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ABSTRACT 

Post-Synthesis Functionalization of Porous Organic Polymers for 

CO2 Capture 

Mona S. Al.Otaibi 

 

Solid porous materials are network materials that contain space void. Porous Organic 

Polymers (POPs) are porous materials, which are constructed from organic building 

blocks and exhibit large surface area with low densities. Due to these characteristics, 

POPs have attracted attentions because of their potential use in application such as gas 

storage and chemical separation. 

This thesis presents a study of the synthesis of novel POP being a network based on 2,5- 

dibromobenzaldehyde and 1,3,5-triethynylbenzene linked together via Sonogashira- 

Hagihara (SH) coupling. This network showed a relatively good surface area of 770 m2/g 

and total pore volume of 0.59 cc/g. In addition, it proved to be chemically and thermally 

stable, maintaining the thermal stability up to 350oC. 

In addition to synthesize novel aldehyde-POP network, it was also possible to post 

synthetically modify a network via one-step post synthetic functionalization by amine. 

Ethelynediamine (EDA), Diethylenetriamine (DETA), and Tris(2-aminoethyl)amine (Tris-

amine) are three different amines used for aldehyde-POP functionalization. The 

produced networks were aminated via different amine species substitution the 

aldehyde group present within the network. Modification to these networks resulted in 
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a decrease in surface area from 770 m2.g-1 to 333 m2.g-1, 162 m2.g-1, and 211 m2.g-1 in 

respective to EDA, DETA, and Tris-amine. Although the surface areas were decreased, 

the CO2 adsorption was enhanced as evidenced by the increase of Qst (i.e., from 25 to 

45 kJ.mol-1 for DETA at low coverage). 

Our findings are expected to strengthen existing research areas of the influence of 

different type of amines (e.g aromatic amine) on CO2 adsorption. Although amine 

grafting has been studied in other systems (e.g., PAFs and MOFs), we are the first to 

reported amine functionalized POPs using a novel one-step amine grafting PSM 

procedure. Future research might extend to study the interaction between CO2 and 

amine species under real working conditions. 
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CHAPTER 1: Introduction 

Carbon dioxide (CO2) emissions from stationary power plants and the 

transportation sector are recognized to be the most important cause of global warming 

which resulted in turn from fossil fuel burning. Since the start of the industrial age, the 

CO2 concentration has increased from 280 ppm in 1750 to 400 ppm at present, and this 

rapid increase has affected the atmospheric system negatively1,2.  In fact, the non-

natural raising of this greenhouse gas (GHG) CO2 is recognized to be the direct cause of 

global warming. 

Due to the increasing tendency in energy demand in many countries, and the 

need for technologies to reduce the amount of (GHG) emissions, capture of CO2 

economically and prevention of it from reaching the atmosphere has been identified as 

one of the attractive solutions to prevent global warming. The Intergovernmental Panel 

on Climate Change (IPCC) has reported that the use of carbon capture and storage 

technologies (CCS) could reduce up to 90% of the CO2 emissions if the power plants are 

equipped with this system2. 

Carbon capture and storage (CCS) mostly refers to methods for controlling CO2 

emissions in large stationary sources. The CCS is a three-step process comprising CO2 

separation, transportation/compression and storage. The storage and 

transportation/compression of CO2 are rather mature technologies compared to the 

carbon capture process. CO2 capture process can be defined as a process focused on 

separating CO2 from other valuable commodities such as N2, O2, H2, and CH4. In industry, 
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CO2 capture processes may operate with different scenarios: post-combustion capture, 

Pre-combustion capture and oxyfuel combustion3 (Fig.1). In post-combustion capture, 

CO2 is removed from flue gas that is usually produced at atmospheric pressure and 

typical had a CO2 concentration of less than 15% in a mixture with N2, O2 and other 

impurities at ppm level. The pre-combustion capture is the process where the syngas 

(CO and H2 mixture) is shifted to hydrogen and carbon dioxide mixture then the CO2 is 

removed under high-pressure. A third method of reducing CO2 emissions is the oxyfuel 

combustion, where pure O2 is used in combustion of fuel instead of air. It produces 

exhausts gas that are mainly water vapor and CO2 that can be easily separated by 

condensation in order to produce pure CO2
1,3. In the entire CCS processing, carbon 

capture process using the conventional and mature amine scrubbing is relatively 

expensive, and that is one of the important reasons for slowing down the deployment of 

commercial carbon capture and storage (CCS) projects. Therefore, one strategy to lower 

the cost of the CO2 separation process is the selection of the suitable separation agent 

that would drive the separation process efficiently. Therefore, one of the challenging 

issues in a solid-state chemistry is the discovery / development of new materials with 

high separation ability. 
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Figure 1: Various approaches for CO2 capture3 

 

The materials that can be used for capturing CO2 from flue gas stream should 

meet performance requirements including high selectivity toward CO2, high affinity to 

CO2 and high stability under capturing and regeneration conditions.  In the context of 

these performance considerations, the main existing approaches /technologies for CO2 

capture and separation were alkanolamine solutions and porous solids such as zeolites 

and activated carbon3.  

Aqueous alkanolamine solutions are the widely used technology to date, 

removing CO2 from gaseous streams via chemical absorption3-5. In this process the gas 

stream is brought to contact with the solvent, and then the solvent will selectively 

absorb the CO2. Then, the solvent rich stream (with CO2) will go to a stripper to be 



17 

 

separated by heating the column to high temperature. Finally, the CO2 stream will be 

condensed and transported, and the solvent will go down for regeneration and pumping 

again to the absorber. Monoethanolamine (MEA) is a commercial alkanolamine for CO2 

capture application and is usually used in a presence of water. Scheme (1) illustrate the 

reaction between MEA (primary amine) and CO2 in 2:1 ratio that result in the formation 

of carbamate species3 

 

Scheme (1): Reaction of CO2 with MEA3 

Although this process can achieve high separation efficiency, it has been proven 

not to be practical in the industry as it consumes a huge amount of energy in the 

regeneration stage2,3. However, solvent based absorption processes are still the main 

technologies for CO2 capture from flue gas. There is a new evolving technology based on 

adsorption on solid adsorbents that is being commercialized and under development. 

For example, there are small-scale pilot plants applying zeolite for adsorption of CO2, 

and it proves rapid adsorption of CO2 and lower energy consequence for the process3,27. 

However, zeolites get saturated with the water vapor present in the flue gas stream, 

which is their major drawback2-5. Indeed, adsorption process is a promising alternative 

separation technique. The success of this technology depends on developing suitable 

adsorbent material with the requisite properties of high CO2 selectivity, high adsorption 
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capacity, and easy regeneration that in turn has a direct effect on both economic and 

operational factors for CO2 capture from flue gas5. Despite the fact that, plenty of 

adsorbent materials have been studied and have been already implemented in CO2 

separation, including zeolites, and activated carbons, there is still need to investigate a 

new materials with high CO2 separation performance2,3. 

1.1 Principles and Fundamental of Adsorption 

Adsorption system can be defined as the equilibrium of an adsorbent with the 

bulk phase at the interfacial layer6,7. Adsorption refers to a process where the molecules 

of matter (adsorbate) accumulate onto surface (adsorbent), and desorption is the 

reverse process. Adsorption can be either physical (physisorption) or chemical 

(chemisorption) depending on the chemical bond formed between adsorbent and 

adsorbate. While chemisorption occurs only as a monolayer and at temperature higher 

than the critical temperature of a given gas, physisorption is a reversible process that is 

very effective at temperature lower or close to the critical temperature of an adsorbed 

substance6. 

Adsorption process is usually studied through the graphs known as isotherms. It is the 

equilibrium between the amounts of adsorbate into the adsorbent as a function of its 

pressure at a constant temperature7. There are five different type of adsorption 

isotherm as shown below: 
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Figure. 2: Adsorption Isotherm 

Type I isotherm is observed for the adsorption of gas on microporous solids that 

contains pores in the 0-20 oA range approximately. When the size of the pore is close 

and higher to the molecular diameter of the adsorbate, a very steep typical type I may 

occur. This leads to complete filling of the pores, which corresponds to the completion 

of monolayer coverage. 

Type II isotherm is observed for the adsorption of gas on adsorbents with a wide 

distribution of pore sizes. In the other word, this type indicates uncertain multi-layer 

formation after completion of monolayer. 

Type III isotherm indicates that monolayer formation is missing where there is no 

flattish portion in the curve. 

http://www.google.com.sa/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=84q-jq-w1D83iM&tbnid=dweMxWPwyptTqM:&ved=0CAUQjRw&url=http://www.nippon-bel.co.jp/tech/seminar02_e.html&ei=1bhXU8XaDMi90QXe2ID4Dg&psig=AFQjCNG-EokwZ5zOy1FBOvovCryuooHIug&ust=1398344181519841
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Type IV explains formation of monolayer followed by multilayer at lower 

pressure, and this is similar to type II. Then, the saturation level reaches pressure below 

the saturation vapor pressure corresponding to completely filling with the capillaries. 

Type V is similar to type IV; it shows a phenomenon of capillary condensation of 

gas. 

There are three mechanisms of the adsorption-based separation: steric (shape 

selectivity or molecular sieving), equilibrium and kinetics (pore diffusion)6. The steric 

mechanism occurs when the molecules with small kinetic diameter can get adsorbed by 

passing through adsorbent pores while the large molecule can not. On the other hand, 

the kinetics is based on different diffusion rate of species within the pore of solid 

adsorbent. The equilibrium mechanism depends on the solid capacity to adsorb 

different species (i.e. gas molecules), and the most of the adsorption separation 

processes are equilibrium separation. 

  In the separation process, the regeneration of solid adsorbent is very important. 

Typically, the solid adsorbent will be packed into fixed-bed column, and the adsorbate 

molecules will be removed by increasing temperature or reducing pressure3. Based on 

this, the regeneration can be achieved mostly by three different processes: temperature 

swing adsorption (TSA), pressure swing adsorption (PSA) and vacuum swing adsorption 

(VSA)3. In TSA, the gas molecules desorb from the adsorbent material by increasing 

temperature while lowering pressure is the main driving force of regeneration in PSA or 

VSA.  



21 

 

1.2  Adsorbents  

Porous materials are solid materials containing pores, which are classified 

according to the size. Macropores solid are materials with pore widths greater than 50 

nm. Mesopores solid are materials containing pore sizes in a range of 2 nm to 50 nm 

and micropores are those with pore sizes less than 2 nm8. 

In porous materials, the distribution of shapes, sizes, and the volume of the void 

spaces have a great impact on their ability towards a particular application. For example, 

the uniform structure of microporous materials can be used to allow gases to pass 

through materials and to separate molecules depending on their size by allowing small 

molecules to enter their pores. Indeed, the pore size plays a significant role in gas-

chemical separation applications9,10. 

Zeolites and activated carbons are the two main classes of microporous 

materials that widely used in industry. At present, many novel microporous adsorbents 

have been synthesized in the research labs to meet the requirement for development of 

energy efficient and environmental process. These include Metal-Organic Framework 

(MOFs), Porous Organic Polymer (POPs) including Covalent Organic Frameworks (COFs), 

Hyper-Cross-linked Polymers (HCPs), Conjugated Microporous Polymer (CMPs). Thanks 

to their high surface areas and various degrees of pore sizes, these materials have 

shown promising reslts for different applications such as gas storage, gas separations 

and catalysis. In the following paragraphs, the novel adsorbents MOFs and POPs are 

discussed. 
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1.2.1   Metal - Organic Frameworks 

Metal – Organic Frameworks (MOFs) are crystalline materials consisting of 

metal-based nods (single ion or cluster) linked together by organic ligands. Assembly of 

MOFs structures can be achieved by combining metal ions and organic ligands building 

block to provide crystalline and porous network; however, other important criteria that 

can affect the MOF synthesis including the type of solvents, temperature range as well 

as ratio and concentration of reagents3. 

In MOFs synthesis, carboxylate ligands are commonly used as organic building 

blocks. Also, Zn (II) and Cu (II) are the most common metal ions employed as metal 

building blocks12. For example, MOF 5 is formed via a reaction between zinc salt and 1,4 

benzendicarboxylic acid (BDC) in DMF under solvothermal reaction which produce a 

porous framework with surface area of 2900 m2g-1 (Fig.3)11. On the other hand, HKUST-1 

has been synthesized from copper (copper paddle wheel SBU) as shown in Fig. 4 and 

carboxylate linker, and it shows surface area of 917.6 m2g-1.  The axial positions in a 

paddle wheel SBU are occupied by solvent molecules, which can be removed by heating 

or vacuum to generate a framework with open metal sites where gas molecules can 

then have strong interaction with these metal open sites (Fig. 4)10. 
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Figure 3: Structure of MOF 511 

 

Figure 4: Generation of open metal site at copper paddle wheel of MOF10 

 

MOFs are promising solid materials for real-world applications thanks to the 

ability to control their structures and chemical composition, particularly for CO2 

capture3.  
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1.2.2   Porous – Organic Frameworks 

  The synthetic strategies to prepare porous organic polymers (POPs) rely on 

linking different organic monomers (the node) containing functionalities (the struts) in 

order to form extended networks using much different chemistry.  When this network 

structure does not collapse after the solvent is removed, the result will be a porous 

network.9,14 

  The main advantage of POPs is that they can be synthesized using different 

chemical methodologies including Sonogashira–Hagihara cross coupling and boroxine- 

and boronate-ester formation, but not limited to. POPs show good chemical and 

thermal stability13 as shown in case of organic aromatic polymers such as HCPs, CMPs, 

and PIMs with good chemical stability to acid and bases. It is to mention that thermal 

stability for POPs is obviously lower than for inorganic materials such as silica. POPs 

represent a great opportunity for post modification, and are particularly good 

candidates to be used as the supports for amine grafting. Thus, POPs represent an 

attractive pathway for studies in the areas of energy storage and separation. 

POPs can be divided into two broad classes: disordered-amorphous POPs and 

ordered crystalline POPs. In general, crystalline porous polymers named as Covalent 

Organic Framework (COFs) are typically formed using reversible reaction producing 

thermodynamically stable structure9. Amorphous network will be generated when the 



25 

 

irreversible reactions such as Sonogashira-Hagihara and Yamamoto cross coupling are 

employed and these materials are referred to as POPs. 

Porous Organic materials that feature lighter non-metallic elements such B, C, N 

and O can have very low densities. It has been suggested in few reports that if the 

constituent atoms in the network are lighter, the surface area will be higher14. For 

example, the first COFs (COF-1 and COF-5) have been studied by Yaghi and co-workers, 

were prepared by condensation reactions of 1,4-benzenediboronic acid (BDBA) to form 

2D boroxine network, similarly to condensation between (BDBA) with 

hexahydroxytriphenylene (Scheme 2)15.  COF-1 and COF-5 showed BET surface area of 

711 m2g-1 and 1590 m2g-1 respectively, which were greater than that of the highest 

reported surface area at that time (MCM-41) (680 m2 g-1)9. After that, (3D) COFs have 

been prepared by using (3D) monomers. These materials showed a significantly higher 

surface area than those measured for 2D COF.16,17 
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Scheme 2: Scheme of boronate ester and boroxine linked COFs15 
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 Amorphous POPs are formed under kinetic control and showed high thermal and 

chemical stability because they are composed solely of carbon-carbon and carbon-

hydrogen bonds17. It has been suggested in the literature that order is not a prerequisite 

for fine control over the porosity. For example, Hyper-cross-linked polymers are a class 

of amorphous POPs that exhibit BET surface areas as high as 2000 m2 g-1 9,14. Similarly, 

polymers of intrinsic microporosity (PIMs) are rigid materials showed permanent 

porosity19.  

 In general, the high thermal and chemical stability combined with high surface 

areas of most POPs make them good materials for post synthetic modifications. 

 

1.3     Post-Synthetic Modification (Amine Grafting) 

 Much of the initial interests and enthusiasms over the porous solid-state 

materials including POPs, MOFs, zeolites and activated carbon came from their very high 

surface areas. Therefore, they have found various applications in different fields such as 

catalysis, separations and gas storage20. For the applications related to gas separation, 

the development of these porous materials via post synthetic modification in order to 

have the right moiety that would interact with guest molecules can be lead to 

impressive results for this approach or application. In particular, for CO2 separation, the 

amount of CO2 adsorbed could be increased via the introduction of tailored 

functionalities into pores and this will strengthen the CO2/ material interactions that in 

turn lead to enhancement of CO2 uptake and selectivity at much lower total pressures. 
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Optimization of these last two parameters will benefit in the enhancement of gas purity, 

productivity, and optimizing energy consumption in pressure- swing or temperature- 

swing process20. 

  Post modification concept has been employed on organic and inorganic solid-

state materials including zeolites, carbon nanotubes, and mesoporous silicas20. For 

example, the combination of the reactive silanol (SiOH) group of mesoporous silica with 

large pores allowed suitable grafting of organic functional groups aiming to enhance the 

CO2 adsorption properties. Indeed, post modification can be achieved by introducing a 

functional group after network formation instead of introducing it in the molecular 

building blocks. 

  The modification of metal organic frameworks via post synthetic concept has 

been extensively explored. In this approach, the chemical modification takes place after 

the MOF is formed. In fact, if the introduction of functional groups with high and unique 

chemical and physical properties into precursors before MOF formation is more 

challenging thus it would be easier to form the network first and add the functionality to 

it after synthesis, the main reason of this is to avoid these groups to interfere with the 

formation of MOF. In addition, it can often be difficult to have the functionality within 

the molecular precursors prior to or during MOF synthesis while retaining MOFs 

crystallinity (Fig. 7).20 
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Figure. 5: General scheme showing the concept of post-synthetic modification to a 

porous framework20 

 

Post synthesis amine functionalization of MOF with unsaturated metal site 

(UMS) – amine grafted MOF – was implemented recently to create a functional 

adsorbent material with high affinity toward CO2. It was also reported that this strategy 

led to the improvement of stability for certain MOFs21. For example, Anita Das and co-

workers have shown CuBTTri (1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene grafted with 

piperazine exhibits an improved CO2 uptake for post-combustion flue gas capture22 

(Fig.6). Indeed, volumetric capacity of pip-CuBTTri is 2.5 times more than non-grafted 

material under post-combustion capture conditions (0.15 bar and 293 K). 
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Figure 6: Functionalization of CuBTTri with piperazine through open metal site22 

 

Finally, inspired by liquid amine scrubbing, use of MOFs and POPs as potential 

support for amines available to interact with CO2 would be a promising approach for CO2 

capture. Therefore many works have been carried out to delineate the mechanistic of 

CO2 adsorption for various amines23. Enhancing the performance of these porous 

materials via post-synthetic modification could be of great benefit for gas separation in 

the industry. 

In this work, thorough study was carried to study the effect of grafting of various 

amines, on POPs with anchored aldehydes, on the adsorption properties of CO2. The 

mechanistic of CO2 adsorption was studied using In-situ infrared spectroscopy. 
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CHAPTER 2: Experimental 

2.1 Introduction 
 

 Prior to evaluating the capabilities of materials for CO2 capture, fine 

characterization is required in order to conclude on their structural characteristics. 

Numerous experimental techniques were used here to confirm the nature of the Porous 

Organic Polymers (POPs) prepared. This aldehyde-POP was characterized using a 

combination of the following techniques: Infrared Spectroscopy (IR), Thermogravimetric 

Analysis (TGA), Elemental Analysis, and Adsorption Measurement. This chapter will 

provide the readers with the basics of each technique and hence what kind of structural 

information is possible to obtain. 

2.2 Fourier-Transform Infrared (FT-IR) 
 

  Fourier transform infrared (IR), one of the most common spectroscopic 

techniques, has been used to investigate the structures of molecules24. This technique is 

based on the fact that molecules adsorb specific frequencies that are characteristic for 

the type of functional groups presents in the material. The IR spectra (4000-600 cm-1) 

were performed on the powder and were collected on a Thermo Scientific Nicolet 6700 

apparatus.  

2.3 Thermogravimetric Analysis (TGA) 
 

 Thermogravimetric analysis (TGA) measures the mass loss of a material as a 

function of temperature. The technique allows determining the thermal stability of the 
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material. Here, thermogravimetric analysis was conducted on a TA Q500 apparatus with 

samples held in a platinum pan following a specific program (heating rate of 5oC under 

air atmosphere).  

2.4 Elemental Analysis 
 

 The elemental analysis has been conducted on each sample in order to confirm 

the formula of materials. The samples are burned in the presence of an excess of 

oxygen. The masses of combustion products are used to calculate the composition of 

the material. These CHN analyses were performed with a Thermo Scientific Flash 2000 

instrument.   

 
2.5  Brunauer- Emmett- Teller (BET) and Pore Analysis 

 Nitrogen adsorption-desorption isotherms were recorded at 77K using an 

Autosorb 6B (for activation temperature screening) and Autosorb-iQ analyzer, 

(Quantachrome Instruments) at relative pressure up to 1 atm. Specific surface areas 

were calculated according to the BET method, and the total pore volume was calculated 

at a relative pressure of P/Po of 0.988. 

2.6 Adsorption Measurements and Isosteric Heats of 

Adsorption 

 Variable temperature adsorptions of CO2 gas on samples were measured using 

Autosorb-iQ analyzer. The Qst of CO2 adsorption was measured from the collected data 
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using the Clausius-Clapeyron Equation where the pressure P, enthalpy of adsorption 

DHads, and temperature T are related 

P = A exp (-DHvap / RT) 

Where R (8.3145 J mol-1 K-1) and A are the gas constant and unknown constant 

(determined from experiments) respectively25. 
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CHAPTER 3: Synthesis and Characterization of Aldehyde-

POP 

3.1 Introduction 

Among porous solid materials, porous organic polymer (POPs) offer much more 

stability because of their robust covalent bonds1. As stated above, POPs can be formed 

via kinetic reactions leading to amorphous networks with superior chemical and thermal 

stability. The judicious choice of organic monomers i.e. having specific functionalities 

that can be converted to other functionalities by post-synthetic modification procedure 

will produce a functionalized POP platform as a potential candidate for particular 

application. The surface area and pore size can also be adjusted by changing the length 

of organic monomer2. For example, one of the first amine-functionalized POP obtained 

using a novel one-step post synthetic procedure under non-harsh conditions have been 

studied by Eddaoudi’s group. It was prepared using Sonogashira-Hagihara coupling (SH) 

reaction that permits coupling of triconnected 1,3,5-triethynylbenzene (TEB) and 

bridging 2,6-dibromo-4-trimethylsilylbenzaldehyde (Br2TMSBA)26.  

Herein, the material we were able to synthesize was different than the previous 

one prepared by Prof. Eddaoudi group. While they used 2,6-dibromo-4-

trimethylsilylbenzaldehyde (Br2TMSBA) as a halogen monomer, we used a linear 

geometry of 2,5-dibromobenzaldehyde missing bulky TMS group. 
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In this chapter, the synthesis and characterization of aldehyde-POP, which was 

achieved by coupling halogen and alkyne functionalized monomers will be described. 

3.2 Experimental Method of Synthesis 

3.2.1: Materials 

All chemicals and solvents are obtained from Sigma-Aldrich and are used as 

received, unless otherwise stated. Anhydrous N,N-dimethylformamide, (DMF, 99.8%, 

Sigma Aldrich) was stored over CaH2. Other reagents: 1,3,5-triethynylbenzene, (TEB, 

98%, Alfa Aesar); copper(I) iodide (CuI, 98%, Acros Organics); 

bis(triphenylphosphine)palladium(II) dichloride, (98%, Sigma Aldrich); triethylamine 

(Chromanorm®, HPLC grade,VWR); methanol (MeOH, HPLC grade, Fisher); absolute 

ethanol (EtOH, HPLC grade, Sigma Aldrich); ethylenediamine, (EDA, 99%, Acros 

Organics); diethylenetriamine, (DETA, 99%, Acros Organics); Tris(2-aminoethyl)amine 

(Tris-amine, 99%, Sigma Aldrich) 
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  3.2.2: Synthesis of Network 

 

 

 

 

Scheme (3): Synthesis of Aldehyde-POP 

 

  The synthesis consists of, as shown in scheme (3), a reaction between two 

monomers namely, 2,5-dibromobenzaldehyde and 1,3,5-triethynylbenzene in the 

presence of bis(triphenylphosphine)palladium(II) dichloride and CuI. This synthetic 

procedure is similar to the method developed by Prof. Eddaoudi group26. Both reactants 

were dissolved (suspended) in a mixture of dry DMF/triethylamine (4:1) within a round-

bottom flask (100 mL) sealed with a septum, evacuated/backfilled with argon three 

times, then bubbled with argon for 20 min before adding the reactants and 

subsequently stirred and heated at 80oC for 24 hours. After that, the mixture was 

filtrated, and the solid was washed with different solvents in this sequence: DMF, 

methanol, water, methanol, chloroform, THF and acetone. The brown yellowish product 

was dried under high vacuum at 60°C overnight to yield 1.255 g of light brown solid. 

Then, the product was purified by refluxing in absolute ethanol for 24h followed by 

soaking in absolute ethanol for another 24h to remove any remaining of starting 
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materials. Finally, the product was dried at suction, then under high vacuum at 60oC 

overnight to yield 1.2 g of brown powder {[(C2)3-C6H3]2[C6H3-CHO]3}n  POP Elemental 

Analysis for calculated formula  C45H18O3: C=77.5%(cal. 89 %), H=3.5%(cal. 3%), 

N=0%(cal.0%). 

 

3.3 Results and Discussion 

 The IR spectrum of 2,5-dibromobenzaldehyde (Fig.7) shows a strong absorption 

band at 1662.9 cm-1 attributed to aldehyde group, and the IR spectrum of 1,3,5- 

triethynylbenzene (Fig.8) shows a single peak at 2160 cm-1 which is characteristic for 

alkyne bonds24. In both spectra, the strong band at 1510 cm-1are corresponding to C=C 

benzene ring24. The IR spectra of commercially available starting material were used as a 

reference for IR absorption in aldehyde –POP. 
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Figure 7: IR spectrum of 2,5 dibromobenzaldehyde 

 

Figure 8: IR spectrum of 1,3,5 triethynylbenzene 
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      The infrared spectrum of aldehyde-POP (Fig.9) shows a sharp and intensive band 

at 1690 cm-1 indicating free aldehyde group in the structure besides the vibration mode 

at 2160 cm-1 corresponding to alkyne bond from TEB. Both peaks provide evidence of a 

successful formation of aldehyde-POP. 

 

 

Figure 9: IR spectrum of Aldehyde-POP 

 

The analysis by Powder X-ray diffraction allows the conclusion that the material 

is amorphous which means that no long-range order is present. Therefore, the 

construction of the material occurs in a random and poorly defined manner. 

C=O 
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In addition to infrared spectroscopy, thermogravimetric analysis was carried out 

under air atmosphere for as-synthesized aldehyde-POP in order to evaluate/determine 

the thermal stability of the network. As shown in (Fig.10), the as-synthesized aldehyde- 

POP is stable up to 350oC, and then the structure slowly starts to decompose at higher 

temperature.  

 

 

 

Figure 10: Thermogravimetric analysis of Aldehyde-POP 
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A nitrogen gas adsorption experiment was performed for as-synthesized 

aldehyde-POP in order to assess the permanent porosity. As shown in Fig.11 the 

nitrogen sorption isotherm of type II confirms the heterogeneity of the pore in the POPs 

network. Gas adsorption experiments showed a sharp uptake at lower relative pressure 

and gave apparent BET surface area of 770 m2/g and the total PV of 0.59 cc/g.  

 

 

 

Figure 11: Nitrogen isotherm plot of Aldehyde-POP 
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3.4 Summary 

 In summary, a novel porous organic framework based on the coupling between 

2,5-dibromobenzaldehyde and 1,3,5 triethynylbenzene has been synthesized. An 

evidence of the network formation was confirmed by FT-IR, which shows the presence 

of both aldehyde and alkyne peaks. These single peaks are consistent with the starting 

materials 2,5-dibromobenzaldehyde and 1,3,5-triethynylbenzene showing respective 

aldehyde and alkyne peaks at similar positions. While the network was not crystalline, it 

showed permanent porosity with a BET surface area of 770 m2g-1.  All the above results 

confirm that this material could be potentially a good candidate to be used as a support 

for amine functionalization.  
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CHAPTER 4:  Synthesis and Characterization of Amine-

Grafted Aldehyde-POP 

4.1  Introduction 

 The previously described aldehyde-POP is a material of choice for post-synthetic 

modification because of the presence of free aldehyde group. Indeed, the reaction 

between an aldehyde and an amine group giving rise to imine functionality is a well-

known organic reaction. This chapter is dedicated to the synthesis and characterization 

of amine grafted aldehyde-POP and is focused in particularly on the comparison of the 

CO2 adsorption results obtained after grafting with different amines (Ethylenediamine 

(EDA), Diethylenetriamine(DETA), and Tris(2-aminoethyl)amine (Tris-amine)).  

4.2  Synthesis 

 The amine grafting of aldehyde-POP (aldehyde substitution) was achieved via 

one step PSM grafting and using three different amine Ethylenediamine (EDA), 

Diethylenetriamine(DETA), and Tris(2-aminoethyl)amine (Tris-amine). To study the 

effect of reaction conditions, the grafting reactions with different amines were taken at 

four different temperatures including: 25oC (room temperature), 85oC, 105oC, and 

115oC. The experimental procedure is as following; 100 mg of compound (1) was soaked 

with 10 ml of a given amine for 24 hours. Then, the products were collected by filtration 
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and exchanged within absolute EtOH for 2 days. Elemental Analysis data with calculated 

formula for each different amine grafted product are presented hereafter: EDA- 

Aldehyde POP {[(C2) 3-C6H3] 2[C6H3-CHNC2H4NH2] 3} n  

C51H36N6: C=66.9%(cal.83%), H=4.6%(cal.4.9%), N=8.4%(cal. 11%) 

DETA- Aldehyde POP {[(C2) 3-C6H3] 2[C6H3-CHN (CH2) 2NH(CH2) 2NH2] 3} n  

C57H45N9: C=66.6%(cal. 80%), H=5%(cal. 5.3%), N=10%(cal. 14%) 

Tris-amine- Aldehyde POP {[(C2) 3-C6H3] 2[C6H3-CHN (CH2) 2N(CH2) 4(NH2) 2] 3} n  

C63H66N12 : C=66%(cal. 70%), H=5.5%(cal. 6%), N=10.9% (cal. 23%) 

 

 

 

Scheme (4): Synthesis of EDA- Aldehyde POP 

 

 

 

Scheme (5): Synthesis of DETA- Aldehyde POP 
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Scheme (6): Synthesis of Tris- Aldehyde POP 

 
 

4.3  Characterization of amine grafted aldehyde-POP 
 

     The grafting of amine into aldehyde-POP was confirmed by IR spectra. The 

infrared spectra of amine grafted aldehyde-POP with EDA (Fig.12), DETA (Fig.13), and 

Tris-amine (Fig.14) show the appearance of some characteristic peaks as well as 

disappearance of others that were observed in the as-synthesized material. Namely, the 

peak of aldehyde function at 1690 cm-1 in spectra at 105oC, and 115oC clearly disappears 

while this peak is present in spectra at 25oC and 85oC, which indicates that the full 

conversion of aldehyde into imine moiety is successfully achieved at 105, and 115oC.  

Additionally, the peak that appears in the amine-grafted network at 1640 cm-1 

characteristic of the C=N bond is not present in the as-synthesized POP and starting 

materials and thus confirms that aldehyde is substituted with amine. However, the 

significant OH broad band (3500-3000 cm-1) suggests the presence of hydrogen bonding 
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in the grafted materials and it is possible to assign two bands of νN-H (3354 and 3287 cm-

1). Finally, The vibration mode of alkyne at 2160 cm-1 is present in all grafted materials, 

which indicates the structure does not collapse after grafting. 

 

Figure 12: IR spectra of EDA Aldehyde-POP 
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Figure 13: IR spectra of DETA Aldehyde-POP 

 

Figure 14: IR spectra of Tris Aldehyde-POP 
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Thermogravimetric analysis of amine grafted aldehyde-POP shows a mass loss of 

approximately 10% below 30oC corresponding to a loss of solvent. This mass loss 

suggests that the solvent/water have been coordinated to a free amine through 

hydrogen bonding. At higher temperature, up to 400oC, the structure starts to 

decompose. It is important to mention that the amine-grafted materials have been 

dried at 50oC for one-hour prior the measurement.  

 

 

Fig.15: TGA of amine grafting aldehyde-POP 

 

Evidence for the presence amine grafted into aldehyde-POP was further 

confirmed by nitrogen gas experiments (Fig.16-17). These experiments showed similar 

type II like isotherm, which is similar to as-synthesized material. From the adsorption 
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data, the BET surface areas were calculated to be 333m2.g-1, 162m2.g-1, and 211m2.g-1 

with total pore volume of 0.37,0.28,0.4 respectively in EDA, DETA, and Tris grafted POPs. 

These values are obviously lower in comparison with as-synthesized material, which 

confirms the presence amine groups in the network of POPs.  

 

Figure 16: Nitrogen adsorption isotherm for as-synthesized aldehyde-POP (blue) and 

EDA aldehyde-POP (pink) 
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Figure 17: Nitrogen adsorption isotherm for as-synthesized aldehyde-POP (blue) and 

DETA aldehyde-POP (pink) 

 

In order to prove that amine was successfully grafted on aldehyde-POP, pore 

distribution was obtained using Carbon-slit shaped NLDFT pore model as shown in 

(Fig.18). By comparing the pore diameter of aldehyde –POP and amine aldehyde-POP 

including (EDA and DETA), it is clear to observe a shift in pore diameter, which is 

expected because the amine chains are present inside the pore. Moreover, DETA 

aldehyde-POP pore diameter is lower the EDA because of the bulkiness. 
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a) 

b) 
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Figure 18: Pore distribution of a) aldehyde-POP b) EDA aldehyde-POP c) DETA aldehyde-

POP 

 

Fig.19 shows the CO2 adsorption isotherms of the as-synthesized material as well 

as the grafted materials including: EDA- aldehyde POP, DETA- aldehyde POP, and Tris-

amine aldehyde POP. In all cases, the CO2 adsorption capacity for amine grafting 

materials is higher than for as-synthesized material. Accessibility of different amine 

chains in aldehyde- POP resulted in materials with reasonable good CO2 adsorption 

characteristics at 295 K particularly at much lower pressure. Although the as-

synthesized material has the highest surface area, it exhibits the lowest CO2-uptake 

capacity (adsorbed (1 mmol/g) of CO2 at 1 bar). This finding indicates that the CO2 

uptake capacity is not dependent only on surface area, but it is closely correlated to the 

c) 
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amine functional group. The EDA and DETA aldehyde-POP isotherms show the same 

trend with CO2 uptake capacity (3.5 mmol/g) at 1 bar while Tris amine aldehyde POP has 

lowest uptake of CO2 (2 mmol/g) at the same pressure (Fig.20).  

 For post-combustion application, the partial pressure of CO2 in flu gas is 0.15 bar. 

At 298 K and 0.15 bar (Fig.21), Tris-amine aldehyde POP only takes 0.8 mmol/g of CO2 

whereas EDA and DETA aldehyde POP take about 1.5 mmol/g.  

 

 

 

 

 

 

 

 

 

 

a) 
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Figure 19: CO2 isotherm of aldehyde-POP with EDA aldehyde-POP (a), with DETA 
aldehyde-POP(b), with Tris aldehyde-POP(c) 

 

b) 

c) 
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Figure 20: CO2 isotherm of as-synthesized aldehyde-POP(black) and amine grafted 
aldehyde-POP; EDA(red), DETA(blue), Tris-amine (pink) 
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Figure 21: CO2 isotherms at low pressure of aldehyde-POP(black) and amine grafted 

aldehyde-POP;EDA(red), DETA(blue), Tris-amine(pink) 

 

As-synthesized aldehyde POP isotherms were recorded at 258, 263, 268, and 273 

K. Similarly, EDA- aldehyde POP and DETA- aldehyde POP isotherms were recorded at 

258, 268, 273, and 298 K in order to evaluate the isosteric heat of adsorption (Qst). 

Fig.22 show the isotherm at these different temperatures while in Fig.23, the Qst is 

plotted as a function of CO2 loading.  The Qst for DETA- aldehyde POP is highest (around 

45 kJ/mol) at low coverage. 
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a) 

b) 



58 

 

       

 

 

  

Figure 22: Variable Temperature adsorption of Aldehyde-POP (a), DETA Aldehyde-

POP (b), EDA Aldehyde-POP (C) 

c) 
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Figure 23: Isosteric heat of adsorption of CO2 for as-synthesized aldehyde-POP(green), 

EDA aldehyde-POP(blue), DETA aldehyde-POP(pink) 
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In the quest for developing new materials for CO2 capture, it is vital to have an 

in-depth understanding of the mechanism or the interactions that occur between CO2 

and different amine groups. Although many studies have been performed investigating 

the CO2 uptake on solid amine sorbents such as amine functionalized/grafted MOFs or 

COFs32-39studies on understanding these interactions and mechanistic are still scarce47. 

These amine functional groups of solid sorbents usually interact with CO2 via acid-base 

interactions where CO2 acts as acidic species and amine groups as basic sites, allowing a 

reversible adsorption of CO2 with the material in the operating conditions. In situ IR is a 

tool that can be used to understand these interactions while performing the adsorption 

experiments. This study presents the outcome of the amine -CO2 interactions with 3 

different amine functionalized POPs (EDA, DETA and Tris amine) which has been 

performed in multiple cycles of CO2 capture under the constant monitoring with in situ 

IR. 

The IR absorbance spectra of Tris-amine and DETA at room temperature 

revealed that the accumulation of the strongly adsorbed CO2 may lead to a formation of 

unstable intermediary species (Figure 24 & 25). The comparison of spectra before 

introducing CO2 with the one that was measured while introducing CO2 shows subtle 

but significant changes. The intensity of the IR peak at 1660 cm-1 increases while 

introducing CO2, a shift of the spectral position is observed from 1660 to 1680 cm-1. This 

clearly shows the formation of an intermediary species. Although the intermediate that 

formed was not clearly identified it is evident that the interactions have been occurred 
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between the N- of amine groups with C- of the CO2 since the shift of the peak lies in the 

amide/carbamic acid region (1700-1680cm-1)24. Although more significant changes are 

visible in the spectra of the region at higher wave number (2500 -4000 cm-1), more 

studies need to be done in order to come to the conclusion of the changes that occur. 

However, further analysis shows that these spectral changes that occur while 

introducing CO2 disappears when sample is subjected to the vacuum, Indicating that the 

intermediate which was formed is unstable. Furthermore, the comparison of the spectra 

before introducing CO2 with the one that was measured in the compound that was kept 

in the vacuum after introducing CO2 shows that both has the same spectral pattern 

which can be overlaid on top of one on the other without having any differences. This 

gives an insight that the material remains unchanged in these two tests.  

It is well known that the main product of the reaction between CO2 and amine is 

carbamate3,53. This reaction also leads to the formation of ammonium ions and 

bicarbonates53. However, as discussed in the above section, in the POPs that are studied 

here, it is clear that there is no evidence for any strong irreversible chemical reaction 

that could take place between CO2 and amines. In both cases of DETA and Tris-amines, 

formation of unstable intermediary species was observed upon introduction of CO2, 

which was reversible after applying vacuum. However, such intermediate was not 

observed in the case of EDA, which suggest the occurrence of a pure physisorption via 

weak Van Der Waals forces. 
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Figure 24: In-situ IR spectrum of Tris-amine Aldehyde-POP 

 

Figure 25: In-situ IR spectrum of DETA Aldehyde-POP 
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This study has provided several key information that may be helpful in 

developing materials with better performance in CO2 capture using POPs as a potential 

support. We clearly explained the outcome of CO2 adsorption studies that were 

presented in the earlier section. The higher uptake of CO2 in the amine grafted materials 

results because of the formation of these intermediary species. Further, full reversibility 

of the adsorption and desorption cycles proves the instability of the intermediate that 

formed.  Although this phenomenon were observed in lab scale under pure conditions, 

it is important to note that these interaction or observations could differ in real world 

conditions. For example, in a flu gas stream the interactions between –NH2 and CO2 may 

also be governed by the other factors such as electron acceptor species present in the 

system as impurities. Therefore, while studying the interactions between amines and 

CO2 it is also advisable to study the interactions of the material with moisture, SO2 or 

H2S, etc. in order to develop materials with better performance on CO2 capture. 

 

4.4 Summary 

In summary, we have successfully functionalized the aldehyde anchored-POP via 

aldehyde-amine substitution. The presence of amines in the pore network was 

confirmed by performing elemental analysis, FTIR and adsorption studies. The amine 

grafting led to a reduction of the surface area from 770m2g-1 for parent material to 333 

m2g-1, 162 m2g-1, 211 m2g-1 for DETA, EDA and Tris-amine. 
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Additionally, we were able to study the interaction between CO2 and the three 

different amine functionalized aldehyde-POP via in-situ IR that showed a formation of 

unstable intermediary species. 
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CHAPTER 5: Conclusions and Prospective  

As described in Chapter 3, the novel porous organic framework was synthesized 

via a Sonogashira-Hagihara coupling using a 2,5-dibromobenzaldehyde and 1,3,5-

triethynylbenzene as the starting materials. The network showed permanent porosity 

with BET surface area of 770 m2g-1 and pore volume of 0.59 cc/g. In addition to this, this 

network showed relatively high thermal stability up to 350oC and is containing 

numerous anchored-aldehydes. These properties resulted in suitable material that 

would be potentially used as support for functionalization. 

As mentioned in Chapter 4, we were successfully able to perform the post-

synthetic modification to an aldehyde-POP via grafting with three different amine 

including EDA, DETA, and Tris-amine. The amine functionalized POP networks do remain 

porous, and their surface areas are reduced to 333 m2g-1, 162 m2g-1, 211 m2g-1 in 

respective of DETA, EDA and Tris amine. It was found that CO2 adsorption at low 

pressure was enhanced for amine functionalized aldehyde-POPs as evidenced by the 

increase in Qst (i.e., from ca. 25 to ca. 45 kJ.mol-1 for DETA at low coverage). Moreover, 

the CO2- amine interaction in all three different functionalized aldehyde-POP was 

studied via in-situ IR tool where we showed that the formation of unstable intermediate 

species most likely governs the mechanistic of CO2 adsorption in imine-amine based 

POPs.  
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Overall, we have synthesized a POP with exposed aldehyde functionality as well 

as amine-grafted materials by substituting the aldehyde group with different amines 

including: EDA, DETA and Tris-amine. 

This study can be applied and further extended into future work. It would be of 

interest to apply the amine functionalization into MOF by using different strategies. 

Although the studied material was not crystalline, it showed permanent porosity and 

the CO2 adsorption showed promising enhancement of CO2 uptake at low pressure, 

which would be attractive for CO2 capture from flue gas. Thus, it would be of interest to 

be able to perform the amine functionalization/ grafting to a crystalline COF and 

observe the results. 

It would be also of interest to do further studies of amine-CO2 interaction via in-

situ IR tool under real condition including CO2 with impure and wet CO2 in order to study 

the mechanistic of CO2 adsorption in the presence of moisture.  
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