H2S 1.1 - 

Temperature 50─75 ᵒC - 
Pressure 1 bar - 

 

Table 1. 1 Composition and properties of flue gas stream.16  

 

In order for post-combustion CO2 capture to be economically attractive, regeneration penalties must 

be around 3 kJ/mol of CO2.15 This target is not achievable using amine solvents, at least for the 

foreseeable future, due to the chemical nature of their interactions with CO2.15 Physical adsorption on 

the other hand has the potential to reduce the energy penalty as porous solid materials have already 

shown lower specific heat capacity compared to water. Hence, heating porous solids to release the 

captured CO2 should require less energy.15 It has been suggested that using physisorbents may help to 

reduce the CO2 capture energy penalty from the current 40% of the power plant output where the lowest 

possible thermodynamic minimum was calculated to be below 5% of the power plant output.16 Sorbent 

regeneration can be achieved via temperature swing adsorption (TSA) or vacuum swing adsorption 

(VSA). TSA is more practical for commercial applications and requires less energy compared to VSA as 

applying vacuum to large quantities of sorbent is an energy intensive process. Therefore, TSA is viewed 

as the favorite approach for adsorbent regeneration.24  

1.4 Criteria of good adsorbents 

As shown in Table 1.1, N2 and CO2 are the main components in the flue gas stream, representing 75% 

and 15%, respectively. They are very similar in their kinetic diameters (3.30 Å for CO2 compared to 3.64 

Å for N2) making it very difficult to separate them based on kinetics. Any good adsorbent must be 

selective for CO2 over N2. CO2 has a large quadrupole moment and higher polarizability than N2,  

13.4 x 10-40 cm2 for CO2 vs. 4.7 x 10-40 cm2 for N2. Therefore, the presence of polarizing functionality in a 
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solid adsorbent should be desirable.21,25 In general, for adsorbents to be efficient for post-combustion 

CO2 capture, they should have the following criteria:26–28  

i. Cheap, easy to synthesize, and scalable. 

ii. High working capacity; minimum CO2 delta loading of 3.0 mmol/g. Delta loading could be defined 

by the difference between the adsorbed CO2 in wt% at 0.15 bar/40 °C and the desorbed amount 

at 1 bar/150 °C.  

iii. CO2 selective over N2 in the presence of other impurities especially moisture. 

iv. Pore size of less than 1 nm which provides selective adsorption for CO2 over N2. 

v. Prolong life cycle with negligible performance deficiency following repeated adsorption and 

desorption cycles.  

vi. Mechanically stiff for column packing and thermally stable.  

vii. Modest energy penalty for desorption; isosteric heat of adsorption (Qst) around 40 kJ/mol. 

1.4.1 CO2/N2 selectivity as an adsorbent performance indicator  

A thorough literature search revealed that CO2/N2 selectivity is deemed as one of the main 

parameters to indicate how good the adsorbent is for CO2 capture applications at low partial pressure; 

for instance, 150 mbar. Different selectivity models or theories such as initial slope calculations or Ideal 

Adsorption Solution Theory (IAST) can be applied to porous adsorbents to predict their CO2 selectivity 

over N2.29,30 It is worth noting that these models are based on single component-isotherm for CO2 and 

N2 mostly at 298 K and 1 bar assuming a molar ratio of 15/85 CO2:N2. The advantage of these models 

arises from their simplicity where only single component gas isotherms are used for the calculations. 

However, both selectivity models suffer from inaccuracy since the adsorption kinetics of CO2 and N2 are 

not taken into account. To overcome the inaccuracy issue, packed-column breakthrough measurements 

are used to give a more accurate CO2/N2 selectivity.31 For simplicity purposes, throughout this Thesis, 

IAST was used as an indicator tool for static CO2/N2 whereas the breakthrough selectivity was obtained 

as a kinetic selectivity tool.  

1.4.1.1 IAST selectivity 

Through the use of single-component isotherm, Ideal Adsorption Solutions Theory (IAST) can be 

applied to predict CO2/N2 selectivity. Equation 1 below represents the selectivity calculation. 32 
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𝑆1,2 = 𝑥1/𝑦1
𝑥2/𝑦2

 eq.1  

where 𝑆1,2 is the selectivity of gas 1 over gas 2 in this case; CO2/N2, 𝑥1 is the amount of CO2 adsorbed, 𝑥2 is 

the amount of N2 adsorbed,  𝑦1 is the molar fraction of CO2 and 𝑦2 is the molar fraction of N2. 

 

The selectivity equation is derivitesed from the following equations eq.2─eq.8: 

𝜋1
0 (𝑃1

0) = 𝑅𝑇
𝐴

 ∫ 𝑛1
0𝑃1

0

𝑡=0  (𝑡)𝑑 ln 𝑡  eq.2 

 

𝜋2
0 (𝑃2

0) = 𝑅𝑇
𝐴

 ∫ 𝑛2
0𝑃2

0

𝑡=0  (𝑡)𝑑 ln 𝑡  eq.3 

 

𝑃𝑦1 = 𝑃1
0𝑥1     eq.4 

 

𝑃𝑦2 = 𝑃2
0𝑥2     eq.5 

 

𝜋1
0 = 𝜋2

0      eq.6 

 

𝑥1 + 𝑥2  = 1     eq.7 

 

𝑦1 +  𝑦2  = 1     eq.8 

 

where 𝜋0 and 𝑝0 are the spreading and equilibrium pressure, respectively, for each of the gas components, 

𝑛 is the adsorbed gas amount as a function of pressure 𝑡. 𝜋0 is experimentally determined from the area 

under the curve of the single-component isotherm in the range of zero pressure (𝑡) to the equilibrium 

pressure (𝑝0). From equations 2 and 3 (eq.2 & eq.3), 𝑝0 for CO2 and N2 can be calculated when using 

equation 6 (eq.6). Followed by assuming a gas molar fractions of 0.15/0.85 CO2:N2, where 𝑦1is the molar 

fraction of CO2 and 𝑦2 is the molar fraction of N2 in a similar manner to power plant stream composition, 

equation 1 (eq.1) can be obtained.   

 

As stated previously, accurate IAST calculations entail the accurate measurement of gas uptakes for 

CO2 and N2 at 150 and 850 mbar, respectively, to minimize errors. However, experimental equilibrium 

at certain pressure readings is not always achievable. Therefore, it is a common practice in the literature 
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to use fitting models such Langmuir model to get more accurate data points.33 The shape of the single-

component isotherm determines if a single or a dual-site Langmuir fitting is necessary. Usually N2 

isotherms at elevated temperatures such as 298 K and higher are steep and therefore, a single-site 

Langmuir model is sufficient (eq.9). However, where there is an inflection point in the isotherm which is 

often the case for CO2 isotherms, a dual-site Langmuir model is used (eq.10).34  

𝑁 = 𝑞𝑠𝑎𝑡,𝐴 𝑏𝐴 𝑃
1+𝑏𝐴 𝑃

     eq.9 

𝑁 = 𝑞𝑠𝑎𝑡,𝐴 𝑏𝐴 𝑃
1+𝑏𝐴 𝑃

+  𝑞𝑠𝑎𝑡,𝐵 𝑏𝐵 𝑃
1+𝑏𝐵 𝑃

    eq.10 

where and  𝑏𝐴 is Langmuir parameter for site 𝐴 and  𝑏𝐵 is the corresponding parameter for site 

𝐵, 𝑞𝑠𝑎𝑡,𝐴 and 𝑞𝑠𝑎𝑡,𝐵 are the saturation loadings for sites 𝐴 and 𝐵, respectively.  

1.4.1.2 Breakthrough selectivity 

As mentioned above, IAST selectivity is not representative for adsorbent selectivity towards CO2 

under flue gas streams conditions since adsorption kinetics are not taken into account. A more realistic 

evaluation of the adsorbent selectivity is required if CO2 post-combustion physisorbents are to be 

applied commercially.16,34–37 Dynamic CO2 over N2 selectivity which takes into account flue gas molecule 

interactions with the adsorbent is a useful tool to evaluate the adsorbent performance under flue stream 

conditions.38 For hands on experience, packed-column breakthrough measurements were carried out 

through this research project to acquire a better understanding of the effect of sorption kinetics of CO2. 

In this project, a Hiden Isochema Automated Breakthrough Analyzer (ABR) was used to measure CO2 

over N2 dynamic selectivity. Using ABR, column breakthrough experiments are run at a controlled 

temperature using water bath or furnace between 5─250 °C and the pressure could go up to 10 bars. 

The equipment schematic is shown in Figure 1.3. A powder sample is loaded (packed) into the column, 

which comes in three different sizes: 2 cc, 5 cc, and 20 cc. Glass wool is then added to both ends of the 

column to prevent any contamination to the system. The ABR has a total of 6 gas inlets, meaning 6 

different gases can be attached at one time, three of which are high flow rate inlets (flow rate of up to 

100 mL/min) while the other 3 inlets could go to a maximum of 5 mL/min flow rate. The gas 

concentration is measured using an attached mass spectrometer. Before every measurement, samples 
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are activated in situ under helium flow for 6─12 hours followed by another activation at the end of 

measurement to record the activated sample mass. To minimize errors in the measurements, dead 

volume or time delay, defined by signal time delay from the gas cylinder outlet to the mass 

spectrometer,39 is measured by saturating the sample bed with nitrogen gas then the breakthrough time 

of helium is recorded and added to the adsorbent capacity calculations.   

                 

The adsorbent’s capacity, 𝒒, is calculated using the following formulas: 

𝑞(𝑚𝑚𝑜𝑙/𝑔) = 𝐶0 𝑉 𝑡𝑠
22.4 𝑊

   eq.11 

𝑡𝑠 = ∫ 1 − 𝐹
𝐹0

 . 𝑑𝑡 𝑡
0    eq.12 

where 𝐶0 is feed gas concentration, 𝑉 is  the volumetric feed flow rate (cm3/min), 𝑡𝑠 is the 

stoichiometric time (min), 𝐹0 and 𝐹 are the inlet and outlet gas molar flow rates, 𝑡 is the 

adsorption time in minutes which is from time zero to time when equilibrium is reached and 𝑤  is 

the weight of the activated adsorbent (g). 

Similar to the IAST CO2/N2 selectivity (𝑆1,2), the selectivity from the breakthrough measurements 

was calculated using following formula: 

Figure 1. 3 Illustrative schematic for ABR kit. Reprinted (adapted) with 
permission from (Langmuir, 2012, 28, 11584–11589). Copyright (2019) 
American Chemical Society.37 
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𝑆1,2 = 𝑥1/𝑦1
𝑥2/𝑦2

   eq.1 

 

where 𝑥1 is the amount of CO2 adsorbed, 𝑥2 is the amount of N2 adsorbed,  𝑦1 is the molar fraction 

of CO2 and 𝑦2 is the molar fraction of N2. 

 

1.5 Classes of physisorbents 

Different classes of adsorbents for CO2 capture applications have been evaluated mostly under ideal 

conditions such as adsorption at 1 bar of CO2 instead of 0.15 bar or at very low temperatures of 0 °C 

instead of 25 °C or higher.  However, in this project, the search of materials was narrowed to adsorbents 

that showed potential when tested under more realistic conditions similar to those found in flue gas 

stream such as low partial pressure of CO2, high temperature and the presence of impurities including 

water. Below is a brief discussion about different materials that are of interest to this project divided 

into three classes: carbon-based adsorbents, metal-organic frameworks (MOFs), and microporous 

organic polymers (MOPs). A summary of tables of the best performing adsorbents in these classes was 

compiled. The aim was to compare their performances in term of Brunauer-Emmett-Teller surface area 

(SABET), CO2 uptake, CO2/N2 selectivity and CO2 isosteric heat of adsorption (Qst). 

1.5.1 Carbon-based adsorbents  

Activated carbons are prepared by the carbonization and activation of carbon-based precursors using 

activating agents at high temperatures.40,41 An elevated temperature is a key factor for the elimination 

of volatile constituents while the use of activating agents such as steam or KOH can be used to tune the 

pore structure.40 Materials such as coal, petroleum products, biomass, etc. have all been used as 

carbonization precursors. Variations in precursors, activating temperatures, and activating agents for 

example, KOH or steam, result in the formation of different porous carbons with different ranges of pore 

size distribution from ultramicropores, meopores or macropores.42 Carbon-based materials activated 

using KOH usually possess narrower pores which in turn enhances their interactions with CO2 at very low 

partial pressures compared to materials activated with steam.43 Activated carbons surface areas could 

reach values of more than 1000 m2/g.44 To the best of our knowledge, Lee et al. reported the highest 

SABET value for activated carbons of 4334 m2/g for Py800.45 Py800 is based on hypercrosslinked pyrrole 
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(HCP-Pyrrole) network which was then activated at 800 ᵒC using KOH as activating agent to afford the 

high SABET carbonized network.45  

It was believed that the carbonization of nitrogen-containing carbons or carbonization of carbons in 

the presence of nitrogen-containing gases, such as ammonia, increase the isosteric heat and selectivity 

of CO2 over N2.46 However, different studies show contradicting results for the nitrogen-loading effect 

on CO2 capacity. Sevilla et al. examined CO2 uptake in both nitrogen-doped and un-doped carbons and 

concluded that nitrogen doping does not enhance CO2 uptake and is more related to the narrow pore 

size.47 On the other hand, Xing et al. concluded in their study that CO2 uptake in carbons is dependent 

on nitrogen-content and is not related to the surface area or the pore volume.38 In both of these studies, 

the nitrogen-content and pore sizes were not identical. Adeniran and Mokaya studied porous carbons 

of identical surface area and pore size distribution, where micropore volume was dominant, but with 

different nitrogen loadings between 6 and 12 wt%.41 They concluded that both nitrogen-doping and very 

high surface areas in porous carbons are not beneficial for low pressure CO2 capture and that the 

performance is more closely related to the pore size of the material with pore sizes between 0.5 and 1.0 

nm.48  Optimal carbon-based materials have been extensively studied for their CO2 capture applications, 

yet despite possessing high surface areas and micropores, competitive adsorption of water has been 

found to significantly decrease CO2 uptake.28,48 Table 1.2, provides a comparison of different carbon- 

based materials, including graphene-based, that show potential for CO2 capture under flue gas similar 

conditions. It is worth noting that some adsorbents’ performance was reported at 0 ᵒC, but they are 

included in Table 1.2 for completeness. 
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Adsorbent Surface area 
(m2/g) 

Temp. 
(ᵒC) 

CO2 uptake 
(mmol/g) 

CO2/N2 
selectivity  

Isosteric heat of 
adsorption (kJ/mol)i 

Reference 

SAGA-850a  1230 0 2.5 Not provided Not reported 49 

N-doped 
graphene compositeb  

1360 25 4.3 34:1* Not reported 50 

S-doped graphene 
(a-SG6)c 

1396 25 4.5 51:1* Not reported 51 

HRGO-100d  530 0 2.4 91:1** 51 52 

GO-TETA-
Ac/Cu3(BTC)2e 

2043 25 5.6 21:1** Not reported 53 

HG–PEI 1.98 
nanocompositesf 

17 25 4.13 Not reported 68 54 

Polyindole derivatives 
PIF-6g 

527 25 3.2 59:1* 43 55 

Py800h 4334 25 3.5 Not reported Not reported 45 

 

Table 1. 2 Performance of carbon-based materials. a aerogel graphene activated using steam. b graphene/polypyrrole 
composite activated using KOH. c KOH activated graphene oxide/poly-thiophene. d hydrothermally reduced graphene oxide. 
e Cu3(BTC)2 grown on graphene oxide using triethylenetetramine acetate (TETA-Ac) ionic liquid. f covalent attachment of 
polyethyleneimine (PEI) onto hydroxylated graphene nanocomposites. g KOH activated polyindole nanofibers. h KOH activated 
pyrrole based HCP network carbonized at 800 ᵒC. i All values recorded at the zero-coverage region. * Initial slope selectivity. 
** IAST selectivity. 
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1.5.2 Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs), or coordination polymers, are crystalline structures that are 

constructed form metal ions or clusters and organic linkers.56 Some MOFs have shown to be very porous 

reaching surface areas of up to 6000 m2/g.28 MOFs with open metal sites are promising for different 

applications including hydrogen storage,57 carbon dioxide capture,35 catalysis,58 gas separation  and 

purification,59 liquid separation,60 and drug delivery.61 The use of different organic ligands with the same 

metal cluster was shown by Eddaoudi et al. to afford an isoreticular series of MOFs e.g. MOF-5 and 

IRMOF-6. IRMOF-6 for instance, showed a very good methane uptake due to its suitable pore aperture 

of less than 6 Å (Figure 1.4).62 In addition to the ligand pre-design concept used by Eddaoudi  et al., there 

are various approaches to tune MOFs for different applications. Post-synthetic modification of MOFs 

with different functionalities such as amines, was reported to increase CO2 uptake at very low partial 

pressure.63 Doping MOFs with a metal such as lithium, was also found to enhance H2 uptake,64 while the 

use of fluorinated organic ligands in the making of MOFs was reported to have a positive effect on 

methane uptake.65 

Figure 1. 4 Single x-ray and organic linker structure for MOF-
5 (top) and IRMOF-6 (bottom). Reprinted (adapted) with 
permission from (Science, 2002, 295, 469–472). Copyright 
(2019) The American Association for the Advancement of 
Science .62 
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Mg-MOF-74 [Mg2(DOT)] (Figure 1.5) constructed from Mg(NO3)2.6H2O and 2,5-dioxidoterephthalate 

(DOT) has a SABET of 1800 m2/g. Its CO2 capacity at 293 K and 1 bar is 8.5 mmol/g, which is one of the 

highest reported values in MOFs.34 Its isosteric heat of adsorption of 42 kJ/mol is around half of the 

energy required to liberate CO2 from amine scrubbing solvents.36 Under real flue gas conditions, CO2 

represents less than 15% of the total composition, while the temperature of exhaust gases is around 50–

75 °C. Therefore, it is very important to test adsorbents under similar conditions. Mg-MOF-74 showed 

very good CO2 uptake of 5.3 mmol/g when tested at 313 K and 0.15 bar of CO2 compared with 6.1 mmol/g 

at 298 K and 0.15 bar.34 The decrease in capacity at higher gases temperature is due to the gas thermal 

energy.34 The thermal energy of gas molecules increases with temperature reducing adsorbent-

adsorbate interactions which eventually decreases the adsorbent capacity. CO2/N2 selectivity in Mg-

MOF-74 was calculated from single component isotherms using the Ideal Adsorbed Solution Theory and 

found to be 175:1 in a molar ratio similar to flue gas conditions of 15:85 CO2/N2 at 313 K and 1 bar.  

Breakthrough experiments were conducted at 313 K and 1 bar in 20:80 CO2/CH4 stream and CO2 dynamic 

capacity was found to be around 2.1 mmol/g with almost minimal CH4 uptake which showed promise 

for natural gas sweetening aplications.35 To emphasize the importance of the interactions between the 

metal ion and CO2, breakthrough experiments were run for Zn-MOF-74 where the capacity dropped by 

more than 90% compared to Mg-MOF-74.35  

Figure 1. 5 Synthesis and activation of Mg-MOF-74. Reprinted (adapted) with 
permission from (Proc. Natl. Acad. Sci., 2009, 106, 20637–20640). Copyright 
(2019) National Academy of Sciences.35 
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MOFs in general are promising for dry post-combustion CO2 capture applications but one of the most 

important factors to evaluate MOFs is testing under humid conditions. When tested under flue gas 

conditions, where moisture is present, the performance of most MOFs deteriorates due to the 

competitive adsorption of water molecules.66 Moreover, some MOFs may possess very strong 

interactions between their open metal sites and water molecules which may lead to defects their crystal 

lattices and degradations of their structures as water displaces framework ligands.67 Mg-MOF-74 CO2 

uptake decreased to below 20% of its original capacity when the material was humidified at 70% relative 

humidity (RH).66 Few MOFs have shown increased CO2 uptake in the presence of small amounts of water. 

Yazaydin et al. reported an increase in CO2 uptake in HKUST-1 MOF as water molecules bind to [Cu-

benzene-1,3,5-tricarboxylate (BTC)] open sites when HKUST-1 MOF was loaded with 4 wt.% water then 

tested for CO2 uptake.68 The uptake increased by more the 70% at 0.1 bar and 298 K while CO2/N2 IAST 

selectivity increased by more than 33% compared to the dry sample. The phenomena is explained by the 

increase in the MOF electric field gradient, due to presence of water molecules, which increases the 

electrostatic interactions between the HKUST-1 and CO2 quadrupole moment. However, when tested at 

higher moisture loading, HKUST-1 MOF showed very minimal CO2 uptake.68  

Sorbent regeneration is an important factor to evaluate MOF performance, Mg-MOF-74 required 

heating at 250 °C for 5 hours to fully desorb CO2 from the material, but the heating may reduce the MOF 

capacity.67 Loading Mg-MOF-74 with amines further enhanced the stability of Mg-MOF-74 over a number 

of adsorption-desorption cycles. Choi et al. studied the effect of different loadings of ethylenediamine 

into Mg-MOF-74.67 As amine loading increased, the surface area decreased. A higher wt% of amine 

loading provides more adsorption sites to CO2, which is very beneficial for CO2 direct air capture due to 

the strong interactions provided by amine groups (Figure 1.6).67 Similar to Table 1.2 which highlights the 

best performing carbon-based adsorbent for CO2 post-combustion capture application, Table 1.3 below 

shows the best-performing MOFs, under the same parameters that were used to compare carbon-based 

materials of SABET, CO2 uptake, CO2/N2 selectivity and CO2 isosteric heat of adsorption. 
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Figure 1. 6 Unit cell structures of Mg-MOF-74 with a) 0 (bare) of ethylene-  
diamine per unit cell, b) 1 bare, c) 3 bare  (5.5 wt.%), d) 6 bare, and (e) 18 bare 
(33.3 wt. %). Reprinted (adapted) with permission from (J. Phys. Chem. Lett., 
2012, 3, 1136–1141). Copyright (2019) American Chemical Society.67 
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Adsorbent Surface area 
(m2/g) 

Temp. 
(ᵒC) 

CO2 uptake 
(mmol/g) 

CO2/N2 
selectivity  

Isosteric heat of 
adsorption (kJ/mol)h 

Reference 

Mg-MOF-74 1800 20 8.5 148:1*  
@ 50 °C 

42 34 

PEI-MIL- 
101a 

 

183 25 3.9 at 0.15 bar 

4.4 at 1.0 bar 

 770:1* 63 69 

50 4.0 at 0.15 bar 

4.5 at 1.0 bar 

1200:1* 

Ethanol amine 
UiO-66b 

 

567 25 1.04  365:1*  66  63 

50 0.65  

SIFSIX-3-Cuc 300 25 2.5 10500:1** 54 70 

SIFSIX-3-Znd 420 25 2.5 7259:1** 46 70 

Mmen-Mg-MOFf 70 25 3.1 at 0.15 bar 

 3.9 at 1.0 bar 

200:1***  
@ 25 °C 

15 71 

50 2.6 at 0.15 bar 

 3.2 at 1.0 bar 

IRMOF-74-
CH2NH2g 

2310 25 3.2  Not 
reported 

Not reported 72 

 

Table 1. 3 Performance of literature reported metal-organic frameworks. a Polyethyleneimine loaded onto MIL-101 MOF at 
125 wt% loading. b Ethanol amine grafted onto UiO-66 MOF. c CuSiF6 and pyrazine based MOF. d ZnSiF6 and pyrazine based 
MOF. f N,N′-dimethylethylenediamine (mmen) modified Mg-MOF-74. g Primary amine (─CH2NH2) modified IRMOF-74. h All 
values recorded at the zero-coverage region. * IAST Selectivity. ** Breakthrough selectivity. *** Molar selectivity. 
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1.5.3 Microporous organic polymers (MOPs) 

Microporous organic polymers (MOPs) are a class of covalently bonded materials. They can be 

crystalline or amorphous, possess high surface areas with tunable pore structures and functionality, and 

good physicochemical and thermal stability.73 Due to the presence of micropores (<2 nm), these 

materials show surface areas of higher than 1000 m2/g, yet they can also possess mesopores in their 

structures.73 The stability of the pores within these structures is due to the use of rigid building blocks 

where their interconnected channels act as hosts to gas molecules. MOPs show good potential for 

different applications such as catalysis,74 gas separation,75 and gas storage.76 Some MOPs possess well-

defined structures, for example covalent organic frameworks which are generally formed through 

reversible-bond forming reactions. Other classes of MOPs are amorphous such as conjugated 

microporous polymers and hypercrosslinked polymers which are made using high yielding non-

reversible reactions. A further discussion below on covalent organic frameworks, conjugated 

microporous polymers and hypercrosslinked polymers will highlight their recent advances in literature. 

1.5.3.1 Covalent organic frameworks (COFs) 

The targeted synthesis of extended organic crystalline structures is difficult and usually affords poorly 

crystalline or amorphous structures that significantly deviate from their idealised structures.77 Covalently 

bonded organic networks tend to form amorphous structures due to the irreversible, kinetically 

controlled, bond forming reactions employed in their synthesis.78 An example of COFs synthesized 

through irreversible bond forming reactions has recently surfaced. Yaghi group synthesized non-

irreversible COFs based on aromatic nucleophilic substitution reaction where 1,4-dioxin was used to link 

tetrafluorophthalonitrile (TFPN) or 2,3,5,6-tetrafluoro-4-pyridinecarbonitrile (TFPC) with 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP) to form crystalline 2D COFs.79 In order for organic linking units to afford 

crystalline structures, the reaction parameters have to be controlled to achieve balance between 

reaction kinetics and the reversible covalent bond breaking/forming reactions.78 Cote et al. has proved 

that COFs could be synthesized using light elements such as B, C, N, O and Si.77 A six-membered boroxine 

ring is formed through the condensation of three boronic acid molecules with the elimination of water, 

(Scheme 1.2a). Using this methodology, COF-1 was prepared through heating at 120 °C a solution of 

mesitylene, 1,4-dioxane and 1,4-benzenediboronic acid (BDBA), (Scheme 1.2b). The reaction system is 

closed to prevent evaporation of water in order to preserve the reversible nature of the reaction.77 COF-
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5 was prepared using analogues condensation reaction between phenylboronic acid and HHTP, which 

formed an extended boronate ester, (Scheme 1.3). COF-1 has a SABET of more than 700 m2/g while the 

SABET of COF-5 was 1600 m2/g, which is comparable to some MOFs.77  

 

 

 

Scheme 1. 2 a) Condensation of boronic acid, and b) synthesis of COF-1. 
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COFs can be 2D or 3D structures based on the geometry of the building blocks. 3D structures have 

shown promise for gas storage and separation applications due to their narrow pores and higher surface 

area,80,81 for instance, COF-102 has good methane storage capability while metal doped COF-301 showed 

improved hydrogen storage capacity compared to COF-301.78,82 3D COFs are prepared through self-

condensation of 3D building blocks or through co-condensation of 3D units with linear units or 2D unit.80 

Scheme 1. 3 Synthesis of COF-5. 
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Since the linking reactions do not largely change the geometry of organic constituents, resulting COFs 

topologies could be anticipated.78 COFs synthesised using C─N forming reactions have also been 

reported. Condensation of an aldehyde with an amine affords imine-based linker (Scheme 1.4a),83  while 

condensation of an aldehyde with hydrazide affords hydrazine-based linker (Scheme 1.4b), which is less 

susceptible to hydrolysis compared to the imine based linker.81  

                         

1.5.3.2 Conjugated microporous polymers (CMPs) 

Unlike the crystalline nature of COFs, conjugated microporous polymers (CMPs) are 3D π-conjugated 

amorphous structures with permanent porosity.84 Jiang et al. reported the first synthesis of a conjugated 

poly(aryleneethynylene) (CMP-1).85 The kinetically-controlled reaction afforded an amorphous network, 

CMP-1, with a surface area greater than 800 m2/g (Schemes 1.5 & 1.6).85 CMP-1 was synthesized through 

a palladium-catalysed Sonogashira-Hagihara cross coupling reaction between 1,3,5-triethynylbenzene 

and 1,4-diiodobenzene in toluene and triethylamine at 80 °C. The length of the linking strut provides 

control over CMPs pore size which makes them useful for gas separation applications. As the length of 

the strut increases, the surface area decreases and the total pore size distribution shifts to larger pores 

reducing the overall micropore volume.86 CMP-5 has a strut length of 2.55 nm (two ethynes and four 

benzenes in each strut), and shows a surface area of 512 m2/g with no ultramicropores below 0.9 nm 

pore diameter. CMP-0 has a much shorter strut length of 0.82 nm (one ethyne and one benzene in each 

strut) and has a higher surface area of around 1018 m2/g and a higher ultramicrpore volume compared 

to CMP-5.86  

Scheme 1. 4 a) Imine based linker, b) hydrazone based linker.  
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Scheme 1. 5 Structure of monomers used for the synthesis of CMP-0, CMP-1, 
CMP-2 and CMP-5. 



Page | 41  
 

 

Synthesis of CMPs in N,N-dimethylformamide (DMF), instead of toluene as originally reported with 

a 1.5 molar excess of alkyne to the halogen, afforded higher surface area materials. DMF affects the 

morphology of the precipitated network by swelling the network to different degrees compared to 

toluene.87 Extended reaction times of roughly 18 hours are required in order to achieve a higher surface 

area where the microporosity of the CMP reaches its maximum.87 As previously mentioned, post-

combustion CO2 capture requires adsorbents that can preferentially bind to CO2 at ambient pressures.88 

Binding affinities in CMPs can be enhanced using certain functionalities which can increase the isosteric 

heat of adsorption towards CO2.88 Dawson et al. studied the functionalization of CMPs with ─CO2H and 

─NH2. Sonogashira-Hagihara cross coupling of 2,5-dibromobenzoic acid with 1,3,5-triethynylbenzene in 

DMF and trimethylamine using Pd(0)/CuI as a catalyst (Scheme 1.7) afforded CMP-1-CO2H whereas 2,5-

Scheme 1. 6 Network structures for CMP-0, CMP-1, CMP-2 and CMP-5.  
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dibromoaniline was used to yield CMP-1-NH2.88 Both networks possess a type I isotherm with slight 

hysteresis indicating the dominance of microporosity with some mesoporosity within the networks. The 

SABET values were around 522 m2/g and 710 m2/g for CMP-1-CO2H and CMP-1-NH2, respectively. The 

isosteric heats of adsorption of CO2 increased from 27 kJ/mol for the un-functionalized network to 33 

kJ/mol for CMP-1-CO2H at the zero coverage region but decreases to around 27 kJ/mol at CO2 loading of 

1.0 mmol/g, which is the maximum CO2 loading at 1 bar. Whereas for CMP-1, the Qst at maximum CO2 

loading at 1 bar decreased to 24 kJ/mol from 27 kJ/mol at the zero-coverage region. For CMP-1-NH2, the 

heat of adsorption was around 30 kJ/mol at zero coverage and 25 kJ/mol at maximum loading.88 Similar 

to this work, Torrisi et al. studied CO2 adsorption in MIL-53 MOF using different functionalities and 

reported that CO2H functionality produced a higher heat of adsorption compared to MIL-53 MOF 

functionalized with ─NH2, (─CH3)2, and (─OH)2.89 CO2H forms hydrogen bonding with CO2 and provides 

more interaction sites for CO2 with the framework. In addition, they modify the pore geometry; narrower 

pores of below 1.0 nm are more effective for CO2 capture at ambient pressures.89 

 

  

Scheme 1. 7 Synthesis of CMP-1-CO2H and CMP-1-NH2. 
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1.5.3.3 Hypercrosslinked polymers (HCPs) 

Hypercrosslinked polymers (HCPs) are a class of low-cost microporous organic polymers with 

permanent porosity. Unlike other classes of MOPs, HCPs do not require the use of expensive catalysts in 

their synthesis and are synthesised by Friedel-Crafts alkylation.90,91 Their potential arises in different 

areas including gas storage and gas separation.90,91 They show high thermal and chemical stability with 

permanent porosity because of their extensive crosslinking of monomers.91 There are three approaches 

for synthesising HCPs: a) post-cross linking of polystyrene-based polymer chains, b) direct 

polycondensation of monomers, and c) the use of external crosslinker.91  

The first approach of post-crosslinking occurs when linear polymers, or sparsely crosslinked co-

polymers, are allowed to dissolve in a thermodynamically-appropriate solvent such as 1,2-

dichloroethane (DCE), which allows the monomer to swell. The swelling results in the introduction of 

voids in the networks, then the crosslinking occurs followed by solvent removal (Figure 1.7).91 An 

example of this approach was reported by Tsyurupa et al. where hypercrosslinked polystyrene was 

prepared by dissolving polystyrene (PS) in DCE followed by the addition of mono-chlorodimethyl ether 

(MCDE) as a crosslinking agent and SnCl4 as a Lewis acid catalyst with heating at reflux to form the 

hypercrosslinked PS (HCP-PS).92 A second route to HCP-PS was achieved by first chloromethylating the 

PS by simply heating dissolved PS in MCDE at 55 ᵒC which formed the chlroromethylated PS (CMPS). The 

isolated CMPS was dissolved in DCE and heated under reflux with SnCl4 to form HCP-PS. A SABET of up to 

1000 m2/g was obtained for HCP-PS using these methods. A number of other crosslinkers were also 

reported such as 1,4-bis(chloromethyl) diphenyl (CMDP), MCDE, and tris-(chloromethyl)-mesitylene 

(CMM).93 In addition to the crosslinking of linear PS, co-polymers of PS with 2% divenylbenzene (DVB) 

crosslinked with MCDE were also reported and found to have SABET of 1000 m2/g.93  

Figure 1. 7 Post cross-linking approach of polymer chains. Reprinted 
(adapted) with permission from (J. Mater. Chem., 2007, 17, 4989–
4997). Copyright (2019) Royal Society of Chemistry.76 
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HCPs poylcondensation approach entails the use of small bis-(chloromethyl)-based aromatic 

molecules including dichloroxylene (DCX) and 4,4′-bis(chloromethyl)-1,1′-biphenyl (BCMBP), with the 

use of a Lewis acid catalyst such as anhydrous iron(III) chloride (FeCl3) to obtain HCP networks with high 

SABET (Scheme 1.8).94  Cooper’s group reported a series of HCPs from the copolymerisation of different 

monomers such as: ortho (o-), meta (m-), and para (p-) dichloroxylene, BCMBP, and 9,10-

bis(chloromethyl)anthracene (BCMA) to constitute a family of low density HCPs with excellent textural 

development.95 Different SABET values were obtained, the highest being 1904 m2/g obtained for the 

network synthesized by co-polymerization of p-DCX and BCMBP in a 25/75 molar ratio with the lowest 

SABET of 600 m2/g observed for o-DCX based network.95 Despite the high SABET of the previous networks, 

when tested for CO2 post-combustion capture applications, the CO2 Qst values for most of the networks 

was lower than 24 kJ/mol. This value is at the low end of physorption process, very similar to most 

activated carbons. Similarly, these networks showed a moderate CO2 uptake at 298 K up to 1 bar. For 

instance, BCMBP based HCP showed a CO2 capacity of 1.7 mmol/g, while at 30 bar and 298 K the CO2 

uptake reached 13.4 mmol/g, which might show potential for pre-combustion CO2 capture where 

elevated pressure is present.27 However, the lack of any CO2-polarizing groups limits the use of these 

HCPs for CO2 capture from flue gas steams.16,27  

 

 

The third approach for making HCPs was first reported by Li et al. where they used one-step Friedel-

Crafts reaction of different rigid aromatic monomers with an external crosslinker such as formaldehyde 

dimethyl acetal (FDA) in the presence of FeCl3 as a Lewis acid catalyst and DCE as a solvent (Scheme 

monomer. Scheme 1. 8 Polycondensation approach for HCPs using p-DCX as a 
monomer 
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1.9).96 Hypercrosslinked benzenes (HCP-Benzene) showed potential for pre-combustion CO2 capture at 

higher pressure.97 The hydrophobic polymer was tolerant to moisture and was not affected by boiling in 

concentrated acid for long periods. HCPs form from swollen networks in solvents and are not in 

thermodynamic equilibrium. Solvent removal collapses the networks but not to the extent where their 

porosity is diminished due to their extensive crosslinking. When exposed to pure CO2 gas at high 

pressure, the HCPs showed an interesting swelling adsorption mechanism of CO2 which is not seen in 

other microporous materials.97 However, at low CO2 partial pressure these networks show moderate 

CO2 uptake.97 This class of porous materials has advantages over other classes of microporous material 

as their synthesis does not require the use of expensive catalysts such as transition metals and/or 

expensive brominated monomers used in coupling reactions.98,99 The relatively short reaction time for 

the synthesis of HCPs is also an advantage; typically overnight reflux is sufficient for the making of HCPs.96 

The proposed synthetic mechanism is believed to entail the binding of the Lewis acid catalyst (FeCl3) to 

the external crosslinker (FDA) producing free carbocations in the reaction mixture. These then react with 

phenylene rings from the reaction mixture to release methanol. The terminal methoxy-methyls 

subsequently further react with phenylene rings resulting in the formation of the crosslinking ─CH2 

bridges.100  

 

In general, HCP networks are relatively cheap, scalable, and to some extent are chemically stable 

towards moisture. However, the lack of CO2─polarizing groups hinders their use for CO2 post-combustion 

capture application under flue stream conditions. Hypercrosslinking of monomers containing CO2─philic 

moieties such as aniline, was reported in the literature to yield an HCP network of a very low SABET (7 

m2/g).101 Although the aniline-HCP network was nearly non-porous to nitrogen, it showed a CO2 uptake 

Scheme 1. 9 Hypercrosslinking of benzene with the use of external crosslinker. 
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of 0.35 mmol/g at 300 K and 1 bar. Co-polymerization of aniline with benzene in different molar ratios 

afforded HCP networks with a higher SABET than aniline-HCP network. In a 90:10 benzene/aniline HCP 

network the SABET at 77.3 K and CO2 uptake at 300 K and 1 bar were 1097 m2/g and 1.5 mmol/g, 

respectively compared to 1289 m2/g and 1.6 mmol/g for benzene-based HCP under similar conditions 

whereas aniline-based HCP was almost non-porous to N2 at 77.3 K. It is worth noting that as the loading 

of aniline increases, the SABET and CO2 uptake drop whereas the CO2/N2 selectivity increases with 

increased aniline loading.101  Post-synthetic modification of HCPs to load CO2 functional groups was also 

shown to enhance the HCP network interactions. He et al. reported the formation of an amino-triptycene 

based network (TPP-1) where 14-aminotriptycene was used as a monomer for the hypercrosslinking 

reaction.102 The latter HCP network was further treated with 2-methylaziridine in chloroform and 

overnight heating to yield the triptycene network with alkylated-amine functional groups (TPP-1-NH2).102 

As a result, the uptake of CO2 at 298 K and 1 bar has increased from 2.1 mmol/g for TPP-1 to 2.6 mmol/g 

for TPP-1-NH2, respectively despite the drop in SABET from 863 to 554 m2/g on incorporation of the 

alkylated amines.102  

Although HCPs can be synthesized using a variety of readily available monomers, their formation is 

hindered by the presence of electron-withdrawing functional groups. Attempts to synthesize HCPs using 

monomers such as benzoic acid, 4-aminobenzoic acid and 2,3-naphthalenedicarboxylic acid under 

Friedel-Crafts alkylation conditions have all failed (unpublished results). Some examples in the literature 

have shown the potential of acidic groups within organic polymer networks on enhancing the affinity 

towards the polarizable CO2.88,103 Sonogashira-Hagihara cross coupling of 2,5-dibromobenzoic acid with 

1,3,5-triethynyl benzene affords a CMP network with carboxylic acid moieties,88 which was shown to be 

a good functional group for CO2 capture applications. However, attempts to synthesize hypercrosslinked 

polymers using monomers with acid functionalities have all failed (unpublished results). Friedel-Crafts 

alkylation reactions are known to be hindered by the presence of electron-withdrawing functionalities 

such as carboxylic acids.104–106 To overcome this drawback, we opted for post-synthetic modification of 

highly porous HCP networks with CO2─philic moieties which is further discussed throughout this Thesis 

(Chapter 2). Post-synthetic loading of different functionalities into porous networks is known to reduce 

their SABET, therefore it is very important to start with a highly porous networks for which, HCPs seem 

like good candidates.  
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1.5.3.4 Scholl-coupled polymers (SCPs) 

A sub-class of highly porous HCPs known as Scholl-coupled polymers (SCPs) have recently received 

attention. They differ from HCPs in that the aryl rings are coupled together without the use of a 

crosslinker or activated methylene groups.99,107,108 Li et al. reported a series of SCPs prepared using a 

variety of aromatic organic monomers, including triphenylphosphine, naphthalene, pyrene, and the 

copolymerization of triphenylphosphine and pyrrole, in a refluxing chloroform and AlCl3 solution 

(Scheme 1.10). Different SABET values were obtained, the highest being the network based on the 

copolymerization of triphenylphosphine and pyrrole, with a SABET of 1421 m2/g, while the network based 

on triphenylphosphine showed a SABET of 1251 m2/g. The Scholl-coupled networks based on pyrene and 

naphthalene showed lower SABET of 636 and 822 m2/g, respectively.107  

Work by Msayib and McKeown showed that the SABET of Scholl-coupled polymers could be almost 

doubled by simply changing the reaction solvent from CHCl3 to DCM (Scheme 1.11).99 Their work resulted 

in a very high SABET of 2435 m2/g when using 1,3,5-triphenylbenzene as monomer for Scholl-coupling in 

a refluxing DCM and AlCl3 solution. The same reaction in chloroform yielded a network with SABET of 

1415 m2/g, nearly 42% lower. It is clearly evident that the reaction solvent plays a role in the porosity of 

the network as it provides methylene crosslinking bridges to some extent.99 Table 1.4 below summarizes 

some of the work reported in the literature using different monomers such as triptycene and biphenyl 

to form HCP networks with the use of an external crosslinker and SCPs in either CHCl3 or DCM as a 

reaction solvent using the same set of monomers.99  

Scheme 1. 10 Schematic representative of Scholl-coupling in CHCl3 using naphthalene as a 
monomer. Naphthalene could be substituted with any suitable monomer. 
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Monomer SABET (m2/g) in different solvents 

DCM* CHCl3* DCE** 

Biphenyl 1555 800 453 

Triptycene 1750 - 1426 
 

Table 1. 4 The effect of different reaction conditions and solvents on the SABET of porous networks derived from biphenyl 
and triptycene. * Scholl-coupling in a refluxing solution using the desired solvent and AlCl3 as a catalyst. ** 
Hypercrosslinking reaction (Friedel-Crafts alkylation) using FeCl3 as a catalyst and FDA as a crosslinker. 

 

SCPs require no lengthy reaction time and can be synthesized using relatively inexpensive 

commercially available monomers. There are however some limitations to the use of monomers that 

feature electron-withdrawing groups or monomers that are sensitive to AlCl3 and/or to the generic acidic 

reaction condition due to the liberated HCl. Despite the limitations, SCPs seem like a good platform for 

post-synthetic modification to enhance their CO2 selectivity and isosteric heats of adsorption which are 

rarely discussed in the literature for this class of materials due to their lack of CO2 polarizing groups.  

Similar to Tables 1.2 and 1.3 above that summarize carbon-based materials and MOFs, Table 1.5 

below shows the best performing MOPs, under same parameters used to compare carbon-based 

materials and MOFs for CO2 capture applications. 

Scheme 1. 11 Schematic representative of Scholl-coupling in DCM using naphthalene as 
a monomer. Naphthalene could be substituted with any suitable monomer. 



Page | 49  
 

Adsorbent Surface area 
(m2/g) 

Temp. 
(ᵒC) 

CO2 uptake 
(mmol/g) 

CO2/N2  
selectivity   

Isosteric heat of 
adsorption (kJ/mol)l 

Reference 

BILP-101a 536 25 2.4 at 1.0 bar 
1.0 at 0.15 bar  

71:1* 33 33 

PPN-6-SO3Lib 1186 0 3.7 414:1* @ 22 ᵒC  36 103 

PPN-6-
CH2DETAd 

555 22 4.3 442:1* @ 22 ᵒC 56 109 

BILP-2d 708 25 2.4 71:1* 29 110 

ALP-7e 412 25 1.6 56:1* 31 111 

TPP-1-NH2f 554 25 2.6 33:1* 41 102 

CMP-1-NH2g 710 0 1.4 Not reported 33 88 

CMP-1-CO2Hh 522 0 1.4 Not reported 29 88 

AB-COFi 1125 25 1.8 88:1* 24 112 

Polymer 1j 1788 25 3.0 Not reported 25 108 

PPN-6-SO3NH4k 593 22 3.9 at 1.0 bar 
1.7 at 0.15 bar 

796:1* @ 45 °C 40 39 

 

Table 1. 5 Performance of literature reported microporous organic polymers. a Benzimidazole-linked polymer. b Lithium-salt 
sulfonated Yamamoto-coupled network. c Amine-loaded Yamamoto-coupled network. d Benzimidazole-linked polymer. e azo-
linked based polymer. f Amine-functionalized hypercrosslinked polymer. g Amine-factionalized CMP-1. h Carboxylic acid 
functionalized CMP-1. i Azine-linked COF. j Scholl-coupled network based on fluoranthene as a monomer. K ammonium salt 
grafted PPN-6 analogue. l all values recorded at the zero-coverage region. * IAST Selectivity. 
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1.6 Best-performing adsorbents across materials classes 

As previously discussed, CO2/N2 selectivity and CO2 uptake, more specifically at low pressures (150 

mbar), are very important to evaluate the adsorbent performance for post-combustion CO2 capture. 

Figure 1.8 shows a plot of CO2/N2 selectivity against CO2 uptake for the materials listed in Tables 1.2, 1.3, 

and 1.5. From this plot, a number of materials stood out, especially the functionalized PPN-6 series along 

with amine MOFs analogues, which have very high isosteric heats of adsorption. Different classes of 

different materials showed roughly similar performance of moderate CO2 selectivity and uptake. It is 

important to note that CO2 over N2 selectivity used in Figure 1.8 are the ideal values calculated using 

simplified IAST.48,74 These are calculated using single-gas component isotherm, which do not take into 

account interactions of different gases in flue gas stream or kinetics (Table 1.1).15,38,47,48,74 In addition, 

moisture competitive adsorption plays a major role in decreasing CO2-adsorbent interactions.49–51  
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Figure 1. 8 Selectivity and uptake of CO2 in different adsorbents. 
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1.7 Overview of this Ph.D. thesis 

Due to their cost-efficacy as potential adsorbents for CO2 capture applications from fixed point 

emission sources, organic polymers are going to be the main class of porous materials studied 

throughout this Thesis. Chapter 2 will revolve around HCPs and explore routes to further enhance  

HCP-CO2 interactions such as post-synthetic modification to electrostatically and covalently incorporate 

nitrogen into HCPs. 

A sub-class of HCPs based on Scholl-coupling reactions, known as SCPs, are the subject of Chapter 3. 

Their main advantage arises from their higher SABET as a result of the aryl-aryl coupling and the solvent 

knitting, due to the use of DCM instead of DCE‒which is used for the synthesis of HCPs. We have also 

successfully incorporated fluorine into SCPs using an electrophilic fluorination approach, and 

subsequently evaluated their CO2 performance.  

The final chapter (Chapter 4) entails the use of breakthrough kit for kinetic CO2 selectivity studies, 

alongside CO2 uptake using humid flue streams, or under humidity saturated breakthrough column beds. 

We also explored our in-house developed high-throughput (HT) screening method for CO2 affinity in a 

wide range of porous materials using a 96-well ProxiPlate. HT screening is advantageous over the 

breakthrough kit due to the possibility of running 96 samples instead of one sample at a time using the 

breakthrough kit. However, at this early stage, our high-throughput setup is more qualitative, rather 

than being a quantitative technique.  
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Chapter Two 

 

Hypercrosslinked Polymers 
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University of Liverpool for collecting all SEM micrographs. Residual iron and chlroine content for HCP-SC 

were measured by Exeter Analytical, UK. All other measurenment were carried out by myself at the 

University of Liverpool. Some figures in this chapter were reproduced with permission from (J. Polym. 

Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.   
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2.1 Hypercrosslinked polymers (HCPs) 

Hypercrosslinked polymers (HCPs) are a class of organic polymers synthesized via Friedel-Crafts 

alkylation of activated organic monomers in anhydrous 1,2-dichloroethane (DCE) as a solvent and 

iron(III) chloride (FeCl3) as a Lewis acid catalyst. Throughout this Ph.D. study, our focus was on HCPs 

synthesized through the use of formaldehyde dimethyl acetal (FDA) as an external crosslinker, or instead, 

through the polycondensation approach of monomers with terminal methylene-chlorides where FDA 

presence is not required.1,2 Our initial screening of HCPs (Table 1.5, Chapter 1) revealed that their lack 

of CO2-polarizing groups hinders their potential use for CO2 capture from fixed point sources. Co-

polymerization of monomers containing CO2-philic groups such as aniline with monomers reported to 

form HCPs with moderate to high  Brunauer-Emmett-Teller surface area (SABET) such as benzene was 

reported by the Cooper group to increase CO2-interactions at low CO2 partial pressure streams.3 

Similarly, post-synthetic modification of HCPs was reported in an attempt to introduce alkyl-amine 

functional groups onto microporous HCP triptycene based network (TPP-1-NH2).4 Throughout this 

Chapter, we further explore the influence of HCP networks with high SABET over CO2 uptake, CO2/N2 

selectivity and CO2 isosteric heat of adsorption (Qst). In addition, we explored post-synthetic modification 

approaches to load functional groups onto HCPs and evaluated their performance. 

2.2 High SABET HCP networks 

HCP networks that are reported in the literature vary in their SABET based on the selection of 

monomers.5,6 High SABET HCP networks generally show a moderate to good CO2 uptake up to 1 bar and 

temperatures in the range of 273‒298 K.5 It is worth noting that mimicking realistic flue stream 

conditions entail testing the CO2 sorption capacities of the polymers at temperatures up to 328 K, CO2 

partial pressure of 150 mbar, and under moist conditions‒ which will be further discussed in Chapter 4. 

However at this stage of research into organic polymers for CO2 capture from fixed emission sources, 

less realistic conditions for polymers testing are reported in the literature. To study the effect of HCP 

SABET, a library of HCPs was prepared based on different monomers such as: toluene, benzene, 

fluorobenzene, triptycene, 4,4′-bis(chloromethyl)-1,1′-biphenyl (BCMBP), and 1,3,5-triphenylbenzene.  
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2.2.1 A library of monomers with diverse SABET values 

The synthesis of HCPs using toluene, benzene, 1,3,5-triphenylbenzene, fluorobenzene and triptycene 

as monomers was carried out by heating the desired monomer for 18-24 hours under reflux and nitrogen 

atmosphere in DCE with the use of FDA external crosslinker and FeCl3 as a Lewis acid catalyst; for the 

exact synthetic procedures, refer to the experimental section at the end of this chapter (Sections 2.5.1-

2.5.6). In the case of the BCMBP monomer, due to the terminal methylene-chloride, FDA crosslinker was 

not used. After reaction completion and work-up of the isolated product of each reaction, the obtained 

networks were denoted: HCP-Benzene, HCP-Toluene, HCP-Triptycene, HCP-Triphenylbenzene, HCP-

Fluorobenzene, and HCP-SC synthesized from the monomers: benzene, toluene, triptycene, 1,3,5-

triphenylbenzene, fluorobenzene, and BCMBP, respectively (Scheme 2.1). HCP-SC refers to self-

condensation nature when using BCMBP as a monomer. Table 2.1 below summarizes the elemental 

analysis, total pore volume (VTotal) and SABET of each of the networks. The highest SABET was recorded for 

HCP-SC reaching 1811 m2/g whereas HCP-Toluene and HCP-Fluorobenzene showed SABET below 1000 

m2/g; 875 m2/g for HCP-Toluene and 712 m2/g for HCP-Fluorobenzene (Table 2.1). Almost all polymers 

showed hysteresis loops in their N2 adsorption-desorption isotherms which might be due to capillary 

condensation and/or the presence of meso- and mcropores.7 These polymer networks were reported in 

the literature, but their lack of polar groups resulted in moderate CO2 Qst, CO2/N2 selectivity and CO2 

uptake at low pressure. We therefore opted to synthesize and study these polymers in-house and 

explore means of further enhancing their performance.2,8,9 Among these polymers, CO2 Qst of HCP-

Benzene was reported to be 28 kJ/mol at zero-coverage region;9 for all the polymers, our SABET was in 

good agreement to literature values.2,8,9  
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Polymer CH elemental analysisa  % yield SABET
b

  

(m2/g) 

Pore Volumec
 

(cm3/g) % C % H 

HCP-SC 89.1 (93.8) 5.3 (6.2) 71 1811 3.45 

HCP-Toluene 72.7 (91.5) 5.4 (8.5) 93 875 0.6  

HCP-Benzene 84.7 (90.5) 4.3 (9.5) 99 1165 1.2 

HCP-Triptycene 84.8 (94.2) 5.0 (5.8) 92 1604 1.5 

HCP-Triphenylbenzene 82.5 (92.3) 5.6 (7.7) 97 1256 1.2 

HCP-Fluorobenzene 84.5 (80.0) 3.4 (6.0) 96 712 0.5 
 

Table 2. 1 CH microanalysis and gas sorption data for polymers with different SABET. a Calculated CH microanalysis values 
(theoretical values). a BET surface area calculated from nitrogen isotherms at 77.3 K. c Total pore volume calculated from 
nitrogen adsorption isotherm in the range P/P0=0.94–0.98.    

 

Discrepancies in the elemental analysis were observed across the board and this is known for 

HCPs.1,10 A few factors are known to lead to these discrepancies including the microporous nature of 

these materials which gives rise to moisture trapping.1,3,7 In addition, the use of a Lewis acid catalyst 

(FeCl3) which might get trapped within the HCP network can result in elemental discrepancies,1,3,7 as can 

the incomplete consumption of the terminal methylene-chloride bridges which can be the case for HCP-

SC.7 We further investigated HCP-SC due to its relatively high SABET to show how much Fe‒originated by 

Scheme 2. 1 Chemical structures of the monomers used for the moderate-high SABET networks.  
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the catalyst‒was trapped inside the network.7 Through acid digestion of HCP-SC followed by Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES), the iron content within HCP-SC was found to 

be 180 ppm which is relatively small amount to have a pronounced effect over HCP-SC interactions with 

guest molecules such as CO2.7 Incomplete consumption of terminal methylene chlorides is also known 

for HCPs;1 through oxygen flask combustion using Cheng’s method, the content of chlorine within HCP-

SC was found to be 2.9 wt%.7 The residual unreacted chlorines are also identified by Fourier transform 

infrared spectroscopy (FT-IR) where a vibrational stretch at 800 cm-1 can be assigned to terminal 

chlorines (Figure 2.1). The vibrational stretch at approximately 3400 cm-1 can be assigned to trapped 

moisture which also contributes to the discrepancies between the theoretical and measured elemental 

analysis (Figure 2.1). 

 

 

The total pore volume of all polymers was calculated from N2 adsorption isotherms at 77.3 K and was 

relatable to the SABET values where polymers with high SABET such as HCP-Triptycene and HCP-

Figure 2. 1 FT-IR of HCP-SC measured using KBr discs. Reprinted (adapted) with 
permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). 
Copyright (2019) John Wiley and Sons.7 



Page | 63  
 

Triphenylbenzene showed pore volumes of 1.5 and 1.2 cm3/g, respectively. HCP-SC was an exception 

with a high pore volume of 3.45 cm3/g however we believe that this value is inaccurate due to swelling, 

capillary condensation, and the presence of macropores.7 The hysteresis loop seen for HCP-SC from N2 

adsorption-desorption isotherms at 77.3 K further supports the latter hypothesis (Figure 2.2).  

We further evaluated our library of HCPs for CO2/N2 selectivity, CO2 uptake and CO2 Qst. The lack of 

CO2‒polarizing groups would generally result in low CO2 interactions with the polymer as was previously 

shown by Cooper group, where they highlighted the potential of benzene based HCP for high pressure 

CO2 capture that is compatible with pre-combustion capture.9 

 

   

Gas sorption analyses including CO2 and N2 uptake at different temperatures up to 1 bar, were carried 

out for all of the polymers focusing not only on the total uptake at 1 bar, but also on the low pressure 

regions CO2 uptake (150 mbar), in addition to CO2/N2 IAST selectivity calculations assuming a molar ratio 

of 15/85 CO2:N2 at 298 K up to 1 bar. Our results show that HCP-Triptycene was the best performing 
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Figure 2. 2 N2 adsorption-desorption isotherms at 77.3 K for HCP-SC showing the 
hysteresis loop. Adsorption (filled symbols) and desorption (hollow symbols). 
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polymer showing a CO2 uptake of 1.9 mmol/g at 1 bar/298 K and 0.47 mmol/g at 150 mbar/298 K, in 

spite of the lack of CO2-philic groups within HCP-Triptycene. The CO2/N2 selectivity of HCP-Triptycene 

was calculated to be 17:1, slightly lower than that of HCP-Fluorobenzene of 19:1, which is the highest 

value across the board. The presence of the polar fluorine in HCP-Fluorobenzene is what gives rise to its 

high CO2/N2 selectivity. However, HCP-Fluorobenzene suffers from its low uptake capacity; 0.22 and 1.0 

mmol/g at 0.15 and 1.0 bar/298 K, respectively (Table 2.2). The rest of the polymers showed CO2 

capacities in the range of 1.0‒1.5 mmol/g at 1 bar/298 K. HCP-Triptycene and HCP-Fluorobenzene 

CO2/N2 selectivity arises from the dominance of micropores on their pore size distribution whereas the 

rest of the analogues possess slightly larger pores (Figure 2. 3). Due to their microporosity, HCP-Benzene 

and HCP-Toluene show a similar selectivity to HCP-Triptycene; 16:1 versus 17: 1 for HCP-Benzene and 

HCP-Toluene, respectively, however they suffer from a low CO2 capacity (Figure 2. 3). The presence of 

micropores was also observed for HCP-SC and HCP-Triphenylbenzene however, they also possessed 

meso and macro pores resulting in a low CO2/N2 selectivity (Table 2.2).  

Polymer CO2 uptake at 0.15 

bar (mmol/g) 

CO2 uptake at 1.0 

bar (mmol/g) 

CO2/N2 IAST 

Selectivityb 

Qst  

(kJ/mol) 

HCP-SC 0.26 1.4 10:1 19 

HCP-Toluene 0.24 1.0 16:1 29 

HCP-Benzene 0.37 1.5 17:1 29 

HCP-Triptycene 0.47 1.9 17:1 33 

HCP-Triphenylbenzene 0.31 1.5 14:1 25 

HCP-Fluorobenzene 0.22 1.0 19:1 33 

 
Table 2. 2 CO2 uptake capacity, CO2/N2 selectivity and Qst values for HCP-SC, HCP-Toluene, HCP-Benzene, HCP-Triptycene, 
HCP-Triphenylbenzene, and HCP-Fluorobenzene. b IAST CO2/N2 selectivity calculated from single and dual-site Langmuir fitting 
isotherms in a mixture of 15/85 CO2:N2 at 1 bar and 298 K.    
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Figure 2. 3 Top: pore-size distribution of HCP-Triptycene and HCP-Fluorobenzene calculated 
from N2 adsorption isotherm at 77.3 K using pillared clay model non-local DFT theory 
assuming a cylindrical pore geometry. Bottom: pore-size distribution for HCP-SC, HCP-
Toluene, HCP-Benzene, and HCP-Triphenylbenzene calculated using the same method.  
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The CO2 Qst values for all polymers was in the range of 19‒33 kJ/mol which is well in the physisorption 

region of below 40 kJ/mol,11 the highest being HCP-Fluorobenzene and HCP-Triptycene (33 kJ/mol) for 

both polymers while HCP-SC exhibited the lowest CO2 Qst of 19 kJ/mol (Table 2.2). 

None of the above organic polymers stood out for CO2 capture applications when compared to the 

best performing materials (Figure 1.8, Chapter 1). We opted to keep focusing on organic polymers 

because of their cost and ease of synthesis with the aim of further enhancing their performance. As 

previously discussed, co-polymerization was reported as a mean of enhancing CO2 affinities of these 

polymers therefore, we shifted our focus to post-synthetic modification to explore its burden on CO2‒

interactions. For post-synthetic modification, we selected HCP-SC due to its high SABET which will 

minimize the effect of functional groups loading on CO2 capacity and SABET. 

2.3 Post-synthetic modification of HCP-SC 

As shown in Table 2.1, HCP-SC showed the highest SABET therefore it was selected to further explore 

post-synthetic modification effect on enhancing CO2 interactions. Carboxylic acids were shown by the 

Cooper group to be one the most promising functional groups for increasing CO2 affinity within 

polymers.12 However, Friedel-Crafts alkylations are known to be hindered by the presence of aromatic 

units with de-activating groups such as carboxylic acids.7 We attempted to hypercrosslink few acid 

containing monomers such as benzoic acid, 4-aminobenzoic acid and 2,3-naphthalenedicarboxylic acid. 

However, all attempts have failed to give any precipitated network. An alternative approach to the direct 

crosslinking of such monomers would be to post-synthetically modify HCPs with acid moieties such as 

sulfonic acid generated by stirring the polymer in chloro-sulfonic acid (Cl-SO3H) for 72 hours at room 

temperature and 1,2-dichloromethane (DCM) as a solvent.7,13 

Cl-SO3H has been reported in the literature for the modification of a porous aromatic framework 

analogue (PAF-1) known as PPN-6 to generate the sulfonated analogue of PPN-6 (PPN-6-SO3H).13 The 

sulfonated analogue works as a platform for further modifications such as lithiation which yielded (PPN-

6-SO3Li),13 or neutralization with the basic ammonium hydroxide (NH4OH) to electrostatically attach  

‒SO3NH4 salt onto PPN-6 yielding (PPN-6-SO3NH4).14 Our literature search (Table 1.5, Chapter 1), clearly 

showed that theses analogues have unprecedented CO2/N2 IAST selectivity values; the CO2/N2 selectivity 

for PPN-6-SO3Li using a molar ratio of 15/85 CO2/N2 at 295 K/1 bar was calculated to be 414:1 whereas 
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PPN-6-SO3NH4 showed a higher CO2/N2 selectivity of 796:1 using a similar molar ratio at a higher 

temperature 313 K/1 bar.13,14 The parent polymer PPN-6 however, only exhibited a CO2/N2 selectivity of 

9:1 using 15/85 CO2/N2 at 295 K/1 bar despite its ultra-high SABET of 4023 m2/g compared with 1170 and 

593 m2/g for PPN-6-SO3Li and PPN-6-SO3NH4, respectively. The previous SABET values further highlight 

the importance of choosing a high SABET parent network as the loading of functional groups would 

compromise the SABET of the functionalized product. In the case of PPN-6, the loading of the functional 

groups increased the CO2 uptake reaching a value of 3.6 mmol/g at 295 K/1 bar for both PPN-6-SO3Li and 

PPN-6-SO3NH4 much higher than the measured value of  1.3 mmol/g for PPN-6 under similar conditions. 

Similarly, the CO2 Qst nearly doubled from 17 kJ/mol for the parent to 36 and 40 kJ/mol for PPN-6-SO3Li 

and PPN-6-SO3NH4, respectively. Encouraged by these results, we opted to apply a similar approach to a 

cheaper class of organic polymers such as HCPs. Contrary to PAFs, HCPs do not require the use of 

expensive transition metal catalysts such as bis(1,5-cyclooctadiene)nickel(0), (in short Ni(COD)2) nor the 

use of brominated monomers which are relatively expensive and require a multi-stage 

synthesis/purification.15 

2.3.1 Ammonium salt grafted HCP-SC 

HCP-SC synthesis was previously discussed above in Section 2.2.1 of this thesis. To introduce the 

functional sulfonic acid groups, a suspension HCP-SC was stirred in an ice-bath cooled excess amount of 

Cl-SO3H and left stirring at room temperature for 72 hours, followed by thorough washing with methanol 

and water and vacuum oven drying at 60 °C overnight to yield HCP-SC-SO3H (more details about the 

synthesis can be found in the experimental section 2.5.7). The isolated sulfonated product was 

characterized using N2 adsorption-desorption isotherms, FT-IR, thermal gravimetric analysis (TGA) in 

addition to CO2 and N2 gas sorption analysis at different temperatures (298‒328 K for CO2 and 298 K for 

N2). The aim of the sulfonated analogue was to work as a platform for further neutralization with 

ammonium hydroxide in a similar manner to PPN-6-SO3NH4 and further explore the effect of 

incorporating different counter-ions (Scheme 2.2). 
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The SABET of HCP-SC-SO3H dropped to 1246 m2/g from 1811 m2/g for the parent material (Figure 2.4) 

upon sulfonic acid loading and the total pore volume was lower at 0.94 cm3/g compared to 3.5 cm3/g for 

the parent HCP-SC (Table 2.3). From CHS microanalysis, the loading of sulfur was measured to be 9.1% 

which roughly equates to 0.8 sulfonic acid unit per each monomer unit (BCMBP) based on the idealized 

structure (Table S1, Supporting Information). However, as discussed above, it is known for HCPs that 

there can be discrepancies between the actual and theoretical elemental loading which, in this case, 

might be due to trapped moisture, inaccessibility of sulfonic acids to the active sites due to steric 

hindrance caused by the extensive crosslinking nature of HCP-SC and/or not enough activation of the 

aromatic ring to initiate the electrophilic substitution reaction. The idealized structure was based on 

assuming the loading of one sulfonic acid unit per monomer unit which would yield a sulfur loading of 

11.8% (Table S1). 

 

Scheme 2. 2 Schematic for the synthesis of HCP-SC analogues. 
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Figure 2. 4 N2 adsorption-desorption isotherms at 77.3 K for HCP-SC, HCP-SC-SO3H and HCP-
SC-SO3NH4. Adsorption (filled symbols) and desorption (hollow symbols). Reprinted (adapted) 
with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright 
(2019) John Wiley and Sons.7 
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FT-IR of HCP-SC-SO3H shows a vibrational stretch at 1180 cm-1 corresponding to the sulfonic acids in 

addition to an O‒H stretch at 3400 cm-1 that also overlaps with the trapped moisture stretch that is 

usually present in HCPs (Figure 2.5).7   

 

 

TGA analysis of HCP-SC analogues was carried out by heating the polymers under nitrogen to 600 °C 

followed by switching to air at 600 °C and holding at the desired temperature for one hour. HCP-SC TGA 

showed no major weight loss below 150 °C which is indicative of low moisture uptake of the polymer. 

The sulfonic and ammonium salt analogues however, exhibited a weight loss of nearly 15 wt% when 

heated to 150 °C due to their hydrophilicity whereas the de-sulfonation started at ca. 250 °C. When 

switched to air at 600 °C, all of the analogues almost fully degraded. It is worth nothing, that the residue 

observed in the TGA plots could be due to impurities or traces of the catalyst used in the synthesis (Figure 

Figure 2. 5 FT-IR using KBr discs for HCP-SC-SO3H and HCP-SC-SO3NH4.  
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S2.41, Supporting Information). The scanning electron microscopy (SEM) micrographs of HCP-SC and its 

analogues did not exhibit a defined surface morphology showing rough and amorphous particles which 

might due to the amorphous nature of the polymers (Figure S2.41, Supporting Information). 

As a result of the sulfonic acid groups, the CO2/N2 IAST selectivity increased to nearly double the 

value obtained for its parent HCP-SC to 19:1 versus 10:1 for HCP-SC-SO3H and HCP-SC, respectively. Both 

values were calculated using 15/85 CO2:N2 molar ratio at 298 K/1 bar. The rise in selectivity was a result 

of HCP-SC-SO3H higher CO2 uptake at 150 mbar of 0.59 mmol/g whereas HCP-SC only showed an uptake 

of lower than half that value of 0.26 mmol/g under similar conditions. Similarly, the total CO2 uptake at 

1 bar/298 K for HCP-SC-SO3H increased by more than 57% reaching 2.2 mmol/g versus 1.4 mmol/g for 

HCP-SC (Table 2.3). The polar sulfonic acid groups enhance the polymer-CO2 interactions thus giving rise 

to better CO2 sorption capacities which was further confirmed by the higher CO2 Qst for the sulfonic 

analogue; 37 kJ/mol versus 19 kJ/mol for the parent (Figure 2.6).  
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The ammonium salt was incorporated onto the polymer by stirring the HCP-SC-SO3H in NH4OH and 

DCM under reflux overnight (Scheme 2.2). The isolated product was then washed with water and 

methanol followed by vacuum drying at 60 °C overnight to yield the HCP-SC-SO3NH4. The electrostatic 

attachment of ‒SO3NH4 resulted in a lower SABET and total pore volume compared to the parent 

analogue; 808 m2/g and 0.59 cm3/g versus 1246 m2/g and 0.94 cm3/g for HCP-SC-SO3NH4 and HCP-SC-

SO3H, respectively (Table 2.3). CHNS elemental analysis revealed nitrogen and sulfur loadings of 2.2 and 

8.8%; lower than the calculated theoretical loading of 4.8 and 11.1% respectively. This loading translates 

to 0.4 and 0.7 ammonia and sulfonic acid units respectively per monomer unit (Table S1, Supporting 

Information). Discrepancies in the elemental analysis were a result of incomplete conversion of the 

sulfonic acids to the ammonium salt perhaps due to the base inaccessibility to the sulfonated sites and/or 

trapped moisture in the HCP-SC-SO3NH4.7 FT-IR of the HCP-SC-SO3NH4 was difficult to assign due to the 

overlap of the trapped moisture peak with the N‒H stretch at approximately 3400 cm-1 (Figure 2.5). 

Polymer CHNS microanalysis SABET
a

 

(m2/g) 
VTotal

b 
(cm3/g) 

CO2 uptakec 
(mmol/g) 

CO2 uptaked 
(mmol/g) 

CO2/N2
e 

selectivity 
% C % H % N % S 

HCP-SC 89.1 5.3 - - 1811 3.45 0.26 (0.12) 1.4 (0.8) 10:1 

HCP-SC-SO3H 57.6 4.2 - 9.1 1246 0.94 0.59 (0.23) 2.2 (1.1) 19:1 

HCP-SC-SO3NH4 52.1 4.9 2.2 8.8 808 0.59 0.90 (0.36) 2.5 (1.4) 42:1 

 

Table 2. 3 Porosity and elemental analysis data for HCP-SC, HCP-SC-SO3H, and HCP-SC-SO3NH4. a BET surface area calculated 
from nitrogen isotherms at 77.3 K. b Total pore volume calculated from nitrogen adsorption isotherm in the range P/P0=0.94–
0.98.  c CO2 uptake at 0.15 bar/298 K (0.15 bar/328 K). d CO2 total uptake at 1 bar/298 K (1 bar/328 K). e IAST CO2/N2 selectivity 
calculated from single and dual-site Langmuir fitting isotherms in a mixture of 15/85 CO2:N2 at 1 bar and 298 K. 

 

The uptake of CO2 at 0.15 bar/298 K for HCP-SC-SO3NH4 increased by more than 50% reaching 0.90 

mmol/g higher than the 0.59 mmol/g recorded for the parent HCP-SC-SO3H under similar conditions. 

Similarly, at 1 bar/298 K the CO2 uptake for HCP-SC-SO3NH4 reached 2.5 mmol/g going up from 2.2 

mmol/g for HCP-SC-SO3H despite the fact it has a lower SABET and total pore volume of 808 m2/g and 

0.59 cm3/g, respectively. The higher CO2 uptake at 150 mbar resulted in a CO2/N2 IAST selectivity of 42:1 

at 1 bar/298 K using a 15/85 CO2:N2 molar ratio (Table 2.3). The latter value was higher than what was 
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obtained for any of the polymers in Table 2.2, which clearly shows the advantages of post-synthetic 

modification over enhancing CO2 performance in HCPs. In comparison with the ammonium salt analogue 

of PPN-6 (PPN-6-SO3NH4), under similar molar ratio of 15/85 CO2:N2, our HCP shows a much lower 

CO2/N2 selectivity of 42:1 (1 bar/298 K) versus 796:1 (1 bar/313 K). However, our HCP is a cheaper 

adsorbent where cost efficacy is seen as a determinant factor for the use of adsorbents instead of amines 

for CO2 capture from fixed point sources.  

The Qst values calculated from CO2 isotherms at different temperatures (298, 318, and 328 K) were 

found to be moderately low for HCP-SC; 19 kJ/mol at zero-coverage region. The presence of the sulfonic 

acids resulted in a CO2 Qst of 37 kJ/mol for HCP-SC-SO3H and similarly the ammonium analogue HCP-SC-

SO3NH4 exhibited a Qst of 36 kJ/mol (Figure 2.6). The latter values all fall within the physisorption range 

and the reversibility of the CO2 isotherms further confirm the physisorptive nature of these polymers 

(Figures S32 & S33, Supporting Information).11 In addition, the obtained values are similar to the CO2 Qst 

reported values for PPN-6-SO3H and PPN-6-SO3NH4 CO2 Qst of 30 and 40 kJ/mol, respectively.14 
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Figure 2. 6 CO2 isosteric heat of adsorption (Qst) at zero-coverage region for HCP-SC, HCP-
SC-SO3H, and HCP-SC-SO3NH4 calculated using Clausius-Clapeyron equation from CO2 
isotherms at 3 different temperatures (298, 318, and 328 K). Reprinted (adapted) with 
permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright 
(2019) John Wiley and Sons.7 
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In addition to IAST selectivity, we measured HCP-SC-SO3NH4 CO2/N2 dynamic selectivity using the 

Hiden Isochema ABR Automated Breakthrough Analyser.16 To run the breakthrough experiments, the 

column was first packed with the powder HCP-SC-SO3NH4 where it was then purged with helium flow 

and heated at 120 °C for 12 hours to degas the polymer. After activation, a binary mixture of CO2 and N2 

at 1 bar/298 K was used under a total flow rate of 4 mL/min. CO2/N2 breakthrough capacity and 

selectivity were calculated as discussed in Section 1.4.1.2 in this document. The dynamic CO2/N2 

selectivity was calculated to be 17:1, less than half the IAST predicted selectivity which clearly highlights 

the importance of CO2 adsorption kinetics onto adsorbents in general. As shown in Figure 2.7, there was 

no observed loss in CO2 capacity after a total of 6 breakthrough cycles.  

 

 

 

Figure 2. 7 CO2/N2 breakthrough curves for HCP-SC-SO3NH4 showing a total of 6 cycles with 
almost minimal to no loss in CO2 capacity. Reprinted (adapted) with permission from (J. Polym. 
Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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2.3.2 Grafting of different counter-ions  

The high CO2 capacity seen for HCP-SC-SO3NH4 encouraged us to study the effect of varying the 

counter-ion over CO2 affinities. Similar to the ammonium counter-ion, the different counter-ions were 

introduced by stirring the sulfonated analogues (HCP-SC-SO3H), in the desired base and DCM under 

reflux for 24 hours (Scheme 2.2). The different analogues prepared included triethylamine (TEA), 

ethanolamine (ETA), imidazole (IMI), and ethylenediamine (EN) as counter-ions (HCP-SC-SO3TEA, HCP-

SC-SO3ETA, HCP-SC-SO3IMI, and HCP-SC-SO3EN, respectively).  

Across all the analogues, the FT-IR showed a trapped moisture vibrational stretch at approximately 

3400 cm-1. Overlaps in the region of 1200‒1400 cm-1 between C‒N and O=S=O vibrational stretches, and 

sp3 C‒H bend made it difficult to assign each peak (Figures S2.43-S2.46 in the supporting information at 

the end of this Chapter). CHNS microanalysis showed discrepancies between actual and theoretical 

loadings across all the analogues indicating that full conversion of the acids to the salt was not achieved 

(Table S2.2, Supporting Information). The high nitrogen content of imidazole and ethylenediamine led 

to the highest nitrogen loadings of 5.8 and 5.4% to be seen for HCP-SC-SO3IMI and HCP-SC-SO3EN, 

respectively. Whereas HCP-SC-SCO3TEA and HCP-SC-SO3ETA showed nitrogen loadings of 2.2 and 2.8%, 

respectively (Table 2.4). 

Polymer CHNS microanalysis SABETa 

(m2/g) 
VTotalb 
(cm3/g) 

CO2 uptakec 
(mmol/g) 

CO2 uptaked 
(mmol/g) 

CO2/N2e 

selectivity 
% C % H % N % S 

HCP-SC-SO3TEA 62.4 5.7 2.2  8.6  582 0.47 0.32 (0.16) 1.2 (0.79) 6:1 

HCP-SC-SO3ETA 49.8 5.1 2.8 7.3 546 0.34 0.41 (0.17) 1.5 (0.81) 8:1 

HCP-SC-SO3IMI 61.8 4.8 5.8 9.1 657 0.39 0.43 (0.18) 1.5 (0.80) 18:1 

HCP-SC-SO3EN 57.6 5.5 5.4 7.9 509 0.34 0.49 (0.22) 1.6 (0.98) 12:1 

 

Table 2. 4 Porosity and elemental analysis data for HCP-SC-SO3TEA, HCP-SC-SO3ETA, HCP-SC-SO3IMI, and HCP-SC-SO3EN. a BET 
surface area calculated from nitrogen isotherms at 77 K. b Total pore volume calculated from nitrogen adsorption isotherm 
in the range P/P0=0.94–0.98. c CO2 uptake at 0.15 bar/298 K (0.15 bar/328 K). d CO2 total uptake at 1 bar/298 K (1 bar/328 K). 
e IAST calculated from single and dual-site Langmuir fitting isotherms in a mixture of 15/85 CO2:N2 at 1 bar and 298 K. 
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The variation of the counter ions resulted in lower SABET values when compared to the parent HCP-

SC-SO3H. The highest SABET was obtained for HCP-SC-SO3IMI, 657 m2/g whereas the remaining analogues 

showed SABET values in the range of 509‒582 m2/g. The uptake of CO2 at 1 bar/298 K of the different 

counter-ion analogues was in the range of 1.2‒1.6 mmol/g (Table 2.4), lower than the 2.5 mmol/g 

recorded for HCP-SC-SO3NH4 under similar conditions (Table 2.3).7 The CO2 Qst value at zero-coverage 

region was highest for HCP-SC-SO3IMI reading at 45 kJ/mol which falls at the edge of chemisorption 

region. However, the reversibility of the isotherms suggests a physorptive nature of the process (Figure 

S2.47). The CO2 Qst of the alkylammonium analogues falls within the physorption range reading at below 

36 kJ/mol (Figure 2.8).  
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Figure 2. 8 CO2 Qst at zero-coverage region for HCP-SC-SO3TEA, HCP-SC-SO3ETA, HCP-SC-SO3IMI, and 
HCP-SC-SO3EN calculated from CO2 isotherms at 3 different temperatures (298, 318, and 328 K). 
Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–
2521). Copyright (2019) John Wiley and Sons.7 
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Due to the presence of nitrogen, we anticipated that these counter-ions would afford CO2/N2 IAST 

selectivity somehow similar or better to the value obtained for the HCP-SC-SO3NH4 of 42:1. However, 

the CO2/N2 selectivities were in the range of 6:1‒18:1. We hypothesize that the density of the localized 

positive charge of HCP-SC-SO3NH4 in addition to its narrow pore distribution resulted in the obtained 

CO2/N2 selectivity. Of the different counter-ions, HCP-SC-SO3IMI exhibited the highest CO2/N2 selectivity 

of 18:1, less than half the value of the ammonium salt due to its slightly less narrow micropores and the 

delocalization of the imidazolium positive charge (Figure 2.9). The alkylammonium analogues showed 

selectivity values in the range of 6:1‒12:1 (Table 2.4), the lowest being HCP-SC-SO3TEA. HCP-SC-SO3ETA 

and HCP-SC-SO3EN, both have a similar pore volume of 0.34 cm3/g, but we hypothesise that the higher 

loading of nitrogen and the narrower micropores in the EN analogue resulted in nearly 50% higher 

selectivity for the EN over ETA; 12:1 versus 8:1. Figure 2.9 below shows the pore size distribution of all 

the salt analogues using the pillared clay model of non-local DFT method (NL-DFT) assuming cylindrical 

pore geometry where HCP-SC-SO3NH4 clearly stands out having the narrowest pore distribution. 
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Figure 2. 9 Normalized pore size distribution for all salt analogues calculated from N2 
isotherms at 77.3 K using pillared clay model of NL-DFT method. Reprinted (adapted) with 
permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright 
(2019) John Wiley and Sons.7  
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The TGAs of the different counter-ions analogues were carried out by heating the polymers under 

nitrogen to 600 °C followed by switching to air at 600 °C and holding at the desired temperature for one 

hour. Similar to the sulfonic acid and ammonium salt analogues, the different counter-ions TGAs 

exhibited the loss of moisture below 150 °C due to the polymers hydrophilicity followed by de-

sulfonation at ca. 250 °C. When switched to air at 600 °C, all of the analogues almost fully degraded. It is 

worth nothing, that the residue observed in the TGA plots could be due to impurities or traces of the 

catalyst used in the synthesis (Figure S2.53, Supporting Information). The SEM micrographs of the 

analogues with different counter-ions did not exhibit a defined surface morphology showing rough and 

amorphous particles mostly due to the amorphous nature of the polymers (Figure S2.54, Supporting 

Information).  
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2.3.3 Imidazole covalent attachment to BCMBP to produce HCP-SC-IMI, HCP-SC-IMI-SO3H, and HCP-

SC-IMI-SO3NH4 

The effect of nitrogen electrostatic attachment over HCP-SC analogues CO2 interactions was studied 

in the previous two sub-sections. We have concluded that since full conversion of the acid to the salt 

was not achieved, the loading of nitrogen was not maximized. Therefore, we decided to study the effect 

of covalent attachment of imidazole (IMI) to BCMPB followed by the crosslinking reaction to form the 

HCP network which was denoted HCP-SC-IMI. In a similar procedure for the formation of HCP-SC-SO3H 

and HCP-SC-SO3NH4, HCP-SC-IMI was sulfonated using Cl-SO3H followed by stirring in ammonium 

hydroxide to form the sulfonated and ammonium-salt analogues of HCP-SC-IMI; HCP-SC-IMI-SO3H and 

HCP-SC-IMI-SO3NH4, respectively (Scheme 2.3)‒synthesis details can be found in the experimental 

section (Section 2.5.9). 

As shown in Scheme 2.3, BCMBP was first reacted with IMI in a 6:1 ratio and DCE as a solvent under 

nitrogen and reflux to form BCMBP-IMI. Upon reaction completion (monitored by TLC), FeCl3 was added 

to the reaction mixture to induce the crosslinking reaction and the mixture was left to stir overnight 

under reflux and nitrogen. The isolated product was washed with water and methanol followed by 

Soxhlet extraction in methanol overnight, and vacuum drying overnight at 60 °C to yield HCP-SC-IMI. As 

stated before, HCP-SC-IMI was post-synthetically modified to produce HCP-SC-IMI-SO3H and HCP-SC-

IMI-SO3NH4. 
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To confirm the attachment of IMI to BCMBP, proton (1H) and carbon (13C) nuclear magnetic 

resonance (NMR) were collected for the reaction mixture. From 1H NMR, IMI displaces BCMBP 

terminal ‒CH2Cl at one end or more where it also can form a bridge between two BCMBP molecules. 

The latter was confirmed by the appearance of three singlet peaks between 5.48 and 5.54 ppm‒

which are not present in BMCBP 1H NMR (Figure 2.10), suggesting new methylene environments 

whereas the peak showing at 4.8 corresponds to terminal ‒CH2Cl which is much higher in intensity 

due to low ratio of IMI in the mixture (Figure 2.10). The peaks between 9.11 and 9.57 ppm are caused 

by the protonation of mono-substituted IMI from HCl liberated from the reaction mixture. 

Assignment of the latter methylenes in the 13C NMR of BCMBP-IMI was difficult due to its low 

intensity in the reaction mixture.7 

Scheme 2. 3 Schematic for the synthesis of HCP-SC-IMI and its analogues. 
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Figure 2. 10 (Top) 1H NMR of BCMBP in dimethyl sulfoxide-d6 (DMSO). (Bottom) 1H NMR of 
BCMBP-IMI taken from the reaction mixture in DMSO-d6. 
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The measured SABET and pore volumes of HCP-SC-IMI were 1049 m2/g and 0.95 cm3/g compared to 

1811 m2/g and 3.45 cm3/g for HCP-SC (Table 2.5). The hysteresis loop of HCP-SC-IMI was less pronounced 

which is believed to be due to the lower number of terminal ‒CH2Cl available for the crosslinking reaction 

(Figure 2.11). The sulfonated analogue, HCP-SC-IMI-SO3H and the salt analogue HCP-SC-IMI-SO3NH4 both 

showed a lower SABET than their counterparts derived from HCP-SC; of 745 and 642 m2/g, respectively 

versus 1246 and 808 m2/g for HCP-SC-SO3H and HCP-SC-SO3NH4. 
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Figure 2. 11 N2 adsorption-desorption isotherms at 77.3 K for HCP-SC-IMI, HCP-SC-IMI-
SO3H, and HCP-SC-IMI-SO3NH4. Adsorption (filled symbols), desorption (hollow s symbols). 
Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 
2513–2521). Copyright (2019) John Wiley and Sons.7 
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CHNS elemental analysis of HCP-SC-IMI revealed a nitrogen content of 1.5%, lower than the 

theoretical value of 2.4% which translates to 0.1 IMI per monomer unit. The CHNS sulfur and nitrogen 

elemental loadings of HCP-SC-IMI derivatives were also lower than the theoretical values which is 

expected for HCPs (Table S2.3). FT-IR across all of HCP-SC-IMI derivatives show a trapped moisture peak 

at approximately 3400 cm-1 making it difficult to assign N‒H and O‒H vibrational stretches (Figures S2.55-

S2.57, Supporting Information). 

 

Polymer CHNS microanalysis SABET
a

 

(m2/g) 
VTotal

b 
(cm3/g) 

CO2 uptakec 
(mmol/g) 

CO2 uptaked 
(mmol/g) 

CO2/N2
e 

selectivity 
% C % H % N % S 

HCP-SC-IMI 84.0 5.4 1.5 - 1049 0.95 0.36 (0.11) 1.7 (0.8) 14:1 

HCP-SC-IMI-SO3H 58.2 4.6 0.9 9.5 745 0.72 0.54 (0.24) 1.7 (1.1) 29:1 

HCP-SC-IMI-
SO3NH4 

53.9 4.8 3.0 8.7 642 0.54 0.79 (0.35) 2.1 (1.3) 30:1 

 

Table 2. 5 Porosity and elemental analysis data for HCP-SC-IMI, HCP-SC-IMI-SO3H, and HCP-SC-IMI-SO3NH4. a BET surface area 
calculated from nitrogen isotherms at 77 K. b Total pore volume calculated from nitrogen adsorption isotherm in the range 
P/P0=0.94–0.98. c CO2 uptake at 0.15 bar/298 K (0.15 bar/328 K). d CO2 total uptake at 1 bar/298 K (1 bar/328 K). e IAST 
selectivity calculated from single and dual-site Langmuir fitting isotherms in a mixture of 15/85 CO2:N2 at 1 bar and 298 K. 
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The CO2 uptake of HCP-SC-IMI at 1 bar/298 K shows a 20% increase when compared to HCP-SC due 

to the presence of imidazole; 1.7 versus 1.4 mmol/g (Table 2.5). Low pressure CO2 uptake also increased 

from 0.26 to 0.36 mmol/g, hence the higher CO2/N2 selectivity of 14:1 of HCP-SC-IMI higher than that of 

HCP-SC of 10:1. Sulfonic acid groups in HCP-SC-IMI-SO3H resulted in a higher selectivity of 29:1 due to 

the higher low pressure CO2 uptake of 0.54 mmol/g at 1 bar/298 K, whereas its counterpart HCP-SC-

SO3H showed a lower selectivity of 19:1. Sulfonation of HCP-SC-IMI clearly afforded a microporous pore-

size distribution which resulted it its high CO2/N2 selectivity. We hypothesised that NH4OH treatment of 

HCP-SC-IMI-SO3H would result in a higher selectivity. However, the calculated CO2/N2 selectivity for HCP-

SC-IMI-SO3NH4 was found to be 30:1, lower than that of HCP-SC-SO3NH4 of 42:1. Although HCP-SC-IMI-

SO3NH4 has a higher nitrogen loading than HCP-SC-SO3NH4, 3.0 versus 2.2 %, the blocking of the narrower 

micropores of HCP-SC-IMI-SO3H upon neutralization with ammonia resulted in a slightly larger pore size 

distribution for HCP-SC-IMI-SO3NH4 than that of its parent HCP-SC-IMI-SO3H (Figure 2.12). The latter 

clearly shows that not only the presence of CO2-philic groups is sufficient but rather a good balance 

should be present between the presences of polar groups and the micropores distribution of the 

polymer.  
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Figure 2. 12 Normalized pore size distribution for HCP-SC-IMI analogues calculated from 
N2 isotherms at 77.3 K using pillared clay model of NL-DFT method. 
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The Qst values of HCP-SC-IMI of 45 kJ/mol at zero-coverage region was almost three times that of 

HCP-SC where clearly the Lewis basic IMI nitrogen has a good effect over CO2 Qst.17,18 The reversibility of 

the CO2 isotherms confirmed the physorptive nature of the process (Figure S2.58, Supporting 

Information). The sulfonated and ammonium salt analogues showed CO2 Qst of 36 and 35 kJ/mol, 

respectively at zero-coverage region but again they show higher CO2/N2 selectivity than HCP-SC-IMI 

(Figure 2.13).  
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Figure 2. 13 CO2 Qst at zero-coverage region for HCP-SC-IMI, HCP-SC-IMI-SO3H, and HCP-
SC-IMI-SO3NH4 calculated from CO2 isotherms at 3 different temperatures (298, 318, and 
328 K). Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 
2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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The TGAs of the HCP-SC-IMI analogues were carried out by heating the polymers under nitrogen to 

600 °C followed by switching to air at 600 °C and holding at the desired temperature for one hour. The 

TGA of HCP-SC-IMI and its analogues exhibited moisture loss blow 150 °C due to the polymers 

hydrophilicity. The de-sulfonation of HCP-SC-IMI-SO3H and HCP-SC-IMI-SO3NH4 was observed at ca. 

250 °C. When switched to air at 600 °C, all of the analogues almost fully degraded. It is worth nothing, 

that the residue observed in the TGA plots could be due to impurities or traces of the catalyst used in 

the synthesis (Figure S2.64, Supporting Information). The SEM micrographs of the HCPP-SC-IMI and its 

analogues did not exhibit a defined surface morphology showing a rough and amorphous particles 

mostly due to the amorphous nature of the polymers (Figure S2.63, Supporting Information). 

2.4 Conclusion 

In conclusion, we showed the potential of post-synthetic modification in enhancing CO2 interactions 

with HCPs. Electrostatic and covalent attachment of nitrogen-containing groups were examined for their 

effect on CO2 uptake, CO2/N2 selectivity, and CO2 Qst. Our evaluation revealed that the electrostatically 

attached ammonium salt onto HCP-SC (HCP-SC-SO3NH4), resulted in the highest obtained CO2/N2 IAST 

selectivity of 42:1 in a molar ratio of 15/85 CO2:N2 at 1 bar/298 K. HCP-SC-SO3NH4 high selectivity arises 

from the presence of nitrogen and the appropriate narrow pores. For optimum CO2 selectivity, it is 

important to find the right balance between the loading of functional groups and the presence of narrow 

micropores in the polymer.     
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2.5 Supporting Information  

2.5.1 Synthesis and characterization of HCP-SC 

Synthesis of HCP-SC: To a solution of BCMBP (2.14 g, 8.52 mmol) in anhydrous DCE (20 mL), was added 

FeCl3 (1.38 g, 8.52 mmol) under nitrogen atmosphere. The resulting mixture was heated under reflux for 

18 hours. The brown precipitate was washed with water (50 mL), methanol (3x50 mL), and with diethyl 

ether (50 mL) followed by drying for 24 hours at 60 °C under vacuum to produce HCP-SC (yield = 1.5 g). 

 

Characterization 
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Figure S2. 1 CO2 uptake of HCP-SC measured at 1 bar/298 K.  
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Figure S2. 3 HCP-SC CO2 isosteric heat of adsorption calculated from 3 different 
temperatures (298, 318, and 328 K). 
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Figure S2. 2 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for 
HCP-SC. 
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Figure S2. 4 Thermal gravimetric analysis (TGA) of HCP-SC at 20 °C min-1 to 600 °C 
under nitrogen followed by switching to air at 600 °C. 
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2.5.2 Synthesis and characterization of HCP-Toluene 

Synthesis of HCP-Toluene: To a two-neck round bottom flask, toluene (1.1 mL, 10 mmol) was added to 

20 ml of anhydrous DCE under a flow of nitrogen with stirring. Followed by the addition of FDA (1.8 mL, 

20 mmol) and FeCl3 (3.2 g, 20 mmol). The reaction mixture was heated under reflux and nitrogen for 18 

hours. The solid product was filtered, washed with methanol followed by Soxhlet extraction in methanol 

for 18 hours and vacuum oven drying at 60 °C overnight to produce HCP-Toluene (yield = 0.9 g).  

Characterization 
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Figure S2. 5 N2 adsorption-desorption isotherms for HCP-Toluene measured at 77.3 
K. Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S2. 6 FT-IR of HCP-Toluene measured using KBr discs. 
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Figure S2. 7 HCP-Toluene CO2 isotherm measured at 298 K/1 bar. 
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Figure S2. 8 HCP-Toluene CO2 isosteric heat of adsorption calculated from 3 different 
temperatures (298, 318, and 328 K).  
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Figure S2. 9 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
Toluene. 
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Figure S2. 10 Thermal gravimetric analysis (TGA) of HCP-Toluene at 20 °C min-1  to 600 
°C under nitrogen followed by switching to air at 600 °C. 
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2.5.3 Synthesis and characterization of HCP-Benzene 

Synthesis of HCP-Benzene: To a two-neck round bottom flask, benzene (0.9 mL, 10 mmol) was added to 

20 ml of anhydrous DCE under a flow of nitrogen with stirring. Followed by the addition of FDA (2.7 mL, 

30 mmol) and FeCl3 (4.9 g, 30 mmol). The reaction mixture was heated under reflux and nitrogen for 18 

hours. The solid product was filtered, washed with methanol followed by Soxhlet extraction in methanol 

for 18 hours and vacuum oven drying at 60 °C overnight to produce HCP-Benzene (yield = 0.8 g).  

Characterization 
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Figure S2. 11 N2 adsorption-desorption isotherms for HCP-Benzene measured at 77.3 
K. Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S2. 12 FT-IR of HCP-Benzene measured using KBr discs. 
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Figure S2. 13 HCP-Benzene CO2 isotherm measured at 298 K/1 bar. 
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Figure S2. 14 HCP-Benzene CO2 isosteric heat of adsorption calculated from 3 
different temperatures (298, 318, and 328 K). 
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Figure S2. 15 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
Benzene. 
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Figure S2. 16 Thermal gravimetric analysis (TGA) of HCP-Benzene at 20 °C min-1 to 
600 °C under nitrogen followed by switching to air at 600 °C. 
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2.5.4 Synthesis and characterization of HCP-Triptycene 

Synthesis of HCP-Triptycene: To a two-neck round bottom flask, triptycene (2.5 g, 10 mmol) was added 

to 20 ml of anhydrous DCE under a flow of nitrogen with stirring. Followed by the addition of FDA (2.7 

mL, 30 mmol) and FeCl3 (4.9 g, 30 mmol). The reaction mixture was heated under reflux and nitrogen for 

18 hours. The solid product was filtered, washed with methanol followed by Soxhlet extraction in 

methanol for 18 hours and vacuum oven drying at 60 °C overnight to produce HCP-Triptycene (yield = 

3.1 g). 

Characterization  
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Figure S2. 17 N2 adsorption-desorption isotherms for HCP-Triptycene measured at 
77.3 K. Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S2. 18 FT-IR of HCP-Triptycene measured using KBr discs. 
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Figure S2. 19 HCP-Triptycene CO2 isotherm measured at 298 K/1 bar. 
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Figure S2. 20 HCP-Triptycene CO2 isosteric heat of adsorption calculated from 3 
different temperatures (298, 318, and 328 K). 
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Figure S2. 21 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for 
HCP-Triptycene. 
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Figure S2. 22 Thermal gravimetric analysis (TGA) of HCP-Triptycene at 20 °C min-1 to 
600 °C under nitrogen followed by switching to air at 600 °C. 
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2.5.5 Synthesis and characterization of HCP-Triphenylbenzene 

Synthesis HCP-Triphenylbenzene: To a two-neck round bottom flask, 1,3,5-triphenylbenzene (1.5 g, 5 

mmol) was added to 20 ml of anhydrous DCE under a flow of nitrogen with stirring. Followed by the 

addition of FDA (2.7 mL, 30 mmol) and FeCl3 (4.9 g, 30 mmol). The reaction mixture was heated under 

reflux and nitrogen for 18 hours. The solid product was filtered, washed with methanol followed by 

Soxhlet extraction in methanol for 18 hours and vacuum oven drying at 60 °C, overnight to produce HCP-

Triphenylbenzene (yield = 3.8 g). 

Characterization 
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Figure S2. 23 N2 adsorption-desorption isotherms for HCP-Triphenylbenzene 
measured at 77.3 K. Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S2. 24 FT-IR of HCP-Triphenylbenzene measured using KBr discs. 
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Figure S2. 25 HCP-Triphenylbenzene CO2 isotherm measured at 298 K/1 bar. 
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Figure S2. 27 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for 
HCP-Triphenylbenzene. 
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Figure S2. 26 HCP-Triphenylbenzene CO2 isosteric heat of adsorption calculated from 
3 different temperatures (298, 318, and 328 K). 
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Figure S2. 28 Thermal gravimetric analysis (TGA) of HCP-Triphenylbenzene at 20 °C 
min-1 to 600 °C under nitrogen followed by switching to air at 600 °C. 
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2.5.6 Synthesis and characterization of HCP-Fluorobenzene 

Synthesis of HCP-Fluorobenzene: To a two-neck round bottom flask, fluorobenzene (0.9 mL, 10 mmol) 

was added to 20 ml of anhydrous DCE under a flow of nitrogen with stirring. Followed by the addition of 

FDA (1.8 mL, 20 mmol) and FeCl3 (3.2 g, 20 mmol). The reaction mixture was heated under reflux and 

nitrogen for 18 hours. The solid product was filtered, washed with methanol followed by Soxhlet 

extraction in methanol for 18 hours and vacuum oven drying at 60 °C, overnight to produce HCP-

Fluorobenzene (yield = 0.9 g).  

Characterization 
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Figure S2. 29 N2 adsorption-desorption isotherms for HCP-Fluorobenzene measured 
at 77.3 K. Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S2. 30 FT-IR of HCP-Fluorobenzene measured using KBr discs. 
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Figure S2. 31 HCP-Fluorobenzene CO2 isotherm measured at 298 K/1 bar. 
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Figure S2. 32 HCP-Fluorobenzene CO2 isosteric heat of adsorption calculated from 3 
different temperatures (298, 318, and 328 K). 
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Figure S2. 33 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for 
HCP-Fluorobenzene. 
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Figure S2. 34 Thermal gravimetric analysis (TGA) of HCP-Fluorobenzene at 20 °C min-1 
to 600 °C under nitrogen followed by switching to air at 600 °C. 
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2.5.7 Synthesis and characterization of HCP-SC-SO3H and HCP-SC-SO3NH4 

Synthesis of HCP-SC-SO3H: HCP-SC (200 mg) was stirred and allowed to swell for a few hours in an ice-bath cooled 

DCM (20 mL). Cl-SO3H (6 mL, 90 mmol) was added dropwise. The resulting mixture was stirred at room 

temperature for 3 days then poured into ice. The solid was collected, thoroughly washed with methanol and 

water, then dried at 60 °C overnight under vacuum to produce HCP-SC-SO3H (yield = 262 mg). 

Synthesis of HCP-SC-SO3NH4: A suspension of HCP-SC-SO3H (150 mg) in 10 mL DCM was allowed to swell for two 

hours. NH4OH solution (20 mL) was added and the mixture was heated under reflux overnight. The solid was 

collected, thoroughly washed with water and methanol, then dried at 60 °C overnight under vacuum to produce 

HCP-SC-SO3NH4 (yield = 150 mg). 

Characterization 
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Figure S2. 35 Pore size distribution for HCP-SC, HCP-SC-SO3H and HCP-SC-SO3NH4 calculated 
from N2 isotherms at 77.3 K using pillared clay model of NL-DFT method. Reprinted (adapted) 
with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright 
(2019) John Wiley and Sons.7   
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Figure S2. 36 HCP-SC, HCP-SC-SO3H, and HCP-SC-SO3NH4 CO2 isotherms measured at 
298 K/1 bar. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 37 HCP-SC, HCP-SC-SO3H, and HCP-SC-SO3NH4 CO2 isotherms measured at 
328 K/1 bar. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 39 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-SO3NH4. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 38 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-SO3H. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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a) 

 

Scale = 5 μm               Scale = 5 μm 

b) 

 

Scale = 5 μm                Scale = 500 nm 

c)  

 

Scale = 10 μm             Scale = 5 μm  

  

Figure S2. 40 Obtained SEM micrographs for (a) HCP-SC, (b) HCP-SC-SO3H and (c) HCP-SC-SO3NH4. 
Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). 
Copyright (2019) John Wiley and Sons.7 
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Polymer CHNS analysis calculated CHNS analysis expected Estimated functional group 
loading/monomer unit 
(based on idealised structure) C H N* S** C H N* S** 

HCP-SC 89.1 5.3 - - 93.8 6.2 - - - 

HCP-SC-SO3H  57.6 4.6 - 9.1 66.2 4.4 - 11.8 0.8/1 (sulfonic acid) 

HCP-SC-SO3NH4 52.1 4.9 2.2 8.8 62.3 5.2 4.8 11.1 0.7/1 (sulfonic acid) 
0.4/1 (ammonia) 

 

Table S2. 1 CHNS microanalysis data of HCP-SC, HCP-SC-SO3H, and HCP-SC-SO3NH4. 

*Assuming complete conversion of sulfonic acid to the desired amine-salt 

**Assuming benzene ring/sulfonic acid ratio of 2:1  
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Figure S2. 41 Thermal gravimetric analysis (TGA) of HCP-SC, HCP-SC-SO3H, and HCP-SC-SO3NH4 
at 20 °C min-1 to 600 °C under nitrogen followed by switching to air at 600 °C.  
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2.5.8 Synthesis and characterization of HCP-SC-SO3TEA, HCP-SC-SO3ETA, HCP-SC-SO3IMI, and HCP-

SC-SO3EN 

Synthesis of HCP-SC-SO3TEA: A mixture of HCP-SC-SO3H (150 mg) in an ice-bath-cooled DCM (10 mL) 

was allowed to swell for few hours. To this, was added TEA (20 mL) and the mixture was heated overnight 

under reflux and nitrogen. The solid was collected, thoroughly washed with water and methanol, then 

dried at 60 °C overnight under vacuum to produce HCP-SC-SO3TEA (yield = 122 mg). 

Synthesis of HCP-SC-SO3ETA: A mixture of HCP-SC-SO3H (150 mg) in an ice-bath-cooled DCM (10 mL) 

was allowed to swell for few hours. To this, was added ETA (20 mL) and the mixture was heated overnight 

under reflux and nitrogen. The solid was collected, thoroughly washed with water and methanol, then 

dried at 60 °C overnight under vacuum to produce HCP-SC-SO3ETA (yield = 204 mg). 

Synthesis of HCP-SC-SO3IMI: A mixture of HCP-SC-SO3H (150 mg) in an ice-bath-cooled DCM (20 mL) was 

allowed to swell for few hours. To this, was added IMI (2.0 g, 0.03 mol) and the mixture was heated 

overnight under reflux and nitrogen. The solid was collected, thoroughly washed with water and 

methanol, then dried at 60 °C overnight under vacuum to produce HCP-SC-SO3IMI (yield = 195 mg). 

Synthesis of HCP-SC-SO3EN: An ice-bath-cooled mixture of HCP-SC-SO3H (100 mg) in DCM (10 mL) was 

allowed to swell for few hours. To this, was added EN (10 mL) and the mixture was heated overnight 

under reflux and nitrogen. The solid was collected, thoroughly washed with water and methanol, then 

dried at 60 °C overnight under vacuum to produce HCP-SC-SO3EN (yield = 112 mg).  
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Characterization 
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Figure S2. 42 N2 adsorption-desorption isotherms for HCP-SC-SO3TEA, HCP-SC-
SO3ETA, HCP-SC-SO3IMI, and HCP-SC-SO3EN measured at 77.3 K. Adsorption 
(filled symbols), desorption (hollow symbols). Reprinted (adapted) with 
permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). 
Copyright (2019) John Wiley and Sons.7 
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Figure S2. 43 FT-IR of HCP-SC-SO3TEA measured using KBr discs. Reprinted 
(adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 
2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 44 FT-IR of HCP-SC-SO3ETA measured using KBr discs. Reprinted (adapted) 
with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). 
Copyright (2019) John Wiley and Sons.7 
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Figure S2. 45 FT-IR of HCP-SC-SO3IMI measured using KBr discs. Reprinted (adapted) 
with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). 
Copyright (2019) John Wiley and Sons.7 
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Figure S2. 46 FT-IR of HCP-SC-SO3EN measured using KBr discs. Reprinted (adapted) 
with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). 
Copyright (2019) John Wiley and Sons.7 
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Figure S2. 47 HCP-SC-SO3TEA, HCP-SC-SO3ETA, HCP-SC-SO3IMI, and HCP-SC-SO3EN CO2 
isotherms measured at 298 K/1 bar. Reprinted (adapted) with permission from (J. 
Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley 
and Sons.7 
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Figure S2. 48 HCP-SC-SO3TEA, HCP-SC-SO3ETA, HCP-SC-SO3IMI, and HCP-SC-SO3EN 
CO2 isotherms measured at 328 K/1 bar. Reprinted (adapted) with permission from 
(J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John 
Wiley and Sons.7 
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Figure S2. 49 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-SO3TEA. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 50 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for 
HCP-SC-SO3ETA. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: 
Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 51 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-SO3IMI. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 



Page | 121  
 

  

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0

0.4

0.8

1.2

1.6

Q
ua

nt
ity

 A
ds

or
be

d 
(m

m
ol

/g
)

Pressure (bar)

 CO2 Isotherm 
 CO2 Langmuir 
 N2 Isotherm
 N2 Langmuir

 

 

Figure S2. 52 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-SO3EN. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 53 Thermal gravimetric analysis (TGA) of HCP-SC-SO3TEA, HCP-SC-SO3ETA, 
HCP-SC-SO3IMI, and HCP-SC-SO3EN at 20 °C min-1 to 600 °C under nitrogen followed 
by switching to air at 600 °C. Reprinted (adapted) with permission from (J. Polym. Sci. 
Part A: Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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a) 

 
  Scale = 5 μm      Scale = 1 μm 

b) 

 

Scale = 5 μm     Scale = 3 μm 

c) 

 

Scale = 3 μm     Scale = 2 μm  

d) 

 
Scale = 50 μm                           Scale = 10 μm  

Figure S2. 54 Obtained SEM micrographs for (a) HCP-SC-SO3TEA, (b) HCP-SC-SO3ETA, (c) HCP-SC-SO3IMI, 
and (d) HCP-SC-SO3EN. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 
56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Polymer CHNS analysis calculated CHNS analysis expected Estimated functional group 
loading/monomer unit 
(based on idealised structure) C H N* S** C H N* S** 

HCP-SC 89.1 5.3 - - 93.8 6.2 - - - 

HCP-SC-SO3H  57.6 4.2 - 9.1 66.2 4.4 - 11.8 0.8/1 (sulfonic acid) 

HCP-SC-SO3TEA 62.4 5.7 2.2 8.6 67.6 6.6 3.8 8.8 0.8/1 (sulfonic acid) 
0.5/1 (TEA) 

HCP-SC-SO3ETA 49.8 5.1 2.8 7.3 60.9 5.2 4.3 9.9 0.6/1 (sulfonic acid) 
0.5/1 (ETA) 

HCP-SC-SO3IMI 61.8 4.8 5.8 9.1 63.1 4.2 8.5 9.7 0.8/1 (sulfonic acid) 
0.6/1 (IMI) 

HCP-SC-SO3EN 57.6 5.5 5.4 7.9 61.1 5.2 8.7 10.0 0.7/1 (sulfonic acid) 
0.5/1 (EN) 

 

Table S2. 2 CHNS microanalysis data of HCP-SC, HCP-SC-SO3H, HCP-SC-SO3TEA, HCP-SC-SO3ETA, HCP-SC-SO3IMI, and HCP-SC-
SO3EN. 

*Assuming complete conversion of sulfonic acid to the desired amine-salt 

**Assuming benzene ring/sulfonic acid ratio of 2:1  
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2.5.9 Synthesis and characterization of BCMBP-IMI, HCP-SC-IMI, HCP-SC-IMI-SO3H, and HCP-SC-IMI-

SO3NH4 

Synthesis of BCMBP-IMI: A solution of BCMBP (1.38 g, 5.49 mmol) was dissolved in DCE (40 mL) and IMI 

(0.06 g, 0.88 mmol). The mixture was heated overnight under nitrogen and reflux until IMI was consumed 

(confirmed by thin-layer chromatography) to produce BCMBP-IMI in solution. 

Synthesis of HCP-SC-IMI: To the above BCMBP-IMI in solution, was added FeCl3 (0.89 g, 5.49 mmol) and 

the reaction mixture was heated under nitrogen and reflux overnight. The isolated product was filtered 

and washed with water (50 mL) and methanol (3×50 mL). Followed by overnight Soxhlet extraction in 

methanol, then vacuum oven drying at 60 °C overnight to produce HCP-SC-IMI (yield = 1.27 g). 

Synthesis of HCP-SC-IMI-SO3H: A suspension of HCP-SC-IMI (200 mg) in an ice-bath-cooled DCM (20 mL) 

was stirred and allowed to swell for a few hours. Cl-SO3H (6 mL, 90 mmol) was added dropwise to the 

suspension. After stirring the mixture at room temperature for 3 days, the mixture was poured into ice 

and the solid was collected through filtration. The filtered product was washed with methanol and water, 

then dried overnight at 60 °C under vacuum to produce HCP-SC-IMI-SO3H (yield = 278 mg). 

Synthesis of HCP-SC-IMI-SO3NH4: A suspension of HCP-SC-IMI-SO3H (150 mg) in 10 mL DCM was allowed 

to swell for two hours. NH4OH solution (20 mL) was added and the mixture was heated under reflux 

overnight. The solid was collected, thoroughly washed with water and methanol, then dried at 60 °C 

overnight under vacuum to produce HCP-SC-IMI-SO3NH4 (yield = 195 mg). 
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Characterization 
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Figure S2. 55 FT-IR of HCP-SC-IMI measured using KBr discs. Reprinted (adapted) 
with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–2521). 
Copyright (2019) John Wiley and Sons.7 
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Figure S2. 56 FT-IR of HCP-SC-IMI-SO3H measured using KBr discs. Reprinted 
(adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 
2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 57 FT-IR of HCP-SC-IMI-SO3NH4 measured using KBr discs. Reprinted 
(adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–
2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 58 HCP-SC-IMI, HCP-SC-IMI-SO3H, and HCP-SC-IMI-SO3NH4 CO2 isotherms 
measured at 298 K/1 bar. Reprinted (adapted) with permission from (J. Polym. Sci. Part 
A: Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 59 HCP-SC-IMI, HCP-SC-IMI-SO3H, and HCP-SC-IMI-SO3NH4 CO2 isotherms 
measured at 328 K/1 bar. Reprinted (adapted) with permission from (J. Polym. Sci. Part 
A: Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 60 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-IMI. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 
2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 61 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-IMI-SO3H. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. 
Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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Figure S2. 62 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for HCP-
SC-IMI-SO3NH4. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: 
Polym. Chem., 2018, 56, 2513–2521). Copyright (2019) John Wiley and Sons.7 
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a) 

 

Scale = 5 μm      Scale = 1 μm 

b) 

 

Scale = 3 μm       Scale = 1 μm 

c) 

 
Scale = 5 μm        Scale = 3 μm   

Figure S2. 63 SEM micrographs obtained for (a) HCP-SC-IMI, (b) HCP-SC-IMI-SO3H, and (c) HCP-SC-IMI-
SO3NH4. Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 2513–
2521). Copyright (2019) John Wiley and Sons.7 
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Polymer CHNS analysis calculated CHNS analysis expected Estimated functional group 
loading/monomer unit 
(based on idealised 
structure) 

C H N* S** C H N* S** 

HCP-SC-IMI 84.0 5.4 1.5 - 91.7 5.9 2.4 - 0.1/1 (IMI) 

HCP-SC-IMI-SO3H 58.2 4.6 0.9 9.5 65.0 4.2 1.7 11.7 0.1/1 (IMI) 
0.7/1 (sulfonic acid) 

HCP-SC-IMI-SO3NH4 53.9 4.8 3.0 8.7 61.2 5.0 6.4 11.0 0.1/1 (IMI) 
0.7/1 (sulfonic acid) 
0.3/1 (ammonia) 

 

Table S2. 3 CHNS microanalysis data of HCP-SC-IMI, HCP-SC-IMI-SO3H, HCP-SC-IMI-SO3NH4. 

*Assuming complete conversion of sulfonic acid to the desired amine-salt. 

**Assuming benzene ring/sulfonic acid ratio of 2:1.   
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Figure S2. 64 Thermal gravimetric analysis (TGA) of HCP-SC-IMI, HCP-SC-IMI-SO3H, and HCP-
SC-IMI-SO3NH4 at 20 °C min-1 to 600 °C under nitrogen followed by switching to air at 600 °C. 
Reprinted (adapted) with permission from (J. Polym. Sci. Part A: Polym. Chem., 2018, 56, 
2513–2521). Copyright (2019) John Wiley and Sons.7 
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2.6 Equipment used for analysis 

Fourier transform infrared (FTIR): A Bruker Tensor 27 was used to collect IR spectra for all prepared 

HCPs using KBr disks.  

Elemental analysis: A Thermo FlashEA 1112 Elemental Analyser was used to conduct CHN elemental 

analysis and an Elementar vario MICRO cube was used to conduct CHNS elemental analysis.  

Proton nuclear magnetic resonance (1H NMR) and 13C NMR: A Bruker 400MHz Advance spectrometer 

was used to carry out solution 1H NMR and 13C NMR.   

Gas sorption: Nitrogen isotherms of the HCP analogues were investigated by nitrogen adsorption and 

desorption at 77.3 K using an ASAP2420 volumetric adsorption analyser (Micrometrics Instrument 

Corporation). Brunauer-Emmett-Teller (BET) surface area was obtained in the relative pressure (P/P0) 

range of 0.05–0.20 and total pore volume (VTotal) was calculated at P/P0 = ca. 0.89–0.99. 

The pillared clay method of non-local density functional theory (NL-DFT) was used to determine the pore 

size distribution assuming cylindrical pore geometry. Carbon dioxide and nitrogen isotherms were 

collected up to a pressure of 1 bar on a Micromeritics ASAP2020 at 298 K for nitrogen and 298, 318, and 

328 K for carbon dioxide. Samples were degassed at 120 °C for 15 hours under dynamic vacuum (10-5 

bar) before analysis. 

Scanning electron microscopy (SEM):  A Hitachi S 4800 cold field emission scanning electron microscope 

(FE SEM) was used to obtain high resolution imaging of the polymer morphology. The samples were 

loaded onto 15 mm Hitachi M4 aluminium stubs using an adhesive high purity carbon tab. The samples 

were coated with gold nanolayer using an Emitech K550X automated sputter coater (25 mA for 2–3 

minutes). Imaging was conducted using a mix of upper and lower secondary electron detectors at a 

working voltage of 3 kV and a working distance of 8 mm. 

Thermogravimetric analysis (TGA): TGA was carried out in aluminium pans using a Q5000IR analyser (TA 

instruments) with an automated vertical overhead thermobalance. The samples were heated at 20 °C 

min-1 to 600 °C under nitrogen followed by switching to air at 600 °C.  
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Chapter Three 
 

Electrophilic Fluorination of Scholl-coupled 
Polymers 

 

 

 

The work in this Chapter has been published (A. H. Alahmed, M. E. Briggs, A. I. Cooper and D. 

J. Adams, J. Mater. Chem. A, 2019, 7, 549–557). We would like to thank Dr. Tom Mitra at the 

University of Liverpool for collecting all SEM micrographs. 13C and 19F solid state NMRs were 

aquired by the University of Durham, UK. Fluorine content was acquired by Exeter Analytical, 

UK. Some figures in this chapter were reproduced with permission from (J. Mater. Chem. A, 

2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry. 
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3.1 Introduction 

We have discussed hypercrosslinked polymers (HCPs) in Chapter 2 and shown how a 

trade-off between moderate to high surface area and the presence of polar groups is essential 

to obtain promising CO2 capacity and selectivity values in HCPs. Across the tested polymers 

from our in-house synthesized library (Table 2.2, Chapter 2), HCP-Fluorobenzene showed a 

relatively high CO2/N2 selectivity of 19:1 based on the Ideal Adsorbed Solution Theory (IAST) 

in spite of its low Brunauer–Emmett–Teller surface area (SABET) of 712 m2/g (Table 2.2, 

Chapter 2). Throughout the rest of Chapter 2, we have shown the positive influence of loading 

nitrogen functional groups onto HCPs. For instance, in the case of the ammonium salt 

analogue (HCP-SC-SO3NH4)‒ based on the self-condensed HCP network (HCP-SC) synthesized 

using 4,4′-bis(chloromethyl)-1,1′-biphenyl (BCMBP) as a monomer, the CO2/N2 IAST selectivity 

was 42:1 nearly four-folds higher than the 10:1 for the un-functionalized parent (HCP-SC).1 

In this Chapter, we explore the potential of loading fluorine onto microporous polymers 

since there is a scarcity of data for post-synthetic modification approaches for fluorine loading 

onto polymers in the literature. Fluorine-containing metal-organic frameworks (MOFs) have 

been reported through the use of a fluorinated organic linker as reported by Chang et al. for 

the synthesis of NOTT-108a MOF.2 The organic linker; 2′,3′,5′,6′-tetrafluoro-[1,1′:4′,1″-

terphenyl]-3,3″,5,5″-tetracarboxylic acid (Scheme 3.1), in short H4L, was used with 

Cu(NO3)2·2.5 H2O in a mixture of water, acetonitrile, and N,N-dimethylformamide and under 

acidic conditions to yield NOTT-108a.2   

 

 

Scheme 3.1 Schematic of the H4L ligand. 
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The presence of fluorine within polymers is known to increase their hydrophobicity and 

simultaneously enhance the uptake of CO2 and methane (CH4).2–9 Our aim was to introduce 

simple yet cost efficient post-synthetic fluorination route for organic polymers‒which to the 

best of our knowledge, has not been discussed in the literature. Electrophilic fluorination of 

small organic molecules was reported in the literature (Scheme 3.2) using a class of catalyst 

known as Selectfluor®; short for 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane 

bis(tetrafluoroborate).10  Since cost is a driving factor for CO2 capturing applications, we chose 

to use Selectfluor® which is relatively cheaper than other fluorination routes, for instance, 

nucleophilic fluorination.11 The fluorination reaction is induced by heating under reflux the 

desired organic monomer with Selectfluor® in anhydrous 1,2-dichloromethane (DCM) and 

trifluoromethanesulfonic acid (triflic acid) under nitrogen atmosphere. The mechanism is 

believed to proceed via the formation of trifluoromethanesulfonyl hypofluoride followed by 

the aromatic electrophilic substitution for the fluorine attachment.9,10   

 

 

 

 

 

Scheme 3.2 Synthetic route for the electrophilic fluorination of organic molecules using Selectfluor.  
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Throughout Chapter 2, we showed how the use of different monomers for the synthesis 

of HCPs resulted in different SABET values. Scholl-coupling of organic monomers has recently 

surfaced as a more promising route for obtaining networks with a higher SABET in comparison 

to HCPs.12–15 Li et al. first reported the synthesis of Scholl-coupled polymers using different 

monomers such as naphthalene, pyrene, and triphenylphosphine (PhPh3) in addition to co-

polymerization of PPh3 with a) pyrrole, b) benzyl amine, and c) benzoic acid.14 The Scholl-

coupling reaction proceeds by heating the dissolved monomer in chloroform and aluminum 

chloride (AlCl3) under reflux and nitrogen atmosphere for 48 hours. The isolated product was 

then washed with ethanol, diluted HCl, followed by ethanol and Soxhlet extraction in ethanol 

for 24 hours.14 Scholl-coupling in chloroform differs from HCPs in the fact that direct aryl-aryl 

coupling is present in Scholl-coupling versus the methylene bridges in HCPs that result from 

using dimethoxy methane as an external crosslinker and/or monomers with terminal 

methylene chlorides.13,14 The obtained SABET values of the networks prepared by Li et al. are 

summarized below (Table 3.1). The highest obtained SABET of 1421 m2/g was measured for 

the co-polymerized PhPh3 with pyrrole. The remaining networks showed values in the range 

of 636‒1254 m2/g (Table 3.1). The latter SABET values are not the highest reported in the 

literature for organic polymers, for instance, HCP-SC (discussed in Chapter 2) showed a SABET 

of 1811 m2/g.    

 

Polymers Monomers  SABET (m2/g)  

SMPs-1 sym-PhPh3 1254 

SMPs-2 Naphthalene 822 

SMPs-3 Pyrene 636 

SMPs-4 meso-Tetraphenylporphyrin 757 

SMPs-5 sym-PhPh3 & benzyl amine 856 

SMPs-6 sym-PhPh3 & benzoic acid 879 

SMPs-7 sym-PhPh3 & pyrrole 1421 
 

Table 3.1 SABET values for Scholl-coupling of different organic monomers in chloroform calculated from N2 
adsorption isotherms at 77.3 K (reported by Li et al.).14 
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A rather more interesting result of Scholl-coupling was reported by Msayib and McKeown, 

were they showed that changing the reaction solvent from chloroform to DCM resulted, in 

some cases, in twice the SABET.12 Scholl-coupling of 1,3,5-triphenylbenzene (TPB) was 

attempted in chloroform and DCM with the use of AlCl3 and heating under reflux and nitrogen 

in both scenarios. Remarkably, the obtained SABET was 2435 m2/g for the TPB based network 

synthesized in DCM versus 1415 m2/g when chloroform was used as a solvent.12 Along with 

the aryl-aryl coupling observed for Scholl-coupled polymers, the use of DCM as a solvent 

affords methylene bridging groups (crosslinkers) similar to HCPs.12 The combination of the 

aryl-aryl coupling and the presence of methylene crosslinker is the attributing factor to the 

higher SABET of Scholl polymers when synthesized in DCM.12 Table 3.2 summarizes the SABET 

values reported by Msayib and McKeown for Scholl-coupling of different monomers in DCM. 

Scholl-coupling suffers from few limitations where in some cases the polymerization might be 

inhibited by the use of sensitive monomers to AlCl3 or HCl‒liberated from the reaction, such 

as aniline, fluoroaniline, and thiophene.14  

 

Monomer SABET (m2/g)  Monomer SABET (m2/g)  

Triptycene 1750 Biphenyl (CHCl3) 800 

TPB 2435 Triphenylene 1180 

TPB (CHCl3) 1415 
9,10-diphenyl 

anthracene 
1020 

Spirobifluorene 2035 Tetraphenylporphyrin 905 

Hexaphenylbenzene  1790 
Tetraphenylmethane 125 

Biphenyl 1555 
 

Table 3.2 SABET values for Scholl-coupling of different organic monomers in DCM (CHCl3) calculated from N2 
adsorption isotherms at 77.3 K (reported by Msayib and McKeown).12 

 

Due to the reported high SABET, we chose to attempt electrophilic fluorination on Scholl-

coupled networks making them potentially good candidates for post-synthetic modification 

to introduce the polar fluorine since fluorine presence has been reported in the literature 

to enhance the polymer‒CO2 interactions.2–4,6–8  
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3.2 Synthesis of Scholl-coupled polymers library 

Prior to attempting electrophilic fluorination, a library of Scholl-coupled polymers was 

synthesized in-house and fully characterized to study the polymers porosity, CO2 and CH4 

capacities and selectivity. The library of the Scholl-coupled polymers was synthesized using 

the following monomers: TPB, triptycene, biphenyl, 1,1’-binaphthyl, fluoranthene, 

naphthalene, triphenylene, and fluorobenzene to afford the following networks: SC-TPB, SC-

Triptycene, SC-Biphenyl, SC-Binaphthyl, SC-Fluoranthene, SC-Naphthalene, SC-Triphenylene, 

and SC-Fluorobenzene, respectively where SC- is a notation for Scholl-coupling. SC-

Fluorobenzene was synthesized to work as a reference polymer where the fluorinated 

analogues of each of the networks from our library would be compared in later sections 

against SC-Fluorobenzene.  

The exact synthetic procedure of each of the polymers can be found in the Supporting 

Information (Section 3.5.1) at the end of this Chapter. In general, the monomer was dissolved 

in anhydrous DCM and the solution was heated under reflux and nitrogen. To the refluxing 

solution, a stoichiometric amount of AlCl3 was added to the mixture and the mixture is further 

heated under stirring, reflux and nitrogen overnight (Scheme 3.3). The isolated product was 

filtered, stirred under reflux in chloroform, methanol, ethanol, tetrahydrofuran, and acetone 

for 6 hours. The product was then filtered and dried under vacuum at 60 °C, overnight. Each 

of the networks was characterized using N2 isotherms at 77.3 K and 298 K, CO2 isotherms at 

298, 318 and 328 K, CH4 isotherms at 273 and 298 K. In addition to carbon solid-state nuclear 

magnetic resonance (13C NMR), and 19F NMR for SC-Fluorobenzene, Fourier transform 

infrared spectroscopy using KBr discs (FT-IR), thermal gravimetric analysis (TGA), and scanning 

electron microscopy (SEM).  

Scheme 3.3 General reaction scheme for Scholl-coupling, exemplified using 
naphthalene as the monomer, for the formation of the Scholl-coupled 
networks. Naphthalene can be replaced by any of the monomeric units reported 
in Table 3.3 below 



Page | 139  
 

13C NMR of SC-TPB showed two peaks at 139.7 and 131.9 ppm corresponding to 

substituted and un-substituted aromatic carbons (Figure 3.1).9,12,14,15 The peaks appearing in 

the region of < 40 ppm belong to the methylene carbons and trapped solvent used in the 

synthesis. SC-Triptycene, SC-Biphenyl and SC-Binaphthyl showed similar 13C NMR pattern to 

SC-TPB where the substituted carbon peak appeared in the range of 137‒141 ppm whereas 

the un-substituted carbon peak appeared in the range of 129‒132 ppm (Figure S3.9, 

Supporting Information).9,12,14,15 The 13C NMR of SC-Fluoranthene (Figure 3.1) and SC-

Naphthalene (Figure S3.9, Supporting Information) were consistent with the literature values 

and showed a multiple aromatic peaks that are overlapping to some extent at 130.7 and 137.3 

ppm for SC-Naphthalene and SC-Fluoranthene, respectively.15 FT-IR of all the Scholl-coupled 

polymers showed a trapped moisture peak at ~3400 cm-1, the aromatic C‒Hs vibrational 

stretch is observed at ~2800‒3000 cm-1.9 The vibrational stretch of the methylene crosslinker 

(C‒Hs) is assigned at 3050 cm-1 while the C=C stretch appears at ~1600 cm-1 (Figure S3.18‒

S3.32, Supporting Information).9  
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Figure 3.1 Top) SC-TPB 13C NMR showing the substituted and un-substituted carbons. Bottom) SC-
Fluoranthene 13C NMR only showing overlapping in the aromatic region. Reprinted (adapted) with 
permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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In the case of SC-Fluorobenzene, the 13C NMR substituted and un-substituted peaks are 

observed at 129.6 and 108.9 ppm respectively whereas the additional peak a 159.7 ppm is 

assigned to the aromatic carbons attached to fluorine. From the 19F NMR, the peak appearing 

at -117.4 ppm corresponds to fluorine in SC-Fluorobenzene (Figure 3.2). FT-IR of SC-

Fluorobenzene showed the C‒F vibrational stretch at ~1250 cm-1 while the trapped moisture 

peak appears at ~3400 cm-1 (Figure S3.18, Supporting Information).9 

Figure 3.2 Top) SC-Fluorobenzene 13C NMR showing the substituted and un-substituted 
carbons. Bottom) 19F NMR of SC- Fluorobenzene. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9   



Page | 142  
 

The highest obtained SABET of 2535 m2/g was recorded for SC-TPB which was slightly 

higher than the literature reported value of 2435 m2/g (Figure 3.3).12 SC-Fluorobenzene 

showed the lowest porosity of 451 m2/g, the remaining analogues attained porosities were in 

the range of 1160‒1951 m2/g as shown in Table 3.3. All of the nitrogen adsorption-desorption 

isotherms can be found in the Supporting Information at the end of this chapter. Similar to 

SABET, SC-TPB showed the highest pore volume of 1.48 cm3/g where the lowest was recorded 

for SC-Fluorobenzene with a value of 0.29 cm3/g (Table 3.3), both values measured at 0.89‒

0.99 relative pressure (P/P0). 

 

In spite of the low porosity and pore volume of SC-Fluorobenzene, it exhibited the highest 

CO2/N2 IAST selectivity of 20:1. Its CO2 uptake at 1 bar/298 K reached 1.1 mmol/g, almost half 

that of SC-TPB; 2.4 mmol/g at 1 bar/ 298 K. SC-TPB calculated CO2/N2 IAST selectivity was 

10:1, although its CO2 uptake at 0.15 bar/298 K is ca. 70% higher than that of SC-

Fluorobenzene; 0.45 versus 0.27 mmol/g for SC-TPB and SC-Fluorobenzene, respectively. The 

pronounced difference in CO2/N2 selectivity arises from the uptake of N2 at 0.85 mbar/298 K. 

SC-TPB N2 uptake reached 0.27 mmol/g at 0.85 bar/298 K whereas SC-Fluorobenzene showed 

an uptake of 0.07 mmol/g under similar conditions (Table 3.3).9 Across all polymers, SC-

Fluoranthene showed the highest CO2 uptake reaching 3.0 mmol/g at 1 bar/298 K with a 

CO2/N2 selectivity of 11:1. The remaining analogues showed CO2 uptakes at 1 bar/298 K in the 
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 Figure 3.3 N2 adsorption-desorption isotherms at 77.3 K for SC-TPB. 
Adsorption (filled symbols), desorption (hollow s symbols). 
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range of 2.0‒2.6 mmol/g, and CO2/N2 selectivity between 13:1‒17:1. All of the CO2/N2 

selectivities were calculated assuming a molar ratio of 15/85 CO2:N2 at 1 bar/298 K. 

In addition to the CO2 uptake, we also studied the uptake of CH4 in the Scholl-coupled 

polymers. The C‒F bond higher polarity when compared to the C‒H, was shown in the 

literature to have a pronounced positive influence over the polymer‒CH4 interactions.2 The 

highest uptake was observed for SC-Fluoranthene with 1.1 mmol/g at 1 bar/298 K, the 

remaining analogues CH4 uptakes were in the range of 0.35‒0.97 mmol/g (Table 3.3). The 

low-moderate CH4 uptakes are attributed to the lack of polar functional group in these 

polymers with the exception of SC-Fluorobenzene where fluorine is present in the network. 

However, SC-Fluorobenzene suffers from its low porosity leading to a CH4 uptake of 0.35 

mmol/g at 1 bar/298 K. SC-Fluorobenzene isosteric heat of adsorption (Qst) for CH4 and CO2 

was calculated to be 26.5 and 28.5 kJ/mol, respectively (Figure S3.1‒S3.8, Supporting 

Information).9 CO2 Qst was calculated from CO2 isotherms at 3 different temperatures (298, 

318, and 328 K), whereas CH4 Qst was calculated from CH4 isotherms at 273 and 298 K. The 

remaining un-functionalized Scholl-coupled polymers showed CO2 Qst in the range of 24‒27 

kJ/mol, the lowest being SC-TPB whereas the SC-Naphthalene and SC-Triphenylene were the 

highest (Figures S3.1‒S3.8, Supporting Information).9 The methane Qst however, was lower 

across all the remaining analogues ranging between 14‒21 kJ/mol K (Figures S3.1‒S3.8, 

Supporting Information).9   

   

Polymer SABET 
(m2/g) 

Total pore volume 
(micropore volume) 

(cm3/g)a 

CO2 uptake at 
1 bar/298 K  

(0.15 bar/298 K)  

CH4 uptake at 
1 bar/298 K 

CO2/N2 
IASTb 

SC-Fluorobenzene 451 0.29 (0.19) 1.1 (0.27) 0.35 20:1 

SC-TPB 2535 1.48 (1.05) 2.4 (0.45) 0.88 10:1 

SC-Triptycene 1760 0.89 (0.72) 2.4 (0.52) 0.84 14:1 

SC-Biphenyl 1842 1.27 (0.74) 2.4 (0.52) 0.91 13:1 

SC-Binaphthyl 1888 1.11 (0.78) 2.6 (0.58) 0.91 15:1 

SC-Fluoranthene 1951 0.97 (0.80) 3.0 (0.67) 1.10 11:1 

SC-Naphthalene 1169 0.77 (0.48) 2.0 (0.48) 0.72 17:1 

SC-Triphenylene 1460 1.24 (0.60) 2.5 (0.60) 0.97 15:1 
 

Table 3.3 Gas Sorption analysis for all polymeric networks. a Total pore volume calculated from N2 adsorption 
isotherms at 77.3 K (micropore volume calculated using Horvath-Kawazoe method). b CO2/N2 selectivity 
calculated from the single-component isotherms at 298 K assuming a molar ratio of 15/85 CO2:N2 at 1 bar and 
298 K. 
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3.3 Electrophilic fluorination of Scholl-coupled polymers 

Throughout literature reports, the presence of fluorine was proven to enhance the  

CO2-polymer interactions in addition to CH4 interactions and eventually the hydrophobicity of 

polymers.2–9 The CO2 capacity of these polymers in the presence of moisture is discussed in 

the next chapter of this document (Chapter 4). We chose Selectfluor® as a reagent to post-

synthetically load fluorine onto our Scholl-coupled polymers. The general synthetic procedure 

entails the use of a glove box in an atmosphere of nitrogen to charge the desired Scholl-

coupled network to a round-bottom flask for, instance: SC-TPB (200 mg). An excess amount 

of Selectfluor® (1.0 g, 2.8 mmol) was charged to the flask which was then sealed and 

transferred to a fume-hood. Under a flow of nitrogen, anhydrous DCM (20 mL) was added to 

the flask which was left to stir for 30 minutes. To the stirring mixture, triflic acid (6 mL) was 

added dropwise and the mixture was heated under reflux for 5 days. The mixture was cooled 

to room temperature then poured into ice-water followed by filtration and thorough washing 

with 5% sodium hydrogen carbonate until a neutral pH was attained for the filtrate. The 

isolated product was then washed with water, DCM, and chloroform, followed by Soxhlet 

extraction in chloroform for 3 days and drying in the vacuum oven at 60 °C to yield the 

fluorinated SC-TPB analogue (SC-TPB F), (yield = 172 mg). The same fluorination procedure 

was followed using SC-Triptycene, SC-Biphenyl, SC-Binaphthyl, SC-Fluoranthene, SC-

Naphthalene, and SC-Triphenylene as starting materials to yield SC-Triptycene F, SC-Biphenyl 

F, SC-Binaphthyl F, SC-Fluoranthene F, SC-Naphthalene F, and SC-Triphenylene F, respectively. 

The exact fluorination procedure can be found in the Supporting Information section at the 

end of this chapter. 

  

Scheme 3. 4 General reaction scheme for the fluorination of Scholl-coupled polymers, exemplified using 
SC-Naphthalene as a starting material for the formation of the fluorinated SC-Naphthalene analogue (SC-
Naphthalene F). SC-Naphthalene can be replaced by any of the networks reported in Table 3.3 above. 
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The loading of fluorine was determined through oxygen flask combustion and the use of 

ion selective electrode to measure fluorine in wt%, acquired by Exeter Analytical, UK. SC-

Fluorobenzene fluorine content was measured to be 9.8 wt% which translates to the loading 

of 0.6 fluorine atom per monomer unit.9 The theoretical loading however was calculated to 

be 17.4 wt% by assuming the loading of one fluorine atom per monomer unit (Table 3.4).9 

The obtained fluorine loading of SC-Fluorobenzene is higher than that of the ZnCl2 catalyzed 

covalent triazine network (F-DCBP-CTF-1) of 4.3% representing only 10% of the theoretical 

loading.6 Across our fluorinated analogues, SC-TPB F showed the highest fluorine loading of 3 

wt%, less than one-third the loading obtained for SC-Fluorobenzene. The fluorine loading of 

the remaining analogues was in the range of 0.7‒2.0 wt% (Table 3.4).9 Table 3.4 below shows 

the calculated and actual loading of CHF across all of the fluorinated analogues. The 

discrepancies are attributed to trapped moisture in the networks in addition to the lower than 

expected fluorine loadings perhaps due to fluorine inaccessibility due to steric hindrance or 

insufficient activity of the aromatic rings to undergo electrophilic substitution.9    

    

Polymer CH analysis 

found 

CH analysis 

calculated* 

Estimated fluorine 

loading per monomer unit 

Fluorine 

wt%** 

% C % H % C % H 

SC-Fluorobenzene 80.0 4.2 78.6 4.0 0.6:1 9.75 (17.4) 

SC-TPB F 70.0 3.9 78.6 3.9 0.6:1 2.96 (17.5) 

SC-Triptycene F 79.3 4.4 80.5 3.8 0.1:1 0.72 (15.7) 

SC-Biphenyl F 71.7 3.8 79.3 4.1 0.2:1 2.03 (16.6) 

SC-Binaphthyl F 77.5 3.9 78.0 3.6 0.3:1 1.48 (18.4) 

SC-Fluoranthene F 79.8 3.9 78.5 3.1 0.1:1 0.81 (18.4) 

SC-Naphthalene F 72.8 4.6 77.6 3.8 0.1:1 1.43 (18.6) 

SC-Triphenylene F 78.5 4.7 79.7 3.4 0.1:1 1.05 (16.9) 

 

Table 3.4 CHF microanalysis data of all fluorinated analogues. *Calculated to reflect on the loading of fluorine. 
** Fluorine loading using through oxygen flask combustion (theoretical fluorine loading assuming the loading of 
one fluorine atom per each aromatic ring). 
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19F and 13C NMRs were collected for all of the fluorinated analogues to confirm the 

attachment of fluorine to the polymers. 13C NMR of SC-TPB F showed the newly formed C‒F 

bond at 183.1 ppm (Figure 3.4) which was further confirmed by the presence of a fluorine 

peak from the 19F NMR at -123.0 ppm (Figure 3.5). The C‒F bond was observed in the 13C NMR 

for SC-Biphenyl F, SC-Binaphthyl F, SC-Fluoranthene F, and SC-Naphthalene F (Figure S3.9, 

Supporting Information).9 The latter C‒F 13C NMR peak was not observed for SC-Triptycene F 

and SC-Triphenylene F which is believed to be due to their low fluorine content of < 1.05% 

which might be below the instrument’s detection limit.9  

  

Figure 3.4 SC-TPB F 13C NMR showing the substituted, un-substituted carbon peaks in addition to C‒F peak. Reprinted 
(adapted) with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  



Page | 147  
 

The 19F NMRs were also collected, in the case of SC-TPB F (Figure 3.5), the fluorine peak 

appeared at -123 ppm which was also evident for the remaining analogues where the fluorine 

peak appeared at ca. -123 ppm, the sharpening of the NMR peak in the 19F NMR is due to 

molecular mobility (Figure S3.9, Supporting Information).16  

 

 

 

Multiple fluorination sites were observed for the networks synthesized using monomers 

that have non-equivalent aromatic rings such SC-Fluoranthene F (Figure 3.6), and SC-

Binaphthyl F (Figure S3.9, Supporting Information). Traces of BF4- and triflic acid from the 

synthesis may also be present in some of the networks which explains the 19F peaks at ca.  

-151 and -79 ppm, respectively F (Figure S3.9, Supporting Information).  

Figure 3.5 19F NMR of SC-TPB F.  Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 7, 
549–557). Copyright (2019) Royal Society of Chemistry.9 
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As mentioned previously, the loading of fluorine was confirmed by 19F NMR and oxygen 

flask combustion for fluorine content analysis. Due to fluorination, a drop in the SABET and 

pore volume of the Scholl-coupled networks was observed across the series.9 The largest 

decrease in SABET was observed for SC-TPB F where the SABET dropped by more than 40% 

compared to the parent (SC-TPB); 1446 versus 2535 m2/g for SC-TPB F and SC-TPB, 

respectively (Tables 3.3 & 3.5). The pore volume of SC-TPB F also dropped to 0.86 cm3/g from 

1.05 cm3/g for SC-TPB. Similarly, SC-Biphenyl F also showed a large decrease in its SABET and 

pore volume going from 1842 m2/g and 1.27 cm3/g for the parent (SC-Biphenyl) to 1169 m2/g 

and 0.82 cm3/g for the fluorinated analogue (SC-Biphenyl F), (Tables 3.3 & 3.5). It is worth 

noting that SC-TPB F and SC-Biphenyl F showed the highest fluorine loading of 2.96 and 2.03 

wt%, respectively, among all of the fluorinated networks with Selectfluor®. The same pattern 

of decreasing SABET and pore volume was observed for the remaining analogues (Table 3.5).9 

  

  

Figure 3.6 SC-Fluoranthene F 19F NMR showing the multiple fluorination sites. Reprinted (adapted) 
with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of 
Chemistry.9 
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Polymer SABET 
(m2/g) 

Total pore volume 
(micropore volume) 

(cm3/g)a 

CO2 uptake at 
1 bar/298 K  

(0.15 bar/298 K) 

CH4 uptake at 
1 bar (298 K) 

CO2/N2 
IASTb 

SC-Fluorobenzene 451 0.29 (0.19) 1.1 (0.27) 0.35 20:1 

SC-TPB F 1446 0.86 (0.66) 3.0 (0.65) 0.81 26:1 

SC-Triptycene F 1659 0.85 (0.78) 2.7 (0.58) 0.86 22:1 

SC-Biphenyl F 1169 0.82 (0.53) 2.6 (0.66) 0.73 18:1 

SC-Binaphthyl F 1632 0.85 (0.67) 2.8 (0.63) 0.90 19:1 

SC-Fluoranthene F 1835 0.90 (0.75) 3.0 (0.68) 0.99 16:1 

SC-Naphthalene F 810 0.45 (0.33) 2.8 (0.68) 0.92 22:1 

SC-Triphenylene F 1376 0.78 (0.57) 2.6 (0.59) 0.90 16:1 
 

Table 3.5 Gas Sorption analysis for the fluorinated Scholl-coupled networks. a Total pore volume calculated from 
N2 adsorption isotherms at 77.3 K (micropore volume calculated using Horvath-Kawazoe method). b CO2/N2 
selectivity calculated from the single-component isotherms at 298 K assuming a molar ratio of 15/85 CO2:N2 at 
1 bar and 298 K. 

 

CO2 and CH4 sorption isotherms were collected‒298, 318, and 328 K for CO2 and 273 and 

298 K for CH4, for the fluorinated networks to evaluate the influence of fluorine presence over 

CO2 and CH4 uptake and Qst. SC-TPB F showed CO2 uptake of 3.0 mmol/g; nearly a 25% 

increase from its parent (SC-TPB) due to the presence of fluorine. In spite of the lower 

micropore volume of SC-TPB F; 0.66 versus 1.05 cm3/g for SC-TPB, the low-pressure CO2 

uptake was higher reading at 0.65 mmol/g versus 0.45 mmol/g for SC-TPB F and SC-TPB, 

respectively. As a result, the CO2/N2 IAST selectivity of SC-TPB F was calculated to be 26:1 in 

a 15/85 CO2:N2 at 1 bar/298 K, more than double the selectivity obtained for SC-TPB of 10:1 

calculated using the same parameters (Table 3.3 & 3.5). Almost across all of the fluorinated 

analogues, an increase in the uptake of CO2 and CO2 selectivity was observed. Fluorine loading 

also enhanced the CO2 Qst of SC-TPB F by ca. 14% compared to its parent, SC-TPB to reach 

27.3 kJ/mol at zero-coverage region (Figure S3.1, Supporting Information). Similar to SC-TPB 

F, the CO2 Qst of almost all of the fluorinated networks increased, (Figure S3.2‒S3.8, 

Supporting Information). However, SC-Fluorobenzene showed the highest Qst of 28.5 kJ/mol 

since it exhibited the highest fluorine loading of 9.8 wt%.  

The uptake of CH4 of SC-TPB F was slightly lower than the parent SC-TPB 0.81 versus 0.86 

mmol/g, respectively, at 1 bar/298 K. However, CH4 Qst of the fluorinated analogue (SC-TPB 

F) reached 24.5 kJ/mol at 1 bar/298 K, nearly 30% higher than its parent. The obtained CH4 

Qst of SC-TPB F is higher than the Qst of the best performing MOF for CH4 storage in the 

literature (NOTT-108a MOF) of 16.5 kJ/mol at the zero-coverage region (calculated from CH4 
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isotherms at 273 and 298 K). NOTT-108a MOF exhibited a volumetric CH4 uptake of 247 cm3 

(STP) cm-3 at 65 bar/298 K. The uptake of CH4 of the fluorinated analogues was lower than 

their parents except for SC-Naphthalene F which exhibited CH4 capacity of 0.92 mmol/g 

higher than the 0.72 mmol/g measured for the parent SC-Naphthalene, both values at 1 

bar/298 K (Table 3.3 & 3.5). No clear pattern was observed for the CH4 Qst across the board, 

for instance: SC-Triptycene F, SC-Biphenyl F, SC-Binaphthyl F, and SC-Triphenylene F exhibited 

<2 kJ/mol increase in their CH4 Qst when compared to their non-fluorinated counter-parts. 

However, SC-Fluoranthene F and SC-Naphthalene F showed a lower CH4 Qst than their parents 

(Figure S3.1‒S3.8, Supporting Information).9  

The thermogravemetric analysis (TGA) was carried out for all of the analogues by heating 

the polymers under nitrogen to 600 °C (1000 °C for SC-Fluorobenzene) followed by switching 

to air at 600 °C (1000 °C for SC-Fluorobenzene) and holding at the desired temperature for 

one hour. The TGA of SC-TPB exhibited minimal weight loss below 150 °C which might be 

indicative of its low moisture uptake (hydrophobic nature of the polymer). On the contrary, a 

weight loss of ca. 15 wt% below 150 °C is observed in the TGA of the fluorinated analogue of 

SC-TPB (SC-TPB F), due to adsorbed moisture as a results of polar fluorines presence (Figure 

S3.11, Supporting Information). We hypothesize that the relatively low loading of fluorines in 

SC-TPB F of 3 wt% has in fact resulted in an increased polarity (hydrophilicity) of the polymer. 

SC-Fluorobenzene for instance, with a fluorine loading of 9.8 wt% exhibited a minimal weight 

loss below 150 °C where the presence of fluorines in a higher loading than that of SC-TPB F is 

believed to be the reasoning behind the lower moisture loading. A similar pattern of moisture 

loss below 150 °C is observed for all of the fluorinated analogues whereas the un-

functionalized parents showed no moisture loss (Figures S3.11‒S3.16, Supporting 

Information). When switched to air at 600 °C (100 °C for SC-Fluorobenzene), all of the 

fluorinated and non-fluorinated polymers almost fully degraded (Figures S3.10‒S3.16, 

Supporting Information).  

The scanning electron microscopy (SEM) micrographs revealed a surface morphology of 

rough and amorphous particles for SC-Fluorobenzene and most of the fluorinated and non-

fluorinated polymers. An exception was observed for SC-Triptycene, SC-Fluoranthene, and 

their fluorinated analogues where a fused sphere morphology is observed along with the   

rough and amorphous particles (Figures S3.48‒S3.62, Supporting Information).   
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3.4 Conclusion  

In conclusion, a simple one-pot electrophilic fluorination approach using Selectfluor® and 

triflic acid in DCM was successfully achieved on a series of Scholl-coupled microporous 

polymers. Almost all of the polymers exhibited an increase in their CO2 uptake, CO2/N2 

selectivity, and CO2 Qst. SC-TPB F was our best performing polymer with a fluorine loading of 

2.96 wt% showing an increase in the CO2 capacity (at 1 bar/298 K) and CO2 Qst (at the zero-

coverage region) of ca. 25 and 14% respectively‒with respect to its parent (SC-TPB), to reach 

3.0 mmol/g and 27.3 kJ/mol, respectively. The CO2/N2 selectivity of SC-TPB F was calculated 

to be 26:1, more than double the value calculated for its parent of 10:1. The CH4 Qst of SC-TPB 

F was promising reaching 24.5 kJ/mol however SC-TPB F suffers from its low CH4 uptake (0.81 

mmol/g at 1bar/298 K). Future work should investigate increasing the fluorine loading onto 

the polymers in addition to studying the CH4 uptake at a higher pressure of >35 bar which is 

more realistic for CH4 storage applications.  
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3.5 Supporting information: 

3.5.1 Synthesis of Scholl-coupled polymers 

Synthesis of SC-Fluorobenzene: Under a nitrogen atmosphere, anhydrous AlCl3 (3.3 g, 25 

mmol) was added to a stirred refluxing solution of fluorobenzene (0.47 mL, 5 mmol) in 

anhydrous DCM (30 mL) and the mixture was heated under reflux overnight. The suspension 

was filtered and washed thoroughly with ethanol and water until the filtrate was clear. The 

solid was then stirred under reflux in a) chloroform, b) methanol, c) ethanol, d) 

tetrahydrofuran, and e) acetone for 6 hours each. The powder was then collected by filtration 

and dried for 24 hours at 60 °C under vacuum to afford SC-Fluorobenzene (yield = 0.57 g). 

Synthesis of SC-TPB: Under a nitrogen atmosphere, anhydrous AlCl3 (4.9 g, 36 mmol) was 

added to a refluxing solution of 1,3,5-triphenylbenzene (1.5 g, 5 mmol) in anhydrous DCM (40 

mL) and the mixture was heated under reflux overnight. The solid product was collected by 

filtration and washed thoroughly with ethanol and water until the filtrate was clear, then 

stirred under reflux for 6 hours in a) chloroform, b) methanol, c) ethanol, d) tetrahydrofuran, 

and e) acetone. The powder was then collected by filtration and dried for 24 hours at 60 °C 

under vacuum to produce SC-TPB (yield = 1.8 g). 

Synthesis of SC-Triptycene: Under a nitrogen atmosphere, anhydrous AlCl3 (5.7 g, 43 mmol) 

was added to a refluxing solution of triptycene (1.1 g, 4 mmol) in anhydrous DCM (40 mL) and 

the mixture was heated under reflux overnight. The solid product was collected by filtration 

and washed thoroughly with ethanol and water until the filtrate was clear, then stirred under 

reflux for 6 hours in a) chloroform, b) methanol, c) ethanol, d) tetrahydrofuran, and e) 

acetone. The powder was then collected by filtration and dried for 24 hours at 60 °C under 

vacuum to produce SC-Triptycene (yield = 1.4 g). 

Synthesis of SC-Biphenyl: Under a nitrogen atmosphere, anhydrous AlCl3 (4.8 g, 36 mmol) 

was added to a refluxing solution of biphenyl (1.2 g, 8 mmol) in anhydrous DCM (30 mL) and 

the mixture was heated under reflux overnight. The solid product was collected by filtration 

and washed thoroughly with ethanol and water until the filtrate was clear then stirred under 

reflux for 6 hours in a) chloroform, b) methanol, c) ethanol, d) tetrahydrofuran, and e) 

acetone. The powder was then collected by filtration and dried for 24 hours at 60 °C under 

vacuum to produce SC-Biphenyl (yield = 1.6 g). 
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Synthesis of SC-Binaphthyl: Under a nitrogen atmosphere, anhydrous AlCl3 (8.5 g, 64 mmol) 

was added to a refluxing solution of 1,1’-binaphthyl (0.5 g, 2 mmol) in anhydrous DCM (30 

mL) and the mixture was heated under reflux overnight. The solid product was collected by 

filtration and washed thoroughly with ethanol and water until the filtrate was clear then 

stirred under reflux for 6 hours in a) chloroform, b) methanol, c) ethanol, d) tetrahydrofuran, 

and e) acetone. The powder was then collected by filtration and dried for 24 hours at 60 °C 

under vacuum to produce SC-Binaphthyl (yield = 0.6 g). 

Synthesis of SC-Fluoranthene: Under a nitrogen atmosphere, anhydrous AlCl3 (6.4 g, 48 

mmol) was added to a refluxing solution of Fluoranthene (0.8 g, 4 mmol) in anhydrous DCM 

(30 mL) and the mixture was heated under reflux overnight. The solid product was collected 

by filtration and washed thoroughly with ethanol and water until the filtrate was clear then 

stirred under reflux for 6 hours in a) chloroform, b) methanol, c) ethanol, d) tetrahydrofuran, 

and e) acetone, followed by Soxhlet extraction in methanol for 3 days and drying for 24 hours 

at 60 °C under vacuum to produce SC-Fluoranthene (yield = 1.1 g). 

Synthesis of SC-Naphthalene: Under a nitrogen atmosphere, anhydrous AlCl3 (8.5 g, 64 mmol) 

was added to a refluxing solution of naphthalene (0.5 g, 4 mmol) in anhydrous DCM (30 mL) 

and the mixture was heated under reflux overnight. The solid product was filtered and 

washed thoroughly with ethanol and water until the filtrate was clear then stirred under 

reflux for 6 hours in a) chloroform, b) methanol, c) ethanol, d) tetrahydrofuran, and e) 

acetone, followed by Soxhlet extraction in methanol for 3 days and drying for 24 hours at 60 

°C under vacuum to produce SC-Naphthalene (yield = 0.6 g). 

Synthesis of SC-Triphenylene: Under a nitrogen atmosphere, anhydrous AlCl3 (8.5 g, 64 

mmol) was added to a refluxing solution of triphenylene (0.9 g, 4 mmol) in anhydrous DCM 

(30 mL) and the mixture was heated under reflux overnight. The solid product was filtered 

and washed thoroughly with ethanol and water until the filtrate was clear then stirred under 

reflux for 6 hours in a) chloroform, b) methanol, c) ethanol, d) tetrahydrofuran, and e) 

acetone, followed by Soxhlet extraction in methanol for 3 days and drying for 24 hours at 60 

°C under vacuum to produce SC-Triphenylene (yield = 1.1 g). 

  



Page | 154  
 

3.5.2 Synthesis of the fluorinated analogues 

Synthesis of SC-Triptycene F: In a glove box under an atmosphere of nitrogen, SC-Triptycene 

(200 mg) was charged to a round-bottom flask. To this, an excess amount of Selectfluor® (1.0 

g, 2.8 mmol) was charged and the flask was then sealed and transferred to a fume-hood. 

Under a flow of nitrogen, anhydrous DCM (20 mL) was added to the flask which was left to 

stir for 30 minutes. To the stirring mixture, triflic acid (6 mL) was added dropwise and the 

mixture was heated under reflux for 5 days. The mixture was cooled to room temperature 

then poured into ice-water followed by filtration and thorough washing with 5% sodium 

hydrogen carbonate until a neutral pH was attained for the filtrate. The isolated product was 

the washed with water, DMC, and chloroform, followed by Soxhlet extraction in chloroform 

for 3 days and drying in the vacuum oven at 60 °C to yield the fluorinated SC-Triptycene 

analogue (SC-Triptycene F), (yield = 174 mg). 

Synthesis of SC-Biphenyl F: In a glove box under an atmosphere of nitrogen, SC-Biphenyl (200 

mg) was charged to a round-bottom flask. To this, an excess amount of Selectfluor® (1.0 g, 

2.8 mmol) was charged and the flask was then sealed and transferred to a fume-hood. Under 

a flow of nitrogen, anhydrous DCM (20 mL) was added to the flask which was left to stir for 

30 minutes. To the stirring mixture, triflic acid (6 mL) was added dropwise and the mixture 

was heated under reflux for 5 days. The mixture was cooled to room temperature then 

poured into ice-water followed by filtration and thorough washing with 5% sodium hydrogen 

carbonate until a neutral pH was attained for the filtrate. The isolated product was the 

washed with water, DMC, and chloroform, followed by Soxhlet extraction in chloroform for 3 

days and drying in the vacuum oven at 60 °C to yield the fluorinated SC-Biphenyl analogue 

(SC-Biphenyl F), (yield = 184 mg). 

Synthesis of SC-Binaphthyl F: In a glove box under an atmosphere of nitrogen, SC-Binaphthyl 

(400 mg) was charged to a round-bottom flask. To this, an excess amount of Selectfluor® (1.0 

g, 2.8 mmol) was charged and the flask was then sealed and transferred to a fume-hood. 

Under a flow of nitrogen, anhydrous DCM (20 mL) was added to the flask which was left to 

stir for 30 minutes. To the stirring mixture, triflic acid (6 mL) was added dropwise and the 

mixture was heated under reflux for 5 days. The mixture was cooled to room temperature 

then poured into ice-water followed by filtration and thorough washing with 5% sodium 
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hydrogen carbonate until a neutral pH was attained for the filtrate. The isolated product was 

the washed with water, DMC, and chloroform, followed by Soxhlet extraction in chloroform 

for 3 days and drying in the vacuum oven at 60 °C to yield the fluorinated SC-Binaphthyl 

analogue (SC-Binaphthyl F), (yield = 340 mg). 

Synthesis of SC-Fluoranthene F: In a glove box under an atmosphere of nitrogen, SC-

Fluoranthene (400 mg) was charged to a round-bottom flask. To this, an excess amount of 

Selectfluor® (1.0 g, 2.8 mmol) was charged and the flask was then sealed and transferred to 

a fume-hood. Under a flow of nitrogen, anhydrous DCM (20 mL) was added to the flask which 

was left to stir for 30 minutes. To the stirring mixture, triflic acid (6 mL) was added dropwise 

and the mixture was heated under reflux for 5 days. The mixture was cooled to room 

temperature then poured into ice-water followed by filtration and thorough washing with 5% 

sodium hydrogen carbonate until a neutral pH was attained for the filtrate. The isolated 

product was the washed with water, DMC, and chloroform, followed by Soxhlet extraction in 

chloroform for 3 days and drying in the vacuum oven at 60 °C to yield the fluorinated SC-

Fluoranthene analogue (SC-Fluoranthene F), (yield = 392 mg). 

Synthesis of SC-Naphthalene F: In a glove box under an atmosphere of nitrogen, SC-

Naphthalene (400 mg) was charged to a round-bottom flask. To this, an excess amount of 

Selectfluor® (1.0 g, 2.8 mmol) was charged and the flask was then sealed and transferred to 

a fume-hood. Under a flow of nitrogen, anhydrous DCM (20 mL) was added to the flask which 

was left to stir for 30 minutes. To the stirring mixture, triflic acid (6 mL) was added dropwise 

and the mixture was heated under reflux for 5 days. The mixture was cooled to room 

temperature then poured into ice-water followed by filtration and thorough washing with 5% 

sodium hydrogen carbonate until a neutral pH was attained for the filtrate. The isolated 

product was the washed with water, DMC, and chloroform, followed by Soxhlet extraction in 

chloroform for 3 days and drying in the vacuum oven at 60 °C to yield the fluorinated SC-

Naphthalene analogue (SC-Naphthalene F), (yield = 352 mg). 

Synthesis of SC-Triphenylene F: In a glove box under an atmosphere of nitrogen, SC-

Triphenylene (400 mg) was charged to a round-bottom flask. To this, an excess amount of 

Selectfluor® (1.0 g, 2.8 mmol) was charged and the flask was then sealed and transferred to 

a fume-hood. Under a flow of nitrogen, anhydrous DCM (20 mL) was added to the flask which 
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was left to stir for 30 minutes. To the stirring mixture, triflic acid (6 mL) was added dropwise 

and the mixture was heated under reflux for 5 days. The mixture was cooled to room 

temperature then poured into ice-water followed by filtration and thorough washing with 5% 

sodium hydrogen carbonate until a neutral pH was attained for the filtrate. The isolated 

product was the washed with water, DMC, and chloroform, followed by Soxhlet extraction in 

chloroform for 3 days and drying in the vacuum oven at 60 °C to yield the fluorinated SC-

Triphenylene analogue (SC-Triphenylene F), (yield = 360 mg).  
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3.5.3 Porosity and gas uptake of all polymers 

3.5.3.1 Porosity and gas uptake of SC-Fluorobenzene 

  

Figure S3. 1 Gas sorption data for SC-Fluorobenzene. (a) Nitrogen isotherm at 77.3 K (left) and Horvath-Kawazoe pore-size distribution (right) 
calculated from N2 isotherm at 77.3 K. (b) CO2 uptake isotherm at 298 K (left) and CO2 isosteric heat of adsorption calculated from three 
temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherm at 298 K (left) and CH4 isosteric heat of adsorption calculated from two 
temperatures: 273 and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols). Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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3.5.3.2 Porosity and gas uptake of SC-TPB and SC-TPB F 

  

Figure S3. 2 Gas sorption data for SC-TPB and SC-TPB F. (a) Nitrogen isotherms at 77.3 K (left) and Horvath-Kawazoe pore-size distribution 
(right) calculated from N2 isotherm at 77.3 K.  (b) CO2 uptake isotherms at 298 K (left) and CO2 isosteric heat of adsorption calculated from 
three temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherms at 298 K (left) and CH4 isosteric heat of adsorption calculated from 
two temperatures: 273, and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols). Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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3.5.3.3 Porosity and gas uptake of SC-Triptycene and SC-Triptycene F 

  

Figure S3.3 Gas sorption data for SC-Triptycene and SC-Triptycene F. (a) Nitrogen isotherms at 77.3 K (left) and Horvath-Kawazoe pore-size 
distribution (right) calculated from N2 isotherm at 77.3 K. (b) CO2 uptake isotherms at 298 K (left) and CO2 isosteric heat of adsorption 
calculated from three temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherms at 298 K (left) and CH4 isosteric heat of adsorption 
calculated from two temperatures: 273, and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols). Reprinted (adapted) 
with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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3.5.3.4 Porosity and gas uptake of SC-Biphenyl and SC-Biphenyl F 

  

Figure S3. 4 Gas sorption data for SC-Biphenyl and SC-Biphenyl F. (a) Nitrogen isotherms at 77.3 K (left) and Horvath-Kawazoe pore-size 
distribution (right) calculated from N2 isotherm at 77.3 K. (b) CO2 uptake isotherms at 298 K (left) and CO2 isosteric heat of adsorption 
calculated from three temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherms at 298 K (left) and CH4 isosteric heat of adsorption 
calculated from two temperatures: 273, and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols).  Reprinted (adapted) 
with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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3.5.3.5 Porosity and gas uptake of SC-Binaphthyl and SC- Binaphthyl F 

  

Figure S3. 5 Gas sorption data for SC-Binaphthyl and SC- Binaphthyl F. (a) Nitrogen isotherms at 77.3 K (left) and Horvath-Kawazoe pore-size 
distribution (right) calculated from N2 isotherm at 77.3 K. (b) CO2 uptake isotherms at 298 K (left) and CO2 isosteric heat of adsorption 
calculated from three temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherms at 298 K (left) and CH4 isosteric heat of adsorption 
calculated from two temperatures: 273, and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols). Reprinted (adapted) 
with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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3.5.3.6 Porosity and gas uptake of SC-Fluoranthene and SC-Fluoranthene F 

  

Figure S3. 6 Gas sorption data for SC-Fluoranthene and SC-Fluoranthene F. (a) Nitrogen isotherms at 77.3 K (left) and Horvath-Kawazoe 
pore-size distribution (right) calculated from N2 isotherm at 77.3 K. (b) CO2 uptake isotherms at 298 K (left) and CO2 isosteric heat of 
adsorption calculated from three temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherms at 298 K (left) and CH4 isosteric heat 
of adsorption calculated from two temperatures: 273, and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols). Reprinted 
(adapted) with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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3.5.3.7 Porosity and gas uptake of SC-Naphthalene and SC-Naphthalene F 

 

  

Figure S3. 7 Gas sorption data for SC-Naphthalene and SC-Naphthalene F. (a) Nitrogen isotherms at 77.3 K (left) and Horvath-Kawazoe pore-
size distribution (right) calculated from N2 isotherm at 77.3 K. (b) CO2 uptake isotherms at 298 K (left) and CO2 isosteric heat of adsorption 
calculated from three temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherms at 298 K (left) and CH4 isosteric heat of adsorption 
calculated from two temperatures: 273, and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols). Reprinted (adapted) with 
permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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3.5.3.8 Porosity and gas uptake of SC-Triphenylene and SC-Triphenylene F 

  

Figure S3. 8 Gas sorption data for SC-Triphenylene and SC-Triphenylene F. (a) Nitrogen isotherms at 77.3 K (left) and Horvath-Kawazoe pore-
size distribution (right) calculated from N2 isotherm at 77.3 K. (b) CO2 uptake isotherms at 298 K (left) and CO2 isosteric heat of adsorption 
calculated from three temperatures: 298, 318, and 328 K (right). (c) CH4 uptake isotherms at 298 K (left) and CH4 isosteric heat of adsorption 
calculated from two temperatures: 273, and 298 K (right). Adsorption (filled symbols), desorption (hollow symbols). Reprinted (adapted) 
with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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3.5.4 13C and 19F solid-state NMR 
 

a) SC-Fluorobenzene 13C NMR (top) and 19F NMR (bottom) 
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b) SC-TPB 13C NMR 

 

 

c) SC-TPB F 13C NMR (top) and 19F NMR (bottom) 
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d) SC-Triptycene 13C NMR 

 

 

 

e) SC-Triptycene F 13C NMR (top) and 19F NMR (bottom) 
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f) SC-Biphenyl 13C NMR 

 

 

g) SC-Biphenyl F 13C NMR (top) and 19F NMR (bottom) 
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h) SC-Binaphthyl 13C NMR 

 

 

i)  SC- Binaphthyl F 13C NMR (top) and 19F NMR (bottom) 
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j) SC- Fluoranthene 13C NMR 

 

 

k) SC- Fluoranthene F 13C NMR (top) and 19F NMR (bottom) 
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l) SC- Naphthalene 13C NMR 

 

 

m ) SC- Naphthalene F 13C NMR (top) and 19F NMR (bottom) 
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n) SC- Triphenylene 13C NMR 

 

 

o) SC- Triphenylene F 13C NMR (top) and 19F NMR (bottom) 

 

 

Figure S3. 9 Carbon 13C and Fluorine 19F solid-state NMR for all the analogues. (a) 13C SC-Fluorobenzene (top) and 19F SC-Fluorobenzene 
(bottom), (b) 13C SC-TPB, (c) 13C  SC-TPB F (top) and 19F SC-TPB F (bottom), (d) 13C SC-Triptycene, (e) 13C SC-Triptycene F (top) and 19F SC-
Triptycene F (bottom), (f) 13C SC-Biphenyl, (g) 13C SC-Biphenyl F (top) and 19F SC-Biphenyl F (bottom), (h) 13C SC-Binaphthyl, (i) 13C SC-
Binaphthyl F(top) and 19F Binaphthyl F (bottom), (j) 13C SC-Fluoranthene, (k) 13C SC-Fluoranthene F (top) and 19F SC-Fluoranthene F (bottom), 
(l) 13C SC-Naphthalene, (m) 13C SC-Naphthalene F (top) and 19F SC-Naphthalene F (bottom), (n) 13C SC-Triphenylene, (o) 13C SC-Triphenylene 
F (top) and 19F SC-Triphenylene (bottom). Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) 
Royal Society of Chemistry.9  
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3.5.5 Thermogravemetric analysis for all polymers 
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Figure S3. 11 Thermogravemetric analysis (TGA) for SC-TPB and SC-TPB F. The samples were heated at 20 °C min-1 to 
600 °C under nitrogen followed by switching to air at 600 °C. Reprinted (adapted) with permission from (J. Mater. 
Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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3.5.6  Fourier-transform infrared spectroscopy for all polymers 
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Figure S3. 18 Fourier-transform infrared spectroscopy (FT-IR) for SC-Fluorobenzene. Reprinted (adapted) with 
permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 19 Fourier-transform infrared spectroscopy (FT-IR) for SC-TPB. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Figure S3. 20 Fourier-transform infrared spectroscopy (FT-IR) for SC-TPB F. Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 21 Fourier-transform infrared spectroscopy (FT-IR) for SC-Triptycene. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Figure S3. 23 Fourier-transform infrared spectroscopy (FT-IR) for SC-Biphenyl. Reprinted (adapted) with permission from (J. 
Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 22 Fourier-transform infrared spectroscopy (FT-IR) for SC-Triptycene F. Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Figure S3. 24 Fourier-transform infrared spectroscopy (FT-IR) for SC-Biphenyl F. Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 25 Fourier-transform infrared spectroscopy (FT-IR) for SC-Binaphthyl. Reprinted (adapted) with permission from (J. Mater. 
Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Figure S3. 26 Fourier-transform infrared spectroscopy (FT-IR) for SC- Binaphthyl F. Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 27 Fourier-transform infrared spectroscopy (FT-IR) for SC-Fluoranthene. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 28 Fourier-transform infrared spectroscopy (FT-IR) for SC-Fluoranthene F. Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Figure S3. 29 Fourier-transform infrared spectroscopy (FT-IR) for SC-Naphthalene. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 30 Fourier-transform infrared spectroscopy (FT-IR) for SC-Naphthalene F. Reprinted (adapted) with 
permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 31 Fourier-transform infrared spectroscopy (FT-IR) for SC-Triphenylene. Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Figure S3. 32 Fourier-transform infrared spectroscopy (FT-IR) for SC-Triphenylene F. Reprinted (adapted) with 
permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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3.5.7 CO2, CH4, and N2 IAST Langmuir-fitting isotherms 
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Figure S3. 33 CO2, CH4, and N2 Langmuir fitting for SC-Fluorobenzene. Reprinted (adapted) with 
permission from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9
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Figure S3. 36 CO2, CH4, and N2 Langmuir fitting for SC-Triptycene. Reprinted (adapted) with permission from (J. 
Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9
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Figure S3. 37 CO2, CH4, and N2 Langmuir fitting for SC-Triptycene F. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 38 CO2, CH4, and N2 Langmuir fitting for SC-Biphenyl. Reprinted (adapted) with permission from (J. 
Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 40 CO2, CH4, and N2 Langmuir fitting for SC-Binaphthyl. Reprinted (adapted) with permission from (J. 
Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 39 CO2, CH4, and N2 Langmuir fitting for SC-Biphenyl F. Reprinted (adapted) with permission from (J. 
Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 41 CO2, CH4, and N2 Langmuir fitting for SC-Binaphthyl F. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Figure S3. 42 CO2, CH4, and N2 Langmuir fitting for SC-Fluoranthene. Reprinted (adapted) with permission 
from (J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 44 CO2, CH4, and N2 Langmuir fitting for SC-Naphthalene. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 43 CO2, CH4, and N2 Langmuir fitting for SC-Fluoranthene F. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 45 CO2, CH4, and N2 Langmuir fitting for SC-Naphthalene F. Reprinted (adapted) with permission from 
(J. Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Q
ua

nt
ity

 A
ds

or
be

d 
(m

m
ol

/g
)

Pressure (bar)

 CO2 Isotherm 
 CO2 Langmuir 
 N2 Isotherm
 N2 Langmuir
 CH4 Isotherm
 CH4 Langmuir

 

 

Figure S3. 46 CO2, CH4, and N2 Langmuir fitting for SC-Triphenylene. Reprinted (adapted) with permission from (J. 
Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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Figure S3. 47 CO2, CH4, and N2 Langmuir fitting for SC-Triphenylene F. Reprinted (adapted) with permission from (J. 
Mater. Chem. A, 2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
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3.5.8 SEM micrographs for all polymers 

 

 

Scale bar = 10 μm     Scale bar = 3 μm  

Figure S3. 48 SEM micrographs obtained for SC-Fluorobenzene. Reprinted (adapted) with permission from (J. Mater. Chem. A, 
2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
 
  

 

Scale bar = 40 μm     Scale bar = 10 μm 

Figure S3. 49 SEM micrographs obtained for SC-TPB. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 7, 549–
557). Copyright (2019) Royal Society of Chemistry.9 
 
 

 

Scale bar = 10 μm     Scale bar = 4 μm 

Figure S3. 50 SEM micrographs obtained for SC-TPB F. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 7, 549–
557). Copyright (2019) Royal Society of Chemistry.9 
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Scale bar = 5 μm     Scale bar = 3 μm 

Figure S3. 51 SEM micrographs obtained for SC-Triptycene. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
 
  

 

Scale bar = 5 μm     Scale bar = 10 μm 

Figure S3. 52 SEM micrographs obtained for SC-Triptycene F. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
 
 

 

Scale bar = 50 μm     Scale bar = 5 μm 

Figure S3. 53 SEM micrographs obtained for SC-Biphenyl. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 7, 
549–557). Copyright (2019) Royal Society of Chemistry.9 
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Scale bar = 20 μm     Scale bar = 4 μm 

Figure S3. 54 SEM micrographs obtained for SC-Biphenyl F. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
 
  

 

Scale bar = 10 μm     Scale bar = 10 μm 

Figure S3. 55 SEM micrographs obtained for SC-Binaphthyl. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
 
  

 

Scale bar = 10 μm     Scale bar = 20 μm 

Figure S3. 56 SEM micrographs obtained for SC-Binaphthyl F. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Scale bar = 5 μm     Scale bar = 10 μm 

Figure S3. 57 SEM micrographs obtained for SC-Fluoranthene. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9   
 
 

 

Scale bar = 10 μm     Scale bar = 5 μm 

Figure S3. 58 SEM micrographs obtained for SC-Fluoranthene F. Reprinted (adapted) with permission from (J. Mater. Chem. A, 
2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
 
 

 

Scale bar = 10 μm     Scale bar = 3 μm 

Figure S3. 59 SEM micrographs obtained for SC-Naphthalene. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9  
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Scale bar = 10 μm     Scale bar = 4 μm 

Figure S3. 60 SEM micrographs obtained for SC-Naphthalene F. Reprinted (adapted) with permission from (J. Mater. Chem. A, 
2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
 
 

 

Scale bar = 10 μm     Scale bar = 5 μm 

Figure S3. 61 SEM micrographs obtained for SC-Triphenylene. Reprinted (adapted) with permission from (J. Mater. Chem. A, 2019, 
7, 549–557). Copyright (2019) Royal Society of Chemistry.9 
 
 

 

Scale bar = 20 μm     Scale bar = 2 μm 

Figure S3. 62 SEM micrographs obtained for SC-Triphenylene F. Reprinted (adapted) with permission from (J. Mater. Chem. A, 
2019, 7, 549–557). Copyright (2019) Royal Society of Chemistry.9   
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Polymer CO2/CH4 IAST 

Selectivity 

SC-Fluorobenzene 3:1 

SC-TPB 3:1 

SC-TPB F 4:1 

SC-Triptycene 3:1 

SC-Triptycene F 3:1 

SC-Biphenyl 3:1 

SC-Biphenyl F 4:1 

SC-Binaphthyl 3:1 

SC-Binaphthyl F 3:1 

SC-Fluoranthene 3:1 

SC-Fluoranthene F 3:1 

SC-Naphthalene 3:1 

SC-Naphthalene F 3:1 

SC-Triphenylene 3:1 

SC-Triphenylene F 3:1 

 

Table S3. 1 CO2/CH4 IAST selectivity calculated from the single-component 
 isotherms at 298 K assuming a molar ratio of 50/50 CO2:CH4 at 1 bar and 298 K. 
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3.6 Equipment used for analysis 

Fourier transform infrared (FT-IR): A Bruker Tensor 27 was used to collect FT-IR 

spectra for all Scholl-coupled polymers using KBr disks. 

Elemental analysis: A Thermo FlashEA 1112 Elemental Analyser was used to carry out 

CH elemental analysis.  

Fluorine content analysis: The analysis of fluorine was performed by Exeter Analytical, 

UK. All polymers were combusted under oxygen followed by the use of Ion Selective 

Electrode to determine fluorine content as a wt%.  

Solid-state nuclear magnetic resonance (SS-NMR): 13C and 19F SS-NMR of all networks 

were acquired by the University of Durham, UK. 

Gas sorption: Nitrogen adsorption and desorption isotherms of all polymer analogues 

were collected at 77.3 K using an ASAP2420 volumetric adsorption analyser 

(Micrometrics Instrument Corporation). The SABET was calculated in the relative 

pressure (P/P0) range 0.05–0.25 and total pore volume (VTotal) was calculated at P/P0 = 

ca. 0.89–0.99. 

To determine the pore size distribution in the low pressure region, the Horvath-

Kawazoe method was used assuming cylindrical pore geometry.42 Micromeritics 

ASAP2020 was used to collect carbon dioxide, methane and nitrogen isotherms up to 

a pressure of 1 bar at 298 K for nitrogen, 273 and 298 K for methane, and 298, 318, 

and 328 K for carbon dioxide. All polymer analogues were degassed at 120 °C for 15 

hours under dynamic vacuum (10-5 bar) prior to analysis. 

Scanning electron microscopy (SEM): High resolution imaging of the polymer 

morphology were collected using a Hitachi S 4800 cold field emission scanning electron 

microscope (FE SEM). The samples were loaded onto 15 mm Hitachi M4 aluminium 

stubs. Using an adhesive high purity carbon tab, the prepared polymer analogues were 

coated with gold nanolayer using an Emitech K550X automated sputter coater (25 mA 

for 2–3 minutes). Imaging was conducted using a mix of upper and lower secondary 

electron detectors at a working voltage of 3 kV and a working distance of 8 mm. 

Thermogravemetric analysis (TGA). A Q5000IR analyser (TA instruments) with an 

automated vertical overhead thermobalance TGA was used to carry out TGA using 

platinum pans. The samples were heated at 20 °C min-1 to 600 °C under nitrogen 

followed by switching to air at 600 °C or 1000 °C in the case of SC-Fluorobenzene.  
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Chapter Four 

 

Breakthrough Measurements and High- 
throughput Screening under Dry and Wet 

Conditions  
 

 

The work in this Chapter has been compiled into an article draft and is ready for submission. 

Breakthrough experiments were carried out by Ammar Alahmed, the materials used for the 

breakthrough experiments were synthesized by Ammar Alahmed.  

The CO2/N2 high-throughput screening experiments were carried out by Ammar Alahmed. We 

thank Dr. Tom Mitra for supplying PIM-1. We thank Craig Wilson for supplying HCP-Phenol, 

HCP-Chlorobenzene, HCP-Anisole, HCP-Binaphthol/Pyrrole, HCP-Binaphthol/Aniline, HCP-

Lanthanum/Binaphthol, and HCP- Lanthanum/Fluorobenzene. We thank Christian Meier for 

supplying CTF-1, CTF-2, CTF-2(S), and CTF-3(S), and CTF-4(S) used in Plate 1, in addition to 

CTF1-28 used in Plate 3. We thank Thanchanok Ratvijitvech for supplying the polystyrene- 

based HCPs used in Plate 4. We thank Andrew Stephenson for supplying CC3. UiO-66 MOF, 

HKUST-1 MOF and Zeolite 13X were purchased from suppliers. The rest of the polymers have 

been synthesized in-house by Ammar Alahmed. 
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4.1 Ideal Adsorbed Solution Theory (IAST) versus breakthrough CO2/N2 selectivity 

CO2/N2 selectivity is deemed as one of the criteria to evaluate adsorbents’ performance 

for post-combustion CO2 capture.1–3 To calculate CO2/N2 Ideal Adsorbed Solution Theory 

(IAST) selectivity, the single-component isotherms for CO2 and N2 are measured at a similar 

temperature, most commonly 273 K or 298 K.3–7 The sorption isotherm data is then fitted 

using Langmuir model; single-site for N2 and double-site for CO2 since the equilibration might 

not occur at the desired pressure points of 150 mbar for CO2 and 850 mbar for N2. Following 

the fitting of data, IAST is calculated using the below equation (Section 1.4.1.1, Chapter 1): 

𝑆1,2 = 𝑥1/𝑦1
𝑥2/𝑦2

 eq.1  

 where 𝑆1,2 is the selectivity of gas 1 over gas 2 in this case; CO2/N2, 𝑥1 is the amount of 

CO2 adsorbed, 𝑥2 is the amount of N2 adsorbed,  𝑦1 is the molar fraction of CO2 and 𝑦2 

is the molar fraction of N2. 

 

 Despite the usefulness of IAST in predicting the selectivity of CO2 over N2, IAST lacks 

accuracy since adsorption kinetics are not taken into account.8,9 Zhao et al. reported zinc 

chloride (ZnCl2) catalysed trimerization of terephthalonitrile to form covalent triazine 

frameworks (CTFs) synthesized at two different temperatures of 400 and 600 °C to yield CTF-

1 and CTF-1-600, respectively.8 Instead of terephthalonitrile, Zhao et al. used a perfluorinated 

terephthalonitrile to synthesize CTFs at the same temperatures of 400 and 600 °C yielding 

FCTF-1 and FCTF-600, respectively.8 The obtained Brunauer–Emmett–Teller surface area 

(SABET) values for CTF-1, FCTF-1, CTF-600, and FCTF-600 were 746, 662, 1553, and 1535 m2/g, 

respectively.8 The content of fluorine was not reported in the article, however, the use of the 

fluorinated monomer and the higher synthesis temperature resulted in the microporous 

FCTF-600 where the micropore volume contributed to more than half its SABET value.8 CO2/N2 

IAST selectivity was calculated for FCTF-1 and FCTF-600 assuming a molar ratio of 10:90 

CO2/N2 at 1 bar/298 K, and was reported to be 31:1 and 19:1 for FCTF-1 and FCTF-600, 

respectively.8 In addition to IAST, breakthrough measurements were carried out for FCTF-1 

and FCTF-600, using a molar ratio of 10:90 CO2/N2 and a total flow rate of 10 mL/min at 1 

bar/298 K.8 The kinetic CO2/N2 selectivity for FCTF-1 was measured to be 77:1 more than 
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double the IAST selectivity of 31:1.8 Similarly, FCTF-600 kinetic CO2 selectivity was calculated 

to be 152:1 almost 7 fold higher than the IAST value of 19:1. Breakthrough measurements do 

not necessarily result in a higher CO2/N2 selectivity values than IAST as was shown for CTF-1 

where the IAST value was 20:1 (10:90 CO2/N2 at 1 bar/298 K) versus 18:1 from the 

breakthrough measurement (10:90 CO2/N2 at 1 bar/298 K and 10 mL/min flow rate).8 We also 

showed in our publication for the ammonium salt analogue of HCP-SC (HCP-SC-SO3NH4) that 

the IAST CO2/N2 selectivity was 42:1 (15:85 CO2/N2 at 1 bar/298 K), higher than the kinetic 

selectivity of 17:1 (15:85 CO2/N2 at 1 bar/298 K and 8 mL/min flow rate).9 The discrepancy in 

values between breakthrough and IAST selectivity is mainly attributed to the adsorption 

kinetics that is present in breakthrough measurement whereas standard volumetric gas 

sorption isotherms are carried out under equilibrium condition not taking kinetics into 

account.8–10  

Dry breakthrough measurements are well established in the literature, whereas humid 

breakthrough measurement are debated. The standard practice in the literature for 

breakthrough measurements is to use a dry gas feed to carry out the experiments, for 

instance, dry CO2 and N2 feeds. To introduce moisture, the N2 gas feed is passed through a 

water vapour chamber placed in a heating bath before reaching the packed breakthrough 

column.11 However, it is not clear if this route is sufficient for the moisture to be adsorbed 

onto the column bed. Since the flow is continuous, this approach does not allow enough time 

for the column bed to adsorb the moisture in the stream. An example of this was reported by 

Liu et al. where they carried out a breakthrough experiment under dry and wet conditions for 

a metal organic framework (MOF), Ni-MOF-74. From the Ni-MOF-74 breakthrough curve in 

Figure 4.1, there is an observed drop in CO2 capacity when switching to a humid stream with 

3% relative humidity (RH) which is expected since water competitive adsorption is known for 

MOFs with unsaturated metal centres.11 Under a dry gas stream, Ni-MOF-74 CO2 capacity at 

0.15 bar/298 K was 3.74 mol/kg resulting in a CO2/N2 kinetic selectivity of 38:1 (Figure 4.1). 

The CO2/N2 selectivity under a humid stream dropped to 27:1 due the lower CO2 capacity of 

2.69 mol/kg at 0.15 bar/298 K (Figure 4.1), dry and wet measurement were carried out using 

a 35 mL/min flow rate in a 15:85 CO2/N2 at 1 bar/298 K. The roll-up observed for the dry N2 

curve is due to the favourable adsorption of CO2 since it takes longer to break through the 

column bed which in result displaces the adsorbed N2 making it exceed its initial 
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concentration in the flue. Due to the competitive adsorption of both moisture and CO2, the 

wet N2 curve shows a larger roll-up where there is also a small roll-up seen for the wet CO2 

curve as it gets displaced by moisture in the stream, hence the drop in CO2 capacity and 

selectivity.  

The second route to introducing moisture to a breakthrough column bed is by saturating 

the bed using a humid gas flue, for instance humid helium, until equilibrium is reached 

(monitored by the mass spectrometer) followed by switching to a CO2 (dry)/N2 (humid) flue 

at a fixed relative humidity percentage (RH%) which is determined by the operator. Such an 

approach was reported by Abdelnaby et al. where they studied the breakthrough curves of a 

porous amine-based polymer (KFUPM-1) under dry and wet flue streams.12 The KFUPM-1 is 

synthesized via the crosslinking of pyrrole and 1,4-benzenediamine with p-formaldehyde 

using hydrochloric acid as a catalyst in N,N-dimethylformamide as a solvent at 90 °C.12 The 

breakthrough experiment was carried out using a 20:80 CO2/N2 flue stream at 1 bar/298 K 

and 10 mL/min flow rate. KFUPM-1 Henry’s law CO2/N2 selectivity was calculated and found 

to be 141:1 at 298 K. The breakthrough curves of KFUPM-1 are shown in Figure 4.2, the dry 

N2 curve shows a roll-up, similar to the dry N2 roll-up for Ni-MOF-74 above, which is due to 

CO2 favourable adsorption over N2.12 KFUPM-1 showed a moderate CO2 dynamic capacity of 

8.6 cm3/g under dry flue conditions, however there was no mention of CO2/N2 dynamic 

Figure 4.1 Breakthrough curves of Ni-MOF-74 showing the dry and wet cycles 
of N2 and CO2 in a 15:85 CO2/N2 at 1 bar/298 K and 35 mL/min flow rate. 
Reprinted (adapted) with permission from (J. Phys. Chem. C, 2012, 116, 
9575–9581). Copyright (2019) American Chemical Society.11 
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selectivity. For the wet breakthrough experiment, KFUMP-1 was saturated by passing a N2 

stream through a humidifier to achieve a 91% RH in the column bed, dry CO2 was then 

introduced to the stream to make a final stream of 20:80 CO2/N2 at 1 bar/298K and 10 

mL/min. The dynamic CO2 capacity of KFUPM-1 under wet conditions was calculated to be 

15.1 cm3/g, nearly double that of the dry capacity. The unprecedented increase in CO2 

capacity was attributed to the affinity of KFUPM-1 to moisture which results in stronger CO2 

interactions where KFUPM-1 adsorbs 33.5 wt% water at 91% RH. However, polymers affinity 

to water is known to be one of the limitations of porous adsorbents for post-combustion CO2 

capture as was reported in a number of articles.7,8,13–16 KFUMP-1 CO2 and N2 breakthrough 

curves under wet conditions show a longer retention time when compared to the dry curves. 

The longer retention time might be explained by the adsorption of water which perhaps slows 

down the breakthrough of both gases due to slower kinetics. A better understanding would 

have been reached if the authors have provided KFPUM-1 dynamic N2 capacity in addition to 

CO2/N2 selectivity under dry and wet flue streams. Since the moisture breakthrough curve 

cannot be feasibly subtracted from N2 and CO2 curves, distinguishing between delayed 

retention and favourable interactions when moisture is present would be difficult.  

Figure 4.2 Breakthrough curves of KFUMP-1 showing the dry and wet cycles 
of N2 and CO2 in a 20:80 CO2/N2 at 1 bar/298 K and 10 mL/min flow rate. 
Reprinted (adapted) with permission from (J. Mater. Chem. A, 2018, 6, 6455–
6462). Copyright (2019) Royal Society of Chemistry.12 
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4.2 Breakthrough experiments using in-house library of polymers 

Our in-house Hiden Isochema Automated Breakthrough Analyser (ABR),17 was used to 

carry out CO2/N2 breakthrough experiments where a library of polymers was compiled for dry 

and wet breakthrough screening. The tested polymers included the hypercrosslinked 

fluorobenzene (HCP-Fluorobenzene), hypercrosslinked benzene (HCP-Benzene), 

hypercrosslinked toluene (HCP-Toluene) and azinetriformylglucinol-benzene covalent organic 

framework (ATFG-COF). Our scope was to study the dynamic CO2/N2 selectivity from binary 

gas mixtures versus the IAST selectivity calculated from single-component isotherms. The 

measurements were carried out at 1 bar/298 K, or a higher temperature, using a 15:85 CO2/N2 

mixture at varied flow rates. The capacities of CO2 and N2 were calculated as was discussed in 

Section 1.4.1.1 in Chapter 1. 

4.2.1 Dry breakthrough experiments 

Starting with HCP-Fluorobenzene (synthesized in Chapter 2) we have shown that the SABET 

was 712 m2/g with a moderate CO2 uptake at 298 K of 0.22 and 1.0 mmol/g at 0.15 and 1 bar, 

respectively (Table 2.2, Chapter 2). The same batch of HCP-Fluorobenzene was used for 

breakthrough measurements in a 20 mL/min flow rate using a 15:85 CO2/N2 at 1 bar/298 K 

(1.2 g of the polymer). HCP-Fluorobenzene was purged under helium flow overnight with 

heating at 120 °C to activate the material after which the temperature was stabilised at 25 °C 

for one hour before switching to a 15:85 CO2/N2 stream. From the breakthrough curve of HCP-

Fluorobenzene (Figure 4.3), the N2 almost broke through instantly whereas CO2 showed a 

longer retention time due to its interactions with HCP-Fluorobenzene which can also be 

supported by the roll-up observed in the N2 curve. The calculated dynamic CO2 capacity at 

150 mbar was 0.23 mmol/g which is in a good agreement with the static capacity (0.22 

mmol/g at 150 mbar). Similarly the kinetic N2 capacity was calculated to be 0.12 mmol/g, 

almost double the static uptake of 0.06 mmol/g, both at 850 mbar. As a result, the dynamic 

CO2/N2 selectivity was calculated to be 11:1, lower than the IAST selectivity of 20:1 (Table 2.2, 

Chapter 2). The dynamic and static CO2 and N2 capacities were measured at 298 K. It is worth 

noting that for all the breakthrough experiments, the time delay has been accounted for by 

passing nitrogen through the packed column followed by switching to helium and measuring 

the helium breakthrough time as ‘time delay’.18 The desorption of CO2 and N2 was induced by 
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switching to a helium and as can be seen in Figure 4.3, it took nearly 8 minutes to desorb the 

material fully with no heating showing the potential of HCP-Fluorobenzene for vacuum swing 

adsorption application.12    
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Figure 4.3 (Top) Breakthrough curve of HCP-Fluorobenzene showing the dry 
breakthrough cycles of N2 and CO2 in a 15:85 CO2/N2 at 1 bar/298 K and 20 
mL/min flow rate. (Bottom) Desorption of CO2 and N2 under helium purge (20 
mL/min) with no heating. 
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Furthermore, we evaluated the influence of increasing the temperature to 35, 45, and 

 55 °C, while the other parameters were kept unchanged, on the uptake and CO2/N2 selectivity 

using HCP-Fluorobenzene (Figure 4.4). As the temperature increased, the CO2/N2 selectivity 

decreased due to the higher thermal energy of the gas molecules at elevated termperatures.1  

At 55 °C, the lowest selectivity was obtained at a value of 9:1 at 45 and 55 °C, lower that the 

CO2/N2 selectivity at 25 °C (Table 4.1).  

 

HCP-Fluorobenzene 
(1.2 g) 

35 °C 45 °C 55 °C 

N2 quantity (mmol/g) 0.10 0.08 0.07 

CO2 quantity (mmol/g) 0.21 0.13 0.11 

CO2/N2 selectivity 12:1 9:1 9:1 

Table 4.1 HCP-Fluorobenzene dynamic uptake quantities of CO2 and N2 at 35, 45, and 55 °C in a 15:85 
 CO2/N2 and a 20 mL/min flow rate. 
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Figure 4.4 Breakthrough curve of HCP-Fluorobenzene at different temperature (35, 
45, and 55 °C) showing the dry breakthrough cycles of N2 and CO2 in a 15:85 CO2/N2 
at 1 bar and 20 mL/min flow rate. 
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More breakthrough experiments were carried out for HCP-Benzene, HCP-Toluene, and 

ATFG-COF under dry conditions using a 15:85 CO2/N2 at 1 bar/298 K and a 35 mL/min. HCP-

Benzene and HCP-Toluene are fully discussed in Chapter 2 of this document, ATFG-COF 

synthesis and characterisation is discussed in the Supporting Information section at the end 

of this Chapter (Section 4.6.3). Each of the polymers was packed into the breakthrough 

column then activated under a helium purge overnight at 120 °C followed by cooling to 25 °C 

for one hour before switching to CO2 and N2 flue stream. To desorb CO2 and N2, we simply 

switched to helium at 25 °C without additional heating. The breakthrough curve is shown in 

Figure 4.5 where AFTC-COF showed a longer CO2 retention which explains its higher dynamic 

CO2/N2 selectivity of 25:1 (IAST 21:1), despite its higher N2 uptake than the rest of the 

polymers (Table 4.2). ATFG-COF dynamic CO2 uptake was calculated to be 0.97 mmol/g nearly 

double the static amount of 0.55 mmol/g (both values at 298 K/0.15 bar) which might be due 

to the more favourable CO2 kinetics (Table 4.2). HCP-Benzene and HCP-Toluene dynamic CO2 

uptake was relatable to the static values yielding an identical CO2/N2 selectivity for HCP-

Toluene. For HCP-Benzene however, the dynamic selectivity was higher than that of IAST; 

23:1 versus 17:1, we attribute this to the very low N2 quantity where errors in measurement 

is a possibility.18 It is worth noting that HCP-Benzene N2 curve (Figure 4.5) shows a larger roll-

up than the rest of polymers which at this stage is not fully understood. 

The dry measurements assisted in establishing our in-house method for breakthrough 

measurements where afterwards, the focus was shifted more towards humid measurements 

since they are more representative of real power plant conditions. 

Material N2 quantity (mmol/g)a CO2 quantity (mmol/g)b CO2/N2 selectivityc 

HCP-Benzene 
(0.4 g) 

0.08 (0.12) 0.38 (0.37) 23:1 (17:1) 

HCP-Toluene 
(0.6 g) 

0.11 (0.09) 0.30 (0.24) 16:1 (16:1) 

ATFG-COF  
(0.4 g) 

0.22 (0.18) 0.97 (0.55) 25:1 (21:1) 

Table 4.2 HCP-Benzene, HCP-Toluene, and ATFG-COF uptake quantities of CO2 and N2. a N2 dynamic uptake 
(static uptake). b CO2 dynamic uptake (static uptake). c Dynamic CO2/N2 selectivity (IAST selectivity). 
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Figure 4.5 (Top) Breakthrough curves of HCP-Benzene, HCP-Toluene, ATFG-COF showing 
the dry breakthrough cycles of N2 and CO2 in a 15:85 CO2/N2 at 1 bar/298 K and 35 mL/min 
flow rate. (Bottom) Desorption of CO2 and N2 under helium purge with no heating. 
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To ensure the reproducibility of the breakthrough instrument, a total of 3 breakthrough 

cycles were run for ATFG-COF using a 35 mL/min flow rate in a 15:85 CO2/N2 at 298 K/1 bar. 

The material was activated using helium purge at 120 °C overnight before the first run and in-

between runs. There was almost no observed loss in capacity or the retention time of CO2 

and N2 as can be seen in Figure 4.6 below. 

 

4.2.2 Wet breakthrough experiments 

We have shown that our breakthrough instrument is reliable for dry breakthrough 

measurements. In this section, our focus shifts towards wet breakthrough measurements 

which are much more representative of real life CO2 capturing conditions. We have chosen 

ATFG-COF (0.4 g) for wet breakthrough experiments, due to the presence of polar groups 

within the framework. After activation of ATFG-COF at 120 °C under helium purge, the 

humidity was introduced to the flue stream by passing a certain percentage of the N2 flow 

through the water vapour generator to reach a certain RH% before reaching the column bed 

whereas CO2 feed is always dry. The RH% value was calculated based on the ratio of the 

vapour’s mass spectrometer signal to the signal of N2 in the flue. The breakthrough curves 

were tested under two RH% values of 11 and 23% while using a flow rate similar to the dry 

conditions of 35 mL/min in a 15:85 CO2/N2 at 298 K/1 bar.  
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Figure 4.6 CO2/N2 breakthrough curve of ATFG-COF showing no loss in capacity 
after a total of 3 runs using a 15:85 CO2/N2 at 1 bar/298 K and 35 mL/min flow 
rate. 
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When the measurement was carried out using a stream of 11% RH, the N2 curve showed 

a larger roll-up and a larger retention time when compared to the dry run (Figure 4.7). Similar 

to the dry N2 curve, the wet N2 curve showed an expected roll-up due to favourable CO2 

adsorption. However, the same roll-up is observed in the CO2 curve indicating that moisture 

adsorption is more favoured over CO2 sorption in ATFG-COF. The CO2 and N2 dynamic 

capacities were calculated and when compared to the dry capacities, an increase in the N2 

uptake was observed (due to the longer retention) which defies some of the literature 

examples where they show almost no change in N2 retention however in the literature, there 

is usually no mention of N2 capacity nor CO2/N2 selectivity under wet conditions (Figure 

4.7).10–12,19 From the wet N2 breakthrough curve, the calculated wet N2 capacity was 0.95 

mmol/g, more than three times the dry N2 uptake. The wet CO2 quantity of 1.09 mmol/g was 

similar to the 0.97 mmol/g calculated from the dry CO2 curve. As a result of the higher N2 

uptake, the dynamic CO2/N2 selectivity at 11% RH dropped to 7:1, less than one-third the 

dynamic dry selectivity. It is worth mentioning that the time delay under wet conditions was 

measured by passing wet N2 through the column bed followed by switching to helium where 

the mass spectrometer signal time delay was added to CO2 and N2 breakthrough curves.  
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Figure 4.7 CO2/N2 breakthrough curve of ATFG-COF under dry and wet (11% RH) 
conditions using a 15:85 CO2/N2 at 1 bar/298 K and 35 mL/min flow rate. 
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In addition to measurements at 11% RH, we carried out a breakthrough experiment using 

ATFG-COF at a higher RH of 23% in a 15:85 CO2/N2 at 1 bar/298 K and 35 mL/min flow rate 

(Figure 4.8). The 23% RH was achieved by passing 40% of the N2 flow through the water 

vapour generator. At a higher RH of 23%, the CO2/N2 dynamic selectivity of ATFG-COF 

dropped to 4:1 from 7:1 at 11% RH. 

  

Furthermore, we have carried out wet breakthrough experiments using a pre-saturated 

bed of HCP-Fluorobenzene. Following activation of the material at 120 °C under helium purge, 

the bed was saturated by passing 85% of the N2 flow in a 20 mL/min flow rate through the 

vapour generator before reaching the column bed, whereas the remaining 15% of the flow is 

dry N2. The vapour generator was set at 50 °C, slightly lower than the column bed (55 °C) to 

avoid any moisture precipitation. At 20 mL/min flow rate, moisture concentration in the flue 

equilibrated after nearly 280 minutes (Figure 4.9). After which, the flue was switched to 15% 

dry CO2 and 85% wet N2 where the breakthrough curve was measured (Figure 4.9). The 

calculated N2 and CO2 capacities in a pre-saturated bed were 0.13 and 0.12 mmol/g for N2 

and CO2, respectively. The CO2/N2 selectivity using the statured bed was 5:1 lower than half 

the selectivity calculated under dry conditions. The uptake values under dry conditions 
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Figure 4.8 CO2/N2 breakthrough curve of ATFG-COF under wet conditions (11% and 23 % RH) 
using a 15:85 CO2/N2 at 1 bar/298 K and 35 mL/min flow rate. 
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however, were 0.07 and 0.11 mmol/g for N2 and CO2, respectively. The higher uptakes at wet 

conditions are due to the longer retention of the gas molecules due to moisture competitive 

uptake. Again, it is not clear how to subtract the moisture uptake out of the N2 and CO2 

breakthrough curves, where in some literature the longer retention is explained by enhanced 

uptake of CO2 and N2 in the presence of moisture.12   
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Figure 4.9 (Top) Moisture breakthrough curve of HCP-Fluorobenzene using 85:15 wet/dry 
N2 in a 20 mL/min flow rate at 50 °C for the vapour generator and 55 °C for the column bed. 
(Bottom) CO2/N2 breakthrough curves of HCP-Fluorobenzene in a dry and a pre-saturated 
bed using 15:85 CO2 / N2 at 1 bar/328 K and 20 mL/min flow rate. 
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Furthermore, we have evaluated our best polymer (discussed in Chapter 1) for CO2/N2 

selectivity under dry conditions using IAST, the ammonium salt grafted (HCP-SC-SO3NH4).9 The 

dynamic selectivity of HCP-SO3NH4 was calculated to be 17:1 lower than 42:1 from the IAST 

calculations in a 15:85 CO2/N2 at 298 K/1 bar and 8 mL/min flow rate. The lower dynamic 

selectivity might be due to the lower adsorption kinetics of gas molecules onto the polymer.9 

We have evaluated HCP-SC-SO3NH4 under humid flue stream by pre-saturating the bed with 

moisture via passing the N2 flue at 25 °C through the vapour generator until equilibrium was 

achieved (inlet moisture flue equals the outlet). In a pre-saturated bed, the N2 and CO2 

showed a longer retention time resulting in a higher N2 uptake of 1.1 mmol/g at 850 mbar 

versus a dry dynamic uptake of 0.33 mmol/g measured under dry breakthrough conditions, 

both values at 298 K (Figure 4.10). Similarly, the dry dynamic CO2 uptake at 150 mbar was 

measured to be 0.98 mmol/g whereas the dynamic uptake in a pre-saturated bed was 1.5 

mmol/g, a 50% increase. The dynamic CO2/N2 selectivity however dropped to 8:1 from 17:1 

under dry conditions. It is worth noting that CO2 (at 150 mbar) and N2 at (850 mbar) static 

volumetric uptakes at 298 K were 0.90 and 0.12 mmol/g, respectively.   
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Figure 4.10 CO2/N2 breakthrough curve of HCP-SC-SO3NH4 in a dry and a pre- saturated bed using a 
15:85 CO2/N2 at 1 bar/328 K and 8 mL/min flow rate. 



Page | 216  
 

4.3 Conclusions to Sections 4.1 & 4.2 

The CO2/N2 breakthrough experiments are a great tool to evaluate the performance of 

porous adsorbents for the capturing of CO2 in a flue mixture. However, we have concluded 

that as a screening tool, the breakthrough experiment is not the most efficient approach as it 

requires large amount of sample, up to 2 g based on the materials density. The activation step 

is also time consuming due to the fact that the material has to be activated overnight at an 

elevated temperature before the first run, whereas helium purge would be sufficient in-

between runs. Finally, the wet breakthrough measurements are not fully understood at this 

stage. It would be useful to develop an efficient high-throughput screening approach that 

uses few milligrams of materials for the dry/wet CO2 uptake in porous adsorbents. 
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4.4 High-throughput screening of CO2/N2 selectivity under dry and humid conditions 

High-throughput approaches for the discovery of selective porous materials for CO2 

capture under dry/wet conditions are rarely discussed in the literature. There has been few 

studies in the literature that utilized high-throughput screening to evaluate different 

properties of porous materials. For instance, Wöllner et al. reported the characterisation of 

pore size distribution of activated carbons using an optical temperature sensor with the aid 

of an algorithm that translates the sensor’s signal to a pore size distribution plot.20 The 

measurements can be carried out using six gases including SF6, N2O, C2H6, C3H8, i-C4H10, and 

n-C4H10 using the InfraSORP setup at ambient conditions (Figure 4.11).20  

  

 

A rather more high-throughput screening tool for porosity evaluation reported by 

Wollmann et al. is capable of running 12 samples simultaneously (Infrasorb-12). The 

Infrasorb-12 uses n-butane as a probe gas at ambient conditions and is fitted with a heat 

sensor that measures the thermal response of the porous material upon exposure to n-

butane. The system was used to evaluate the porosity of different metal-organic frameworks 

(MOFs) however, Infrasorb-12 is limited by the fact that n-butane kinetic diameter is 4.3 Å 

where microporous materials with pores < 0.43 nm,21 are size-excluded and show no thermal 

response upon exposure to n-butane (Figure 4.12).22 

Figure 4.11 Schematic showing InfraSORP set-up. Reprinted 
(adapted) with permission from (Adsorption, 2017, 23, 313–320). 
Copyright (2019) Springer Nature.20 
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Wildcat Discovery Technologies, USA developed a multicomponent closed system 

(Infrasorp-28) that can run up to 8 different gases on 28 porous samples in total for the 

volumetric uptake under equilibrium.4 Using the Wildcat instrument, Mason et al. evaluated 

15 samples including mesoporous silicas, activated carbons, amine-appended and exposed 

metal centre MOFs, and zeolites for the uptake of CO2, N2, and H2O vapour. The samples are 

weighed and loaded into separate vials that can be sealed after nitrogen purge and are then 

placed inside the holder and can be heated to up to 150 °C under vacuum (Figure 4.13).4 The 

gases (CO2, N2, and H2O) are charged through the dosing valve, where the reading is recorded 

by a pressure transducer. H2O dosing lines along with the sample holder can be heated to 40 

°C to allow for moisture dosages > 70 mbar. The dosing conditions mimic CO2 post-

combustion capture conditions and the obtained results are in mmol/g which provides a 

good comparison basis to the volumetric uptakes calculated from single-component 

isotherms.    

Figure 4.12 Schematic showing Infrasorp-12 set-up. Reprinted 
(adapted) with permission from (Chem. Commun., 2011, 47, 
5151–5153). Copyright (2019) Royal Society of Chemistry.22 

Figure 4.13 Schematic showing Infrasorp-28 set-up. Reprinted (adapted) 
with permission from (J. Am. Chem. Soc., 2015, 137, 4787–4803). 
Copyright (2019) American Chemical Society.4 
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High-throughput screening of the porosity of solid adsorbents is deemed as an 

advantageous tool for speeding up the discovery of novel porous materials. A more relative 

approach to this PhD project would be to develop an efficient CO2/N2 selectivity screening 

tool for a large number of materials from different classes of porous polymers. It would be 

more interesting to develop a screening tool for CO2/N2 selective measurements under wet 

conditions which can eventually replace the breakthrough measurements.  

4.5 In-house high-throughput screening of CO2/N2 selectivity 

Similar to the previous high-throughput screening tools (InfraSORP, Infrasorb-12, and 

Infrasorp-28), The Cooper group have built our own in-house instrument that is capable of 

porosity high-throughput screening of up to 96 samples simultaneously using 6 different 

gases such as CO2, N2, CH4, Kr, Xe, etc (Figure 4.14). The instrument records the thermal 

response of each of the materials upon exposure to a certain gas, for instance: CO2, using a 

thermal imaging camera where the results are shown as a change in temperature (thermal 

response).  

    

Figure 4.14 Schematic showing our in-house built porosity high-throughput screening using up to 6 different 
gases.(Clowes et al., under submission) 
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As shown in Figure 4.14, our instrument is composed of a sealable chamber where the 

chamber lid is fitted with a transparent window to allow for the detection of the radiated 

heat by the thermal imaging camera (FLIR). The infrared transparent window is made of zinc 

selenide with an anti-reflective coating, the camera is placed at a fixed position of 30 cm 

vertical to the transparent window. Inside the chamber, a 96-well ProxiPlate loaded with the 

materials to be tested is used (Figure 4.15). Each of the samples was loaded on 2 or 3 random 

locations on the plate where the average of the measurements and the standard errors are 

shown. The instrument is connected to a vacuum/gas line which allows for materials 

activation at an elevated temperature (80 °C) using a silicone-bath circulator. Up to 6 gases 

can be connected to the instrument at one time but for our application, we have focused on 

the use of CO2 and N2. A CO2 cylinder with 99.995% purity from BOC, UK was used whilst the 

source of nitrogen was the liquid nitrogen boil-off line. The operating valves for charging the 

gases are manually operated using a version of National Instruments LabVIEW software 

developed by Cyth Systems. 

  

Figure 4.15 The 96-well ProxiPlate used for the CO2/N2 high-throughput 
screening. 
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4.5.1 CO2 high-throughput screening from vacuum 

Following the overnight activation of the loaded plate at 80 °C under vacuum, the  

oil-bath circulator was used to cool the plate to 25 °C after which, the plate was left to stand 

to equilibrate to room temperature. A Fisherbrand™ Traceable™ Relative 

Humidity/Temperature Meters ±4% accuracy was used to monitor the room temperature. 

When no change in temperature across the plate was observed, the 1st manual valve was 

opened to charge the tubes with CO2 which was allowed to expand for one minute. After 

this, the 2nd valve (the inlet valve to the chamber) was manually opened to charge the 

chamber with CO2 ~70 mbar. The change in temperature is recorded and the chamber was 

left to stand for no more than 5 minutes to allow for the temperature to equilibrate. 

Additional CO2 doses can be charged using the latter method where opening the two valves 

simultaneously results in CO2 dosages of more than 70 mbar (monitored by a pressure 

transducer).  

To carry out dry CO2 screening, a 96-well ProxiPlate (Plate 1) was charged with porous 

materials either synthesized in-house, supplied by colleagues or purchased from suppliers (a 

full description of the materials can be found in the Supporting Information section at the 

end of this chapter). The screened materials included: HCP-Benzene, HCP-Anisole, HCP-

Binaphthol, HCP-Phenol, HCP-Fluorobenzene, sulfonic acid grafted HCP-Fluorobenzene 

(HCP-F-SO3H), co-polymerized HCP-Toluene/Fluorobenzene, Lanthanum loaded HCP-

Fluorobenzene (HCP-Lanthanum/Fluorobenzene), co-polymerized HCP-Binaphthol/Aniline, 

co-polymerized HCP-Toluene/Aniline, carboxylic acid functionalized conjugated microporous 

polymer (CMP-1-CO2H), carbonized HCP-Toluene (cHCP-Toluene), carbonized HCP-Benzene 

(cHCP-Benzene), crystalline porous organic cage (CC3), Zeolite 13X, copper-based metal 

organic framework (HKUST-1 MOF), zirconium-based MOF (UiO-66 MOF), ATFG-COF, 

covalent triazine framework (CTF-2), CTF-3, and CTF-4. The chamber was charged with a total 

of 7 CO2 dosages where each of 1st-6th doses added roughly 70 mbar of CO2 to the system 

where as the last dose added more than 400 mbar of CO2 since the 1st and 2nd valves were 

simultaneously opened. Figure 4.16, shows the thermal response of the materials, the 

highest change in temperature (ΔT) was observed for the 1st dose when compared to the 

first 6 dosages. ΔT became less pronounced as more CO2 was added to the system which we 

hypothesize is due to the occupation of CO2-binding sites with gas molecules. However, 
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adding more than 400 mbar to the chamber (the last dose) resulted in a ΔT higher than that 

of the 1st dose perhaps due to the enforcement of CO2 molecules onto the polymers as the 

pressure is increasing (Figure 4.16).  

 

 

The thermal response of the materials is more related to their CO2 isosteric heat rather 

than their SABET or CO2 total volumetric capacity. Furthermore, other factors might impact 

the magnitude of ΔT including: CO2 adsorption kinetics, thermal conductivity, sample colour, 

density, and mass.(Clowes et al, under submission) Thermal interferences might also effect 

the results, Figure 4.17 below shows the thermal response of blank wells adjacent to the 

wells loaded with samples.   
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Figure 4.16 The change in temperature (ΔT) for all polymers shown for dosages 1-7. Different line 
colours represent different samples (Plate 1). The first ΔT can be seen in Figure 4.18 below. 
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From the 1st dose, the highest ΔT across all polymers was observed for Zeolite 13X 

showing a ΔT of ~7 K whereas UiO-66 MOF and HKUST-1 MOF show a slightly lower ΔT of ~5 

K (Figure 4.18). Covalent triazine frameworks (CTF-3 & CTF-4) showed the lowest ΔT across 

all polymers (ΔT~0.8 K). It is worth mentioning that a limitation to our high-throughput 

instrument is the low activation temperature of the system (80 °C) where for instance, UiO-

66 MOF and HKUST-1 MOF require activation temperatures under vacuum of 150 and 120 

°C, respectively.23,24 Carbonized benzene and toluene based HCPs (cHCP-Benzene and cHCP-

Toluene) showed a similar ΔT of 3 K, similar to the lanthanum loaded HCP-Fluorobenzene 

(HCP-Lanthanum/Fluorobenzene). In general from our screening, materials with CO2-phiic 

groups result in a higher ΔT. However, an exception is the HCP-Fluorobenzene and its sulfonic 

acid loaded analogue (HCP-F-SO3H) which both showed a ΔT of 2.3 K. Our high-throughput 

screening setup is more qualitative rather being a quantitative technique, but it is 

advantageous due to the fact that it can run up 96 samples simultaneously using few 

milligrams of the material.(Alahmed et al, under submission) 
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Figure 4.17 Change in temperature (ΔT) showing the thermal interferences for 3 blank wells 
adjacent to wells loaded with materials. 
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Figure 4.18 The change in temperature (ΔT) for all polymers in Plate 1under dry conditions (dry CO2 feed) 
shown for the 1st dose. 
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4.5.2 Selective CO2/N2 high-throughput screening under dry conditions 

High-throughput screening from vacuum is a great tool for evaluating materials affinity 

to CO2, despite our instrument’s slight inaccuracy and limitations. CO2/N2 IAST selectivity is 

calculated using CO2 and N2 uptakes from the volumetric single-component isotherms at 

certain pressure values; 150 mbar for CO2 and 850 bar for N2. Similar to the IAST calculations, 

we attempted using CO2 and N2 molar ratios in our high-throughput instrument to evaluate 

the materials CO2 selectivity under a N2 dominated atmosphere.  

For the CO2/N2 selectivity measurements, a ProxiPlate (Plate 2) was loaded with 51 

different porous materials, either synthesized in-house, supplied by colleagues or purchased 

from suppliers (Table 4.3 for full description). Reaction schemes for the materials 

synthesized in-house or supplied by colleagues can be found in the Supplementary 

Information section at the end of this chapter. The plate also included the materials used for 

the initial screening from vacuum for comparison purposes (Section 4.5.1). To mimic IAST 

calculations, the chamber was charged with house boil off N2 up to a pressure of 850 mbar 

after full activation of the materials at 80 °C under vacuum, overnight. The thermal response 

of the materials to N2 was minimal therefore, it was neglected throughout this section. After 

charging N2, the chamber was left to stance for the pressure to equilibrate for no longer than 

10 minutes. CO2 was then charged in a 150 mbar dose by opening both manual valves until 

1 bar pressure is reached inside the chamber and the thermal response of the materials was 

recorded. The measurement was repeated twice following the exact same procedure and 

the standard deviation values were obtained. A few factors may contribute to the errors 

where the main factor could be the lack of a temperature control system since the 

measurements are carried out at ambient conditions where the room temperature changes 

according to the surrounding atmosphere. Furthermore, thermal interferences, the samples 

location on the plate, colour, density, and mass could have an effect on the obtained thermal 

response.(Clowes, R., et al, under submission)      
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Materials description used for CO2/N2 high-throughput selectivity screening under dry flue 

HCP-Benzene: Benzene based 
hypercrosslinked polymer. 

CTF-2: TfOH cyclotrimerized covalent 
triazine framework (CTF-2). 

Uio-66 MOF: Zirconium 1,4-
dicarboxybenzene MOF. 

HCP-Toluene: Toluene based 
hypercrosslinked polymer.  

CTF-2 (S): Suzuki-Miyaura polycondensed 
covalent triazine framework (CTF-2 (S)). 

HCP-Chlorobenzene: chlorobenzene 
based hypercrosslinked polymer. 

HCP-Fluorobenzene: Fluorobenzene 
based hypercrosslinked polymer. 

CTF-3 (S): Suzuki-Miyaura polycondensed 
covalent triazine framework (CTF-3 (S)). 

HKUST-1 MOF: copper 1,3,5-
benzenetricarboxylic acid MOF. 

HCP-F-SO3H: Sulfonated fluorobenzene 
based hypercrosslinked polymer. 

CTF-4 (S): Suzuki-Miyaura polycondensed 
covalent triazine framework (CTF-4 (S)). 

CC3: Porous organic cage 3. 

HCP-Toluene/Fluorobenzene: Co-
polymerized toluene and 
fluorobenzene hypercrosslinked 
polymer 

CMP-1: Sonogashira–Hagihara cross-
coupling of 1,3,5-triethynylbenzene and 
dirbromobenzene. 

Zeolite 13X: Sodium from of 
aluminosilicates based framework. 

HCP-Toluene/Aniline: Co-polymerized 
toluene and aniline hypercrosslinked 
polymer. 

CMP-1-NH2: Sonogashira–Hagihara 
cross-coupling of 1,3,5-
triethynylbenzene and 2,5-
dibromoaniline. 

SC-Fluorobenzene: Fluorobenzene 
based Scholl-coupled polymer. 

cHCP-Benzene: Carbonized HCP-
Benzene.  

CMP-1-CO2H: Sonogashira–Hagihara 
cross-coupling of 1,3,5-
triethynylbenzene and 2,5-
dirbromobenzoic acid. 

SC-TPB and SC-TPB F: 1,3,5-
triphenylbenzene based Scholl 
coupled polymer and its fluorinated 
analogue. 

cHCP-Toluene: Carbonized HCP-
Toluene. 

HCP-Binaphthol: Binaphthol based 
hypercrosslinked polymer. 

SC-Triptycene and SC-Triptycene F: 
Triptycene based Scholl coupled 
polymer and its fluorinated analogue. 

HCP-SC: Self-condensed 
hypercrosslinked polymer based on 
4,4′-Bis(chloromethyl)-1,1′-biphenyl.  

HCP-Lanthanum/Fluorobenzene: 
Lanthanum loaded HCP-Fluorobenzene. 

SC-Biphenyl and SC-Biphenyl F: 
Biphenyl based Scholl coupled 
polymer and its fluorinated analogue. 

HCP-SC-SO3H: Sulfonic acid grafted 
HCP-SC. 

HCP-Lanthanum/Binaphthol: Lanthanum 
loaded HCP-Binaphthol. 

SC-Binaphthyl and SC-Binaphthyl F: 
1,1′-binaphthyl based Scholl coupled 
polymer and its fluorinated analogue. 

HCP-SC-SO3NH4: Ammonium salt 
grafted HCP-SC. 

HCP-Binaphthol/Aniline: Co-polymerized 
binaphthol and aniline hypercrosslinked 
polymer. 

SC-Fluoranthene and SC-Fluoranthene 
F: Fluoranthene based Scholl coupled 
polymer and its fluorinated analogue. 

HCP-Anisole: Anisole based 
hypercrosslinked polymer. 

HCP-Binaphthol/Pyrrole: Co-polymerized 
binaphthol and pyrrole hypercrosslinked 
polymer. 

SC-Naphthalene and SC-Naphthalene 
F: Naphthalene based Scholl coupled 
polymer and its fluorinated analogue. 

HCP-Triptycene/Aniline: Co-
polymerized triptycene and aniline 
hypercrosslinked polymer. 

HCP-Phenol: phenol based 
hypercrosslinked polymer. 

SC-Triphenylene and SC-Triphenylene 
F: Triphenylene based Scholl coupled 
polymer and its fluorinated analogue. 

HCP-Toluene/Aminobezoic acid: Co-
polymerized toluene and 4-
aminobenzoic acid hypercrosslinked 
polymer. 

ATFG-COF: Azinetriformylglucinol-
benzene covalent organic framework.  

CTF-1: TfOH cyclotrimerized covalent 
triazine framework (CTF-1). 

PIM-1: Polymer of intrinsic 
microporosity. 

 

Table 4.3 Full description of the materials used for the CO2/N2 high-throughput selectivity screening under dry 

conditions (Plate 2).  

 

 

 



Page | 227  
 

The thermal response of the materials upon CO2 exposure in a N2 dominated atmosphere 

was recorded as shown in Figure 4.19. Zeolite 13X showed a ΔT of ~7 K when exposed to 70 

mbar of CO2 from vacuum however in the presence of 850 mbar N2, it only showed a ΔT of 

2.5 K when exposed to 150 mbar of CO2. Almost every polymer exposed to CO2 in the 

presence of N2 showed a lower ΔT than when exposed to CO2 from vacuum. For instance, 

UiO-66 MOF and HKUST-1 MOF thermal response to CO2 from vacuum was 5.0 and 5.2 K, 

respectively. However, the ΔT dropped to 1.4 and 0.8 K for UiO-66 MOF and HKUST-1 MOF, 

respectively when tested in the presence of 850 mbar N2. HCPs, similarly, showed a lower 

thermal response when tested under N2 presence; HCP-Benzene ΔT from vacuum was 2.5 K, 

more than twice the value obtained under N2 presence (0.9 K). The fluorine loaded Scholl-

coupled triptycene based polymer (SC-Triptycene F) was the best performing polymer 

showing a ΔT of 5.4 K whereas its un-functionalized parent (SC-Triptycene) ΔT was 36% lower 

(3.4 K).25 Across the board of the materials we tested, the highest ΔT was observed for the 

fluorinated Scholl-coupled polymers (denoted SC prefix and F suffix) and their un-

functionalized parents (denoted SC prefix) as seen in Figure 4.19. The Scholl-coupled 

polymers and their fluorinated analogues were fully discussed and characterized in Chapter 

3 of this document.  
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Figure 4.19 The change in temperature (ΔT) for all polymers tested for CO2/N2 selectivity high-throughput screening 
under dry conditions. The shown error bars are the standard deviations between the first and second run. 
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To summarize, carrying-out the high-throughput measurements under N2 atmosphere 

instead of vacuum is a good tool for the screening of a large number of materials for CO2/N2 

selectivity. To further utilize our instrument, we attempted to carry out the same 

measurement under humid conditions (discussed in the next section) which are more 

relevant for CO2 capture from fixed sources.   
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4.5.3 Selective CO2/N2 high-throughput screening under wet conditions 

To introduce moisture into the chamber, a saturated salt solution (NaCl solution) was 

used since the chamber is sealable. The wet measurement was first carried out by overnight 

vacuum drying of the loaded ProxiPlate at 80 °C (Plate 2). After cooling down and 

temperature equilibration, the chamber was continuously purged with nitrogen flue for 20 

minutes. After which, a small crystallization dish containing a saturated NaCl solution was 

placed inside the chamber to introduce 71% RH.26 The chamber was quickly sealed to 

minimize its exposure to the atmosphere. The chamber was further purged with N2 for 20 

minutes, the pressure was then reduced to 850 mbar and the chamber was left to stance 

overnight until no change in temperature was observed. CO2 was then charged to the 

chamber in one dose by opening both valves to reach a 1 bar pressure. A comparison of the 

materials ΔT upon CO2 exposure under dry and wet conditions is shown in Figure 4.20. The 

wet measurement was repeated following the same procedure to show the standard error.   

In the presence of moisture, almost every polymer showed a drop in its CO2 thermal 

response. Competitive adsorption of moisture has been fairly discussed in the literature as 

one of the limiting factors for the use of polar adsorbents for CO2 capture applications due 

to their hydrophilicity.7,8,13,15,16,27,28 The high ΔT shown by SC-Triptycene F under dry 

conditions dropped by more than 80% to only 0.97 K. In general, polymers with polar groups 

showed a large drop in the their CO2 thermal response as can be seen for UiO-66 MOF, 

HKUST-1 MOF, ATFG-COF, the ammonium salt grafted HCP (HCP-SC-SO3NH4), and HCP-

Phenol where their ΔT drop was in the range of 60-80% (Figure 4.20). A few exceptions were 

noted however mainly for un-functionalized HCPs such as HCP-SC (discussed in Chapter 2), 

which retained 97% of its ΔT going from dry to wet conditions. The retained capacity is the 

difference between dry and we temperature change divided by the dry ΔT. Similar to HCP-

SC, HCP networks containing halogens and methyls in their structures such as HCP-

Fluorobenzene, HCP-Chlorobenzene, and HCP-Toluene retained 107 (within error), 76, and 

87% of their thermal response, respectively, going from dry to wet conditions which might 

highlight their potential for CO2 capture application. Figure 4.21 represents the retained 

capacities of each of the polymers going from dry to wet conditions.  
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Figure 4.20 The change in temperature (ΔT) for all polymers tested for CO2/N2 selectivity high-throughput screening under 
dry/wet conditions. Dry ΔT (blue lines), wet ΔT (red lines).The shown error bars are the standard deviations between the 
first and second run. 
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Figure 4.21 The retained change in temperature (%) for Plate 2 polymers going from dry to wet conditions. 
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4.5.4 Additional CO2/N2 high-throughput screening under dry/wet conditions 

Additional materials supplied by colleagues in the Cooper group have been screened 

using the high-throughput instrument under dry/wet conditions. Our aim was to find 

materials with a moderate to good thermal response under wet conditions (preferably 2 K 

or higher). Figure 4.22, shows the results obtained for a ProxiPlate (Plate 3) loaded with a 

series of CTFs (28 in total).29 The CTFs were synthesized by Christian Meier (PhD Thesis) via 

Suzuki coupling of 2,4,6-tris[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-1,3,5-

triazine with a series of different monomers.29 The high-throughput screening was carried 

out under dry and wet conditions following the exact same previous procedures (Sections 

4.5.2 & 4.5.3). Each of the dry and wet measurements was repeated twice. Out of the 

screened CTFs, none really stood out. The highest obtained thermal response under dry 

conditions was recorded for Zeolite 13X and HKUST-1 MOF which were used as reference 

materials. None of the screened CTFs showed a ΔT of more than 1 K when tested in the 

presence of moisture (Figure 4.22). 

Furthermore, an additional ProxiPlate (Plate 4) was loaded with a series of polystyrene 

based HCPs pairing different functionalities in their backbones synthesized by Thanchanok 

Ratvijitvech (PhD Thesis).30 The screening was carried out once under dry and wet conditions. 

Similar to the CTFs, none of the HCPs showed a pronounced thermal response, whereas the 

highest ΔT (under dry conditions) was observed for the reference materials; HCP-SC-SO3H 

and HCP-SC-SO3NH4. Under wet condition, the ΔT of most of the HCPs was below 1 K, where 

we concluded that these materials would show no potential for CO2 capture from fixed point 

sources.   
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Figure 4.22 The change in temperature (ΔT) for the series of CTFs (CTF1-28) tested for CO2/N2 selectivity high-
throughput screening under dry/wet conditions. Dry ΔT (blue lines), wet ΔT (red lines).The shown error bars are 
the standard deviations between the first and second run. 
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Figure 4.23 The change in temperature (ΔT) for the series of crosslinked styrene based HCPs tested 
for CO2/N2 selectivity high-throughput screening under dry/wet conditions. Dry ΔT (blue lines), wet 
ΔT (red lines). 
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4.6 Conclusions to Sections 4.4 & 4.5 

In conclusion, we have successfully developed our in-house method for screening porous 

polymers CO2/N2 affinity under dry/wet conditions. Up to 96 samples can be run 

simultaneously requiring few milligrams of the material. Our screening revealed that the 

presence of polar group within polymers increases their affinity towards CO2 under dry 

conditions. However for real life CO2 capturing applications where moisture is present, polar 

groups would lower the polymers’ CO2 capacity and affinity due to their hydrophilic nature. 

An ideal adsorbent should retain its CO2 capacity in the presence of moisture which perhaps 

is achievable by loading halogens onto polymers, for instance, fluorine in high 

concentrations. Future work on the instrument could include automating the dosing valves 

instead of the current manual setup in addition to installing a better temperature control 

system for the chamber.  
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4.7 Supporting Information 

4.7.1 Synthesis and characterization of breakthrough samples 

4.7.2 Synthesis and Characterization of HCP-Toluene, HCP-Benzene, and HCP-

Fluorobenzene: refer to Chapter 2, Section 2.5 for full experimental details.  

4.7.3 Synthesis and characterization of ATFG-COF: 

Synthesis of triformylphloroglucinol (TFG) monomer: The synthesis was carried out 

following a literature procedure.31 To phloroglucinol (9.012 g, 73.5 mmol) and 

hexamethylenetetramine (23.97 g, 162 mmol) under N2 was added trifluoroacetic acid (135 

mL). The solution was heated at 100 °C for 2.5 hours. Approximately 225 mL of 3M HCl was 

added and the solution was heated at 100 °C for 2 hours. After cooling to room temperature, 

the solution was filtered, extracted with ca. 500 mL 1,2-dichloromethane, dried over 

magnesium sulfate, and filtered again. Rotary evaporation of the solution afforded (2.22 g, 

10.49 mmol, 14%) of an off-white powder. For purification, the product was dissolved in 

chloroform, washed with 2M HCl (3 x 20 mL) followed by rotary evaporation to remove 

chloroform. 1H NMR (500 MHz, CDCl3) δ 14.17 (s, 3H, OH), 10.12 (s, 3H, CHO) ppm (Figure 

S4.1); 13C NMR (CDCl3) δ 192.8 (CHO), 174.3 (COH), 103.8 (CCHO) ppm (Figure S4.2).32 

Figure S4. 1 TFG monomer 1H NMR in CDCl3. * Solvent peak. ** Water peak. 
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Synthesis of ATFG-COF: The synthesis was carried out following a literature procedure with 

a slight modification, an autoclave reactor was used instead of the literature reported 

microwave tube.33 1,3,5-triformylphloroglucinol (0.9 g, 4.4 mmol),  1,4-dioxane (30 mL) and 

mesitylene (2.5 mL) were charged to a teflon-lined autoclave reactor under nitrogen blanket. 

Hydrazine hydrate (320 μL, 6.75 mmol) was added in a single portion under stirring followed 

by aqueous 6M acetic acid (10 mL). The reactor was sealed and heated in an oven at 120 °C 

for 72 hours. After cooling, the suspension was filtered and washed with methanol, N,N-

dimethylformamide (4 x 10 mL), and tetrahydrofuran (4 x 10 mL), then soaked in 1,2-

dichloromethane for several hours then filtered off. The product was then dried overnight in 

the vacuum oven at 120 °C to afford (0.6 g, 66% yield) of purple powder. Elemental analysis 

calculated: C, 48.63; H, 3.66; N, 17.60. Found: C, 43.97; H, 4.16; N, 12.0. 

  

Figure S4. 2 TFG monomer 13C NMR in CDCl3. * Solvent peak. 
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Characterization 
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Fig. S4. 3 N2 adsorption-desorption isotherms for ATFG-COF measured at 77.3 K. 
Adsorption (filled symbols), desorption (hollow symbols). 

Fig. S4. 4 FT-IR of ATFG-COF measured using KBr discs. 



Page | 240  
 

 

 

  

0 200 400 600 800 1000
0.0

0.4

0.8

1.2

1.6

C
O

2 Q
ua

nt
ity

 A
ds

or
be

d 
(m

m
ol

/g
)

Absolure Pressure (mbar)

 ATFG-COF

 

 

Fig. S4. 5 ATFG-COF CO2 isotherm measured at 298 K/1 bar. 
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Fig. S4. 6 ATFG-COF CO2 isosteric heat of adsorption calculated from 3 different 
temperatures (298, 318, and 328 K).  
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Fig. S4. 7 Langmuir fitting isotherm for CO2 (dual-site) and N2 (single-site) for ATFG-COF. 
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4.7.4 Synthesis and characterization of high-throughput screening samples 

Materials used in Plates 1 & 2 
Polymer ∆T under dry 

conditions (K) 
Retained capacity 
from dry to wet (%)  

Polymer ∆T under dry 
conditions (K) 

% Retained capacity 
from dry to wet  

HCP-Benzene34 1.29 68.9 HCP-Binaphthol/Aniline* 1.85 37.3 

HCP-Toluene35 0.92 86.6 HCP-Binaphthol/Pyrrole* 1.46 33.5 

HCP-Fluorobenzene35 0.80 106.7 HCP-Phenol35 1.13 42.1 

HCP-F-SO3H* 0.87 40.9 ATFG-COF33 1.14 30.4 

HCP-
Toluene/Fluorobenzene* 

0.93 58.4 PIM-136 0.27 94.3 

HCP-Toluene/Aniline* 1.25 44.2 UiO-66 MOF** 1.38 19.1 

cHCP-Benzene37 0.93 40.0 HCP-Chlorobenzene35 0.79 75.5 

cHCP-Toluene* 0.77 43.2 HKUST-1 MOF** 0.81 27.0 

HCP-SC9 0.88 97.3 CC338 1.41 42.9 

HCP-SC-SO3H9 1.50 20.1 Zeolite 13X** 2.49 12.9 

HCP-SC-SO3NH49 2.09 16.0 SC-Fluorobenzene25 3.40 61.3 

HCP-Anisole35 0.93 52.8 SC-TPB25 2.18 27.2 

HCP-Triptycene/Aniline* 1.61 50.3 SC-TPB F25 3.17 20.5 

HCP-
Toluene/Aaminobezoic 
acid*  

1.04 61.7 SC-Triptycene25 3.38 29.1 

CTF-139 0.43 68.7 SC-Triptycene F25 5.35 18.1 

CTF-239 0.90 66.0 SC-Biphenyl25 3.40 35.0 

CTF-2 (S)39 0.76 91.5 SC-Biphenyl F25 3.33 21.5 

CTF-3 (S)39 0.33 98.8 SC-Binaphthyl25 2.69 32.6 

CTF-4 (S)39 0.35 96.1 SC-Binaphthyl F25 3.94 19.6 

CMP-140 0.75 82.6 SC-Fluoranthene25 5.06 16.9 

CMP-1-NH240 0.89 50.6 SC-Fluoranthene F25 4.22 19.7 

CMP-1-CO2H40 0.80 55.0 SC-Naphthalene25 3.12 36.4 

HCP-Binaphthol* 1.33 30.7 SC-Naphthalene F25 3.26 29.3 

HCP-
Lanthanum/Fluorobenze
ne* 

1.12 97.6 SC-Triphenylene25 3.02 45.9 

HCP-
Lanthanum/Binaphthol* 

2.11 24.8 SC-Triphenylene F25 4.95 30.0 
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Table S4. 1 The change in temperature and retained capacities for all the materials used for the high-throughput screening 

in Plates 1&2:  HCP-Benzene, HCP-Toluene HCP-Fluorobenzene, HCP-F-SO3H, HCP-Toluene/Fluorobenzene, HCP-

Toluene/Aniline, cHCP-Benzene, cHCP-Toluene, HCP-SC, HCP-SC-SO3H, HCP-SC-SO3NH4, HCP-Anisole, HCP-

Triptycene/Aniline, HCP-Toluene/Aminobezoic acid, CTF-1, CTF-2, CTF-2 (S), CTF-3 (S), CTF-4 (S), CMP-1, CMP-1-

NH2, CMP-1-CO2H, HCP-Binaphthol, HCP-Lanthanum/Fluorobenzene, HCP-Lanthanum/Binaphthol, HCP-

Binaphthol/Aniline, HCP-Binaphthol/Pyrrole, HCP-Phenol, ATFG-COF, PIM-1, Uio-66 MOF, HCP-Chlorobenzene, 

HKUST-1 MOF, CC3, Zeolite 13X, SC-Fluorobenzene, SC-TPB, SC-TPB F, SC-Triptycene, SC-Triptycene F, SC-Biphenyl, 

SC-Biphenyl F, SC-Binaphthyl, SC-Binaphthyl F, SC-Fluoranthene, SC-Fluoranthene F, SC-Naphthalene, SC-

Naphthalene F, SC-Triphenylene, and SC-Triphenylene F. 

*Refer to Synthesis section below for the synthesis and characterisation of the polymers. 

**Purchased from suppliers; UiO-66 MOF (Strem Chemicals), Zeolite 13X (Sigma-Aldrich) and HKUST-1 MOF (Sigma-

Aldrich). 
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Polymer SABET (m2/g) Polymer SABET (m2/g) 

HCP-Benzene 1170 HCP-Binaphthol/Aniline 268 

HCP-Toluene 733 HCP-Binaphthol/Pyrrole 790 

HCP-Fluorobenzene 731 HCP-Phenol 110 

HCP-F-SO3H 562 ATFG-COF 325 

HCP-Toluene/Fluorobenzene 678 PIM-1 860 

HCP-Toluene/Aniline 410 Uio-66 MOF 1187 

cHCP-Benzene 2854 HCP-Chlorobenzene 319 

cHCP-Toluene 3364 HKUST-1 MOF 1055 

HCP-SC 1811 CC3 624 

HCP-SC-SO3H 1170 Zeolite 13X 616 

HCP-SC-SO3NH4 637 SC-Fluorobenzene 452 

HCP-Anisole 637 SC-TPB 2535 

HCP-Triptycene/Aniline 1132 SC-TPB F 1446 

HCP-Toluene/Aminobezoic acid 455 SC-Triptycene 1760 

CTF-1 9 SC-Triptycene F 1659 

CTF-2 560 SC-Biphenyl 1842 

CTF-2 (S) 209 SC-Biphenyl F 1169 

CTF-3 (S) 380 SC-Binaphthyl 1888 

CTF-4 (S) 100 SC-Binaphthyl F 1632 

CMP-1 942 SC-Fluoranthene 1951 

CMP-1-NH2 804 SC-Fluoranthene F 1835 

CMP-1-CO2H 841 SC-Naphthalene 1169 

HCP-Binaphthol 1011 SC-Naphthalene F 810 

HCP-Lanthanum/Fluorobenzene 333 SC-Triphenylene 1460 

HCP-Lanthanum/Binaphthol 678 SC-Triphenylene F 1376 

 

Table S4. 2 SABET of all polymers used in Plates 1&2 for CO2/N2 high-throughput screening. 
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4.7.5 Reaction Schemes for the materials used in Plates 1&2 

 

 

Scheme S4. 1 General schematic representation for the hypercrosslinking reaction of benzene as a monomer to form HCP-

Benzene. Benzene can be replaced by b) toluene to yield HCP-Toluene, c) Chlorobenzene to yield HCP-Chlorobenzene, d) 

fluorobenzene to yield HCP-Fluorobenzene, e) anisole to yield HCP-Anisole, f) 1,1'-bi-2-naphthol to yield HCP-Binaphthol, g) 

phenol to yield HCP-Phenol, h) toluene and 4-aminobenzoic acid to yield HCP-Toluene/Aminobenzoic acid, i) toluene and 

fluorobenzene to yield HCP-Toluene/Fluorobenzene, j) toluene and aniline to yield HCP-Toluene/Aniline, k) triptycene and 

aniline to yield HCP-Triptycene/Aniline, l) 1,1'-bi-2-naphthol and aniline to yield HCP-Binaphthol/Aniline, and m) 1,1'-bi-2-

naphthol and pyrrole to yield HCP-Binaphthol/Pyrrole.  
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Scheme S4. 2 Reaction scheme for the synthesis of HCP-SC, HCP-SC-SO3H and HCP-SC-SO3NH4.9  

 

 

 

 

Scheme S4 .3 Reaction scheme for the synthesis of CMP-1 (R = H), CMP-1-CO2H (R = CO2H), and CMP-1-NH2 (R = NH2).40  
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Scheme S4. 4 Reaction scheme for the synthesis of a) CTF-1 and CTF-2, b) CTF-2 (s), CTF-3(s), and CTF-4 (s).39  
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Scheme S4. 5 General schematic representation for the Scholl-coupling and the fluorination reaction using naphthalene as a 

monomer to form SC-Naphthalene and SC-Naphthalene F, respectively. Naphthalene can be replaced by a) 1,3,5-

triphenylbenzene (TPB) to yield SC-TPB and its fluorinated analogue SC-TPB F, b) triptycene  to yield SC-Triptycene and its 

fluorinated analogue SC-Triptycene F, c) biphenyl to yield SC-Biphenyl and its fluorinated analogue SC-Biphenyl F, d) 1,1’ –

binaphthyl to yield SC-Binaphthyl and its fluorinated analogue SC-Binaphthyl F, e) fluoranthene to yield SC-Fluoranthene and 

its fluorinated analogue SC-Fluoranthene F, f) triphenylene to yield SC-Triphenylene and its fluorinated analogue SC-

Triphenylene F, and g) fluorobenzene to yield SC-Fluorobenzene.25  

 

 

  

Scheme S4 .6 Reaction scheme for the synthesis of PIM-1.36  

 

 

 

Scheme S4 .7 Reaction scheme for the synthesis of CC3.38  
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4.7.6 Synthesis of materials used in Plates 1&2 

HCP-F-SO3H: 

HCP-Fluorobenzene was prepared following reported literature procedure.35 Synthesis of HCP-F-

SO3H: Chlorosulfonic acid (10 mL, 150 mmol) was added dropwise to an ice-bath-cooled mixture of 

HCP-Fluorobenzene (1.0 g) in 1,2-dichloromethane (50 mL). The resulting mixture was stirred at room 

temperature for three days. The suspension was poured into ice-water and the solid was filtered, 

thoroughly washed with water and methanol,  and dried overnight under vacuum at 60 °C to produce 

HCP-F-SO3H (Yield = 1.26 g). Calc. for (C8H7FO3S)n: C, 52.16; H, 4.82%; Found: C, 58.77; H, 3.94%. 
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Figure S4. 8 HCP-F-SO3H nitrogen isotherm at 77.3 K. Adsorption (filled 
symbols), desorption (hollow symbols). 

4000 3500 3000 2500 2000 1500 1000 500

Tr
an

sm
itt

an
ce

  (
a.

u.
)

Wavenumber (cm-1)

 HCP-F-SO3H

 

 

 

Figure S4. 9 HCP-F-SO3H FT-IR measured using KBr discs. 
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HCP-Lanthanum/Fluorobenzene: 

HCP-Fluorobenzene was prepared following reported literature procedure.35 Synthesis of HCP-

Lanthanum/Fluorobenzene: HCP-Fluorobenzene (0.5 g) was suspended in a solution of methanol (160 

mL) containing lanthanum(III) acetylacetonate hydrate (La(acac)3.H2O), (1.3 g) and heated under 

nitrogen at 50 °C for 18 hours. The suspension was filtered and the solid was further purified by Soxhlet 

extraction in methanol overnight and then dried in a vacuum oven overnight at 60 °C to yield HCP-

Lanthanum/Fluorobenzene (yield = 0.51). Calc. for (C21H20F2La2)n: C, 42.88; H, 3.43; La, 47.23%; Found: 

C, 66.24; H, 4.08%. From thermal gravimetric analysis (TGA), the loading of La was found to be 18 wt%. 
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Figure S4. 10 HCP-Lanthanum/Fluorobenzene nitrogen isotherm at 77.3 K. Adsorption 
(filled symbols), desorption (hollow symbols). 
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Figure S4. 11 HCP-Lanthanum/Fluorobenzene FT-IR measured using KBr discs. 
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HCP-Toluene/Aminobenzoic acid: 

A mixture of dimethoxymethane (2.7 mL, 30 mmol), toluene (0.64 mL, 6.0 mmol) and 4-aminobenzoic acid 

(0.40mL, 4.0 mmol) in 1,2 dichloroethane (20 mL) was stirred for 10 min under nitrogen. Iron(III) chloride (4.9 g, 

30.0 mmol) was then added and the mixture was heated under reflux at 80 °C overnight. After cooling to room 

temperature, the dark precipitate was filtered and washed with methanol. The product was further purified by 

Soxhlet extraction with methanol overnight and then dried in a vacuum oven at 60 °C overnight to produce HCP-

Toluene/Aminobenzoic acid (yield = 0.99 g). Calc. for (C69H80N2O4)n: C, 82.76; H, 8.05; N, 2.80%; Found: C, 79.60; 

H, 5.90; N, 1.23%. 
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Figure S4. 12 HCP-Toluene/Aminobenzoic acid nitrogen isotherm at 77.3 K. 
Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S4. 13 HCP-Toluene/Aminobenzoic acid FT-IR measured using KBr discs. 
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HCP-Toluene/Fluorobenzene: 

A mixture of dimethoxymethane (8.86 mL, 100.0 mmol), toluene (1.27 mL, 12.0 mmol) and fluorobenzene (0.75 

mL, 8.0 mmol) in 1,2-dichloroethane (60 mL) was stirred for 10 min under nitrogen. Iron(III) chloride (16.22 g, 

100 mmol) was then added and the mixture was heated under reflux at 80 °C overnight. After cooling to room 

temperature, the dark brown precipitate was filtered and washed with methanol. The product was further 

purified by Soxhlet extraction with methanol overnight and then dried in a vacuum oven at 60 °C overnight to 

afford HCP-Toluene/Fluorobenzene (yield = 3.36 g). Calc. for (C22H25F)n: C, 85.67; H, 8.17%; Found: C, 73.93; H, 

5.02%. 
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Figure S4. 14 HCP-Toluene/Fluorobenzene nitrogen isotherm at 77.3 K. Adsorption 
(filled symbols), desorption (hollow symbols). 
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Figure S4. 15 Toluene/Fluorobenzene FT-IR measured using KBr discs. 
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HCP-Toluene/Aniline: 

A mixture of dimethoxymethane (8.86 mL, 100.0 mmol), toluene (1.27 mL, 12.0 mmol), and aniline (0.73 mL, 8.0 

mmol) in 1,2-dichloroethane (60 mL) was stirred for 10 min under nitrogen. Iron(III) chloride (16.22 g, 100.0 

mmol) was then added and the mixture was heated under reflux at 80 °C overnight. After cooling to room 

temperature, the dark brown precipitate was filtered and washed with methanol. The product was further 

purified by Soxhlet extraction with methanol overnight and was dried in a vacuum oven at 60 °C to afford HCP-

Toluene/Aniline (yield = 3.30 g). Calc. for (C87H91N4)n: C, 87.61; H, 7.69%; N, 4.70. Found: C, 76.83; H, 5.73; N, 

3.39. 
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Figure S4. 16 HCP-Toluene/Aniline nitrogen isotherm at 77.3 K. Adsorption 
(filled symbols), desorption (hollow symbols). 
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Figure S4. 17 HCP-Toluene/Aniline FT-IR measured using KBr. 
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HCP-Binaphthol: 

A mixture of dimethoxymethane (2.48 mL, 28.0 mmol) and 1,1'-bi-2-naphthol (2.0 g, 7.0 mmol) in 1,2 

dichloroethane (35 mL)  was stirred for 10 min under nitrogen. Iron(III) chloride (4.54 g, 28.0 mmol) was then 

added and the mixture was heated under reflux at 80 °C overnight. After cooling to room temperature, the 

precipitate was filtered and washed with methanol. The product was further purified by Soxhlet extraction with 

methanol overnight and was dried overnight under vacuum at 60 °C to produce HCP-Binaphthol (yield = 2.38 g). 

Calc. for (C28H26O2)n: C, 85.25; H, 6.64%; Found: C, 66.68; H, 3.69%. 
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Figure S4. 18 HCP-Binaphthol nitrogen isotherm at 77.3 K. Adsorption (filled 
symbols), desorption (hollow symbols). 
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Figure S4. 19 HCP-Binaphthol FT-IR measured using KBr discs.
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HCP-Lanthanum/Binaphthol: 

HCP-Binaphthol was prepared as above. Synthesis of HCP-Lanthanum/Binaphthol: HCP-Binaphthol (0.5 g) was 

suspended in a solution of methanol (160 mL) containing lanthanum(III) acetylacetonate hydrate 

(La(acac)3.H2O), (1.3 g) and heated at 50 °C under nitrogen for 18 hours. The solid was isolated by filtration and 

further purified by Soxhlet extraction in methanol overnight followed by drying in a vacuum oven at 60 °C 

overnight to afford HCP-Lanthanum/Binaphthol (yield = 0.55 g). Calc. for (C28H24La2O2)n: C, 50.17%; H, 3.61%; La, 

41.45; Found: C, 56.84; H, 3.60%. From thermal gravimetric analysis (TGA), the loading of La was found to be 22 

wt%. 
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Figure S4. 20 HCP-Lanthanum/Binaphthol nitrogen isotherm at 77.3 K. 
Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S4. 21 HCP-Lanthanum/Binaphthol FT-IR measured using KBr discs. 
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HCP-Binaphthol/Aniline: 

A mixture of dimethoxymethane (1.06 mL, 12.0 mmol), 1,1'-bi-2-naphthol (0.43 g, 1.5 mmol), and aniline (0.14 

mL, 1.5 mmol) in 1,2 dichloroethane (10 mL) was stirred for 10 min under nitrogen. Iron(III) chloride (1.95 g, 12.0 

mmol) was then added and the mixture was heated under reflux at 80 °C overnight. After cooling to room 

temperature, the precipitate was filtered and washed thoroughly with methanol. The product was further 

purified by Soxhlet extraction with methanol overnight then dried overnight under vacuum at 60 °C to afford 

HCP-Binaphthol/Aniline. (yield = 0.66 g). Calc. for (C44H43N2O2)n: C, 83.64; H,  6.86; N, 4.43%; Found: C, 73.36; H, 

4.89; N, 3.04%. 
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Figure S4. 22 HCP-Binaphthol/Aniline nitrogen isotherm at 77.3 K. Adsorption 
(filled symbols), desorption (hollow symbols). 
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Figure S4. 23 HCP-Binaphthol/Aniline FT-IR measured using KBr discs. 
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HCP-Binaphthol/Pyrrole: 

A mixture of dimethoxymethane (1.06 mL, 12.0 mmol), 1,1'-bi-2-naphthol (0.43 g, 1.5 mmol), and pyrrole ( 0.10 

mL, 1.5 mmol) in 1,2 dichloroethane (10 mL)  was stirred for 10 min under nitrogen. Iron(III) chloride (1.95 g, 

12.0 mmol) was then added and the mixture was heated under reflux at 80 °C overnight. After cooling to room 

temperature, the precipitate was filtered and washed thoroughly with methanol. The product was further 

purified by Soxhlet extraction with methanol overnight then dried overnight under vacuum at 60 °C to afford 

HCP-Binaphthol/Aniline. (yield = 0.71 g). Calc. for (C40H40N2O2)n: C, 82.72; H, 6.94; N, 4.82%; Found: C,69.90; H, 

4.62; N, 3.22%. 
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Figure S4. 24 HCP-Binaphthol/Pyrrole nitrogen isotherm at 77.3 K. 
Adsorption (filled symbols), desorption (hollow symbols). 
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Figure S4. 25 HCP-Binaphthol/Pyrrole FT-IR measured using KBr discs. 
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HCP-Triptycene/Aniline: 

A mixture of dimethoxymethane (1.35 mL, 15.0 mmol), triptycene (0.89 g, 3.5 mmol), and aniline (0.14 mL, 1.5 

mmol) in 1,2 dichloroethane (10 mL)  was stirred for 10 min under nitrogen. Iron(III) chloride (2.45 g, 15.0 mmol) 

was then added and the mixture was heated under reflux at 80 °C overnight. After cooling, the dark precipitate 

was filtered and washed thoroughly with methanol. The product was further purified by Soxhlet extraction with 

methanol overnight then dried overnight under vacuum at 60 °C to produce HCP-Triptycene/Aniline. (yield = 1.4 

g). Calc. for (C56H57N)n: C, 90.40; H, 7.72; N, 1.88%; Found: C,78.71; H, 5.08; N, 1.80%. 
  

 
 

 

 

 
  

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

30

 HCP-Triptycene/Aniline

Q
ua

nt
ity

 A
ds

or
be

d 
(m

m
ol

/g
)

Relative Pressure (p/p°)

 

 

Figure S4 .26 HCP-Triptycene/Aniline nitrogen isotherm at 77.3 K. Adsorption 
(filled symbols), desorption (hollow symbols). 
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Figure S4 .27 HCP-Triptycene/Aniline FT-IR measured using KBr discs. 
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cHCP-Toluene: 

Using a pestle and mortar, hypercrosslinked toluene (2.0 g) and KOH (8.0 g, 142.4 mmol) were thoroughly mixed. 

The mixture was placed in a ceramic boat and inserted within a tube furnace which was purged with N2 for 30 

min at room temperature. Then the furnace was heated to 750 °C at a rate of 5 °C min-1, held at 750 °C for 2 

hours, then cooled to room temperature. The residue was washed thoroughly with 1 M HCl and de-ionised water 

until a pH of 7 was achieved. The carbonized powder was then Soxhlet extracted with methanol overnight and 

dried overnight under vacuum at 60 °C to afford cHCP-Toluene (yield = 0.83 g). Calc. for cHCP-Toluene: C, 100.0%; 

Found: C, 92.50; H, 0.27%.  
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Figure S4. 28 cHCP-Toluene nitrogen isotherm at 77.3 K. Adsorption (filled symbols), 
desorption (hollow symbols). 
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cHCP-Benzene: 

Using a pestle and mortar, hypercrosslinked benzene (2.0 g) and KOH (8.0 g, 142.4 mmol) were thoroughly 

mixed. The mixture was placed in a ceramic boat and inserted within a tube furnace which was purged with N2 

for 30 min at room temperature. Then the furnace was heated to 750 °C at a rate of 5 °C min-1, held at 750 °C 

for 2 hours, then cooled to room temperature. The residue was washed thoroughly with 1 M HCl and de-ionised 

water until a pH of 7 was achieved. The carbonized powder was then Soxhlet extracted with methanol overnight 

and dried overnight under vacuum at 60 °C to afford cHCP-Benzene (yield = 0.56 g). Calc. for cHCP-Benzene: C, 

100.0%; Found: C, 92.89; H, 0.25%.  
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Figure S4. 29 cHCP-Benzene nitrogen isotherm at 77.3 K. Adsorption (filled symbols), 
desorption (hollow symbols). 
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4.7.7 Synthesis of materials used in Plate 3 (synthesized by Christian Meier) 

General procedure for the synthesis of CTFs 1-28: 

To a round bottom flask was charged the desired monomer, N,N-dimethylformamide, and 

aqueous solution of K2CO3 (2.0 M) and the mixture was degassed via N2 bubbling for 30 

minutes. To the above mixture, was added [Pd(PPh3)4] (1.2 mol %) and the solution was 

degassed further by N2 bubbling for 10 minutes before heating to 150 °C for 48 hours. After 

cooling to room temperature, the mixture was poured into water. The precipitate was 

collected by filtration and washed with H2O and methanol followed by Soxhlet extraction with 

cyclopentyl methyl ether for two days and the product was dried under vacuum at 75 °C 

overnight. The synthesis of CTFs 1-28 was carried out using the monomers illustrated in 

Scheme S4.8 below.29 
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Scheme S4 .8 Reaction scheme for the synthesis of CTFs 1-28 (Plate 3).29  
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4.7.8 Synthesis of materials used in Plate 4 (synthesized by Thanchanok 
Ratvijitvech) 

Synthesis of CLPS-RAFT-1-DP-12 & CLPS-RAFT-1-DP-18 

Linear polystyrene was synthesised via reversible addition-fragmentation chain transfer 

polymerisation (RAFT): To a solution of  RAFT agent; 4-cyano-4-[(dodecylsulfanylthiocarbonyl) 

sulfanyl]pentanoic acid (CDDPA), (0.75 mmol, 0.3 g) in 1,4-dioxane (3.75 mL) was added 

styrene (9 mmol, 0.93 g). To this was added and 4,4′-azobis(4-cyanovaleric acid) (ACVA), (0.4 

mmol, 0.1 g) as an initiator. The solution was bubbled with nitrogen for 30 minutes then 

heated to 60 °C under stirring and nitrogen for 90 hours. After cooling the mixture to room 

temperature, the product was precipitated in water and dried under vacuum at 40 °C, 

overnight to yield linear polystyrene with degree of polymerization =12 (PS-DP-12). PS-DP-18 

was synthesized following the above synthetic procedure using different ratios of CDDPA and 

ACVA of (0.5 mmol, 0.2 g) and (0.25 mmol, 0.07 g), respectively. Cross-linking of PS-DP-12: 

To a solution of linear polystyrene (PS-DP-12) in 1,2-dichloroethane (DCE) (1.2 mL) was added 

formaldehyde dimethyl acetal (FDA) (1.2 mmol, 0.1 mL) and iron(III) chloride (FeCl3) (1.2 

mmol, 0.19 g). The reaction was heated to 80 °C overnight under nitrogen, followed by 

methanol quenching. The product was filtered and washed with methanol and was further 

purified by Soxhlet extraction in methanol for three days and dried under vacuum at 70 °C 

overnight to yield CLPS-RAFT-1-DP-12. CLPS-RAFT-DP-18 was synthesized following the above 

synthetic procedure using PS-DP-18 (0.1 mmol, 0.17 g), DCE (2.4 mL), FDA (2.4 mmol, 0.21 g), 

and FeCl3 (2.4 mmol, 0.39 g) to yield CLPS-RAFT-1-DP-18 respectively. 

 

Synthesis of CLPS-1-MeOH, and CLPS-1-EtOH  

PS-DP-25 was synthesized following the above synthetic procedure used to synthesize PS-DP-

18 using different ratios of styrene (18 mmol, 1.88 g), CDDPA (0.75 mmol, 0.29 g), ACVA of 

(0.4 mmol, 0.1 g) and 1,4-dioxane (7.5 mL). PS-DP-25 was precipitated in 2 different solvents: 

methanol and ethanol to form PS-1-MeOH and PS-1-EtOH, respectively. PS-1-MeOH was 

crosslinked following the same procedure used for CLPS-RAFT-1-DP-18 using PS-1 (0.04 mmol, 

0.09 g), FDA (1.6 mmol, 0.14 mL), FeCl3 (1.6 mmol, 0.26 g), and DCE (1.6 mL) to yield CLPS-1-

MeOH. CLPS-1-EtOH was synthesized following the above procedure using PS-1-EtOH. 
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Synthesis of CLPS-1-10, CLPS-1-50, and CLPS-1-100  

PS-DP-10 was synthesized following the above synthetic procedure used to synthesize PS-DP-

18 using different ratios of styrene (18 mmol, 1.88 g), CDDPA (1.7 mmol, 0.7 g), ACVA of (1 

mmol, 0.25 g) and 1,4-dioxane (7.5 mL). PS-DP-50 was synthesized using styrene (18 mmol, 

1.88 g), CDDPA (0.38 mmol, 0.15 g), ACVA of (0.2 mmol, 0.05 g) and 1,4-dioxane (7.5 mL). PS-

DP-100 was synthesized using styrene (18 mmol, 1.88 g), CDDPA (0.18 mmol, 0.07 g), ACVA 

of (0.04 mmol, 0.01 g) and 1,4-dioxane (7.5 mL). PS-DP-10, PS-DP-50, and PS-DP-100 were 

crosslinked using PS-DP-10 was crosslinked following the same procedure used for CLPS-

RAFT-1-DP-18 using PS-DP-10 (0.5 mmol, 0.7 g), FDA (10 mmol, 0.88 mL), and FeCl3 (10 mmol, 

1.6 g), and DCE (10 mL) to yield CLPS-1-10. CLPS-1-50 and CLPS-1-100 were synthesized 

following the above procedure using PS-1-50 (0.1 mmol, 0.56 g) and PS-1-100 (0.5 mmol, 0.54 

g), respectively. 

Synthesis of HCP-EB 

HCP-EB was synthesized using ethylbenzene (10 mmol, 1.1 g), FDA (20 mmol, 1.5 g), 

FeCl3 (20 mmol, 3.2 g) in DCE (20 mL). The synthetic procedure is identical to the 

procedure followed for the synthesis of CLPS-RAFT-1-DP-18.   

Synthesis of CLPS-2-1 

CLPS-2a was synthesized using styrene (10 mmol, 1 g), FDA (20 mmol, 1.5 g), FeCl3 (20 

mmol, 3.2 g) in DCE (20 mL). The synthetic procedure is identical to the procedure 

followed for the synthesis of CLPS-RAFT-1-DP-18. 

Synthesis of CLPS-3-1 

For the Synthesis of PS-3, Dodecylthiocarbonothioylthio)-2-methylpropionic (DDMAT) was 

used as a RAFT agent. ACVA was used as an initiator. Styrene (18 mmol, 1.9 g) was added to 

a Schlenk flask, to this was added DDMAT (0.72 mmol, 0.26 g) and ACVA (0.36 mmol, 0.1 g), 

and 1,4-dioxane (7.5 mL).  The synthetic procedure is identical to the procedure followed for 

the synthesis of PS-DP-12. CLPS-3-1 was synthesized using PS-3 (0.05 mmol, 0.1 g), FDA 

(1.9 mmol, 0.16 mL), FeCl3 (1.9 mmol, 0.31 g) in DCE (1.9 mL). The synthetic procedure 

is identical to the procedure followed for the synthesis of CLPS-RAFT-1-DP-18. 
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Synthesis of CLPS-4-1 

For the Synthesis of PS-4, 2-Cyano-2-propyl dodecyl trithiocarbonate (CPDT) was used as a 

RAFT agent. ACVA was used as an initiator. Styrene (18 mmol, 1.9 g) was added to a Schlenk 

flask, to this was added CDPT (0.72 mmol, 0.25 g) and ACVA (0.36 mmol, 0.1 g), and 1,4-

dioxane (7.5 mL). The synthetic procedure is identical to the procedure followed for the 

synthesis of PS-DP-12. CLPS-4-1 was synthesized using PS-4 (0.05 mmol, 0.1 g), FDA (1.9 

mmol, 0.16 mL), FeCl3 (1.9 mmol, 0.31 g) in DCE (1.9 mL). The synthetic procedure is 

identical to the procedure followed for the synthesis of CLPS-RAFT-1-DP-18. 

 

Synthesis of CLPS-5-1 

For the Synthesis of PS-5, 2-Cyano-2-propyl benzodithioate (CPBT) was used as a RAFT agent. 

ACVA was used as an initiator. Styrene (18 mmol, 1.9 g) was added to a Schlenk flask, to this 

was added CPBT (0.36 mmol, 0.08 g) and ACVA (0.18 mmol, 0.05 g), and 1,4-dioxane (7.5 mL).  

The synthetic procedure is identical to the procedure followed for the synthesis of PS-DP-12. 

CLPS-5-1 was synthesized using PS-5 (0.05 mmol, 0.13 g), FDA (2.2 mmol, 0.17 mL), 

FeCl3 (2.2 mmol, 0.36 g) in DCE (2.2 mL). The synthetic procedure is identical to the 

procedure followed for the synthesis of CLPS-RAFT-1-DP-18. 
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5.1 Conclusions 

In conclusion, a library of hypercrosslinked polymers (HCPs) was synthesized in-house using 

different monomers leading to various Brunauer–Emmett–Teller surface areas (SABET). The CO2 

uptake, CO2 isosteric heat of adsorption (Qst) and CO2/N2 Ideal Adsorbed Solution Theory (IAST) 

selectivity was evaluated for each of the polymers. The best-performing polymer was HCP-

Fluorobenzene (where fluorobenzene was used as monomer) showing a relatively good CO2/N2 

IAST selectivity of 20:1 in a 15:85 CO2/N2 mixture at 298 K/1 bar due to the presence of the polar 

fluorine in the network. However, HCP-Fluorobenzene suffered from its low SABET of 712 m2/g, 

leading to a relatively low CO2 uptake of 1.0 mmol/g at 298 K/1 bar. To overcome the issue of 

low SABET, we attempted post-synthetic modification of a parent HCP network exhibiting a high 

SABET which would then be further reacted to load functional CO2-philic groups. To serve our 

purpose, the high SABET HCP-SC network (1811 m2/g) was chosen for the electrostatic attachment 

of ‒SO3NH4 through first reacting HCP-SC with sulfonic acid followed by neutralization with 

ammonium hydroxide to yield HCP-SC-SO3NH4. HCP-SC-SO3NH4 exhibited a CO2 uptake of 2.5 

mmol/g at 298 K/1 bar and CO2/N2 selectivity of 42:1 in a 15/85 CO2:N2 at 298 K/1 bar versus CO2 

uptake of 1.4 mmol/g and selectivity of 10:1 for HCP-SC under similar conditions. The high CO2/N2 

selectivity of HCP-SC-SO3NH4 was attributed to the presence of the polar groups in addition to 

the narrow pore size distribution. We have also attempted covalent attachment of imidazole to 

HCP-SC by reacting with imidazole (IMI) to yield HCP-SC-IMI. This was followed by grafting  

‒SO3NH4 to yield HCP-SC-IMI-SO3NH4. Although HCP-SC-IMI-SO3NH4 showed a higher nitrogen 

content than HCP-SC-SO3NH4, its CO2/N2 selectivity was lower which we believe is due to the 

narrower pores present in HCP-SC-SO3NH4.   

In addition to HCPs, we have studied Scholl-coupled polymers (SCPs) and synthesized a library 

using different monomers which exhibited, in general, higher SABET than HCPs. A simple one-pot 

electrophilic fluorination was successfully achieved for each of the Scholl-coupled networks (7 in 

total). The highest fluorine loading achieved was 2.96 wt% for the fluorinated analogue of SC-

TPB (SC-TPB F). The remaining analogues showed fluorine content in the range of 0.72-2.03 wt%. 

SC-TPB F exhibited a 25% increase in its CO2 uptake when compared to the parents SC-TPB, going 

from 2.4 mmol/g for SC-TPB to 3.0 mmol/g for SC-TPB F, respectively, at 298 K/1 bar. Similarly, 



Page | 271  
 

the CO2/N2 selectivity of SC-TPB F reached 26:1 going from 10:1 for SC-TPB, in a 15/85 CO2:N2 at 

298 K/1 bar. The presence of polar fluorines positively influenced the CO2 uptake, CO2/N2 

selectivity, and CO2 Qst across almost all of the fluorinated analogues‒CO2 Qst was in the 

physisorption region of below 40 kJ/mol for all polymers. However, the fluorinated analogues did 

not show a similar pattern of enhanced interactions towards CH4, although there is a number of 

literature reports suggesting CH4 enhanced interactions to the polymer when fluorine is present. 

More understanding of the polymer-CH4 interactions is required, in addition to further 

optimization to the reaction to load a higher wt% of fluorine. 

In Figure 1.8 (Chapter 1), we plotted the CO2/N2 selectivity against CO2 uptake (298 K/1 bar) 

for the best preforming materials generated from our literature search. Similar to Figure 1.8, we 

have compiled the polymers discussed in Chapters 2&3 of this project and produced 5 different 

plots where in a) SABET is plotted against CO2 uptake (298 K/1 bar), b) total pore volume against 

CO2 uptake (298 K/1 bar), c) CO2/N2 selectivity against CO2 uptake (298 K/1 bar), d) SABET against 

CO2/N2 selectivity, and e) total pore volume against CO2/N2 selectivity (Figure 5.1 below). The 

aim of the different plots was to investigate if there is any apparent relation existing between 

any of the parameters. We have concluded that no trends could interpreted from the plots. It is 

worth noting that there are few anomalies observed in the plots including the high SABET of SC-

TPB of 2535 m2/g, the high CO2/N2 selectivity the HCP-SC-SO3NH4. In addition to the high total 

pore volume of the HCP-SC of 3.5 cm3/g which is believed to be caused by the presence of meso- 

and macropores in the network and capillary condensation (discussed in Chapter 2).  
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Figure 5. 1 Plots of the polymers discussed in Chapters 2&3; a) SABET against CO2 uptake (298 K/1 bar), 
b) total pore volume against CO2 uptake (298 K/1 bar), c) CO2/N2 selectivity against CO2 uptake (298 K/1 bar), 
d) SABET against CO2/N2 selectivity, and e) total pore volume against CO2/N2 selectivity. 
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Finally, we developed a method for high-throughput screening of porous polymers CO2/N2 

selectivity under dry and wet conditions. The instrument uses a thermal imaging camera for the 

detection of the radiated heat from the polymers when CO2 is adsorbed onto the surface. Up to 

96 samples can be tested simultaneously under equilibrium conditions requiring only few 

milligrams of the sample. Our high-throughput screening is more efficient than the breakthrough 

experiments which require larger amount of the samples and can only run one sample at a time. 

The breakthrough experiments also take into account the adsorption kinetics of the gasses which 

mimics to some extent real life conditions present in power plants exhaust streams. Our 

screening under dry condition revealed that the presence of polar groups is essentials to obtain 

good CO2/N2 selectivity. Under wet conditions however, almost all of the polymers that showed 

promising results under dry conditions did not retain much of their CO2 capacity under humid 

conditions. An exception was observed for HCP-Fluorobenzene, which retained almost all of its 

CO2 selectivity going from dry to wet conditions which might be attributed to the presence of 

fluorines making the network hydrophobic. In general, polymers with halogens in their back-bone 

and groups such as methyl retained more CO2 capacity under humid conditions than functional 

groups such as nitrogen.  

Physisorbents suffer from moisture competitive adsorption which renders their CO2 capacity 

under humid conditions. In order for physisorbents to move forward and overtake amine solvents 

for CO2 post-combustion capture, more efforts should be attempted in increasing their CO2 

capacity under humid conditions, rather than the current procedure in the literature where 

adsorbents are tested, mostly, under dry conditions.  
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5.2 Future work 

Future work of this project could involve further optimization of the fluorination reaction 

conditions to increase the loading of fluorines in the Scholl-coupled polymers. We have achieved 

a fluorine loading of 3.0% in SC-TPB F (post-synthetically fluorinated 1,3,5-triphenylbenzne based 

network) whereas SC-Fluorobenzene (Scholl-coupled fluorobenzene based network), exhibited a 

fluorine loading of 9.8%. Increasing the loading of fluorine is anticipated to increase the 

hydrophobicity, CO2 uptake and CO2/N2 selectivity of the polymers. Using other classes of 

adsorbents such as metal-organic frameworks (MOFs) is also a possibility. MOFs tend to show 

higher CO2 uptakes than organic polymers in spite of their higher cost due to the use of metals. 

Development of relatively cheaper MOFs in addition to exploring means of increasing their 

hydrophobicity in a cost-efficient manner could result in potentially better CO2-adsorbent. 

Potential future work on our in-house high-throughput screening tool (HT-IR), could include 

automating the manual dosing valves which would result in a more accurate CO2 dosages. The 

HT-IR system also needs a better chamber temperature control system since the current 

measurements are run at room temperature which can vary. Last, the silicon-oil bath circulator 

is limited to 100 °C, installing a more advanced circulator that can go to a higher temperature 

would be necessary for the screening of materials requiring higher activation temperatures. It is 

worth mentioning that the HT-IR instrument is patented and being commercialized by 

Micromeritics where a prototype instrument is under development (International Publication 

Number: WO 2018/154294 A1). 
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5.3 Appendix 

Polymer SABET 

 (m2/g) 

Temp. 

(ᵒC) 

CO2 Uptake @ 1 

bar (mmol/g) 

CO2/N2 
Selectivity  

Qst 

(kJ/mol) 

Reference 

SAGA-850 1230 0 2.5 - - 1 

N-doped 

graphene composite 

1360 25 4.3 34:1* - 2 

S-doped graphene 
(a-SG6)c 

1396 25 4.5 51:1* - 3 

HRGO-100d  530 0 2.4 91:1** 51 4 

GO-TETA-Ac/Cu3(BTC)2 2043 25 5.6 21:1*** - 5 

HG–PEI 1.98 nanocomposites 17 25 4.13 - 68 6 

Polyindole derivatives PIF-6 527 25 3.2 59:1* 43 7 

Py800 4334 25 3.5 - - 8 

Mg-MOF-74 1800 20 8.5 148:1*  

@ 50 °C 

42 9 

PEI-MIL-101 

 

183 25 4.4 at 1.0 bar  770:1* 63 10 

50 4.5 at 1.0 bar 1200:1* 

Ethanol amine UiO-66 

 

567 25 1.04  365:1*  66  11 

50 0.65  - 

SIFSIX-3-Cu 300 25 2.5 10500:1** 54 12 

SIFSIX-3-Zn 420 25 2.5 7259:1** 46 12 

Mmen-Mg-MOF 70 25 3.9 at 1.0 bar 200:1***  

@ 25 °C 

15 13 

50  3.2 at 1.0 bar - 

IRMOF-74-CH2NH2 2310 25 3.2  - - 14 

BILP-101 536 25 2.4 at 1.0 bar  71:1* 33 15 

PPN-6-SO3Li 1186 0 3.7 414:1* @ 

22 ᵒC  

36 16 

PPN-6-CH2DETA 555 22 4.3 442:1* @ 

22 ᵒC 

56 17 

BILP-2 708 25 2.4 71:1* 29 18 

ALP-7 412 25 1.6 56:1* 31 19 

TPP-1-NH2 554 25 2.6 33:1* 41 20 
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Polymer SABET 

 (m2/g) 

Temp. 

(ᵒC) 

CO2 Uptake @ 1 

bar (mmol/g) 

CO2/N2 
Selectivity  

Qst 

(kJ/mol) 

Reference 

CMP-1-NH2 710 0 1.4 - 33 21 

CMP-1-CO2H 522 0 1.4 - 29 21 

AB-COF 1125 25 1.8 88:1* 24 22 

Polymer 1 1788 25 3.0 - 25 23 

PPN-6-SO3NH4 593 22 3.9 at 1.0 bar 796:1* @ 

45 °C 

40 24 

HCP-Toluene 875 25 1.0 16:1 29 This work 

HCP-Benzene 1165 25 1.5 17:1 29 This work 

HCP-Triptycene 1604 25 1.9 17:1 33 This work 

HCP-Triphenylbenzene 1256 25 1.5 14:1 25 This work 

HCP-Fluorobenzene 712 25 1.0 19:1 33 This work 

HCP-SC 1811 25 1.4 10:1 19 This work 

HCP-SC-SO3H 1246 25 2.2 19:1 37 This work 

HCP-SC-SO3NH4 808 25 2.5 42:1 36 This work 

HCP-SC-SO3TEA 582 25 1.2 6:1 36 This work 

HCP-SC-SO3ETA 546 25 1.5 8:1 31 This work 

HCP-SC-SO3IMI 657 25 1.5  18:1 45 This work 

HCP-SC-SO3EN 509 25 1.6 12:1 32 This work 

HCP-SC-IMI 1049 25 1.7 14:1 45 This work 

HCP-SC-IMI-SO3H 745 25 1.7 29:1 36 This work 

HCP-SC-IMI-SO3NH4 642 25 2.1 30:1 35 This work 

SMPs-1 1254 25 10.4  wt.% - - 25 

SMPs-2 822 25 - - - 25 

SMPs-3 636 25 - - - 25 

SMPs-4 757 25 - - - 25 

SMPs-5 856 25 11.2 wt.% - - 25 

SMPs-6 879 25 - - - 25 

SMPs-7 1421 25 11.5 wt.% - - 25 

Triptycene 1750 25 3.1 - - 26 

TPB 2435 25 3.6 - - 26 

TPB (CHCl3) 1415 25 3.2 - - 26 

Spirobifluorene 2035 25 3.0 - - 26 
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Polymer SABET 

 (m2/g) 

Temp. 

(ᵒC) 

CO2 Uptake @ 1 

bar (mmol/g) 

CO2/N2 
Selectivity  

Qst 

(kJ/mol) 

Reference 

HPB 1790 25 2.7 - - 26 

Biphenyl 1555 25 2.7 - - 26 

Biphenyl (CHCl3) 800 25 2.4 - - 26 

Triphenylene 1180 25 2.9 - - 26 

DPA 1020 25 2.0 - - 26 

TPP 905 25 2.0 - - 26 

TPM 125 25 1.3 - - 26 

SC-Fluorobenzene 451 25 0.35 20:1 29 This work 

SC-TPB 2535 25 0.88 10:1 24 This work 

SC-Triptycene 1760 25 0.84 14:1 26 This work 

SC-Biphenyl 1842 25 0.91 13:1 26 This work 

SC-Binaphthyl 1888 25 0.91 15:1 26 This work 

SC-Fluoranthene 1951 25 1.10 11:1 25 This work 

SC-Naphthalene 1169 25 0.72 17:1 27 This work 

SC-Triphenylene 1460 25 0.97 15:1 27 This work 

SC-TPB F 1446 25 3.0 26:1 27 This work 

SC-Triptycene F 1659 25 2.7 22:1 26 This work 

SC-Biphenyl F 1169 25 2.6 18:1 28 This work 

SC-Binaphthyl F 1632 25 2.8 19:1 27 This work 

SC-Fluoranthene F 1835 25 3.0 16:1 27 This work 

SC-Naphthalene F 810 25 2.8 22:1 28 This work 

SC-Triphenylene F 1376 25 2.6 16:1 27 This work 

HCP-Benzene 1170 25 1.6 17:1 29 27 

HCP-F-SO3H 562 25 1.3 23:1 32 This work 

HCP-Toluene/Fluorobenzene 678 25 1.1 - - This work 

HCP-Toluene/Aniline 410 - - - - This work 

cHCP-Benzene 2854 25 3.3 8:1 24 8 

cHCP-Toluene 3364 25 2.8 7:1 33 This work 

HCP-Anisole 637 - - - - This work 

HCP-Triptycene/Aniline 1132 25 1.7 21:1 - This work 

HCP-Toluene/Aminobezoic 

acid 

455 25 0.9 3:1 - This work 



Page | 278  
 

Polymer SABET 

 (m2/g) 

Temp. 

(ᵒC) 

CO2 Uptake @ 1 

bar (mmol/g) 

CO2/N2 
Selectivity  

Qst 

(kJ/mol) 

Reference 

CTF-1 (plate 2) 9 - - - - 28 

CTF-2 (plate 2) 560 - - - - 28 

CTF-2 (S) (plate 2) 209 - - - - 28 

CTF-3 (S) (plate 2) 380 - - - - 28 

CTF-4 (S) (plate 2) 100 - - - - 28 

CMP-1 942 25 1.2 14:1 25 This work 

CMP-1-NH2 804 25 1.1 16:1 28 This work 

CMP-1-CO2H 841 25 1.2 17:1 28 This work 

HCP-Binaphthol 1011 - - - - - 

HCP-

Lanthanum/Fluorobenzene 

333 - - - - - 

HCP-Lanthanum/Binaphthol 678 - - - - - 

HCP-Binaphthol/Aniline 268 - - - - - 

HCP-Binaphthol/Pyrrole 790 - - - - - 

HCP-Phenol 110 - - - - - 

ATFG-COF 325 25 1.7 21:1 31 22 

PIM-1 860 - - - - 29 

Uio-66 MOF 1187 - - - - Strem 

Chemicals 

HCP-Chlorobenzene 319 - - - - 30 

HKUST-1 MOF 1055 - - - - Sigma-

Aldrich 

CC3 624 25 1.9 - - 31 

Zeolite 13X 616 - - - - Sigma-

Aldrich 

CTF-1 (Pate 3) 10 - - - - 32 

CTF-2 (Pate 3) 166 - - - - 32 

CTF-3 (Pate 3) 184 - - - - 32 

CTF-4 (Pate 3) 166 - - - - 32 

CTF-5 (Pate 3) 446 - - - - 32 

CTF-6 (Pate 3) 99 - - - - 32 

CTF-7 (Pate 3) 160 - - - - 32 
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Polymer SABET 

 (m2/g) 

Temp. 

(ᵒC) 

CO2 Uptake @ 1 

bar (mmol/g) 

CO2/N2 
Selectivity  

Qst 

(kJ/mol) 

Reference 

CTF-8 (Pate 3) 175 - - - - 32 

CTF-9 (Pate 3) 48 - - - - 32 

CTF-10 (Pate 3) 76 - - - - 32 

CTF-11 (Pate 3) 10 - - - - 32 

CTF-12 (Pate 3) 121 - - - - 32 

CTF-13 (Pate 3) 25 - - - - 32 

CTF-14 (Pate 3) 33 - - - - 32 

CTF-15 (Pate 3) 326 - - - - 32 

CTF-16 (Pate 3) 24 - - - - 32 

CTF-17 (Pate 3) 242 - - - - 32 

CTF-18 (Pate 3) 597 - - - - 32 

CTF-19 (Pate 3) 134 - - - - 32 

CTF-20 (Pate 3) 29 - - - - 32 

CTF-21 (Pate 3) 536 - - - - 32 

CTF-22 (Pate 3) 412 - - - - 32 

CTF-23 (Pate 3) 106 - - - - 32 

CTF-24 (Pate 3) 66 - - - - 32 

CTF-25 (Pate 3) 91 - - - - 32 

CTF-26 (Pate 3) 461 - - - - 32 

CTF-27 (Pate 3) 482 - - - - 32 

CTF-28 (Pate 3) 13 - - - - 32 

CLPS-2-1 59 25 0.9 - - unpublished 

result33 

HCP-EB - - - - - unpublished 

result33 

CLPS-4-1 12 25 0.7 - - 33 

CLPS-1-50 - - - - - unpublished 

result33 

CLPS-RAFT-1-DP-12 - - - - - unpublished 

result33 

CLPS-1-10 - - - - - unpublished 

result33 

CLPS-RAFT-1-DP-18 - - - - - unpublished 

result33 

CLPS-1-EtOH 767 25 1.1 - - 33 
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CLPS-3-1 9 25 0.7 - - 33 

CLPS-5-1 502 25 0.9 - - 33 

CLPS-1-100 - - - - - unpublished 

result33 

CLPS-1-MeOH 738 25 1.1 - - 33 
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