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SYNOPSIS 

1. Introduction 

With rapid globalization and rapid industrialization, environmental 

sustainability is being affected significantly [1]. On the path of restoring it, 

several new materials have evolved, and porous materials are one such 

material that finds their applications in various fields directly related to 

environmental hazards and their solutions [2]. Ionic porous organic 

polymers (iPOPs) are one of the newest additions to the porous material 

family that continue to give exciting results directly related to the 

sustainable environment [3,4]. This thesis explored some of such iPOPs in 

environmental remediation, biomedical application, toxic gas sensing, 

electrochromic device fabrication, and electrocatalysis. 

 

2. Summary of the Thesis Work  

The contents of each chapter included in the thesis are discussed as follows: 

 

1.1. General Introduction and Background (Chapter 1) 

This chapter briefly introduces the background of porous materials and the 

origin of ionic porous organic polymers, one of the newest members in the 

porous materials family. Further, it addresses the classification of iPOPs, 

potential building blocks, and the synthesis and characterization of these 

materials. It also summarizes some of the current environmental problems 

and their probable remediation and how iPOPs could be the potential 

material for addressing ecological issues. 

 

2.2 A Bifunctional Imidazolium Functionalized Ionic Porous Organic 

Polymer in Water Remediation (Chapter 2) 

This chapter presents a thermally and chemically robust imidazolium-based 

ionic porous organic polymer iPOP-ANT with exchangeable counter anion 

Cl-. The polymer was synthesized via a one-step condensation reaction 

between 2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-1,3,5-triazine and 
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9,10 bis(chloromethyl)anthracene under inert atmosphere. The chemical 

structure of the material was thoroughly characterized by 13C-CPMAS 

NMR, FTIR spectroscopy, FESEM, EDX, XPS, and TGA. Owing to the 

presence of exchangeable counter anion Cl- in the polymeric skeleton, the 

polymer was used as a potential polymeric adsorbent in capturing toxic oxo-

anions (Cr2O7
2-, MnO4

-) and anionic dyes (methyl orange, amaranth, congo 

red).  The material shows high uptake capacity, fast kinetics, and selectivity 

toward capturing the anionic pollutants. The low optical band gap of the 

material (2.58 eV) makes it an ideal photocatalyst for the degradation of 

cationic dyes (rhodamine B, rhodamine 6G, and methylene blue) under 

solar irradiation.   

 

Figure 1. Schematic representation of wastewater remediation by iPOP-

ANT  

 

2.3 Investigation of the Role of Charge Density and Surface Area of 

High-Performance Ionic Porous Organic Polymer Adsorbents and 

their Antibacterial Actions (Chapter 3) 

This chapter addresses an efficient strategy for designing highly efficient 

polymeric adsorbents. Developing high-performance adsorbents for 

environmental remediation is a current need, and ionic porous organic 

polymers have already established themselves as better adsorbents. 

However, research on the structural design of high-performance iPOP-
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based adsorbents is still developing. This chapter explores the role of 

building blocks to optimize the charge density and surface area in the 

polymers to develop better polymeric adsorbents. Three cationic polymers, 

iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3, were designed, synthesized, and 

characterized using standard characterization techniques. Among the three 

polymers, iPOP-ZN1, having the highest surface area and larger charge 

density, comes up as the best adsorbent for anionic inorganic and organic 

pollutants in an aqueous medium. The polymers also reveal excellent 

adsorption capability in the presence of higher concentrations of competing 

ions and highly acidic and basic solutions. The polymers show excellent 

reusability up to several cycles. The polymers further show excellent 

adsorption capacity of iodine vapor at room temperature and at 75 oC. 

Among them, the adsorption of iodine by iPOP-ZN1 at 75 oC is one of the 

highest reported values in reported literature. The iodine-loaded polymers 

show impressive antibacterial properties against E. coli, B. subtilis, and H. 

pylori. This study not only presents a strategy for designing polymeric 

adsorbents with high performance but also shows a glimpse of how 

contaminant-loaded polymeric matrices could be used for further 

applications.   

 

Figure 2. Schematic representation of the role of charge density in the 

polymeric skeleton to develop better polymeric adsorbent.   
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2.4. Exploring Redox-Active Ionic Porous Organic Polymer in 

Environmental Remediation & Electrochromic Application (Chapter 

4)  

This chapter presents a multifunctional ionic porous organic polymer 

(iPOP-Bpy) containing redox-active viologen sites. The material shows 

excellent iodine uptake capacity in vapor (540 wt%), organic (1009.77 

mg/g), and aqueous phases (3921.47 mg/g), along with fast kinetics and 

multiple-time reusability. Due to the presence of redox-active viologen sites 

in the polymer, it also shows its utility in being used as a solid-state NH3 

vapor sensor as it shows ultrafast color switching from yellow to blue in the 

presence of electron-rich ammonia vapor and shows excellent efficiency as 

solid-state ammonia vapor sensor. Further, the material found application 

as a n-type complementary electrochromic electrode and was fabricated into 

a bilayer device. Bias-dependent in-situ transmission and electrochemical 

measurements of a solid-state ECD fabricated using iPOP-Bpy reveal its 

capability to be the best choice from the viologen family in fabricating an 

organic ECD. The above conclusion can be drawn from the excellent 

electrochromic performance parameter values of switching times (~0.5 s), 

color contrast (~50%), and coloration efficiencies (up to 800 cm2/C). In 

addition, the device shows color switching for multiple wavelengths with a 

low applied bias of 2V while showing the above-mentioned performance 

parameters.  
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Figure 3. Schematic representation of the multifunctional application of 

iPOP-Bpy 

2.5. Exploring Counter Anions in a Redox-Active Viologen-Based Ionic 

Porous Organic Polymer (iPOP) for Selective Reduction of Oxygen to 

H2O2 

This chapter explores another viologen-based ionic porous organic polymer 

(iPOP-TAPA-Cl) as an efficient electrocatalyst for selective 2e- reduction 

of oxygen to hydrogen peroxide. Hydrogen peroxide, an environment-

friendly oxidant, is in high demand in various industrial sectors. 

Electrochemical H2O2 production by 2e- reduction of O2 is a greener 

alternative to the traditional anthraquinone process. However, developing 

metal-free electrocatalysts that predominantly follow the 2e- reduction 

process over the more favorable 4e- reduction is challenging. iPOP-TAPA-

Cl shows its efficiency as a metal-free electrocatalyst for the selective 

production of hydrogen peroxide (H2O2) from oxygen in an alkaline 

medium. The H2O2 production ability of the catalyst was further tuned by 

exchanging the Cl- counter anion with other halide ions (F-, Br-, and I-). 

Among these catalysts, iPOP-TAPA-F shows exceptional catalytic activity 

towards the selective production of H2O2 (98.5 %) with a significant current 

efficiency of 99 %. This type of viologen-based polymeric system could 

open a new avenue toward designing a metal-free electrocatalyst with 

controllable catalytic performance for the electrocatalytic production of 

H2O2. 
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Figure 4. Schematic representation of iPOP-TAPA-X (X= F, Cl, Br, and 

I) in selective 2e- reduction of oxygen to hydrogen peroxide. 

 

3. References 

1. Nahar N., Mahiuddin S., Hossain Z. (2021), The Severity of 

Environmental Pollution in the Developing Countries and Its Remedial 

Measures, Earth, 2, 124–139 (DOI:10.3390/earth2010008) 

2. Al-Jubouri S. M., Al-Batty S., Al-Hamd R. Kh. S., Sims R., Hakami M. 

W., Sk M. H. (2023), Sustainable Environment through Using Porous 

Materials: A Review on Wastewater Treatment, Asia-Pacific Journal of 

Chemical Engineering, 18, e2941 (DOI:  10.1002/apj.2941) 

3. Xu D., Guo J., Yan F. (2018), Porous Ionic Polymers: Design, 

Synthesis, and Applications, Progress in Polymer Science, 79, 121–143 

(DOI:  10.1016/j.progpolymsci.2017.11.005) 

4. Sun J.-K., Antonietti, M., Yuan J. (2016), Nanoporous Ionic Organic 

Networks: From Synthesis to Materials Applications, Chem. Soc. Rev., 

45, 6627–6656 (DOI:  10.1039/C6CS00597G) 

 

 

 

 



xiii 
 

LIST OF PUBLICATIONS 

 

(A) Outcomes from PhD. Thesis work: 

 

A1. In refereed journals:  

Papers published: 

1. Sayantan Sarkar, Argha Chakraborty, Rishi Ranjan, Probal Nag, 

Shivranjana Reddy Vennapusa, Suman Mukhopadhyay, A Bifunctional 

Imidazolium Functionalized Ionic Porous Organic Polymer in Water 

Remediation, Mater. Chem. Front., 2022, 6, 3070-3083 (DOI: 

10.1039/D2QM00636G)  

2. Sayantan Sarkar, Tanushree Ghosh, Argha Chakrobarty, Jagannath 

Majhi, Probal Nag, Anasuya Bandyopadhyay, Sivaranjana Reddy 

Vennapusa, Rajesh Kumar, Suman Mukhopadhyay, Exploring a Redox-

Active Ionic Porous Organic Polymer in Environmental Remediation and 

Electrochromic Application, ACS Appl. Mater. Interfaces, 2023, 15, 23, 

28453-28464 (DOI: 10.1021/acsami.3c01800) 

3. Sayantan Sarkar, Nibedita Sinha, Ritika Munjal, Argha Chakraborty, 

Poulomi Roy, Suman Mukhopadhyay, Exploration of the Role of Counter 

Anions in a Redox-Active Viologen-Based Ionic Porous Organic Polymer 

(iPOP) for Selective Reduction of Oxygen to H2O2, ACS Appl. Eng. Mater., 

2024 (DOI: 10.1021/acsaenm.4c00344) 

 

Papers under review: 

4. Sayantan Sarkar, Argha Chakraborty, Probal Nag, Siddharth Singh, 

Sivaranjana Reddy Vennapusa, Hem Chandra Jha, Suman Mukhopadhyay, 

Investigation of the Role of Charge Density and Surface Area of High-

Performance Ionic Porous Organic Polymer (iPOP) Adsorbents and their 

Antibacterial Actions (Under revision) 

 

A2. In refereed conferences: 



xiv 
 

Papers published in conference proceedings: Nil 

Papers presented in international/ national conferences of high repute: 

1. Poster presentation in MTIC-XIX held at Banaras Hindu University 

(BHU), India, on December 15-17, 2022. The poster presentation was based 

on “Bifunctional Imidazoliim Functionalized Ionic Porous Organic 

Polymer in Water Remediation”. 

 

A3. Book Chapters (published/: under review): Nil  

 

A4. Patent (filed/ published/ granted): Nil 

 

A5. Any other relevant information: Nil 

 

(B) Other outcomes outside of the PhD. Thesis work:  

 

B1. In refereed journals: 

Papers published: 

1. Chanchal Sonkar, Sayantan Sarkar, Suman Mukhopadhyay, Ruthenium 

(II)-Arene Complexes as Anti-Metastatic Agents and Related Techniques, 

RSC Med. Chem., 2022, 13, 22-38 (DOI: 10.1039/D1MD00220A) 

2. Chanchal Sonkar, Sayantan Sarkar, Novina Malviya, Maxim L 

Kuznetsov, Suman Mukhopadhyay, Recognition and Mechanistic 

Investigation of Anion Sensing by Ruthenium(II) Arene Complexes and 

Bio-imaging Application, Dalton Trans., 2022, 51, 13071-13084 (DOI: 

10.1039/D2DT01726A)  

3. Argha Chakraborty, Sayantan Sarkar, Reena Kyarikwal, Probal Nag, 

Sivaranjana Reddy Vennapusa, Suman Mukhopadhyay, Piperazine-Linked 

Covalent Triazine Polymer as an Efficient Platform for the Removal of 

Toxic Mercury (II) Ions from Wastewater, ACS Appl. Polym. Mater. 2022, 

4, 11, 8118–8126 (DOI: 10.1021/acsapm.2c01085)  



xv 
 

4. Argha Chakraborty, Sayantan Sarkar, Probal Nag, Rishi Ranjan, 

Sivaranjana Reddy Vennapusa, Suman Mukhopadhyay, Exploring 

Multifunctional Applications of a Luminescent Covalent Triazine Polymer 

in Acid Vapour Sensing, CO2 Capture, Dye Removal, and Turn-off 

Fluorescence Sensing of Dichromate Ions, Mater. Chem. Front., 2023, 7, 

1831-1840 (DOI: 10.1039/D2QM01329K) (Impact factor 7.0) 

5. Pragti, Bidyut Kumar Kundu, Satyam Singh, Wilson Alphonse Carlton 

Ranjith, Sayantan Sarkar, Avinash Sonawane, Suman Mukhopadhyay, 

Chitosan–Biotin-Conjugated pH-Responsive Ru (II) Glucose Nanogel: A 

Dual Pathway of Targeting Cancer Cells and Self-Drug Delivery, ACS 

Appl. Mater. Interfaces 2023, 15, 37, 43345–43358 (DOI: 

10.1021/acsami.3c07157)  

6. ⁋Sayantan Sarkar, ⁋Snehanjali Behera, Ritika Munjal, Argha 

Chakraborty, Biswajit Mondal, Suman Mukhopadhyay (⁋= Equal 

contribution), Non-Noble Metal-Based Porphyrin Covalent Organic 

Polymers as Additive/Annealing Free Electrocatalysts for Water Splitting 

and Biomass Oxidation, Energy and Fuels, 2024, 38, 6, 5183 (DOI: 

10.1021/acs.energyfuels.4c00029)  

7. Ritika Munjal, Reena Kyarikwal, Sayantan Sarkar, Probal Nag, 

Sivaranjana Reddy Vennapusa, Suman Mukhopadhyay, A Siderophore 

Mimicking Gelation Component for Capturing and Self-Separation of 

Fe(III) from an Aqueous Solution of Mixture of Metal Ions, Inorg. Chem. 

2024, 63, 15, 7089–7103 (DOI: 10.1021/acs.inorgchem.4c01177)  

Papers under review: 

8. ⁋Ritik, ⁋Sayantan Sarkar, Pragti, Nidhi Varshney, Amardeep Kumar, 

Maxim L Kuznetsov, Hem Chandra Jha, Suman Mukhopadhyay (⁋= Equal 

contribution), Exploring a Nano-Structured Gel Material in Environmental 

Remediation and Biomedical Application (Under revision) 

9. Argha Chakraborty, Saraswati Roy, Pragti, Sayantan Sarkar, Sounak 

Roy, Suman Mukhopadhyay, A Conjugated Porous Organic Polymers as 



xvi 
 

the Metal-Free Bifunctional Catalyst for the Water Splitting (Under 

Revision) 

10. Argha Chakraborty, Sayantan Sarkar, Ritika Munjal, Jagannath Majhi, 

Anasuya Bandyopadhyay, Suman Mukhopadhyay, Catalyzing 

Knoevenagel Condensation and Sequestration of Nuclear Waste by Porous 

Organic Polymers with Tuned Surface Area and Pore Volume (Manuscript 

submitted) 

11. Rishi Ranjan, Sayantan Sarkar, Amardeep Kumar, Suman 

Mukhopadhyay, Exploring Cu(II) Schiff Base Complex Loaded Zeolite 

Host-guest Material Towards Superior Degradation of Lignin C=C Bonds 

(Manuscript submitted) 

 

B2. In refereed conferences: 

Papers published in conference proceedings: Nil 

 

Papers presented in international/ national conference of high repute: 

Nil 

 

B3. Book Chapters (published/: under review): 

1. ⁋Argha Chakraborty, ⁋Sayantan Sarkar, Suman Mukhopadhyay (⁋= 

Equal contribution), Photocatalytic Porous Organic Polymers for the 

Degradation of Recalcitrant Organic Pollutants, Reference Module in 

Materials Science and Materials Engineering, Elsevier, 2024, ISBN 

9780128035818. (https://doi.org/10.1016/B978-0-323-95486- 0.00012-0) 

 

B4. Patent (filed/ published/ granted): Nil  

 

B5. Any other relevant information: Nil 

 

 

https://doi.org/10.1016/B978-0-323-95486-%200.00012-0


xvii 
 

LIST OF CONFERENCES 

1. Participated in CHEM 2020, “Chemistry Day and In-

House Symposium” organized by IIT Indore, Feb 12, 2020. 

 

2. Poster presentation in MTIC-XIX (2022) held at Banaras Hindu 

University, India, on December 15-17, 2022. 

 

3. Poster presentation in RSC-IITI Indore symposium on “Materials Science 

towards New Horizons-2023, held at IIT Indore, India on Jan 19-20, 2023. 

 

4. Participated in CHEM 2023, “Chemistry Day and In-House Symposium” 

organized by IIT Indore on March 6, 2023. 

 

5. Oral presentation in CHEM 2024, “Chemistry Day and In-House 

Symposium,” organized by IIT Indore, March 21, 2024. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xviii 
 

 

 

 

 

 

 

 



xvii 
 

 

TABLE OF CONTENTS 

List of Nomenclature………………………………………………….xxv 

List of Acronyms……………………………………………………....xxv 

List of Figures………………………………………………………..xxvii 

List of Schemes………………………………………………………..xliii 

List of Tables………………………………………………………….xlvii 

Chapter 1 

Introduction…………….………………………………………………...1 

1.1 Background…………………………………………………………...3 

1.2 Materials towards sustainability……………………………………….5 

1.3 Porous organic polymers as sustainable materials…………………….7 

1.4 Ionic porous organic polymers (iPOPs): a potential porous material for 

sustainability……………………………………………………………....9 

1.5 Classification of ionic porous organic polymers (iPOPs)…………….10 

1.6 Synthesis strategy of cationic porous organic polymers……………...10 

1.6.1 Ionization and polymerization using neutral building blocks……...11 

1.6.2 Direct polymerization using ionic building blocks………………...15 

1.6.2.1 Imine linkage…………………………………………………….16 

1.6.2.2 Hydrazine linkage………………………………………………..19 

1.6.2.3 -C=C- linkage……………………………………………………21 

1.6.2.4 Ionothermal reaction…………………………………………….23 

1.6.2.5 Coupling reaction………………………………………………. 24 

1.6.2.6 Zincke reaction…………………………………………………..26 

1.6.3 Post-synthetic modification of neutral porous organic polymers….26 



xviii 
 

1.7 Synthesis methods of iPOPs…………………………………………27 

1.8 Aim and objective of the project……………………………………...29 

1.8.1 Wastewater remediation……………………………………………29 

1.8.2 Iodine as a potential threat………………………………………….33 

1.8.3 Detection of amines………………………………………………...35 

1.8.4 Electrochromic device fabrication………………………………….36 

1.8.5 Sustainable hydrogen peroxide production…………………………37 

1.9 Overview of the thesis………………………………………………..39 

1.10 References…………………………………………………………..42 

Chapter 2 

A Bifunctional Imidazolium Functionalized Ionic Porous Organic 

Polymer in Water Remediation………………………………………..77 

2.1 Introduction…………………………………………………………..79 

2.2 Experimental section…………………………………………………81 

2.2.1 Materials and methods……………………………………………..81 

2.2.2 Synthesis of 9,10-Bis(chloromethyl)anthracene (ANT)…………...81 

2.2.3 Synthesis of 2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-1,3,5-

triazine (TTRB-IMZ)…………………………………………………….83 

2.2.4 Synthesis of iPOP-ANT…………………………………………...84 

2.2.5 Procedures for the time-dependent study of oxo-anion exchange…85 

2.2.6 Selective adsorption of oxo-anions in the presence of competitive 

anions..……………………………………………………………...…....86 

2.2.7 Procedures for the time-dependent study of anionic dye exchange.86 

2.2.8 Calculation of capacity………………………………………….....87 

2.2.9 The pseudo-second-order kinetic model…………………………..87 

2.2.10 Adsorption isotherm experiment…………………………………87 



xix 
 

2.2.11 Recyclability test of iPOP-ANT.………………………………...88 

2.2.12 Photocatalytic degradation of the cationic dyes ……………….....88 

2.2.13 Computational details.…………………………………………….89 

2.3 Results and Discussion...…………………………………………….89 

2.3.1 Characterization of iPOP-ANT...………………………………….89 

2.3.2 Anionic contaminants capture from water….……………………...94 

2.3.3 Photocatalytic degradation of cationic dyes…………………........111 

2.4 Conclusion………………………………………………………….117  

2.5 Declaration………………………………………………………….117 

2.6 References…………………………………………………………..117 

Chapter 3 

Investigation of the Role of Charge Density and Surface Area of High-

Performance Ionic Porous Organic Polymer Adsorbents and their 

Antibacterial Actions…………….........................................................135 

3.1 Introduction…………………………………………………………137 

3.2 Experimental section………………………………………………..138 

3.2.1 Materials and methods……………………………………………138 

3.2.2 Synthesis of 1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-1,1’-diium 

dichloride……………………………………………………………….139

3.2.3 Synthesis of 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-1,1′-diium 

chloride (ZN-NH2)…...………………………………………………....141 

3.2.4 Synthesis of 2,4,6-tris (-(bromomethyl) phenyl)-1,3,5-triazine 

(TTRB-Br)……………………………………………………………...142 

3.2.5 Synthesis of iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3……………144 

3.2.6 Procedures for the adsorption of anionic pollutants from aqueous 

solution and time-dependent study……………………………………..145 



xx 
 

3.2.7. Selective adsorption of oxo-anions in the presence of competitive 

anions…………………………………………………………………...145 

3.2.8. The pseudo-second-order kinetic model…………………………146 

3.2.9 Langmuir/ Freundlich adsorption isotherm experiment………….146 

3.2.10 Reusability test of polymers ………………………………….....146 

3.2.11 pH-dependent capture study of the inorganic pollutants and anionic 

dyes……………………………………………………………………..146 

3.2.12 Selectivity study of the polymers towards targeted inorganic in the 

presence of competing ions in acidic and basic solutions.……………...147 

3.2.13 Preparation of iPOP-ZN1 coated nylon membrane filter……….147 

3.2.14 Procedure for iodine capture in vapor-state……………………..147 

3.2.15 Reusability of iodine-loaded polymers………………………….147 

3.2.16 Computational methodology.……………………………………148 

3.2.17 Antibacterial study………………………………………………148 

3.2.17a Bacterial strains………………………………………………...148 

3.2.17b Disc diffusion method………………………………………….148 

3.2.17c Detection of ROS in bacterial cell………………………….….149 

3.3 Results and Discussion……………………………………………..150 

3.3.1 Characterization of iPOPs……………….…..……………………150 

3.3.2 Anionic contaminants capture from water………………………..158 

3.3.3 Iodine vapor capture……………………………………………...171 

3.3.5 Antibacterial properties of the iodine-loaded polymer matrices....199 

3.4 Conclusion……………………………………………………….....203 

3.5 References………………………………………………………….204 

 

 



xxi 
 

Chapter 4 

Exploring Redox-Active Ionic Porous Organic Polymer in 

Environmental Remediation & Electrochromic Application………209 

4.1 Introduction…………………………………………………………211 

4.2 Experimental section………………………………………………..212 

4.2.1 Materials and methods……………………………………………212 

4.2.2. Synthesis of 2,4,6-tris (-(bromomethyl) phenyl)-1,3,5-triazine 

(TTRB-Br)……………………………………………………………...213 

4.2.3 Synthesis of iPOP-Bpy…………………………………………..213 

4.2.4 Synthesis of iPOP-Bpy-PF6
-……………………………………..214 

4.2.5 Preparation of cationic radical form of iPOP-Bpy………………214 

4.2.6 Procedure for iodine capture in solid-state…………...…………..214 

4.2.7 Procedures for the iodine adsorption in the solution phase and time-

dependent study………………………………………………………...214 

4.2.8 Effect of different competitive anions in the adsorption of I3
-……215 

4.2.9 Recyclability test of iPOP-Bpy…………………………………..215 

4.2.10 Ammonia vapour (NH3) sensing in solid state………………….216 

4.2.11 Computational methodology……………………………………216 

4.2.12 Fabrication of the solid-state electrochromic device (ECD)…....216 

4.3 Results and Discussion……………………………………………..217 

4.3.1 Characterization of iPOP-Bpy…………………………………...217 

4.3.2 Adsorption of iodine vapor by iPOP-Bpy……………………….221 

4.3.3 Adsorption of iodine from organic and aqueous medium………..229 

4.3.4 NH3 vapor sensing……………………………….……………….235 

4.3.5 Investigation of the electrochromic properties of iPOP-Bpy…….238 

4.4 Conclusion…………………………………………….....................244 



xxii 
 

4.5. Declaration…………………………………………………………245 

4.6 References……………………………………………......................245 

Chapter 5 

Exploring Counter Anions in a Redox-Active Viologen-Based Ionic 

Porous Organic Polymer (iPOP) for Selective Reduction of Oxygen to 

H2O2…………………………………………………………………….253 

5.1 Introduction…………………………………………………………255 

5.2 Experimental section……………………………………………….257 

5.2.1 Materials…………….……………………………………………257 

5.2.2 Physical measurements…………………………………………...257 

5.2.3 Synthesis of 1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-1,1’-diium 

dichloride (ZN-Cl2)………………………………………………...…..257 

5.2.4 Synthesis of Tris(4-aminophenyl)amine (TAPA)………………...257 

5.2.5 Synthesis of iPOP-TAPA-Cl…………………………………….259 

5.2.6 Synthesis of iPOP-TAPA-X (X= F, Br, and I)………………..…259 

5.2.7. Preparation of the iPOP-TAPA-Cl radical cation……………….260 

5.2.8. Chemical stability test of iPOP-TAPA-Cl………………………260 

5.2.9 Electrochemical Measurements…………………………………..260 

5.3 Results and Discussion……………………………………………..262 

5.3.1 Characterization of iPOP-TAPA-Cl……………………………..262 

5.3.2 Electrochemical performance of iPOP-TAPA-Cl……………….267 

5.3.3 Characterization of iPOP-TAPA-X……………………………...268 

5.3.4 Electrochemical performance of iPOP-TAPA-X………………..272 

5.4 Conclusion………………………………………………………….279 



xxiii 
 

5.5 Declaration………………………………………………………….280 

5.6 References…………………………………………………………..280 

Chapter 6 

Conclusions and Future Aspects……………………………………..287 

6.1 Conclusion………………………………………………………….289 

6.2 Future aspects………………………………………………………290 

 

 

 

 

 

 

 

 

 

 

 

  



xxiv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxv 
 

NOMENCLATURE 

θ                                          Angle 

λ                                          Wavelength 

α                                          Alfa 

β                                          Beta  

δ                                          Chemical shift 

Å                                         Angstrom  

μm                                       Micrometer  

π                                          Pi 

σ                                          Sigma  

γ                                          Gamma 

μM                                        Micromolar 

ppm                                    Parts per million 

mL                                      Milliliter 

μL                                       Microliter 

a.u.                                      Arbitrary unit 

oC                                       Degree centigrade 

K                                        Kelvin 

 

ACRONYMS 

Abbreviations used for chemicals, polymers, and reagents largely follow the 

recommendations of the IUPAC-IUB commission on Biochemical 

Nomenclature, 1974, Pure and Applied Chemistry, 40, 315-331. 

Additional abbreviations used in this thesis are listed below 

ACN                         Acetonitrile 

CDCl3                      Chloroform-d 

COF                          Covalent organic framework 

COP                          Covalent organic polymer 

CP-MAS                   Cross polarization magnetic angle spinning 

DCM                         Dichloromethane  

DMSO                       Dimethyl sulfoxide 
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DMF                          Dimethylformamide 

EDX                          Energy Dispersive X-Ray analysis  

FTIR                          Fourier Transform Infrared Spectroscopy 

FESEM                      Field Emission Scanning Electron Microscopy   

HCl                            Hydrochloric acid 

HRTEM                     High-Resolution Transmission Electron Microscopy 

iPOP                          Ionic porous organic polymer 

MeOH                       Methanol 

Me                       Methyl 

M                       Molar 

nm                       Nanometer 

NMR                       Nuclear Magnetic Resonance 

Ph                       Phenyl 

pH                       The negative logarithm hydrogen-ion activity  

POP                       Porous organic polymer 

PXRD                       Powder X-ray Diffraction 

TGA                       Thermogravimetric analysis  

THF                       Tetrahydrofuran 

UV-Vis           UV-Visible Spectroscopy 

UV-DRS           UV-Visible-Diffuse reflectance Spectroscopy  
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1. Introduction 

1.1. Background 

Earth is home to around 8.1 billion people, with an expected population 

increase of around 2 billion in the next 30 years [1]. This rapid increase in 

the human population has led to exponential growth in industrialization that 

directly impacts the environment [2]. Excessive consumption of natural 

resources, huge waste generation, and uncontrolled release of harmful 

toxins directly pollute the environment, leading to severe consequences like 

fatal diseases and climate change. Depending on the types of pollutants, 

environmental pollution can be categorized into two subclasses: Primary 

pollution, where the contaminants are harmful in their original form, and 

secondary pollution, where the pollutants are produced from the chemical 

reactions of seemingly harmless natural elements [3]. Generating high 

amounts of such pollutants can negatively impact every sphere of our 

environment. Consequently, we encounter several types of pollution, like 

water, air, soil, noise, thermal, light, radiation, etc., having natural or 

anthropogenic causes [4]. Around nine million annual early mortalities are 

recorded worldwide because of environmental pollution [5]. 

Among the mentioned pollutions, air and water pollution are the most 

concerning in the current era, and they have common sources most of the 

time. Particulate matter has been recognized as one of the primary sources 

of air pollution which contains toxic components like sulfur dioxide (SO2), 

carbon monoxide (CO), several nitrogen oxides, volatile organic 

compounds (VOCs) like several alcohols and amines, volatile radioactive 

substances like radio iodides, etc [6,7]. The water can be polluted from 

several sources, like chemical pollutants (fertilizers, pesticides, heavy 

metal-based pollutants, organic components, microplastics, etc.), biological 

pollutants like bacteria and viruses, thermal pollution (release of hot 

industrial water), and waste discharge. Though some of these pollutants are 

generated by naturally occurring incidents like wildfire or volcanic 
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eruptions, the anthropogenic pollution caused by the industries has become 

a worldwide issue[8-11]. These pollutants have a direct environmental 

impact as they can alter the atmospheric composition, ultimately hampering 

ecological sustainability. The contaminants in the air can interact with the 

clouds and alter the cloud formation and precipitation patterns, causing 

hydrological imbalance [12-14]. On the other hand, water pollution 

severely impacts the survival of animals and plants, ultimately creating 

ecological imbalance [15]. Moreover, the pollutants can cause several 

health issues like headaches, nausea, respiratory problems, heart disease, 

gene mutation, damage to reproductivity, cancer, etc. [16-20].  As a 

universal solvent, water can also be a source of several infectious 

waterborne diseases like cholera, diarrhea, hepatitis A, dysentery, etc. [21]. 

Soil pollution is directly linked with water and air pollution. The increasing 

level of air and water pollution leads to the deposition of several toxins in 

the soil, directly impacting its acidity, inhibiting the fertility of the soil, and 

affecting the growth of fruits and vegetables [22,23]. Heavily dumped 

industrial and urban wastes to empty lands, use of excessive fertilizers and 

pesticides, and related chemicals in cultivation are other major causes of 

soil pollution [24-27]. On the other hand, the leaching of pollutants from 

the soil to the groundwater and released VOCs from the soil can cause 

secondary water and air pollution [28-31].  

Thermal pollution is another global concern that refers to the abnormal 

change in the average global temperature. The average global temperature 

has been increasing at an alarming rate of 0.06 oC per decade since 1850 

[32], and the current decade is probably the hottest decade recorded. One 

of the major reasons for thermal pollution is industrial processes and 

excessive use of cooling systems that release several toxic gases, which 

leads to global warming [33,34]. Excessive use of fossil fuel-based energy 

affects natural resources, and the poisonous gases released from burning 

carbon-based fuels create significant air pollution and elevate the average 
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global temperature [35-37]. This elevating temperature affects human 

health and harms aquatic life by causing hypoxic conditions in water due to 

the reduced solubility of oxygen in water [38]. 

Noise pollution is the amplification of noise levels by natural or 

anthropogenic causes with adverse side effects like sleep disruption, 

hypertension, cardiovascular problems, etc. [39-41]. Other than that, 

human-caused over-illumination also causes several adverse effects, like 

depression, sleep disorders, etc. [42,43]. At the same time, these highly 

energy-consuming processes passively put a burden on natural resources, 

creating an environmental imbalance. 

Environmental pollution and environmental sustainability are two related 

concepts that go hand-in-hand [44]. Environmental sustainability refers to 

the reasonable interaction of the environment to the conservation of natural 

resources and ecological balance while meeting the needs of current and 

future generations [45]. In contrast, environmental pollution refers to the 

infiltration of unwanted natural or artificial substances into the environment 

that directly threaten life and ecological balance [46]. Therefore, addressing 

these various types of current environmental challenges is crucial for 

maintaining environmental sustainability. In this situation, the major 

solutions could be the adaptation of cleaner technologies, effective waste 

management, promotion of renewable and energy-efficient technologies, 

and use of renewable and sustainable materials. 

1.2. Materials towards sustainability 

Material research has greatly impacted the development of a sustainable 

environment. Though several conventional materials are being developed 

to aid the mentioned problems, most suffer disadvantages like smaller self-

life, high preparation cost, low product selectivity, compromised stability 

in harsh conditions, etc. [47]. At the same time, the compromised 

reusability and poor recyclability of these materials make them unsuitable 
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for use for a longer period [48]. In this situation, developing materials that 

are easy to handle, have low preparation costs, and have substantial 

reusability and recyclability is one of the main priorities of the current 

research community.  

In this regard, sustainable material is one of the newly emerging concepts 

that refers to materials that can be reused or recycled without hampering 

environmental sustainability [49]. There are several factors that make a 

material sustainable [50,51] (Figure 1.1): 

 

Figure 1.1. Factors that make a material sustainable. 

1. Source: The source of the material production significantly impacts 

material sustainability. The material can be termed sustainable if the source 

is sustainable or renewable. 

2. Impact: Depending on the environmental impact of synthesizing and 

using the material, a material is classified as sustainable.  

3. Durability: Durability is another crucial factor that makes a material 

sustainable. The durability of the materials makes them work for a longer 

time and lowers their replaceability over time.  
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4. Life cycle: Reusability is an essential factor for material sustainability. If 

a material can be used for multiple cycles by simply reactivating it, its 

durability improves, which is an advantage in ecological and material 

sustainability. 

5. Usage: Usage is a crucial factor in sustainable development. Regardless 

of the source, if a material can be reused and recycled, it qualifies as 

sustainable. 

Porous materials such as zeolites, metal-organic frameworks, coordination 

polymers, several oxides, etc., are the materials of the current era that have 

found their applications in various fields directly related to environmental 

sustainability. They are used for environmental remediation, sensing toxic 

pollutants, adsorption and storage of gases, green energy generation, and 

energy storage [52-55]. However, these materials face several challenges 

regarding stability, reusability, and activity impose restriction in their use at 

the industrial level. For example, metal-based porous materials suffer 

significant disadvantages in terms of stability in water and extreme pH 

conditions. MOFs and coordination polymers are mostly unstable in water, 

and their disintegration in water and extreme pH conditions makes them 

inappropriate for use at the industrial level for water remediation [56]. 

Additionally, the leaching of metals from the metal-based electrocatalysts 

further increased the chances of secondary metal pollution [57]. In this 

scenario, the specific development of metal-free systems could be an 

efficient strategy. Porous organic polymers are a class of porous material 

made of organic covalent bonds and could help in the development of the 

next generation of sustainable material [58]. 

1.3. Porous organic polymers as sustainable materials 

Modern concepts of polymer chemistry started to evolve after the legendary 

macromolecular hypothesis proposed by Hermann Staudinger in 1920, in 

his work ‘On polymerization’ where he stated, “not very different structures 
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can be obtained from a few building blocks; but if 10,000 or 100,000 blocks 

are at hand, the most varied structures become possible” [59].  Since this 

discovery, polymer research has grown significantly, and researchers have 

synthesized polymers combining various building blocks to develop 

polymers of different morphologies [60,61]. The field of porous organic 

material has evolved since the historic discovery of covalent organic 

framework by Professor Omar M. Yaghi in 2005 [62] (Figure 1.2).  

 

Figure 1.2. Representative timeline of the development of various porous 

organic polymers. Reproduced with the permission of the Elsevier 

Publishing Company [60]. 

Porous organic polymers are one of the unique classes of porous materials 

as they consist of the properties of both porous materials and polymers [63]. 

These are primarily pure organic materials with strong covalent bonds 

between organic build blocks. Being made of light elements like boron, 

carbon, nitrogen, sulfur, etc., they are generally lightweight. As shown in 

Figure 1.2., hypercrosslinked polymers (HCPs), polymers of intrinsic 

microporosity (PIMs), covalent organic frameworks (COFs), covalent 

microporous polymers (CMPs), and porous organic frameworks (PAFs) are 

some of the known classes of porous organic polymers [60]. Being 

constructed by assembling 2D or 3D organic building blocks, they develop 
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permanent voids that make them porous. Another unique feature of porous 

organic polymers is the choice of a wide range of chemical reactions and 

synthetic methods [64]. The flexibility to design task-specific monomers at 

the atomic level gives these materials an added advantage in optimizing 

their properties. As they are mostly made of pure organic building blocks, 

the porosity of the polymers could be tuned by simple post-synthetic 

modifications [65]. The very high thermal and chemical stability of the 

materials due to strong covalent bonds, high surface area, specific pore 

structure, and reusability make them usable in various applications directly 

related to environmental sustainability, like heterogeneous catalysis [66-

69], gas adsorption and storage [70-73], chemical separation [74,75], green 

energy generation [76,77], energy storage [78-80], water purification [81-

86], optoelectronic [87-90], biology [58,91,92], etc. The development of 

task-specific porous organic polymers for environmental applications is one 

of the current challenges to the research community. Constant efforts are 

being made worldwide to make these materials more efficient for various 

environmental-related applications. 

1.4. Ionic porous organic polymers (iPOPs): a potential porous material 

for sustainability  

Neutral polymers have played a crucial role in various fields directly related 

to environmental sustainability. Incorporating ionic functionality in the 

polymeric backbone will diversify the porous materials and broaden their 

applicability. In this regard, as a subgroup of porous organic polymers, ionic 

porous organic polymers (iPOPs) have emerged as a new type of porous 

material, first reported by Cho et al. as a tubular microporous organic 

network in 2010 [93]. This type of material consists of all the unique 

features of conventional porous organic polymers with an extra feature: a 

charged skeleton. The presence of ionic moieties in the pores and the 

polymeric skeleton provides the facility to tune the electronic and 

physiochemical properties of the polymers by simple counter-ion exchange 
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[94]. These exciting features, like high charge density, high surface area, 

and facile tunability of the polymer's electrotonic and physiochemical 

properties, make iPOPs one of the rising stars in the porous material family 

[95].  

1.5. Classification of ionic porous organic polymers (iPOPs) 

Depending on the charge of the polymeric skeleton, iPOPs can be broadly 

classified into two subclasses: cationic and anionic porous organic 

polymers. A third class of iPOPs is called zwitterionic porous organic 

polymer, where the cationic and anionic sites coincide in the polymeric 

skeleton [95] (Figure 1.3). This thesis mainly focused on developing noble 

cationic porous organic polymers and their application towards 

environmental sustainability. 

 

Figure 1.3. Classification of ionic porous organic polymers in terms of 

skeleton charge 

1.6. Synthesis strategy of cationic porous organic polymers 

Cationic porous organic polymers contain positively charged sites in the 

polymeric skeleton, with changeable counteranions such as halides and 

pseudohalides. Three major synthetic strategies exist in synthesizing 

cationic porous organic polymers: 1. Ionization and polymerization using 

neutral building blocks (Type I) 2. Direct synthesis using ionic building 
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blocks (Type II) and 3. post-synthetic modification (Type III) [95,96] 

(Figure 1.4). In all cases, the choice of suitable building blocks plays a 

significant role in determining the properties and functionalities of the 

polymers.   

 

Figure 1.4. Classification of cationic porous organic polymers depending 

on their synthesis. 

1.6.1. Ionization and polymerization using neutral building blocks 

The ionization and polymerization method are one of the simplest methods 

of fabricating ionic porous organic polymers. Unlike neutral polymers, it 

requires no catalyst or harsh conditions and is relatively simple to operate. 

Most of the polymers synthesized by this method have either quaternary 

imidazolium or viologen units as the cationic center. Table 1.1 represents 

some standard building blocks fabricating cationic imidazolium centers in 

the polymer.  
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Table 1.1. Some standard building blocks are used to fabricate 

imidazolium-based ionic porous organic polymers. 

iPOPs Building blocks Synthesis Reference 

IM-POP  SN2 nucleophilic 

substitution 

97,98 

pDPA  ARSN2 

nucleophilic 

substitution 

99 

CalCOP-1  SN2 nucleophilic 

substitution 

100 

SCU-

CPN-1-Br 

 SN2 nucleophilic 

substitution 

101 

IOP  SN2 nucleophilic 

substitution 

102 

Most of the reactions go via simple SN2 substitution reactions. For example, 

Gong et al. synthesized an imidazolium-based ionic porous organic polymer 

(IOP) by reacting 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-triazine 

(TBPT) and 1,3,5-tri(1H-imidazol-1-yl)benzene (TImB) in MeCN [102] 

(Scheme 1.1a). A similar reaction was reported by Li at el. for the 

fabrication of a very robust ionic polymeric material SCU-CPN-1-Br by 

reacting 1,1,2,2-tetrakis(4-(imidazolyl-4-yl)phenyl)ethene (TIPE) and 1,4-
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bis(bromomethyl)benzene (BBB) in a SN2 quaternization reaction [101] 

(Scheme 1.1b). 

 

Scheme 1.1. Synthesis of imidazolium-based iPOPs (a) IOP and (b) SCU-

CPN-1-Br [101,102]. 

Using pyridine-based building blocks is another smart choice to fabricate a 

cationic building center in the polymeric skeleton. In this regard, the 

Menshutkin reaction, a form of SN2 reaction, has been used extensively. 

This reaction proceeds faster in polar solvents than in solvents of lower 

polarity [96]. Alkyl halides containing (chloride or bromide) building 

blocks are used as a substrate. A nucleophilic attack by the pyridine-based 

nucleophile (4,4’-bipyridine, for example) replaces the halide from the 

substrate, creating a quaternary N-positive center. Some of the well-

reported substrate and pyridine-based building blocks are presented in 

Table 1.2. 
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Table 1.2. List of some well-reported building blocks used in the Mensutkin 

reaction 

iPOPs Building blocks Synthesis Reference 

CATN  

 

 

Menshutkin 

reaction 

103 

PION1 

PION2 

PION3 

 Menshutkin 

reaction 

 

 

104 

IM-IPOP  Menshutkin 

reaction 

 

 

105 

COP1
++  Menshutkin 

reaction 

 

 

 

106 

CON-

LDU5 

 Menshutkin 

reaction 

 

 

107 

TP-iPOP-

2 

 Menshutkin 

reaction 

 

 

 

108 
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Friedel-Crafts alkylation is another reaction that is being extensively used 

to fabricate ionic and neutral hypercrosslink polymers. This reaction 

generally uses aliphatic or aromatic alkyl halide as a substrate and dry 

FeCl3 as a catalyst in chlorinated solvents like DCM or DCE. For example, 

Shang et al. synthesized two cationic polymers, ID-PIP and IB-PIP, 

through Friedel-Crafts reaction followed by quaternization in solvothermal 

condition, reacting 1-(dichloromethyl)-4-methylbenzene (DMB) and 4,4′-

bis(chloromethyl)-1,1′-biphenyl (BCMB) separately with 2-phenyl 

imidazoline (PI) in the presence of anhydrous FeCl3 [109] (Scheme 1.2). 

 

Scheme 1.2. Synthesis of ID-PIP and IB-PIP by Friedel-Crafts alkylation 

[109]. 

1.6.2. Direct polymerization using ionic building blocks 

Another widely used protocol is directly synthesizing ionic porous organic 

polymers using cationic monomers. This strategy has the flexibility to use 

a wide range of organic transformations to produce various types of 

polymers using different linkages. The building blocks can be connected by 
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-C-C-, -C=C-, hydrazine, triazine, and imine linkages. Some of the widely 

used cationic building blocks are listed in Scheme 1.3.  

 

Scheme1.3. Some well-used cationic building blocks. 

1.6.2.1. Imine linkage  

The Schiff-base reaction to make imine linkage is widely used in 

synthesizing ionic porous organic polymers with high thermal stability and 

surface area [110]. Using either a cationic aldehyde or amine group as a 

building block leads to the formation of a cationic polymer. The critical 

selection of suitable solvent systems is one of the crucial features of this 

type of reaction. Generally, a combination of solvents like 

mesitylene/dioxane or n-butanol/ortho-DCB is used along with different 

concentrations of acetic acid as a catalyst, which plays a vital role in the 

polymerization reaction. For example, Fu et al. synthesized a series of 

cationic polymers by using a unique cationic building block 4,4′,4″-(1-

Methyl-1H-imidazole-2,4,5-triyl)tribenzaldehyde (MITT). Among the 

polymers, IMP-4 and IMP-5 were made of the same building blocks in 
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different solvents, as depicted in Scheme 1.4. As can be seen from the 

figure, IMP-4 has a higher  

surface area than IMP-5, which shows the effect of solvent systems in imine 

condensation reactions, which ultimately determines the properties of the 

polymers [111]. 

 

Scheme 1.4. Schematic representation of the synthesis of imine-linked 

polymer IMP-1 to IMP-5. Reproduced with the permission of the 

American Chemical Society [111]. 

Huang et al. reported the synthesis of another ionic covalent organic 

framework (iCOF) by the Schiff base condensation reaction of 4,4′,4′′,4′′′-

(pyrene-1,3,6,8-tetrayl) tetraaniline (PyTTA) and 5,6-bis(4-formylbenzyl)-

1,3-dimethyl-benzimidazolium bromide (BFBIm) (Scheme 1.5a). The 

material shows excellent thermal and chemical stability and an 

exceptionally high surface area of 1532 m2/g, which is probably the highest 

reported surface area among ionic porous organic polymers (Scheme 1.5b-

1.5e) [112]. 
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Scheme 1.5. (a) Synthesis of PyTTa-BFBIm-iCOF (b) N2 adsorption-

desorption and (c) pore size distribution of the iCOF. (d) and (e) represents 

the PXRD data, and the N2-adsorption-desorption analysis of the iCOF after 

treatment with different solvents represents its chemical stability. 

Reproduced with the permission of John Wiley and Sons [112].  

Ethidium bromide is another widely used cationic amine to synthesize 

different cationic polymers for various applications. Ma et al. reported the 

synthesis of a cationic covalent organic framework using ethidium bromide 

as a building block (EB-CON-Br). The electrostatically connected counter 

anions exchange facile counter anions in the polymeric skeleton. By 

introducing PW12O40
3– in the porous framework, they obtained enhanced 

conductivity [113]. 

Though most of the cationic porous organic polymers synthesized by Schiff 

base reaction consider either a cationic aldehyde or cationic amine as the 

charged building block, Luo et al. reported the synthesis of a bi-cationic 

covalent organic framework (DC-COF), using both the cationic aldehyde 

(Am1) and cationic amine (Vio-NH2) incorporating both the imidazolium 

and viologen center in the same polymeric skeleton [114] (Scheme 1.6). 
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Scheme 1.6. Synthesis of DC-COF [114]. 

1.6.2.2. Hydrazine linkage 

Hydrazone linkage is another widely used linkage in fabricating ionic 

porous organic polymer material. Unlike imine linkage, hydrazone linkage 

provides extra thermodynamic stability and is less prone to hydrolysis, 

providing iPOPs with an added robust nature. Guanidium halide-based 

building blocks are widely used in hydrazone-based iPOPs. Mitra et al. 

synthesized a series of ionic covalent organic nanosheets using guanidium 

halide as a cationic building block. The materials show excellent self-

exfoliation properties due to the interlayer repulsion. Guanidium halide has 

biological activity, and the polymers were further used for antibacterial 

actions (Scheme 1.7) [115].  
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Scheme 1.7. Schematic representation of the self-exfoliation of iCONs and 

their antibacterial actions. Reproduced with the permission of the American 

Chemical Society [115].  

In another study, Ding et al. reported the synthesis of an ionic liquid-

decorated covalent organic framework and a composite aerogel out of it for 

selective CO2 adsorption and their catalytic conversion using an imidazole 

functionalized hydrazine building block (Scheme 1.8) [116].  
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Scheme 1.8. Synthesis of hydrazine-based cationic building bock IL-ADH 

and cationic hydrazone COF-IL. Reproduced with the permission of the 

Royal Society of Chemistry [116].  

1.6.2.3. -C=C- linkage  

 -C=C- linkage is another common way to assemble ionic porous organic 

polymers, and olefin linkage is one of the efficient ways to produce fully 

conjugated cationic porous organic networks. Acid/Base-assisted activation 

of the methyl groups followed by the nucleophilic addition of the aldehyde 

groups in an Aldol-type polycondensation reaction results in a highly stable 

conjugated porous organic polymeric network. For example, Lin et al. 

reported the base-assisted synthesis of a series of fully conjugated porous 

organic polymers with high yield by reacting a cationic building block 

1,1′,6,6′-tetramethyl-[3,3′-bipyridine]-1,1′-diium iodide (TMBPI) a series 

conjugated aldehydes (Scheme 1.9) [117]. All the polymers show high BET 

surface area with excellent thermal and chemical stability. 

 

Scheme 1.9. Synthesis of olefin-linked conjugated porous organic polymers 

by base-catalyzed Aldol condensation reaction. Reproduced with the 

permission of the Royal Society of Chemistry [117].  
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In another study, a couple of 3D ionic covalent organic for wastewater 

remediation was reported by Zhang et al. by using two tetrahedral building 

blocks, TAPM and TFPM, in an acid-catalyzed Aldol condensation 

reaction, where trifluoroacetic acid was used as a catalyst (Scheme 1.10) 

[118]. 

 

Scheme 1.10. Synthesis of 3D iCOFs TAPM-PZI and TFPM-PZI in an 

acid-catalyzed polycondensation reaction [118]. 

Besides the Aldol condensation reaction, the Knoevenagel reaction is 

another way to obtain ionic vinyl-containing conjugated ionic porous 

organic polymer with -C=C- linkage. Liu et al. reported the synthesis of Py-

iPOP-1 using a Knoevenagel condensation reaction between benzene 1,3,5-

tricarbaldehyde (TFB) and acetonitrile-functionalized ionic liquid IL-ACN 

[119] (Scheme 1.11). 
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Scheme 1.11. Synthesis of Py-iPOP-1 by Knoevenagel condensation 

reaction [119]. 

1.6.2.4. Ionothermal reaction 

Metal salt-assisted trimerization is another reaction mainly used to 

synthesize cationic triazine polymers. Though this method produces 

polymers with higher thermal and chemical stability and high surface area, 

it requires a relatively longer time and higher temperature. These polymers 

show excellent activity in the selective capture and conversion of CO2. 

Scheme 1.12 shows the synthesis of two such cationic triazine polymers 

[120,121]. 

 

Scheme 1.12. Ionothermal synthesis of cationic covalent triazine polymers. 

Reproduced with the permission of John Wiley and Sons [120] and the 

American Chemical Society [121]. 
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1.6.2.5. Coupling reaction 

-C-C- bond formation by coupling reaction is a widespread polymerization 

reaction in constructing porous organic polymer. Suzuki coupling is a 

commonly used coupling reaction in synthesizing ionic porous organic 

polymers. Cationic porous organic polymers, EOF-15 and EOF-16, were 

synthesized by Suzuki reaction by Rose et al. (Scheme 1.13) [122]. 

 

Scheme 1.13. Synthesis of EOF-15 (E=Si) and EOF-16 (E=C) by Suzuki 

coupling reaction [122]. 

In another study, a series of imidazolium-linked tetraphenylethene-based 

cationic conjugated microporous polymers were prepared by Mousa et al. 

by Sonogashira–Hagihara cross-coupling reaction (Scheme 1.14) [123].  
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Scheme 1.14. Synthesis of imidazolium-linked cationic conjugated porous 

organic polymers using Sonogashira–Hagihara cross-coupling reaction. 

Reproduced with the permission of the Royal Society of Chemistry [123]. 

Yamamoto coupling reaction is another cheaper alternative for constructing 

highly conjugated ionic porous organic polymers as a comparatively 

cheaper catalyst Ni(COD)2 is used in this reaction instead of expensive Pd-

based catalysts. Su et al. reported an imidazolium-based porous organic 

polymer for nitroaromatic reduction using the Yamamoto coupling reaction 

(Scheme 1.15) [124]. 

 

Scheme 1.15. Construction of imidazolium-based cation porous organic 

polymers by Yamamoto coupling reaction [124]. 
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1.6.2.6. Zincke reaction 

Zincke reaction is widely used to synthesize viologen-based ionic porous 

organic polymer. In this reaction, a primary amine is reacted to the 

pyridinium salt of 2,4-dinitro-chlorobenzene to construct the polymeric 

skeleton. Ali Trabolsi and co-workers first reported synthesizing viologen-

based ionic conjugated polymeric network reacting using Zincke reaction 

under microwave irradiation (Scheme 1.20) [125]. 

 

Scheme 1.16. Synthesis of viologen-based ionic porous organic polymer 

using Zincke reaction [125]. 

1.6.3. Post-synthetic modification of neutral porous organic polymers 

Along with the strategies mentioned above to construct ionic porous organic 

polymers, post-synthetic modification is another alternative to introduce 

cationic units in the polymeric skeleton. As shown in Scheme 1.17, the 

quaternization reaction in the saturated pyridine centers to generate positive 

pyridinium salt is an alternative to generating cationic centers in the 

polymeric skeleton.  
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Scheme 1.17. The strategy of generating a positive center in the pyridine 

center by post-synthetic modification 

Based on the strategy mentioned above, Mi et al. reported the synthesis of 

Py-Bpy2+-COF from a neutral COF, Py-Bpy-COF (Scheme 1.18) [126]. 

 

Scheme 1.18. Generation of cationic center in Py-Bpy-COF by post-

synthetic modification. Reproduced with the permission of the American 

Chemical Society [126].  

The attachment of a cationic building block on the skeleton of porous 

organic polymer is another alternative to produce a cationic center in the 

polymeric skeleton, as can be seen in Scheme 1.19 [127]. 
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Scheme 1.19. Installation of a cationic unit in a neutral porous organic 

polymer skeleton. Reproduced with the permission of the American 

Chemical Society [127]. 

1.7. Synthesis methods of iPOPs 

Being one of the subclasses of conventional porous organic polymers, ionic 

porous organic polymers can be synthesized by following the same 

synthetic protocol of neutral porous organic polymers. Figure 1.5 depicts 

various synthetic protocols and their advantages in synthesizing porous 

organic polymers [128]. 

   

Figure 1.5. Various synthetic protocols and their advantages in the 

synthesis of porous organic polymers. Reproduced with the permission of 

the Royal Society of Chemistry [128].  

Solvothermal is the most widely used protocol for synthesizing crystalline 

porous organic polymers. However, it takes more time and produces less 

product yield than the other methods. Choice of reactions, like Schiff base 

or Aldol condensation reactions, which are reversible in nature, helps to 

produce crystalline polymers. Microwave reactions are another method that 

is becoming popular among researchers as it requires less reaction time and 

produces a high yield. The ionothermal or molten salt method is another 
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method that uses molten salt as a solvent/catalyst, and triazine-based 

polymers are majorly synthesized by this method [129].  

1.8. Aim and objective of the project 

Based on the synthetic strategies discussed above, this thesis presents a few 

noble ionic porous organic polymers fabricated using imidazolium and 

viologen linkages with similar protocols discussed above. The intended 

structures were chosen with specific strategies to utilize the synthesized 

iPOPs for various applications like wastewater remediation, volatile iodine 

adsorption, amine sensing, electrochromic device fabrication, and 

electrocatalytic hydrogen peroxide production. The synthetic strategies are 

further discussed in individual chapters. The following is a brief account of 

the applications and status of polymers for different applications, which are 

mostly explored in the current thesis. 

1.8.1. Wastewater remediation 

There is a huge increase in water demand with the rapid growth in the 

industrial and agricultural sectors. As per the AQUASTAT report, yearly, 

3928 km3 of water from various freshwater sources is used for human 

consumption, and around 22% of this is consumed by the industrial sectors 

[130]. These vast amounts of water are ultimately released as wastewater 

to various water resources without proper treatment, causing severe water 

pollution that causes adverse effects on animal health and damages aquatic 

life [131]. As per a recent report, industrial discharge is a major contributor 

to the multiple causes of water pollution, contributing around 41% (Figure 

1.6) [132-134]. 
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Figure 1.6. Different sources of water pollutants 

Among the various industrial contaminants, metal-based oxoanions like 

Cr2O7
2-, TcO4

-, SeO4
-, AsO4

-, etc., are some of the significant threats as their 

bioaccumulation to the living organism causes several toxic effects [135]. 

Cr (VI) based ions are carcinogenic and mutagenic and are listed as ‘priority 

pollutants’ by the US Environmental Protection Agency (US EPA) 

considering the poisonous impacts of Cr (VI) oxoanions [136]. Chromate 

is used mainly in industries like wood preservation, leather, textile, steel, 

dyes, pigments, etc. Among these industries, only the leather tanning 

industry takes around 30-35 liters of chromate for tanning 1 kg of leather 

[137]. This chromate-containing water ultimately gets released to various 

freshwater sources, causing chromate pollution in water. Hinkey 

groundwater contamination is one of the known incidents where Pacific Gas 

and Electric Company (PG&E) dumped about 370 million gallons of Cr-

containing wastewater into freshwater sources [138].  

TcO4
- is another toxic oxoanion that evolved from various atomic power 

plants as a secondary nuclear waste [139]. It is a form of radioactive 99Tc, 

which is β emitting in nature, and has a half-life of around 2.1×105 years 

[140]. As per recent reports, until 2010, nuclear power industries and 

atomic weapon testing produce around 305 metric tons of 99Tc-containing 

pollutants [140]. Selective removal of TcO4
- from aqueous solution is a big 

challenge due to its high solubility, low binding constant, and low binding 

enthalpy in aqueous medium [141].  
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Organic dyes are one of the major water pollutants. Several printing, textile, 

and painting industries use around 10000 organic dyes. These organic dyes 

are highly water soluble, carcinogenic, and mutagenic [142]. During their 

production and use at the industrial level, a massive amount of dye-

containing wastewater is generated and ultimately released into several 

waste resources [143]. Due to the complex organic structure of these dyes, 

it can be challenging to process them by simple bioprocessing. Therefore, 

their accumulation in the living organism might cause severe fetal disease 

[144]. 

Considering the water stability and toxic effects of these pollutants, it is one 

of the recent challenges to remove these pollutants from water resources. 

Significant technologies have been developed recently, like adsorption, 

photocatalytic and electrocatalytic degradation, chemical precipitation, etc. 

[145-148]. Among them, adsorption and photocatalysis have proved to be 

a user-friendly, cost-efficient, safe, and greener approach. Several porous 

materials, like zeolites and metal-organic frameworks, coordination 

polymers, activated carbons, etc., are active in adsorbing several organic 

and inorganic pollutants from water [149-153]. However, their lower 

uptake capacity and reusability make them inefficient for use at the 

industrial level. In the case of metal-organic materials, their compromised 

stability in water and chances of metal leaching make them an improper 

choice. Photocatalysis is another green technique that has proved its 

efficiency in degrading organic dyes. Developing photocatalysts that show 

efficiency under solar irradiation instead of artificial light sources will be 

an added advantage, making the system more environmentally sustainable 

[154]. Though several metal oxides show excellent photocatalytic activity, 

they show compromised activity under visible light [155]. Additionally, 

using these catalysts for multiple cycles might increase the risk of metal 

leaching, leading to secondary metal pollution in water [156]. In this 

scenario, the development of metal-free sustainable materials is one of the 

current challenges.  
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Ionic porous organic polymers, owing to their charged skeleton, robust 

nature, and high surface area, proved to be an efficient metal-free adsorbent 

for removing several anionic pollutants from wastewater and showed their 

efficiency as metal-free adsorbents [158-161]. Based on the previous 

reports, it has been well established that imidazolium and viologen-based 

ionic porous organic polymers are proven to be excellent adsorbents for 

selectively capturing anionic pollutants with high uptake capacity and 

excellent reusability [157]. Though there are sufficient reports, these 

reports lack an efficient strategy for designing high-performing iPOPs for 

wastewater remediation. Though several factors can be tuned to develop 

efficient iPOP-based adsorbents, charge density in the polymeric skeleton 

is a very important parameter that is often overlooked. Higher charge 

density in the polymeric skeleton can access higher affinity towards various 

anionic pollutants if manipulated tactically. This thesis addresses an 

efficient strategy for tuning the positive charge density in the polymeric 

skeleton of viologen-based ionic porous organic polymers by simply 

replacing a larger secondary building block with a smaller one. 

Another major gap in using cationic porous organic polymer-based 

adsorbents is their selectivity only towards anionic pollutants. Along with 

anionic dyes, several cationic dyes are also being used at the industrial level, 

which also has several ill effects. Cationic porous organic polymers, owing 

to their cationic nature, proved to be inactive in capturing these cationic 

dyes [108,158,162,163]. In this scenario, though there are reports of the 

degradation of these dyes photo-catalytically, there are hardly any reports 

of cationic porous organic polymers working as an efficient photocatalyst 

for the degradation of these cationic dyes. Strategic incorporation of organic 

photosensitizers as an active building block in the polymeric skeleton can 

serve as a bifunctional material that could be useful in the remediation of 

both anionic and cationic pollutants [164]. This thesis presents one of its 

first kinds of bifunctional imidazolium-functionalized ionic porous organic 

polymer containing an anthracene moiety, which is one of the building 
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blocks of the polymer. The polymer shows excellent adsorption of anionic 

pollutants and photocatalytic degradation of cationic dyes under solar 

irradiation. 

1.8.2. Iodine as a potential threat 

Besides other utilization, iodine is essential to the thyroid gland's 

functionality [165]. It is a well-known reactant with several uses, as it is an 

integral part of various chemical reactions, a known disinfectant, and is used 

in the medicinal sectors to treat thyroid [166]. In some cases, it has also 

been used in water purification [167]. Despite having several applications, 

it is also one of the radionuclides (129I and 131I) waste generated from nuclear 

power plants [168]. Among them, 129I has a half-life of around 

1.57×107 years, and if it encounters human health, it might cause incurable 

diseases like thyroid cancer [169]. 131I is even more dangerous as it can 

easily interfere with the human metabolic system and can cause several fetal 

consequences, such as coma and death, though it has a half-life of eight days 

only [170,171]. Both radionuclides, being highly volatile in nature, might 

defuse in air and can reach human metabolic systems. Besides that, 131I is 

used in cancer radiotherapy and generated in hospitals for therapeutic 

purposes [172,173]. Though in the vapor state, iodine exists in a classical 

molecular form (I2), which is sparingly soluble in water, several recent 

reports show the presence of polyiodides (I3
-) in the vapor phase, which is 

water soluble in nature [174]. That makes the problem much more severe 

as diffusion of radio iodides into water increases the risk of human contact. 

Iodine is essential for the synthesis of THs and the modulation of thyroid 

function. The production of THs (3,5,3’,5’-tetraiodo-L-thyronine (T4) and 

3,5,3’-triiodo-L-thyronine (T3)) mainly depends on thyrotropin-releasing 

hormones (TRHs) and thyroid-stimulating hormones (TSHs) [175]. As 

thyroid glands cannot differentiate between regular iodine and radioactive 

iodine if inhaled, the radioactive iodine gets adsorbed in the thyroid glands 

like the stable iodine, and that will ultimately lead to thyroid cancer. 
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Additionally, radioiodine poisoning dilutes the natural iodine sources in the 

body, decreasing the THs production rate and leading to hypothyroidism 

(Figure 1.7) [176]. Though the effect is short-lived, it affects the fetus and 

newborn children.   

 

Figure 1.7. Schematic representation of radioiodine impact on human 

health. Reproduced with the permission of Frontiers Media [176].  

Though there are several state-of-the-art materials like silver-based zeolites 

and activated carbons for iodine capture, their activity is restricted in terms 

of benchmark adsorption capacity due to low surface area and weak 

interaction of iodine with the adsorbents, slow adsorption kinetics, and lack 

of reusability [169,177,178]. The use of costly metals like silver in the 

adsorbents also increases the preparation cost of the material [179]. In this 

scenario, there is an urgent need to develop cost-efficient materials showing 

equal activity in capturing iodine from vapor and aqueous phases. Porous 

materials like metal-organic frameworks, covalent organic polymers, and 

molecular cages, though, established themselves as an efficient adsorbent 

for iodine capture in vapor and organic phases, they often lack activity in 

capturing iodine or iodide ions from aqueous solution [169,178]. Materials 

with polarizable pore surfaces and highly cationic skeletons with 

exchangeable ions could be efficient for the sequestration of iodine from 
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aqueous solution and from vapor and organic phases [180-185]. This thesis 

represents the development of ionic porous organic polymers by selecting 

viologen functionalities particularly, as it will not only provide cationic sites 

with exchangeable counter anions for selective capture of iodide from the 

aqueous solutions but also provide highly polarizable pore structures that 

will be helpful in the interaction with electron-rich moieties like neutral 

iodine. Additionally, this thesis proposed using iodine-containing polymers 

as antibacterial agents to combat microorganisms. 

1.8.3. Detection of amines 

Synthetic amines are vital in various laboratories, as they are significant 

components in multiple syntheses. They are also produced in millions of 

tons annually and used in dye, pharmaceutical, and polymer industries 

[186,187]. However, they are very volatile and corrosive and can damage 

human skin, eyes, and respiratory systems even in very low concentrations 

[188-190]. Being colorless in most cases and not having any chromophoric 

and fluorophoric properties, it isn't easy to detect amine vapors in the naked 

eye. Considering the toxic effect of volatile synthetic amines, the detection 

of amine vapor is very significant as it not only aids human health but also 

restricts environmental pollution. Though there are several techniques 

available for their detection, like high-performance liquid chromatography 

(HPLC), fluorometric detection, GC-coupled mass spectrometry, etc., due 

to the high cost and larger size of the instruments, they are not always 

affordable and not easily accessible on the spot [191-193]. Chromic 

materials are one such material that changes their color under the influence 

of external stimuli like light, chemicals, electricity, and temperature 

[194,195]. Developing a suitable chromic material that can readily interact 

with amines and detect them even in very low concentrations by change of 

color could be an alternative and convenient method for rapid and on-site 

detection. Though several materials reported in the literature have shown 

impressive results in detecting various amines, their compromised stability, 
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low reversibility, and high tendency to react with them make them 

insignificant at the industrial level [197-200]. Therefore, developing 

materials that are responsive to several amines but stable and reversible in 

nature are in high demand. Porous materials, due to their various interactive 

sites and inherent host-guest properties, proved to be promising in the field 

of amine sensing. Though there are several reports of porous material based 

amine sensors, the presence of reactive metal sites and the highly chelating 

nature of the amines leads to complex formation in the initial stages of 

sensing that hampers the reusability of the materials [201-207]. Dicationic 

ethyl-viologen molecules, being electron deficient and redox-active in 

nature, with a flexible chromic state, have shown their efficacy for detecting 

various amines [208-211]. Generation of ethyl viologen sites in the 

polymeric skeleton could be an efficient strategy for developing ethyl 

viologen-based ionic porous organic polymers for an efficient and robust 

platform for detecting amines. This thesis reports one such ionic porous 

organic polymer that shows fast response, high stability, and good 

reversibility in detecting ammonia vapor. 

1.8.4. Electrochromic device fabrication 

Electrochromic materials refer to the materials that change color in response 

to electrical stimuli [212,213]. Electrochromic materials and devices are 

used in fields like reflectance mirrors, smart windows, emitting surfaces, 

etc. [214,215]. This technology is particularly getting attention due to its 

controllable light adsorption and release with the help of electrical bias. The 

reversible switching between transparent and opaque states can be achieved 

in these devices by modulating the electrical bias [216]. This helps in 

controlling the amount of solar irradiation, hence heat passing through the 

windows [217]. That ultimately helps to modulate the indoor heat and light. 

This capability helps to lower the use of artificial cooling systems on hot 

days, ultimately lowering cooling energy consumption [218]. Additionally, 

the ability of electrochromic materials to regulate light transmission can 
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impact the overall energy consumption in the buildings, which actively 

helps in lowering the carbon footprint and contributes to reducing 

greenhouse gas emissions [219,220]. Transition metal-based oxides like 

WO3, TiO2, Nb2O5, MoO3, and Ta2O are some of the very well-known 

electrochromic materials [221]. Besides inorganic oxides, redox-active 

organic molecules have also shown considerable electrochromic properties. 

Among the very few organic electrochromic materials reported, most of 

them are anodically colored [222,223]. Cathodically colored materials, due 

to their instability in their radical states, are not being explored proficiently. 

Though the use of porous materials in electrochromic devices is 

comparatively new, the facile distribution of ions and electrolytes through 

the pore channels of the materials helps to achieve faster color switching 

and excellent color contrast [224-227]. Among the porous materials, metal-

organic frameworks have shown good electrochromic properties owing to 

the presence of redox-active metal centers and organic ligands [228]; 

however, instability in the electrochemical conditions of such materials 

often restricts their applicability. Porous organic polymers, due to their 

robust nature and well-distributed pore channels, have shown their 

applicability to be used in solid-state electrochromic devices [229]. Among 

the very few cathodically colored organic molecules, ethyl viologen is one 

of the well-used molecules. Their applicability to show high color contrast 

and fast switching make them very efficient electrochromic materials 

[230,231]. Generating ethyl viologen centers in porous organic polymers 

could be useful for developing cathodically colored electrochromic material 

with high stability, fast switching, and good color contrast. This thesis 

reports one such example of fabricating an electrochromic device using a 

viologen-based porous organic polymer. The device shows excellent 

stability, fast switching, very high color contrast, and excellent stability. 

1.8.5. Sustainable hydrogen peroxide production 
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Hydrogen peroxide is one of the top most used chemicals. It is an eco-

friendly oxidant, releasing water as a by-product during the oxidation 

reaction, whereas other oxidants, like oxychlorides, release toxic chlorine 

gas [232]. With its eco-friendly nature, it is in high demand and is used in 

huge amounts in several industrial sectors, such as chemical preparation, 

paper bleaching, water purification plants, etc. [233,234]. The current 

annual use of hydrogen peroxide is estimated to be around 2.2 million tons 

[235]. Though in high demand, the primary production of hydrogen 

peroxide largely depends on the traditional anthraquinone process [236]. 

This energy-intensive multistep oxidation-reduction process requires 

extensive operational facilities and expensive Pd-hydrogenation catalysts 

[237]. The organic by-products released from this process also have several 

toxic environmental effects [238]. Direct mixing of hydrogen and oxygen 

is another economically feasible alternative [239]. However, this process 

requires an expensive Pt-based catalyst that increases the preparation cost 

and the risk of explosion associated with storing highly compressible liquid 

hydrogen and oxygen, making its commercial application doubtful [240]. 

Another eco-friendly alternative is the electrochemical oxygen reduction to 

produce hydrogen peroxide in a fuel-cell setup. However, product 

selectivity is a significant issue in that case [241]. The 2e- reduction of 

oxygen to hydrogen peroxide is always countered by the parallel 4e- 

reduction of oxygen to water [242]. Several electrocatalysts have been 

developed in the recent past for oxygen reduction, but most of them show 

very poor selectivity in the 2e- reduction process [243]. Among the very 

few electrocatalysts that show good selectivity towards the 2e- reduction of 

oxygen are mostly noble metal-based catalysts that increase the preparation 

cost of the catalyst [244]. In this scenario, there is a requirement to develop 

metal-free electrocatalysts for selective reduction of oxygen to hydrogen 

peroxide. 

Porous organic polymers have already established themselves as a class of 

emerging electrocatalysts, and there has been a significant advancement in 
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the field in the last couple of years [245]. Despite considerable 

advancement in green energy generation, there are limited reports on porous 

organic polymer-based electrocatalysts for sustainable chemical 

production. Among the very few reports of electrocatalytic hydrogen 

peroxide production by selective 2e- reduction of oxygen, most are metal-

dopped POPs [246-248], which not only affect the preparation cost of the 

electrocatalyst but the chances of metal leaching from the electrocatalyst in 

the harsh electrocatalytic condition hampers the catalytic performance. 

Among the very limited reports on POP-based metal-free electrocatalysts, 

most are sulfur-containing [249-253], which are unsafe to use at the 

industrial level, considering the known toxicity of the S-containing 

compounds [254,255]. In this situation, viologen-based porous organic 

polymers have shown promising results in selective hydrogen peroxide 

production (Chem comm paper). There is also a probability of manipulating 

the electronic properties of the polymeric skeleton by simply exchanging 

the counter anions, which might be beneficial in achieving better 

electrocatalytic performance. This thesis reports one such viologen-based 

ionic porous organic polymer synthesized using the Zincke reaction. The 

polymers show good selectivity for the selective production of hydrogen 

peroxide. Additionally, by exchanging the counter anions, the activity of the 

catalyst can be manipulated.  

1.9. Overview of the thesis 

The main objective of this thesis is to design and synthesize some novel 

ionic porous organic polymers and investigate their role as an ideal 

sustainable material for addressing some environmental challenges. The 

consecutive chapters discussed the design, synthesis, and characterization 

of some task-specific ionic porous organic polymers and tested their 

targeted applications. 

Chapter 2 presents a thermally and chemically robust imidazolium-based 

ionic porous organic polymer iPOP-ANT with exchangeable counter anion 
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Cl-. The polymer was synthesized via a one-step condensation reaction 

between 2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-1,3,5-triazine and 

9,10 bis(chloromethyl)anthracene under inert atmosphere. The chemical 

structure of the material was thoroughly characterized by 13C-CPMAS 

NMR, FTIR spectroscopy, FESEM, EDX, XPS, and TGA. Owing to the 

presence of exchangeable counter anion Cl- in the polymeric skeleton, the 

polymer was used as a potential polymeric adsorbent in capturing toxic oxo-

anions (Cr2O7
2-, MnO4

-) and anionic dyes (methyl orange, amaranth, congo 

red).  The material shows high uptake capacity, fast kinetics, and selectivity 

toward capturing the anionic pollutants. The low optical band gap of the 

material (2.58 eV) makes it an ideal photocatalyst for the degradation of 

cationic dyes (rhodamine B, rhodamine 6G, and methylene blue) under 

solar irradiation. 

Chapter 3 addresses an efficient strategy for designing highly efficient 

polymeric adsorbents. This chapter mainly explores the role of building 

blocks in optimizing the polymers' charge density and surface area to 

develop better polymeric adsorbents. Three cationic polymers, iPOP-ZN1, 

iPOP-ZN2, and iPOP-ZN3, were designed, synthesized, and characterized 

using standard characterization techniques. Among the three polymers, 

iPOP-ZN1, having the highest surface area and more significant charge 

density, comes up as the best adsorbent for anionic inorganic and organic 

pollutants in an aqueous medium. The polymers also reveal excellent 

adsorption capability in higher concentrations of competing ions and highly 

acidic and basic solutions. The polymers show excellent reusability up to 

several cycles. The polymers further show excellent adsorption capacity of 

iodine vapor at room temperature and 75oC. Among them, iodine adsorption 

by iPOP-ZN1 at 75oC is among the highest reported values in reported 

literature. The iodine-loaded polymers show impressive antibacterial 

properties against E. coli, B. subtilis, and H. pylori.  
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Chapter 4 presents redox-active viologen sites containing multifunctional 

ionic porous organic polymer iPOP-Bpy. The materials show excellent 

iodine uptake capacity in vapor (540 wt%), organic (1009.77 mg/g), and 

aqueous phases (3921.47 mg/g), along with fast kinetics and reusability for 

several cycles. Due to the presence of redox-active viologen sites in the 

polymer, it also shows its utility in being used as a solid-state NH3 vapor 

sensor as it shows ultrafast color switching from yellow to blue in the 

presence of electron-rich ammonia vapor and shows excellent efficiency as 

solid-state ammonia vapor sensor. Further, the material found application 

as a p-type complementary electrochromic electrode and was fabricated into 

a bilayer device. Bias-dependent in-situ transmission and electrochemical 

measurements of a solid-state ECD fabricated using iPOP-Bpy reveal its 

capability to be the best choice from the viologen family in fabricating an 

organic ECD. The above conclusion can be drawn from the excellent 

electrochromic performance parameter values of switching times (~0.5 s), 

color contrast (~50%), and coloration efficiencies (up to 800 cm2/C).  

Chapter 5 explores another viologen-based ionic porous organic polymer 

(iPOP-TAPA) as an efficient electrocatalyst for selective 2e- reduction of 

oxygen to hydrogen peroxide. Electrochemical H2O2 production by 2e- 

reduction of O2 is a greener alternative to the traditional anthraquinone 

process. However, developing metal-free electrocatalysts that 

predominantly follow the 2e- reduction process over the more favorable 4e- 

reduction is challenging. iPOP-TAPA shows its efficiency as a metal-free 

electrocatalyst for the selective production of hydrogen peroxide (H2O2) 

from oxygen in an alkaline medium. The H2O2 production ability of the 

catalyst was further tuned by exchanging the Cl- counter anion with other 

halide ions (F-, Br-, and I-). Among these catalysts, iPOP-TAPA-F shows 

exceptional catalytic activity towards the selective production of H2O2 (98.5 

%) with a significant current efficiency of 99 %.  
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2.1. Introduction 

In the 21st century, freshwater accessibility is a global concern due to 

increasing water pollution [1]. With the massive industrialization in the 

current era, water sources get seriously contaminated by the uncontrolled 

discharge of industrial pollutants like heavy metal ions, organic dyes, and 

radioactive contaminants from textiles, electroplating, leather, paper, 

printing industries, nuclear power plants, etc. Remediation of these 

pollutants from water sources has gained attention worldwide [2-5]. Among 

the various contaminants, metal-based oxo-anions (Cr2O7
2-, TcO4

-, SeO4
-, 

AsO4
-) are one of the major threats, causing severe toxicity to the living 

organism by bioaccumulation [6]. Chromate is one of the major chemicals 

used in various industries. Industries like leather tanning, wood 

preservation, dyes and pigments, textiles, steel, etc., use chromate 

considerably in multiple applications. Among all these, only the tanning 

industry uses 30-35 liters of chromate for tanning 1 kilogram of leather, 

which is ultimately released to various natural water sources and pollutes 

the water [7]. Apart from chromate, TcO4
- is another oxo-anion whose 

remediation is also a significant challenge [8,9]. TcO4
- is one of the forms 

of radioactive nuclide 99Tc, evolved from the nuclear power industry with a 

very high half-life (2.1 × 105 years) and is 𝛽 emitting in nature [10,11]. It 

was estimated that till 2010, around 305 metric tons of 99Tc were produced 

by nuclear industries and weapon testing [12]. Among the other prominent 

water pollutants, several organic dyes released from many industries are 

another major concern. Several printing, textile, and color industries use 

various dyes that are also discharged into multiple water sources, a major 

source of water contamination [13,14]. These pollutants can accumulate in 

living organisms and may cause several problems for both animals and 

humans, as most are carcinogenic, mutagenic, or teratogenic in nature [15].  

There are many techniques reported in the literature for eliminating 

these anionic pollutants and dye, viz adsorption [16-18], electro- and photo-
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catalysis [19,20], chemical precipitation [21,22], bioprocessing [23], etc. 

Among these techniques, adsorption [24-27] and photocatalysis [28-30] are 

the two most effective techniques due to their low cost and high feasibility, 

easy and safe operation, and green approach. Many emerging materials have 

been used so far for removing such pollutants, viz. porous materials like 

zeolites, activated carbons, MOFs, and COPs, which are mainly used for 

removing the contaminants by adsorption [31-37], whereas certain MOFs, 

carbon nitrides, and several traditional metal oxides are being used as 

photocatalyst [38-40]. However, these materials have several 

disadvantages, like low uptake capacities [zeolites and activated carbons], 

poor stability in water [MOF], effective reusability, low photocatalytic 

efficiency, etc. Therefore, challenges are still present in developing novel 

materials for quickly and efficiently removing toxic pollutants from water 

[41-44]. In this regard, ionic porous organic polymers could be an effective 

candidate for wastewater remediation due to their inherent charged and 

permanent nature. 

 To achieve anion pollutant capture using iPOPs, a stable cationic 

skeleton with exchangeable counter anions is the primary requirement [45-

55], whereas the presence of electron-rich building blocks in the polymeric 

skeleton [56-58] and accumulation of a large number of N atoms in the 

material helps in increasing the photocatalytic performance [59]. Strategic 

incorporation of different binding sites in the polymeric network and the 

electron-rich moiety might contribute to the selective capture of anionic 

pollutants and enhance the material's photocatalytic performance. This 

Chapter discusses the synthesis of a novel cationic porous organic polymer 

iPOP-ANT with positive quaternized N site and exchangeable Cl- ions as 

counter anions along with electron-rich anthracene moiety. The material 

shows good adsorption properties towards the oxyanions (Cr2O7
2-, MnO4

-) 

and anionic dyes (methyl orange, congo red, amaranth) and efficient 

photocatalytic degradation of the cationic dyes under solar irradiation 

(rhodamine B, rhodamine 6G and methylene Blue).  
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2.2 Experimental section 

2.2.1. Materials and methods 

4-Bromomethylbenzonitrile, tri-fluoromethanesulfonic acid, and 

anthracene were purchased from Sigma-Aldrich; other reagents and 

solvents were purchased locally and were used without further purification. 

Fourier transform infrared (FTIR) analysis was carried out on 

PerkinElmer’s spectrum II spectrometer. NMR spectra were obtained by an 

AVANCE III 500 Ascend Bruker Biospin machine at an ambient 

temperature using CDCl3. 13C CP/MAS NMR was carried out by ECZR 

series 600MHz NMR by JEOL. Thermogravimetric analysis (TGA) was 

analyzed using Mettler Toledo Thermal Analyzer with heating rate of 10 

°C/min. Morphological data of the polymer were recorded in JEOL JSM-

7400F field emission scanning electron microscopy (FESEM) and FEI 

Tecnai G2, F30 HR-TEM (300 kV). Gas adsorption measurements were 

carried out using Quantachrome, Autosorb iQ2 Brunauer−Emmett− Teller 

(BET) surface area analyzer was used. PXRD of the polymer was done on 

Empyrean, Malvern Panalytical, with Cu-Kα radiation with 2θ range from 

2o to 80o and a step size of 0.02o. UV-DRS was obtained from Cary 5000 

UV-Vis NIR Spectrometer. X-ray photoelectron spectroscopy (XPS) was 

performed through a Physical Electronics make PHI 5000 VersaProbe III 

(Mg Kα X-rays, hν = 1253.6 eV). 

2.2.2. Synthesis of 9,10-Bis(chloromethyl)anthracene (ANT) 

9,10-Bis(chloromethyl)anthracene (ANT) was synthesized following a 

reported procedure [60]. In a typical reaction, a mixture of anthracene (1.78 

g, 10 mmol), anhydrous ZnCl2 (1.64 g, 12 mmol), and paraformaldehyde 

(1.50 g, 50 mmol) in dioxane (20 mL) was added dropwise in concentrated 

aqueous hydrochloric acid (40 mL) at room temperature under stirring 

condition. The mixture was then gently refluxed for 3 h and allowed to stand 

for 16 h at room temperature. The resulting yellow-colored solid was 

separated by filtration and washed with a large amount of H2O and dioxane 
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to afford the crude product. The crude product was recrystallized from 

toluene to give a yellowish needle-shaped crystal as a pure product. Product 

yield: 1.80 g, 64%. 1H NMR (400.13 MHz, 298 K, DMSO-d6): δ 8.53 (dd, 

4H), 7.73 (dd, 4H), 5.88 (s, 4H). 13C NMR (100.16 MHz, 298 K, DMSO-

d6): δ 131.15, 129.69, 127.27, 125.19, 49.06. 

 

Figure 2.1. 1H NMR of 9,10-Bis(chloromethyl)anthracene (ANT) 

 

Figure 2.2. 13C NMR of 9,10-Bis(chloromethyl)anthracene (ANT) 
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2.2.3. Synthesis of 2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-1,3,5-

triazine (TTRB-IMZ) 

2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-1,3,5-triazine (TTRB-

IMZ) was synthesized according to a reported procedure with slight 

modification [61]. In a typical reaction, imidazole (0.38 g, 5.61 mmol) and 

potassium hydroxide (0.57 g, 10.2 mmol) were dissolved in acetonitrile (25 

mL) and stirred for 1 h at room temperature. To the solution, 1 g (1.7 mmol) 

of TTRB-Br was added and stirred overnight (TTRB-Br was synthesized 

as mentioned in Chapter 3, 3.2.4 section). The obtained precipitate was 

filtered and washed with a large amount of water. The precipitate was dried 

in a vacuum to obtain the final product as a white solid. Product yield: 0.84 

g, 90%. 1H NMR (400.13 MHz, 298 K, DMSO-d6): δ 8.65 (d, 6H), 7.84 (s, 

3H), 7.47 (d, 6H), 7.26 (s, 3H), 6.98 (s, 3H), 5.36 (s,6H). 13C NMR (100.16 

MHz, 298 K, DMSO-d6): δ 171.11, 143.35, 142.58, 135.22, 132.04, 129.54, 

128.5, 128.02, 50.21. 

 

Figure 2.3. 1H NMR of 2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-

1,3,5-triazine (TTRB-IMZ) 
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Figure 2.4. 13C NMR of 2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-

1,3,5-triazine (TTRB-IMZ) 

2.2.4. Synthesis of iPOP-ANT 

2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-1,3,5-triazine was reacted 

with 9,10-Bis(chloromethyl)anthracene in 20 mL dry DMF in 1:1.5 molar 

ratio. The mixture was sonicated until a homogeneous mixture was 

obtained. The mixture was heated at 100 oC under N2 atmosphere for 24 h. 

After being cooled to room temperature, the obtained precipitate was 

collected by centrifugation and washed successively with DMSO, DMF, 

water, MeCN, THF, DCM, and diethyl ether to remove the small chain 

oligomers and unreacted precursors. Furthermore, the obtained solid was 

dipped in a 1:1:1 mixture of MeOH, THF, and DCM solution for 72 h for 

solvent exchange. The solid was then collected by filtration and heated at 

80 oC for 24 h to obtain the desolvated iPOP-ANT as a yellow solid. The 

successful synthesis of iPOP-ANT was confirmed from FTIR and 13C solid-

state NMR spectroscopy. 
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Scheme 2.1. Synthesis of iPOP-ANT 

2.2.5. Procedures for the time-dependent study of oxo-anion exchange 

An aqueous solution of 3 mL of K2Cr2O7
 (0.5 mM) was taken in a cuvette, 

and the initial absorption was recorded using UV-vis spectroscopy. 1.5 mg 

of the desolvated iPOP-ANT was added to the cuvette and shaken gently. 

The absorbance of the supernatant solution was monitored by liquid UV-vis 

spectroscopy with different adsorption times. UV-vis spectroscopy of the 

KMnO4 solution was also recorded similarly. From the time-dependent 

study, the percentage of oxo-anion removal and decrease of concentration 

with time was calculated using the following equation.  

𝐷𝑡 =
𝐶0 − 𝐶𝑡
𝐶0

× 100% =
𝐴0 − 𝐴𝑡
𝐴𝑡

× 100% 

where Dt is the exchange capacity, C0 and A0 are the initial concentration 

and absorbance of the oxo-anion solution respectively, and Ct and At is the 

concentration and absorbance of the oxo-anion solution at specific times, 

respectively. 

Kinetics data for removing Cr2O7
2- and MnO4

- were fitted in the pseudo-

second-order model using the following equation 

𝑄𝑡 =
𝑘2𝑄𝑒

2𝑡

1 + 𝑘2𝑄𝑒𝑡
 

Where t is the time in minutes, and Qt and Qe are the amounts of adsorbate 

(mg g-1) on the adsorbent at different time intervals and equilibrium, 

respectively. 
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2.2.6. Selective adsorption of oxo-anions in the presence of competitive 

anions 

This study used Cl-, Br-, and NO3
- ions as competing anions commonly 

present in ordinary water and wastewater sources. An equimolar (5 mM,1:1) 

aqueous solution of both the targeted oxo-anions and the competing anions 

was taken. 2 mg of the desolvated iPOP-ANT was added to the solution 

and stirred for 24 h. The solid particles were separated through filtration, 

the obtained supernatant was diluted ten times, and the UV-vis spectra were 

recorded. The capture efficiency of iPOP-ANT in the presence of 

competing ions was determined by comparison with a blank solution (0.5 

mM aqueous of the oxo-anion). 

In order to check the effect of excess competing ions on the adsorption of 

the targeted ions, adsorption experiments were also carried out by taking 

the excess concentrations of the competing ions in a ratio of 1:10 (5 mM:50 

mM), 1:50 (5 mM:250 mM), 1:100 (5 mM:500 mM) and 1:1000 (5 

mM:5000 mM). 

2.2.7. Procedures for the time-dependent study of anionic dye exchange 

For this experiment, three common anionic dyes, methyl orange (MO), 

congo red (CR), and amaranth (AMR), and two common cationic dyes, 

rhodamine B (RhB) and rhodamine 6G (Rh6G) were taken. 

In the case of the anion exchange study, in a typical experiment, an aqueous 

of 3 mL of MO (60 mgL-1) was taken in a cuvette, and the initial absorption 

was recorded using a UV-vis spectrophotometer. 1.5 mg of the desolvated 

iPOP-ANT was added to the cuvette and shaken gently. The corresponding 

absorbance of the supernatant solution was monitored by UV-Vis 

spectrophotometer with different adsorption times. UV-vis spectra of the 

other dye solutions were recorded similarly. From the time-dependent 

study, the percentage of dye removal and decrease of concentration with 

time was calculated. 
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2.2.8. Calculation of capacity 

5 mg of the desolvated iPOP-ANT was added to 2.5 mL of 5 mM of the 

oxo-anion solution or 60 mgL-1 anionic dye solution. The mixture was 

stirred for 24 h; after one day, the solid particles were removed by filtration, 

and the filtrate was used for UV-vis studies by diluting the solution. The 

uptake capacity was calculated from the solutions' initial and final 

absorbance values using the following equation  

𝑄𝑡 =
(𝐶0 − 𝐶𝑡) × 𝑉

𝑚
 

Where Qt is the capacity of the adsorbent, C0, and Ct are the initial 

concentration and concentration at time t, V is the volume of the solution, 

and m is the mass used for the adsorbent, respectively. 

2.2.9. The pseudo-second-order kinetic model 

The linear form of the pseudo-second-order kinetic model is expressed as 

𝑡

𝑄𝑡
=

1

𝑘2𝑄𝑒2
+

𝑡

𝑄𝑒
 

Where Qt and Qe are the amount of pollutants adsorbed at time t and 

equilibrium (mg g-1), k2 is the pseudo-second-order rate constant of the 

adsorption process (g mg-1 min-1). 

2.2.10. Adsorption isotherm experiment 

2.5 mg of iPOP-ANT was immersed in a 5 mL aqueous solution of oxo-

anion and dyes having different concentrations. After 12 h, the supernatant 

was collected, and UV-vis studies were carried out. The obtained data were 

fitted further with the following equation 

Langmuir model 

𝑄𝑒 =
𝑄𝑚𝐶𝑒
𝐾𝑑 + 𝐶𝑒
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where Ce (mM) and Qe (mg g-1) are the concentration at equilibrium and the 

amount of oxo-anion adsorbed at equilibrium, respectively. Qm (mg g-1) is 

the maximum amount of pollutant per unit mass of adsorbent to form a 

complete monolayer. Kd (mg/L) is a constant related to the affinity of the 

binding sites.  

Freundlich model 

𝑄𝑒 = 𝐾𝐹𝐶𝑒

1
𝑛 

where KF and 1/n are the Freundlich model constants, indicating capacity 

and intensity of adsorption, respectively.  

2.2.11. Recyclability test of iPOP-ANT  

After capturing the pollutants, the original material was regenerated by 

treating them with saturated KCl solution for 24 h. The reusability of the 

regenerated material was examined with 5 mL of 0.5 mM of the oxo-anion 

solution and 60 mgL-1 of anionic dye solution. The concentration of the 

anionic solutions was measured after 24h by UV-vis spectroscopy. These 

studies were repeated up to four cycles for each of the anions. 

The same method was used for the column study, where the adsorbent was 

regenerated by passing saturated KCl solution through the column. 

2.2.12. Photocatalytic degradation of the cationic dyes 

The photocatalytic performance of iPOP-ANT was investigated by 

monitoring the degradation of cationic dyes- rhodamine B (RhB), 

rhodamine-6G, and methylene blue (MLB) under solar irradiation. The dye 

solutions (10 ppm) were prepared in deionized water, and the pH of the 

solutions was regulated using 1N HCl or 0.1M KOH solution when 

required. A series of dye solutions were taken in 5 mL capacity glass vials, 

and 0.5 mg/mL iPOP-ANT were dispersed in the dye solutions. The vials 

were placed under solar light irradiation with occasional stirring. The 
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solutions were centrifuged at different time intervals; the supernatant was 

analyzed with the help of UV-vis spectroscopy to determine the 

concentration of the solution. After centrifugation, the solid iPOP-ANT 

was collected, washed with acetone, and dried at 75 °C to regenerate the 

photocatalyst. The regenerated material was reused, keeping all the 

conditions similar. 

2.2.13. Computational details 

The structures of the pristine iPOP-ANT and various anionic and cationic 

binders were optimized at the B3LYP-D3 method, using a 6-31G(d) basis 

set for elements till period 3, whereas the SDD basis set was used for 

elements in the higher periods [62-65]. Confirmation of minimum geometry 

was performed by frequency analysis to obtain zero imaginary frequencies. 

For the iPOP-ANT and binders, electrostatic potential (ESP) maps were 

generated to understand the binding sites. Various sites were considered 

based on the relative electron density spread over the molecules, and the 

structures (complex after binding) with the lowest total energies are 

provided. The binding energy is then calculated by employing the formula: 

Binding energy (BE) = EComplex – EBinder – EiPOP-ANT 

where EComplex, EBinder, and EiPOP-ANT are the total energies of complex, 

binder, and pristine iPOP-ANT, respectively. All calculations were 

performed using the Gaussian 16 program package [66]. 

2.3. Results and Discussion 

2.3.1. Characterization of iPOP-ANT 

In the present work, an imidazolium-based ionic porous organic polymer, 

iPOP-ANT, was synthesized via a one-step condensation reaction between 

2,4,6-tris(4-((1H-imidazol-1-yl)methyl)phenyl)-1,3,5-triazine and 9,10 

bis(chloromethyl)anthracene under N2 atmosphere.  The chemical structure 

of the material was thoroughly characterized by 13C-CPMAS NMR, FTIR 
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spectroscopy, FESEM, EDX, XPS, and TGA. The 13C-CPMAS NMR 

shows broad peaks in the range of ~124 ppm to ~134 ppm, corresponding 

to the aromatic ring carbons of imidazole, benzene, and anthracene. Peaks 

at ~45 ppm and ~51 ppm represent two types of methylenic carbons 

attached to the imidazolium nitrogens. A peak at ~168ppm corresponds to 

the carbons of the triazine core of the material (Figure 2.5).  

Figure 2.5. Solid state 13C NMR of iPOP-ANT. 

FTIR spectra revealed band at ~1515 cm-1 corresponds to the C=N 

stretching frequency of triazine and imidazole linkage, whereas the band at 

~1417 cm-1 indicates the presence of methylene (-CH2-) functional group. 

The band at ~1364 cm-1 represents the triazine rings, while the band at 

~1144 cm-1 and 775 cm-1 indicate the presence of imidazolium-based 

functional groups, whereas the absence of any band at 566 cm-1 in iPOP-

ANT confirms the complete consumption of the C-Cl bond during the 

formation of the polymer (Figure 2.6) [46-48]. 
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Figure 2.6. FTIR spectra of iPOP-ANT. 

The thermogravimetric analysis (TGA) showed almost negligible weight 

loss of the material up to 260 oC, giving evidence of its thermal stability. 

The minimal weight loss before 100 oC may be due to the removal of the 

trapped solvent molecules from the pores of the material (Figure 2.7). 

              

Figure 2.7. Thermogravimetric analysis of iPOP-ANT. 

The XPS analysis confirmed the presence of C, N, and Cl in the material 

(Figure 2.8a). The presence of three N-containing functional groups (C=N+, 
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C-N, and C=N) in the XPS of N 1s also confirmed the successful synthesis 

of the ionic polymer (Figure 2.8b). 

Figure 2.8. (a) XPS survey spectra of iPOP-ANT (b) XPS spectra of N 1s 

for iPOP-ANT. 

Gas adsorption analysis was carried out to explore the uptake capacity of 

the polymer. The lower uptake of N2 (31.61 mLg-1) and CO2 (11.14 mLg-1) 

by the polymers may be due to the occupation of Cl- ions in the pores of the 

polymer. The slight hysteresis in the CO2 desorption profile suggests the 

interaction between Cl- and CO2 molecules. 

Figure 2.9. (a) N2 adsorption profile at 77K (b) CO2 adsorption profile at 

298K. 

The PXRD data showed a broad peak that indicates the amorphous nature 

of iPOP-ANT (Figure 2.10a), and it was further confirmed by the electron 

diffraction test data (Figure 2.10b), which proved that the material is an 

`amorphous pure carbon material. 
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Figure 2.10. (a) PXRD of iPOP-ANT (b) The electron diffraction pattern 

of iPOP-ANT. 

The FESEM images revealed the agglomerated spherical morphology of the 

material (Figure 2.11a), which was further confirmed by the TEM imaging 

analysis (Figure 2.11b). The elemental mapping and the EDX analysis 

confirmed the presence of C, N, and Cl ions in iPOP-ANT (Figure 2.11c 

and 2.11d). 
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Figure 2.11. (a) FESEM image, (b) HRTEM image, (c) EDX analysis, and 

(d) elemental mapping of iPOP-ANT 

To check the chemical stability of iPOP-ANT, it was kept in 2N HCl and 

2N KOH solution for seven days. It was observed that there was almost no 

significant change in the material, as confirmed by FTIR, TGA, and SEM 

analysis (Figure 2.12a-2.12d). 

Figure 2.12. (a) FTIR spectra and (b) thermogravimetric analysis of iPOP-

ANT. FESEM image of (c) acid and (d) base treated iPOP-ANT. 

2.3.2. Anionic contaminants capture from water 

Encouraged by the physicochemical stability, cationic nature, and 

exchangeable counter anion in iPOP-ANT, its utility as an ion exchange 

material for the adsorption of toxic anions and dyes from water was 

investigated. The stability, insoluble nature, and easy dispersive nature of 

the material in water open up the possibility for prospective application of 

anion capture. First, the adsorption experiment on Cr2O7
2- was carried out 

by adding 1.5 mg of desolvated iPOP-ANT in 3 mL 0.5 mM solution of 
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Cr2O7
2-. The UV-vis spectra in different time intervals show a steady 

decrease in the peak at 258 and 352 nm, revealing the constant reduction in 

the concentration of the supernatant solution of Cr2O7
2-, and almost 97% 

adsorption was observed within five mins (Figure 2.13a and 2.13b). To 

check the material’s ability to adsorb radioactive TcO4
- ions, its 

nonradioactive surrogate MnO4
- was chosen, considering the radioactive 

nature and operational difficulty of TcO4
- in the lab. 

Figure 2.13. UV-vis spectra in the presence of iPOP-ANT at different 

times for the aqueous solution of (a) Cr2O7
2-. Condition: Initial conc. of both 

the oxo-anions (C0) = 0.5 mM, miPOP-ANT/Vsolution = 0.5mg/mL, contact 

time-5 mins and 4 mins for Cr2O7
2- and MnO4

- respectively, pH of the 

solutions was kept neutral. Decrease in concentration and percentage of 
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removal of (c) Cr2O7
2- (d) MnO4

- with time. Bar diagram representation of 

the removal efficiency of iPOP-ANT in the presence of competing anions 

(NO3
-, Cl-, Br-) for (e) Cr2O7

2- (f) MnO4
- ions. 

1.5 mg of the material was dispersed in 3 mL of 0.5 mM solution of KMnO4, 

and the adsorption was monitored through UV-vis spectroscopy (λmax for 

MnO4
- is 525 nm). Almost 95% adsorption of MnO4

- was observed within 

1 minute, and nearly 99% was adsorbed in 4 minutes (Figure 2.13b and 

2.13d). To mimic the wastewater environment and evaluate the material's 

ability to capture oxo-anions selectively, several competing anions, like Cl-

, Br-, and NO3
-, were chosen, ubiquitous in common water sources. The 

binary mixture study shows that the adsorption of the targeted oxo-anions 

remains unaffected even in the presence of the competing anions when the 

1:1 molar ratio of oxo-anions and competing ions are taken into 

consideration (Figure 2.13e and 2.13f).  

Further, to verify the observations, DFT studies were also performed, which 

also supports the experimental observation. Computed binding energies 

reveal that all anions have high binding energy (> 100 kcal/mol) (Figure 

2.14).  
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Figure 2.14. Optimized geometries of anions (a) Br-, (b) Cl-, (c) NO3
-, (d) 

Cr2O7
2-, and (e) MnO4

- binding with iPOP-ANT, along with the 

corresponding binding energies (BE) computed at B3LYP-D3/SDD-6-

31G(d) level of theory. 

A cage-like formation of iPOP-ANT for all binding structures was 

observed, wherein the anions are captured within the cage. Among all 

anions, Cr2O7
2- displays the highest binding energy, which confirms the 

high binding affinity of the anion towards iPOP-ANT as observed 

experimentally. On the other hand, the binding of the Br- ion has the lowest 

binding energy relative to the other ions was observed. An attempt to 

explain the difference in the binding energies can be made from the anions’ 

electrostatic potential (ESP) map (Figure 2.15). A larger difference in the 

potential between the positively charged iPOP-ANT and the negatively 

charged anions would lead to stronger binding between those two charged 

ions. The highest potential difference was observed for Cr2O7
2-. However, 

in the case of MnO4
- the theoretical findings predict smaller binding energy, 

which might arise due to the absence of solvation effects and bulk 

phenomenon in the computations, which can affect the binding of the anion. 
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Figure 2.15. Electrostatic potential (ESP) distribution maps 

(isodensity=0.001 a.u.) of iPOP-ANT and various anionic and cationic 

binders. 

Owing to the highest computed binding energy of Cr2O7
2- with iPOP-ANT, 

the influence of excess competing ions on the adsorption capabilities of the 

Cr2O7
2- was further investigated. It was observed that the material shows 

excellent selectivity towards the oxo-anions even in the presence of 100 

times competing ions. 

Figure 2.16. Effect of excess competing anions on Cr2O7
2- uptake by iPOP-

ANT. 

Inspired by the oxo-anion's excellent adsorbability and fast adsorption rate, 

the ability of the material to adsorb organic dyes was further explored. Three 

anionic dyes, methyl orange, congo red, and amaranth were selected. To 3 

mL 60 mgL-1 of each dye solution, 1.5 mg of iPOP-ANT was dispersed, 

and the adsorption was monitored under UV-vis spectroscopy. 

Figure 2.17. UV-vis spectra in the presence of iPOP-ANT at different 
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times for the aqueous solution of (a)methyl orange, (b) amaranth, and (c) 

congo red. Condition: Initial conc. of the dyes (C0) = 60 mgL-1, miPOP-

ANT/Vsolution = 0.5 mg/mL, contact time-14 mins and 7 mins and 100 mins 

for MO, AMR, and CR, respectively, pH of the solutions were kept neutral.  

Decrease in concentration and percentage of removal of (d) methyl orange, 

(e) amaranth, (f) congo red. 

The ability of the polymer to capture cationic dyes was further investigated 

using rhodamine B (RhB) and rhodamine 6G (Rh6G). Contrary to anionic 

dye adsorption, very low adsorption (4.38% for RhB, 2.84% for Rh6g) of 

the cationic dyes was observed (Figure 2.18). 

Figure 2.18. UV-vis spectrum in the presence of iPOP-ANT at different 

times for the aqueous solution of (a) Rh6G and (b) RhB. 

To check the ability of iPOP-ANT to selectively capture anionic dyes, a 

selectivity test was carried out by mixing methylene blue (MLB) and methyl 

orange (MO) in an equal concentration. Figure 2.19 shows that only anionic 

MO is wholly removed from the solution, showing the material's selectivity 

towards the anionic dyes. 
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Figure 2.19. Selective capture of anionic dyes over cationic dyes. 

Computation of the binding energies of the organic dyes revealed that out 

of the three anionic dyes, the binding of amaranth is most favorable, with a 

high binding energy of -457 kcal/mol, followed by that of congo red (-306 

kcal/mol) and methyl orange (-177 kcal/mol) (Figure 2.20 a-c). Contrary to 

this, positive binding energies for the cationic dyes were obtained (Figure 

2.20 d-e). The binding of the anionic dyes would be favorable due to the 

attractive nature of the positive iPOP-ANT, in contrast to the electrostatic 

repulsion between iPOP-ANT and the cationic dye. 

Figure 2.20. Optimized geometries of anionic dyes (a) methyl orange, (b) 
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congo red, and (c) amaranth and cationic dyes, (d) rhodamine B, and (e) 

rhodamine 6G - binding with iPOP-ANT, along with the corresponding 

binding energies (BE) computed at B3LYP-D3/6-31G(d) level of theory. 

The structural integrity of the material after adsorbing the contaminated was 

confirmed by FTIR spectroscopy. Observation of new peaks at 745 and 928 

cm-1 for the polymer after adsorbing Cr2O7
2- and at 913 cm-1 after adsorbing 

with MnO4
- along with the characteristic peaks of the polymer itself, 

indicate the successful adsorption of the oxo-anions. The FTIR spectrum 

confirmed that the material's structural integrity remains intact after the 

adsorption of the oxo-anions and dyes (Figure 2.21). The FESEM study 

demonstrates the unchanged morphology of the polymer after the 

adsorption (Figure 2.22). 
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Figure 2.21. FTIR spectra of (a) iPOP-ANT@Cr2O7
2- (b) iPOP-

ANT@MnO4
- (c) iPOP-ANT@MO (d) iPOP-ANT@AMR (e) iPOP-

ANT@CR. 

 

Figure 2.22. FESEM images of (a) iPOP-ANT@Cr2O7
2- (b) iPOP-

ANT@MnO4
- (c) iPOP-ANT@MO (d) iPOP-ANT@AMR (e) iPOP-

ANT@CR. 

XPS scan also shows the presence of Cr and Mn in the material, respectively 

(Figure 2.23) 

Figure 2.23. XPS survey spectra of (a) iPOP-ANT@ Cr2O7
2- (b) iPOP-

ANT@MnO4
-. 

To investigate the adsorption mechanism of the material, an XPS test was 

carried out on the materials after the adsorption of the pollutants. The typical 

N 1s spectra of our material (Figure 2.8) show the presence of three different 

N-containing functional groups viz.: C=N+ (401.9 eV), C=N (400.3 eV), and 
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C-N (399.3 eV). The N 1s data of the adsorbed materials show a shift in the 

binding energy of C=N+ in most cases (Figure 2.24), indicating a strong 

interaction between the cationic center of the material and the anionic 

contaminants.  

Figure 2.24. XPS N1s spectra for (a) iPOP-ANT@Cr2O7
2- (b) iPOP-

ANT@MnO4
- (c) iPOP-ANT@MO (d) iPOP-ANT@AMR (e) iPOP-

ANT@CR. 

The anion trapping in all the cases is found to follow the pseudo-second-

order kinetics with a high R2 value (>0.99), indicating that the adsorption 

rate of the anionic pollutants and dyes depends on the availability of active 

sites (Figure 2.25). 
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Figure 2.25. The pseudo-second-order kinetics model for (a) iPOP-

ANT@Cr2O7
2- (b) iPOP-ANT@MnO4

- (c) iPOP-ANT@MO (d) iPOP-

ANT@AMR (e) iPOP-ANT@CR. 

Langmuir adsorption isotherm model was also studied to evaluate the 

maximum adsorption capacity of our material. The obtained results show a 

good agreement with the Langmuir equation, indicating single-layer 

adsorption of the pollutants on the material's surface (Figure 2.26). After 

calculation, iPOP-ANT shows ultrahigh adsorption capacity for MnO4
- 

(5372 mg/g) and amaranth (645.084 mg/g), which come out as one of the 

highest values reported among the porous materials (Table 2.2 and 2.4). The 

maximum adsorption capacity for Cr2O7
2-, MO, and CR is 330.75 mg/g, 
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574.63 mg/g, and 587.82 mg/g, respectively, which are among some well-

performed materials in the literature. (Table 2.1, 2.3 and 2.5) 

Figure 2.26. The Langmuir and Freundlich adsorption isotherm model 

fitting for (a) Cr2O7
2- (b) MnO4

- (c) MO (d) AMR (e) CR. 
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Table 2.1. A comparison table of Cr2O7
2- capture (mg/g) with some well-

studied examples in the literature (ND-Not done). 
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Table 2.2. A comparison table of MnO4
- capture (mg/g) with some well-

studied examples in the literature (ND-Not done). 
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Table 2.3. A comparison table of MO capture (mg/g) with some well-

studied examples in the literature (ND-Not done). 

 

Table 2.4. A comparison table of AMR capture (mg/g) with some well-

studied examples in the literature (ND-Not done).  
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Table 2.5. A comparison table of CR capture (mg/g) with some well-

studied examples in the literature (ND-Not done) 

  

The recyclability of sorbent materials restricts its practicability in real-time 

wastewater processing. In this regard, the reusability experiment of iPOP-

ANT was examined by dipping the post-captured material in saturated KCl 

solution for 24h after each capture cycle to regenerate the material. No 

significant change in the adsorption efficiency of the material was observed 

up to four cycles (Figure 2.27).  
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Figure 2.27. Reusability test of iPOP-ANT for (a) Cr2O7
2- (b) MnO4

- (c) 

MO (d) AMR (e) CR. 

A chromatographic column was prepared with iPOP-ANT to separate the 

pollutants in the water (Figure 2.28). 0.5 mM stock solutions of MnO4
- and 

AMR were poured on the top of the column. The solution coming out of the 

column showed a significant drop in color intensity, revealing efficient 

capture of the contaminants, which was further confirmed by UV-vis 

spectroscopy. From this observation (Figure 2.28), it can be claimed that 

the iPOP-ANT-based column is proficient enough to eradicate many 

anionic pollutants from wastewater. 
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Figure 2.28. Images of (a) MnO4
- and (b) AMR solution before and after 

passing through the polymer-packed column. UV-vis spectra of (c) MnO4
- 

(d) AMR solution before and after passing through polymer packed column. 

Condition: Initial conc. of both MnO4
- and AMR (C0) = 0.5 mM, the pH of 

the solutions was kept neutral. 

2.3.3. Photocatalytic degradation of cationic dyes 

After investigating the anionic pollutant removal efficiency of iPOP-ANT, 

the cationic dyes present in the wastewater were dealt with, as the polymer 

has not shown the capability of adsorbing the cationic dyes. The promising 

thermal stability of the polymer logically leads to exploring its 

photocatalytic activity. The high thermal stability is beneficial for the 

practical application of photocatalysis under harsh conditions. The UV-

DRS shows that the material has the ability to absorb light in the visible 

region and shows an absorption profile with an absorption edge adjacent to 
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540 nm, suggesting that it could utilize solar energy. The Tauc plot then 

determined the optical bandgap of the material [the curve of converted 

(αhν)r versus hν from the UV-vis spectrum, where α, h, and ν are the 

absorption coefficient, Planck constant, and light frequency, respectively, 

and r = 2 for a direct bandgap material and r = 1/2 for an indirect bandgap 

material]. The optical bandgap of the material was found to be 2.58 eV 

(Figure 2.29a), lower than ZnO, the widely used photocatalyst. The band 

gap was further computed based on the HOMO-LUMO separation of the 

optimized structure of iPOP-ANT and obtained an estimate of ~2.30 eV, 

which is in good agreement with the experimental result. Based on the 

orbital distribution, we find that HOMO is mainly distributed over the 

anthracene moiety, while the LUMO is spread over the central triazine 

group (Figure 2.29b). 

Figure 2.29. (a) UV−vis DRS spectrum of iPOP-ANT from Tauc’s relation. 

(b) The theoretical band gap of iPOP-ANT was obtained from HOMO-

LUMO separation at the optimized geometry, computed at B3LYP-D3/6-

31G(d) level of theory. 

The energy gap of ZnO is 3.24 eV, which confines its light absorption range 

in the UV region [85]. The sunlight that reaches the earth's surface contains 

only approximately 10% of the UV light. Hence, the useability of the sun 

by ZnO is minimal. The low band gap of iPOP-ANT and the possibility of 

absorption of visible light opens the possibility of using them as 
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photocatalytic material. It is also to be noted that such a low bandgap can 

lead to the charge transfer interaction, leading to the free radical generation. 

The photocatalytic activity of the material was investigated by monitoring 

the degradation of RhB, Rh6G, and MLB under solar irradiation. The 

photocatalytic degradation of the dyes was monitored at different time 

intervals using UV-vis spectroscopy at a particular λmax for a specific dye 

(552 nm for RhB, 525 nm for Rh6G, 663 nm for MLB). A constant decrease 

in the intensity of the absorbance with time was observed.  

Figure 2.30. UV-vis absorbance spectra of RhB (a), Rh6G (b), and MLB 

(c) degradation under solar irradiation at different time intervals. ln(C0/Ct) 
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vs. Time plot shows the kinetics of the dyes' photocatalytic degradation for 

(d) RhB, (e) Rh6G, and (f) MLB. 

Almost 94% degradation of RhB and 97% degradation of Rh6G under solar 

irradiation was obtained within 140 min and 160 min, respectively, at a pH 

of 4.5, whereas for MB, 99.8% degradation was obtained within 210 min at 

a pH of 10 (Figure 2.30a-c) The photocatalytic degradation of the dyes was 

fitted with the pseudo-first-order kinetic equation having rate constants 

0.0192 min-1, 0.018 min-1, and 0.024 min-1 for RhG, Rh6G, and MB, 

respectively as estimated by using the Langmuir−Hinshelwood kinetics 

model: 

𝑙𝑛
𝐶0
𝐶𝑡
= 𝑘𝑡 

where C0 and Ct are the initial concentration and concentration at time t 

minutes of the dyes in the photocatalytic degradation, k is the slope of the 

linear curve representing the rate constant of the reaction, and t is the time 

of the reaction in minutes (Figure 2.30d-f). 

Recycling experiments were performed to estimate the photostability of the 

material, and the results revealed constant photocatalytic activity of the 

material even after three cycles (Figure 2.31).  

Figure 2.31. The percentage degradation efficiency of observed 

recyclability for(a) RhB, (b) Rh6G, and (c) MLB. 

The stability of the material after 4th cycle of degradation was analyzed by 

FTIR and FESEM analysis. The results confirmed almost no change in the 

material even after the 4th cycle (Figure 2.32 and 2.33). 
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Figure 2.32. FT-IR spectra of iPOP-ANT before and after the reaction. 

 

Figure 2.33. FESEM images of iPOP-ANT after photodegradation of (a) 

RhB, (b) Rh6G, (c) MLB. 

It is well known from the literature that superoxide radicals, hydroxyl 

radicals, singlet oxygen, and photogenerated holes are mainly responsible 

for the photodegradation of organic pollutants [102,103]. Several scavengers 

like p-benzoquinone (BQ, •O2
- scavenger), isopropanol (IPA, •OH 

scavenger), sodium azide (NaN3, 
1O2 scavenger), and EDTA (h+ scavenger) 

were added separately to ascertain the presence of radical species, which 

might be responsible for the degradation of the dyes. 

Figure 2.34. The effects of different radical scavenging agents on the 

degradation of (a) RhB, (b) Rh6G, and (c) MLB. 
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In the case of RhB and Rh6G, upon the addition of BQ and NaN3, no 

significant change in the photodegradation was observed, whereas, upon the 

introduction of IPA and EDTA as sacrificial agents, a significant decrease 

in the photodegradation was observed. This observation indicates that 

hydroxyl radical and photogenerated holes are the main active species for 

degrading RhB and Rh6G. In the case of MB, upon the addition of BQ and 

EDTA, the degradation rate decreased significantly, whereas NaN3 and IPA 

did not show any significant reduction in the degradation rate, indicating 

the active role of superoxide radicals and photogenerated holes in the 

degradation of MB (Figure 2.34). The comparative photocatalytic 

performance of iPOP-ANT with the other reported COPs is presented in 

Table 2.6. 

Table 2.6. Comparative studies of our designed iPOP-ANT with the 

reported COPs in terms of photocatalytic dye degradation. 
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2.4. Conclusion 

In this study, a thermally and chemically stable ionic polymer iPOP-ANT 

was designed and synthesized by a one-step condensation reaction. It was 

well-characterized by various spectroscopic and imaging techniques. The 

polymer was found to be suitable for acting as a dual functionalized material 

for the rapid and selective capture of oxo-anions and anionic dyes from 

water and photocatalytic degradation of cationic dyes under solar 

irradiation. The material can show significantly higher uptake capacities, 

fast kinetics, and selectivity towards capturing the oxo-anions and anionic 

dyes. The same material can also degrade the cationic dyes efficiently. In 

both cases, the material was found to be remarkably reusable. These 

findings open a new avenue for developing dual-functionalized material 

with excellent adsorption and photocatalytic properties.  

2.5. Declaration 

This chapter is adapted from Mater. Chem. Front., 2022, 6, 3070-3083 
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3.1. Introduction 

With the rapid growth of human civilization, industrialization is also 

increasing exponentially. Rapid industrialization around the globe is one of 

the leading causes of environmental pollution, slowly threatening the 

sustainability of life on Earth. Among various types of environmental 

pollution, water, and air pollution are two of the main stakeholders around 

the globe, and they are a direct threat to human health [1].  

The toxic effects of several inorganic and organic pollutants are already 

discussed in the previous chapters. Along with several heavy metal-based 

oxo-anions and organic dyes, radioactive iodine and iodides are other 

potential pollutants. Though iodine has excellent antibacterial effects and is 

used widely for medical purposes, some nuclear waste contains radioactive 

iodide residues 129I and 131I, which, due to their very high volatility, are very 

hard to control. Due to their very volatile nature, they might diffuse into the 

air and ultimately reach the human metabolic system, causing several 

problems [2,3]. Other than that, iodine is also widely used in medical 

science. The medical waste was eventually dumped on several water bodies, 

causing iodine contamination in the water. An efficient strategy to mitigate 

such pollution is urgently needed in this scenario. Though ionic porous 

organic polymers have established themselves as one of the better 

adsorbents in the field of wastewater remediation in the last couple of years 

[4-7], the research is still in its infancy, and there is an urgent need to 

develop an efficient strategy to design a highly effective iPOP-based 

adsorbent. It is well known from earlier studies that the surface properties 

of a porous material play a very crucial role in determining its adsorption 

properties [8]. The role of higher surface area in the porous adsorbents in 

achieving higher adsorption for scavenging foreign elements is well 

established [9,10]. The structure activity relationship is a crucial 

phenomenon that often remains unnoticed when designing iPOP-based 

polymeric adsorbents. However, the charge density in the active sites of the 

adsorbents is a critical factor that almost remains unexplored. Charge 
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density in the active sites of the ionic polymers might play an important role 

in achieving higher adsorption capacity as it can increase the effective 

surface charge close to the binding site in the materials. Using smaller 

building blocks could be an effective strategy in developing iPOPs with 

higher charge density in the binding sites. The use of smaller building units 

will put the cationic sites in proximity, thereby helping achieve a higher 

charge density in the binding site [11]. At the same time, choosing an 

electron-rich building block over a comparatively less electron-rich entity 

might also decrease the positive charge density at the active binding site, 

hampering the adsorption property of polymeric adsorption. Therefore, 

integrating high positive charge density around the active binding site by 

choosing an appropriate building block and the high surface area in an ionic 

porous organic polymer might result in an efficient polymer adsorbent. 

In this Chapter, to establish the hypothesis, three ionic porous organic 

polymers (iPOPs), iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3, have been 

designed and synthesized by using a viologen-based cationic building block 

ZN-NH2. Three building blocks with different sizes and electron densities 

were considered. All the polymers were very efficient in adsorbing 

inorganic anions and anionic organic dyes from water and iodine vapor in 

the solid state. Among the three polymers, iPOP-ZN1 appears to be the best 

adsorbent owing to its higher positive charge density at the active center 

and higher surface areas. Additionally, considering the antibacterial 

properties of iodine, the antibacterial actions of the iodine-loaded polymers 

were further explored. All the iodine-loaded polymers show impressive 

antibacterial properties against E. coli, B. subtilis, and H. pylori. 

3.2 Experimental section 

3.2.1. Materials and methods 

4,4’-Bipyridine, 2,4-dinitro-chlorobenzene, p-phenylenediamine, 4-

(Bromomethyl)benzonitrile, 1,3,5-Tribromobenzene, Cyanuric chloride 

were obtained from Sigma-Aldrich. All the other chemicals, dyes, and 
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solvents were purchased locally and used without further purifying. DI 

water was used to prepare all the solutions. For characterizing the materials 

the same characterization techniques were used as mentioned in Chapter 2, 

2.2.1 section 

 

Scheme 3.1. Synthesis of 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-1,1′-

diium chloride (ZN-NH2) 

3.2.2. Synthesis of 1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-1,1’-

diium dichloride 

4,4′-Bipyridine (1.56 g, 10 mmol) and 2,4-dinitro-chlorobenzene (5.66 g, 

28 mmol) were dissolved in 15 mL acetonitrile, and the solution was 

refluxed for 24 h. After completion of the reaction, the obtained precipitate 

was collected by filtration and washed with hot acetonitrile and hexane to 

obtain the product as a yellowish solid. 1H NMR (400.13 MHz, 298 K, 

D2O): δ 9.44 (d, 4H), 9.37 (s, 2H), 8.91 (d, 2H), 8.89 (d, 4H), 8.27 (d. 2H). 

13C NMR (100.16 MHz, 298K, D2O): δ 152.59, 149.87, 146.85, 142.81, 

138.23, 131.10, 130.73, 127.54, 122.80. 
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Figure 3.1. 1H NMR of 1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-1,1’-

diium dichloride. 

 

Figure 3.2. 13C NMR of 1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-

1,1’-diium dichloride. 
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3.2.3. Synthesis of 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-1,1′-diium 

chloride (ZN-NH2) 

1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-1,1’-diium dichloride (500 

mg, 0.89 mmol) and p-phenylenediamine (281 mg, 2.6 mmol) were 

dissolved in 15 mL of ethanol and the solution was heated to reflux for 12 

h. After completion of the reaction, the solvent was removed using a rotary 

evaporator to obtain the desired product as a dark red solid. (Product yield: 

336mg, 96%). 1H NMR (400.13 MHz, 298 K, D2O): δ 9.20 (d, 4H), 8.62 

(d, 4H), 7.52 (d, 4H), 6.98 (d, 4H), 5.37 (s, 4H). 13C NMR (100.16 MHz, 

298 K, D2O): δ 150.33, 149.17, 144.54, 133.37, 126.67, 125.04, 116.68. 

 

Figure 3.3. 1H NMR 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-1,1′-diium 

chloride. 



Chapter 3 

142 | P a g e  
 

 

Figure 3.4. 13C NMR spectra of 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-

1,1′-diium chloride. 

3.2.4. Synthesis of 2,4,6-tris (-(bromomethyl) phenyl)-1,3,5-triazine 

(TTRB-Br) 

2.0 g of 4-bromomethyl benzonitrile was taken in an oven-dried two-neck 

round bottom flask, and CF3SO3H (3.0 mL) was injected at 0 °C. After some 

time, the ice bath was removed, and the reaction mixture was allowed to stir 

at room temperature for 24 h. After completion of the reaction, the reaction 

mixture was added to ice-cold water and neutralized with a dropwise 

addition of liquid NH3. The obtained precipitate was filtered and dried under 

a vacuum to get the product as a white solid. Yield: 94%, 1H NMR (500 

MHz, CDCl3): δ 8.64 (d, 6H), 7.51 (d, 6H), 4.52 (s, 6H); 13C NMR (125 

MHz, CDCl3): δ 171.18, 142.30, 136.11, 129.45, 124.39, 32.71. 



Chapter 3 

143 | P a g e  
 

 

Figure 3.5. 1H NMR of 2,4,6-tris (-(bromomethyl) phenyl)-1,3,5-triazine 

(TTRB-Br). 

 

Figure 3.6. 13C NMR of 2,4,6-tris (-(bromomethyl) phenyl)-1,3,5-triazine 

(TTRB-Br). 
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3.2.5. Synthesis of iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3 

1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-1,1′-diium chloride (ZN-NH2) 

(261 mg) and NaHCO3
 (213 mg) were charged in an oven-dried two-neck 

round bottom flask under N2 atmosphere and 5 mL dry DMF was added. 

The reaction mixture was stirred for two hours. To the mixture, 1,3,5-

Tribromobenzene (TBrBnZ) (100 mg) in dry DMF (5 mL) was added 

dropwise, and the final reaction mixture was refluxed for 24 h. It was then 

cooled to room temperature. The obtained precipitate was filtered and 

washed with DMSO, DMF, brine, water, acetone, methanol, and DCM. The 

obtained dark-colored solid was dipped in a 1:1 mixture of methanol and 

chloroform for two days. Finally, the solid was filtrated and dried at 100oC 

for 24 h to obtain the desolvated iPOP-ZN1.  

iPOP-ZN2 and iPOP-ZN3 were synthesized by following the same 

procedure. In the synthesis of iPOP-ZN2, Cyanuric chloride (Cn-Cl) (100 

mg) was reacted with 445 mg of 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-

1,1′-diium chloride (ZN-NH2) and 365 mg NaHCO3. 

For synthesizing iPOP-ZN3 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-

triazine (TTRB-Br) (100 mg) was reacted with 140 mg of 1,1′-bis(4-

aminophenyl)-[4,4′-bipyridine]-1,1′-diium chloride (ZN-NH2) and 115 mg 

NaHCO3. 
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Scheme 3.2. Synthesis of iPOP-ZN polymers  

3.2.6. Procedures for the adsorption of anionic pollutants from aqueous 

solution and time-dependent study 

For this study similar procedure was followed as mentioned in Chapter 2-

2.2.5 section. In this study, 0.5 mM Cr2O7
2-, MnO4

-, and I3
- as inorganic 

pollutants, and 50 ppm methyl orange (MO) and amaranth (AMR) organic 

dyes. I3
- was prepared by dissolving equimolar I2 and KI in water. 

3.2.7. Selective adsorption of oxo-anions in the presence of competitive 

anions 

Five widely found anions in wastewaters (Cl-, Br-, NO3
-, SO4

2- and PO4
3-) 

in different concentrations with respect to the targeted ions [1:0 (2.5 mM:0 

mM), 1:1 (2.5 mM:2.5 mM), 1:10 (2.5 mM:25 mM), 1:100 (2.5 mM:250 

mM) and 1:1000 (2.5 mM:2500 mM)] were introduced as interfering ions 

along with the targeted ions to check the selectivity of the adsorbent 

polymers. 2.5 mg of the adsorbent polymer was dispersed in 5 mL of the 

prepared solution and stirred for 12 h. After 12 h, the supernatant was 

collected by filtration. The concentration was adjusted to 0.5 mM with 
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respect to the standard solution, and the concentration was evaluated using 

UV-vis spectroscopy. 

3.2.8. The pseudo-second-order kinetic model 

The pseudo-second-order kinetic model was used to obtain the kinetic data. 

The details are mentioned in Chapter 2- 2.2.9 section. 

3.2.9. Langmuir/ Freundlich adsorption isotherm experiment 

This experiment was performed similarly as mentioned in Chapter 2-2.2.10 

section. 

3.2.10. Reusability test of polymers  

After capturing the pollutants, the adsorbent polymers are reactivated by 

immersing them in a saturated KCl solution overnight.The polymers were 

then washed with water, MeOH, and chloroform, dried at 100o C for 6 h, 

and used directly in the next cycle. Experimental details are mentioned in 

Chapter 2-2.2.11 section. 

3.2.11. pH-dependent capture study of the inorganic pollutants and 

anionic dyes 

For this study, water solutions of different pH (2-10) were prepared using 

HCl and NaOH. 0.5 mM of anionic solutions and 50 ppm of the dye 

solutions were prepared using the acidic and basic solutions. In the 

experiment, 2.5 mg of the polymers were dispersed in 5 ml of the solutions 

and same experiment was repeated as mentioned  and the solutions were left 

for the exact time as mentioned in 3.2.6 section. After that, the polymers 

were separated from the solutions and were analyzed using UV-vis 

spectroscopy. The % of removal was calculated using the given formula: 

𝐷𝑡 =
𝐶0 − 𝐶𝑡

𝐶0
× 100% =  

𝐴0 − 𝐴𝑡

𝐴0
× 100% 
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3.2.12. Selectivity study of the polymers towards targeted inorganic in 

the presence of competing ions in acidic and basic solutions. 

This experiment was performed following the same procedure mentioned 

in the 2.2.7 section. Here, the solutions were prepared with water of 

different pH, and Br-, SO4
2-, and PO4

3- were used in different concentrations 

as competing ions. 

3.2.13. Preparation of iPOP-ZN1 coated nylon membrane filter 

100 mg of iPOP-ZN1 was dispersed in 50 mL water and sonicated until a 

homogeneous dispersion was obtained. 10 ml of the polymeric dispersion 

was injected into the nylon filter; the 1st layer of polymer-coated nylon filter 

was dried at 80 oC for 12 h. The same process was repeated for another 4 

times. The polymer-coated nylon membrane was then used for further 

applications. 

3.2.14. Procedure for iodine capture in vapor-state 

In this study, a small glass vial containing 10 mg of the desolvated polymers 

was placed in a glass chamber containing an excess amount of iodine 

granules and sealed properly. The whole chamber was placed on a heating 

plate at 75oC, and the weight of the glass vial containing polymer was 

measured gravimetrically every 2 h interval. The iodine uptake in the vapor 

state was evaluated using the following equation: 

𝛼 =
𝑚𝑡 − 𝑚0

𝑚0
× 100% 

where α is the I2 uptake capacity of the polymers, mt and m0 represent the 

initial mass weight and mass weight at time t of adsorption of the solid 

polymeric adsorbents.  

3.2.15. Reusability of iodine-loaded polymers 

Iodine-loaded polymers were immersed in 10 mL ethanol and allowed to 

stand. Every 2h, the brown-colored ethanol solution was replaced with fresh 
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ethanol until a clear ethanol solution was obtained. The polymers were then 

collected by filtration, dried at 100oC, and used for the next cycle. 

3.2.16. Computational methodology 

The optimized geometries were obtained using the density functional 

M062X-D3 [12,13] (incorporating dispersion corrections) using the 6-

311G(d,p) basis set for C, N, O, and H, and SDD for Cr, Mn, and I atoms. 

Vibrational frequencies were computed to confirm the optimization of the 

geometries to a minimum. The binding energies of various iPOPs with the 

interacting molecules were computed using the following: 

Binding energy = EComplex – (EiPOP + EBinder) 

EComplex, EiPOP, and EBinder are the energies of the iPOP-Binder complex, 

iPOP, and the interacting molecule (binder), respectively. All calculations 

were performed using Gaussian 16 software [14]. 

3.2.17. Antibacterial study  

3.2.17a. Bacterial strains 

Two gram-negative bacterial strains were used to check for the antibacterial 

activity of polymer compounds. Helicobacter pylori strain (I10) was a kind 

gift from Dr. Asish Kumar Mukhopadhyay (NICED, ICMR, Kolkata, 

India). Escherichia coli (DH5α) was used in this study. E. coli was cultured 

in Luria Broth agar (Becton, Dickinson and Company, New Jersey, USA), 

and Bacillus subtilis was cultured in Nutrient broth agar, incubated at 37 ᵒC 

for 12 h. Pure colonies were picked up and cultured in Luria broth media 

(Becton, Dickinson and Company, New Jersey, USA) overnight in a rotary 

shake of 220 rpm at 37oC. Similarly, I10 strain was cultured in Brain Heart 

Infusion (BHI) agar (Becton, Dickinson and Company, New Jersey, USA) 

augmented with 10% FBS and selective antibiotics such as Trimethoprim 

(Sigma, life sciences, Sigma-Aldrich, St. Louis, USA, T7883-5G), 

Cefsulodin (Sigma, life sciences, Sigma-Aldrich, St. Louis, USA, C8145-
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100MG), Vancomycin (Sigma, life sciences, Sigma-Aldrich, St. Louis, 

USA, SBR00001-10ML) and Amphotericin B (Himedia, Mumbai, India, 

TC019-1G). Pure colonies were obtained and inoculated in BHI broth 

(Sigma, Life Sciences, Sigma-Aldrich, St. Louis, USA) supplemented with 

10% FBS (Himedia, Mumbai, India) and selective antibiotics. I10 was 

grown at 37 °C with micro-aerophilic conditions, as mentioned in earlier 

literature [15-16]. 

3.2.17b. Disc diffusion method 

The antibacterial activity of the compounds was tested using the disk 

diffusion method [17,18]. The E. coli, B. subtilis, and I10 bacterial strains 

were spread on the LB agar, NB agar, and BHI agar plates, respectively. 

The I2@iPOP-ZN1, I2@iPOP-ZN2, and I2@iPOP-ZN3 compounds were 

dissolved in H2O (Himedia, Mumbai, India). The compound concentration 

was 100 μg/μL, and 10 μL of each solution was impregnated into sterile, 

blank discs of 6 mm diameter. H2O was used as a negative control. 

Ampicillin (Himedia, Mumbai, India, MB104-5G) (100 μg/μl), Kanamycin 

(Himedia, Mumbai, India, TC136-5G) (50 μg/μL) and Amoxicillin (Sigma, 

life sciences, Sigma-Aldrich, St. Louis, USA, A8523-1G) (1 μg/μL) were 

used as positive control in E. coli, B. subtilis and I10 strain respectively. 

The plate was incubated at 37 oC for 24 h in their respective conditions, and 

the zone of inhibition was measured. Antimicrobial activity was determined 

by measuring the zone of inhibition diameter (mm) around the discs. The 

assay was performed twice. 

3.2.17c. Detection of ROS in bacterial cell 

Intracellular reactive oxygen species (ROS) levels were assessed through 

the 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) method [19]. 

Briefly, compound treatment was given for 24h timepoint. After that, 

bacteria were subjected to H2DCFDA (10 μM) for 30 mins in the dark. The 

net fluorescence was measured after negating the autofluorescence from 
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bacterial cells and background fluorescence from the buffer. Subsequently, 

the fluorescence intensity was measured using a microplate reader at 

excitation and emission wavelengths of 488 nm and 530 nm, respectively. 

The experiment was performed in triplicate. 

3.3. Results and Discussion 

In designing the polymers, it was hypothesized that the larger building 

blocks might lower the positive charge density around the active binding 

site of the polymeric adsorbent. At the same time, the introduction of 

heteroatom-containing building blocks like triazine in place of benzene 

might also decrease the positive charge density of the polymer. In this 

regard, three iPOPs, iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3, using three 

building blocks of identical sizes, 1,3,5-tri bromobenzene (TBrBnZ), 

Cyanuric chloride (Cn-Cl), and 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-

triazine (TTRB-Br) have been designed. Compared to the first two building 

blocks, owing to the larger size of TTRB-Br, it might have the lowest 

positive charge density in its active site compared to the other two polymers. 

Among the first two building blocks, the presence of a triazine ring in iPOP-

ZN2 might impart a slightly higher electron-rich environment in its active 

site compared to iPOP-ZN1. 

3.3.1. Characterization of iPOPs 

In designing the polymers, it was hypothesized that the larger building 

blocks might lower the positive charge density around the active binding 

site of the polymeric adsorbent. At the same time, introducing heteroatom-

containing building blocks like triazine in place of benzene might also 

decrease the positive charge density of the polymer. In this regard, three 

iPOPs, iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3, have been designed using 

three building blocks of identical sizes, 1,3,5-tri bromobenzene (TBrBnZ), 

Cyanuric chloride (Cn-Cl), and 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-

triazine (TTRB-Br). Compared to the first two building blocks, owing to the 
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larger size of TTRB-Br, it might have the lowest positive charge density in 

its active site compared to the other two polymers. Among the first two 

building blocks, a triazine ring in iPOP-ZN2 might impart a slightly higher 

electron-rich environment in its active site compared to iPOP-ZN1. Three 

polymers, iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3 were synthesized by 

reacting 1,1′-bis(4-aminophenyl)-[4,4′-bipyridine]-1,1′-diium chloride 

(ZN-NH2) with 1,3,5-tri bromobenzene (TBrBnZ), Cyanuric chloride (Cn-

Cl), and 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-triazine (TTRB-Br) 

respectively, in DMF in the presence of NaHCO3 at 100oC for 24 h to obtain 

polymers as insoluble dark brown solid. The successful synthesis of the 

polymers was confirmed by FTIR and solid-state 13C-NMR spectroscopy.  

In the 13C-CPMAS NMR spectra, the peaks in the range of 100-155 ppm 

represent the presence of aromatic carbons in the polymers (Figure 1a-1c). 

Sharp peaks at 165.49 ppm in iPOP-ZN2 and 169.41 ppm in iPOP-ZN3 

indicate the presence of triazine carbon (Figure 1b and 1c). The peak at 

59.37 in iPOP-ZN3 represents the methylene (-CH2-) functionality in the 

polymer (Figure 3.7). 

Figure 3.7. Solid state 13C-CPMAS NMR spectra of iPOP-ZN1, iPOP-

ZN2, and iPOP-ZN3. 

In the FTIR spectra of the iPOP-ZN1, the complete disappearance of the 

aromatic C-Br stretching band of TBrBnZ at 648 cm-1 confirms the 

successful synthesis of the polymer. The bands at 1594 cm-1 and 1622 cm-1 

represent the polymer's N-H bending and C=C stretching (Figure 3.8a). In 

iPOP-ZN2, the characteristic C-Cl stretching frequency of the Cn-Cl 
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molecule at 833 cm-1 almost disappears in the polymer, confirming its 

successful synthesis. Additionally, the bands at 1328 cm-1 and 1505 cm-1 

represent the presence of the triazine unit in the polymer. The bands at 1602 

cm-1 and 1624 cm-1 correspond to the bending of N-H and stretching of the 

C=C bond (Figure 3.8b). In iPOP-ZN3, the band at 598 cm-1 that represents 

the C-Br stretching in the starting material is absent in the polymer, 

confirming the complete consumption of the starting material. The bands at 

1357 cm-1 and 1506 cm-1 confirm the presence of the triazine unit, further 

clarifying the successful synthesis of the polymer (Figure 3.8c). A broad 

band at 3336 cm-1 in iPOP-ZN1 and iPOP-ZN2 and 3332 cm-1 in iPOP-

ZN3 represents the N-H stretching frequencies of the secondary amine 

center of the polymers. 

 

Figure 3.8. FTIR spectra of (a) iPOP-ZN1, (b) iPOP-ZN2, and (c) iPOP-

ZN3. 

The broad spectrum obtained in the PXRD analysis confirms the amorphous 

nature of all the polymers (Figure 3.9) [20]. 
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Figure 3.9. PXRD data for iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3. 

The morphology of the synthesized polymers was investigated using 

FESEM imaging (Figure 3.10). The FESEM imaging shows flake-like 

morphology of iPOP-ZN1, whereas iPOP-ZN2 and iPOP-ZN3 appear to 

be spherical and aggregated spherical, respectively. 

 

Figure 3.10. FESEM images of iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3. 

The thermal stability of the polymers was investigated by the 

thermogravimetric analysis (TGA). The TGA data shows all the polymers 

were stable over 275 oC. The minimal weight loss of the polymers up to 100 

oC may be due to the removal of entrapped solvent molecules from the pores 

of the polymers (Figure 3.11). 
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Figure 3.11. TGA profiles of the polymers. 

Additionally, to check the robustness of the polymers, the polymers were 

treated in several lab solvents, showing the insoluble nature of the polymers 

with a negligible loss in the residual weight percentage (Figure 3.12). 

Almost the same pattern in the FTIR profiles of the solvent-treated polymers 

confirms their high stability and robust nature. (Figure 3.13). 

 

Figure 3.12. The residual weight percentage of the polymers after exposure 

to different solvents. 
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Figure 3.13. Comparative FTIR spectra of the polymers in various lab 

solvents, showing the chemical robustness of the polymers. (a) iPOP-ZN1 

(b) iPOP-ZN2 and (c) iPOP-ZN3. 

The EDX analysis shows the presence of C, N, and Cl in the polymers 

(Figure 3.14). 
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Figure 3.14. EDX profiles of (a) iPOP-ZN1 (b) iPOP-ZN2 and (c) iPOP-

ZN3 

The XPS survey spectra further confirmed the presence of all the elements 

(Figure 3.15).  

 

Figure 3.15. XPS survey spectra of the polymers. 

The specific surface area and porosity of the synthesized polymers were 

determined from the N2 adsorption-desorption experiments at 77 K (Figure 

3.16a). 

 

Figure 3.16. (a) N2 adsorption-desorption profiles of the polymers at 77K. 

(b) Pore size distribution profiles of the polymers. 

It was observed that the amount of N2 adsorption decreases significantly in 

the order iPOP-ZN1> iPOP-ZN2> iPOP-ZN3, and so the BET surface 

area, average pore size, and pore volume (Table 3.1). The BET surface area 
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for iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3 appeared to be 35.052 m2g-1, 

26.726 m2g-1, and 11.620 m2g-1, respectively, whereas pore size distribution 

calculated from the BJH method was 2.81 nm, 2.89 nm, and 2.79 nm, 

respectively (Figure 3.16b). 

Table 3.1. Comparative data regarding avg. pore size, avg. pore volume and 

surface area of iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3. 

Parameter iPOP-ZN1 iPOP-ZN2 iPOP-ZN3 

N2 uptake (77K) (cc/g) 295.43 183 55.46 

CO2 uptake (298K) (cc/g) 20.47 17.25 16.73 

CO2 uptake (273K) (cc/g) 26.5 25.14 22.02 

Avg. pore size (nm) 6.86 3.28 2.98 

Avg. pore vol. (cc/g) 0.486 0.287 0.0807 

BET surface area (m2/g) 35.052 26.726 11.620 

Langmuir surface area 

(m2/g) 

1289.075 593.277 160.760 
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Figure 3.17. CO2 adsorption-desorption isotherm at 273K and 298K. 

The CO2 adsorption capacity of the polymers at 298 K and 273 K were 

further investigated. It was observed that the adsorption capacities are 20.47 

cc/g, 17.25 cc/g and 16.73 cc/g at 298K and 26.5 cc/g, 25.14 cc/g and 22.02 

cc/g at 273K for iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3. 

3.3.2. Anionic contaminants capture from water 

Owing to the high thermal and chemical stability and cationic nature of the 

polymers, these polymers were used as polymeric adsorbents to capture 

several anionic pollutants. In this regard, I3
-, Cr2O7

2-, and MnO4
- were taken 

as inorganic ions, and Methyl Orange (MO) and Amaranth (AMR) were 

considered model organic pollutants.  

To 0.5 mM aqueous solution of I3
-, 0.5 mg/mL of the desolvated polymers 

was added, and the solution was monitored under UV-vis spectroscopy in 

one-minute intervals (Figure 3.18a-c). 



Chapter 3 

159 | P a g e  
 

Figure 3.18. UV-vis spectrum of aqueous I3
- solution in the presence of (a) 

iPOP-ZN1 (b) iPOP-ZN2 (c) iPOP-ZN3 at 1 min intervals. Condition: 

Initial conc. of the I3
- (C0) = 0.5 mM, madsorbent/Vsolution = 0.5 mg/mL, contact 

time-4 mins for iPOP-ZN1 and iPOP-ZN2 and 5 min for iPOP-ZN3. 

It was observed that over 85% of I3
- gets adsorbed within one minute in the 

case of iPOP-ZN1 and iPOP-ZN2, and over 80% in the case of iPOP-ZN3 

and within 5 minutes, around 97.4%, 95.67%, and 92.8% of iodine gets 

adsorbed in iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3 respectively (Figure 

3.19a). All the adsorption follows pseudo-second-order kinetics with rate 

constants 0.076 mgg-1min-1, 0.0026 mgg-1min-1 and 0.000368 mgg-1min-1 

(Figure 3.19b). 
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Figure 3.19. (a) Pseudo second model fitting for I3
- adsorption by the 

polymers (b) % removal of I3
- from water with time. 

The maximum iodine adsorption capacity from the water was calculated 

using the Langmuir adsorption isotherm model. The maximum adsorption 

capacities for iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3 were 3880.43 mgg-1, 

2296.86 mgg-1 and 1017.37 mgg-1, respectively (Figure 3.20). Among them, 

the adsorption capacity of iPOP-ZN1 is one of the highest values in the 

literature (Table 3.2). The good arrangement of the experimental results 

with the Langmuir adsorption isotherm model compared to the Freundlich 

adsorption model indicates the monolayer adsorption of iodide ions in the 

polymeric matrices (Figure 3.20). 

 

Figure 3.20. Langmuir and Freundlich adsorption isotherm model for I3
-. 

(a)iPOP-ZN1 (b)iPOP-ZN2 and (c)iPOP-ZN3. 
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Table 3.2. Comparison table of I3
- uptake with well-studied literature report. 

 

The iodide-adsorbed polymers were further reactivated by soaking them in 

a saturated KCl solution. The polymers were then reused for four 

consecutive cycles. The results show almost no changes in the adsorption 

capacities after four cycles (Figure 3.21).  
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Figure 3.21. Reusability study of the polymeric adsorbent for four 

consecutive cycles. 

 

Figure 3.22. UV-vis spectrum of Cr2O7
2- solution in the presence of (a) 

iPOP-ZN1 (b) iPOP-ZN2 (c) iPOP-ZN3. Condition: Initial conc. of the 

Cr2O7
2- (C0) = 0.5 mM, madsorbent/Vsolution = 0.5 mg/mL, contact time 5 mins 

for iPOP-ZN1, 10 mins for iPOP-ZN2 and 12 mins for iPOP-ZN3. 
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In the adsorption study of Cr2O7
2-, in 3 mL of 0.5 mM K2Cr2O7

 solution,1.5 

mg of the desolvated polymers were dispersed. The removal of Cr2O7
2- from 

water was monitored with the help of UV-vis spectroscopy (Figure 3.22). 

MnO4
- was chosen as a nonradioactive surrogate of TcO4

- due to operational 

difficulties of radioactive TcO4
- ions in the laboratory [21]. Here, 1.5 mg of 

desolvated polymers were dispersed in 3 mL 0.5 mM KMnO4 solution, and 

the supernatant was analyzed under UV-vis spectroscopy in one-minute 

intervals (Figure 3.23) 

 

Figure 3.23. UV-vis spectrum of MnO4
- solution in the presence of (a) 

iPOP-ZN1 (b) iPOP-ZN2 (c) iPOP-ZN3. Condition: Initial conc. of the 

MnO4
- (C0) = 0.5 mM, madsorbent/Vsolution = 0.5 mg/mL, contact time- 4 mins 

for iPOP-ZN1 and iPOP-ZN2 and 5 mins for iPOP-ZN3. 

A steady decrease in the characteristic peak of both ions with increasing 

time indicates the continuous decrease in the concentration of the ions with 

time in water. 



Chapter 3 

164 | P a g e  
 

Among the three polymers, iPOP-ZN1 was the fastest to remove Cr2O7
2- 

from water, and almost 99% removal was observed within 5 minutes. 

Whereas it takes 10 minutes and 12 minutes for iPOP-ZN2 and iPOP-ZN3 

to remove 99% of Cr2O7
2- from water (Figure 3.24a). The adsorption 

kinetics was very fast for all three polymers for MnO4
-, and it took only 4 

minutes to remove around 98% of MnO4
- (Figure 3.24b). Removal of both 

oxo-anions follows the pseudo-second-order kinetics in all three polymers 

(Figure 3.24c and d). 

 

Figure 3.24. % Removal of (a) Cr2O7
2- (b) MnO4

- with time in the presence 

of the polymers. Pseudo-second-order kinetic model fitting for removing 

(c) Cr2O7
2- (d) MnO4

- by the polymers. 

The maximum Cr2O7
2- and MnO4

- adsorption capacities of the polymers 

were further investigated using Langmuir adsorption isotherm model.  
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Figure 3.25. Langmuir and Freundlich adsorption isotherm for Cr2O7
2-. 

Table 3.3. Comparison table of Cr2O7
2- uptake with some well-studied 

examples in the literature. 
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The maximum adsorption capacities (Qm) for Cr2O7
2- was 759.97 mgg-1, 

558.496 mgg-1 and 333.83 mgg-1 for iPOP-ZN1, iPOP-ZN2 and iPOP-

ZN3 respectively (Figure 3.25). Among them, Cr2O7
2- adsorption capacity 

of iPOP-ZN1 is one of the highest values in the literature (Table 3.3). 

Whereas the calculated Qm for MnO4
- were 4085.46 mgg-1, 2917.67 mgg-1, 

and 1516.87 mgg-1 for iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3 respectively 

(Figure 3.26), which are also comparable with some well-studied literature 

reports (Table 3.4).  

 

Figure 3.26. Langmuir and Freundlich adsorption isotherm for MnO4
-. 
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Table 3.4. Comparison table of MnO4
- uptake with some well-studied 

examples in the literature. 

 

Similar experiments were performed to investigate the capabilities of the 

polymeric adsorbents in removing anionic organic dyes from wastewater. 

In a cuvette of 3 mL 50 ppm of dye solution (MO and AMR), 1.5 mg of the 

desolvated polymers were dispersed, and the concentration of the 

supernatant solution was monitored under UV-vis spectroscopy in one-

minute intervals. A steady decrease in the characteristic peak of the dyes 

with time suggested a steady decrease in the concentration of the dyes with 

time (Figures 3.27 and 3.28). 
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Figure 3.27. UV-vis spectrum of Methyl Orange (MO) solution in the 

presence of (a) iPOP-ZN1, (b) iPOP-ZN2, (c) iPOP-ZN3. Condition: 

Initial conc. of the MO (C0) = 50 ppm, adsorbent/V solution = 0.5 mg/mL, 

contact time: 5 mins for iPOP-ZN1, 6 mins for iPOP-ZN2, and iPOP-ZN3. 
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Figure 3.28. UV-vis spectrum of Amaranth (AMR) solution in the presence 

of (a) iPOP-ZN1 (b) iPOP-ZN2 (c) iPOP-ZN3. Condition: Initial conc. of 

the AMR (C0) = 50 mM, adsorbent/V solution = 0.5 mg/mL, contact time: 

5 mins for iPOP-ZN1, 7 mins for iPOP-ZN2, and 10 mins for iPOP-ZN3. 

In the case of both the dyes, iPOP-ZN1 was the fastest and removed around 

99% of the dyes from the water in only 5 minutes in both cases (Figure 

3.29a and 3.29b). Both adsorption mechanisms follow the pseudo-second-

order kinetics (Figure 3.29c and S3.29d). 

Figure 3.29. % Removal of (a) MO (b) AMR with time in the presence of 

the polymers. Pseudo-second-order kinetic model fitting for removing (c) 

MO (d) AMR by the polymers. 

Langmuir adsorption isotherm model was studied for both dyes to examine 

the maximum adsorption capacities of the polymers towards capturing the 

dyes. As calculated, the maximum adsorption capacities for adsorbing MO 

were 648.74 mgg-1, 566.93 mgg-1, and 592.83 mgg-1 for iPOP-ZN1, iPOP-

ZN2, and iPOP-ZN3 respectively (Figure 3.30 and Table 3.5). Whereas in 

the case of Amaranth it was 1370.55 mgg-1, 711.92 mgg-1 and 480.37 mgg-
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1 for iPOP-ZN1, iPOP-ZN2 and iPOP-ZN3, respectively (Figure 3.31 and 

Table 3.6). 

 

Figure 3.30. Langmuir and Freundlich adsorption isotherm model fitting 

for MO. 

Table 3.5. Comparison table of MO uptake with some well-studied 

examples in the literature. 
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Figure 3.31. Langmuir and Freundlich adsorption isotherm model fitting 

for AMR. 

Figure 3.6. Comparison table of AMR uptake with some well-studied 

examples in the literature. 

 

3.3.3. Iodine vapor capture 

Considering the cationic nature of the ionic polymers, the iodine vapor 

uptake capacity of the polymers in the solid state was further explored, as 
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recent studies show the presence of iodide and polyiodide ions in the vapor 

state along with molecular I2 [22]. The iodine adsorption capacity was 

explored by exposing the polymers to iodine vapor at room temperature and 

75 oC for 12 h, and iodine uptake by the solids was monitored using 

gravimetric analysis. It was observed that as the surface area decreases from 

iPOP-ZN1 to iPOP-ZN3, iodine adsorption capacity also decreases. Iodine 

adsorption capacities were around 278%, 222%, and 189% at room 

temperature and 675%, 482%, and 325% at 75oC, for iPOP-ZN1, iPOP-

ZN2, and iPOP-ZN3, respectively (Figure 3.32). 

 

Figure 3.32. Gravimetric iodine vapor adsorption by the polymers with 

time at room temperature and 75 oC and ambient pressure. 
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Table 3.7. Comparison table of I2 uptake in the vapor phase with some well-

studied examples in the literature. 

 

The iodine adsorption capacity of iPOP-ZN1 at 75 oC is comparable to 

some highly performed materials in the literature, as summarised in the 

literature (Table 3.7). 

The iodine-loaded polymers could maintain their weight for several days, 

indicating their ability to store iodine (Figure 3.33a). The TGA analysis of 

the iodine-loaded polymers shows a significant weight loss after ~90 oC, 

indicating the loss of the captured iodine molecules from the pores of the 

polymers (Figure 3.33b). 
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Figure 3.33. (a) Weight retention of the iodine-loaded polymer upon 

exposure to air at room temperature (b) Comparative TGA profiles of the 

iodine-loaded polymers and the pristine polymers. 

The PXRD pattern of the polymers post iodine adsorption shows an 

amorphous nature, confirming the absence of any iodine crystals in the 

polymers [23]. That indicates the chemisorption of iodine in the pores of 

the polymers (Figure 3.34a-c). 

Figure 3.34. Comparative PXRD data of (a) I2@iPOP-ZN1 (b) I2@iPOP-

ZN2, and (c) I2@iPOP-ZN3 with their pristine polymers. 
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Though there are no significant changes in the morphologies were observed 

in the iodine-loaded polymers, as shown in the FESEM imaging (Figure 

3.35), the EDX analysis shows a significant presence of iodide residues in 

the polymer matrices (Figure 3.36). 

 

Figure 3.35. FESEM images of the iodine-loaded polymer matrices. 

 

Figure 3.36. EDX analysis of (a) I2@iPOP-ZN1 (b) I2@iPOP-ZN2 (c) 

I2@iPOP-ZN3. 
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The mechanistic aspect of iodine uptake by the polymers was further 

investigated by XPS analysis. The XPS survey spectra of the iodine-loaded 

polymers show the presence of iodine, confirming the successful 

encapsulation of iodine in the polymeric bed (Figure 3.37a-c). 

 

Figure 3.37. (a-c) XPS survey spectra of post-iodine adsorbed polymers. 

The presence of two intense peaks in the region of 618 eV and 629 eV in 

deconvoluted I3d spectra of the iodine-loaded polymers indicates the 

presence of 3d3/2 and 3d5/2 orbital electrons in the adsorbed polymer 

matrices (Figure 3.38). That further shows the adsorption of iodine in the 

form of polyiodides in the polymeric bed. 



Chapter 3 

177 | P a g e  
 

 

Figure 3.38. Deconvoluted I3d spectra of (a) I2@iPOP-ZN1 (b) I2@iPOP-

ZN2 (c) I2@iPOP-ZN3. 

The deconvoluted N1s and C1s spectra further show the shifting of peaks 

corresponding to C-N, C=N, C-N+, and C=N+ in the higher binding 

energies, clearly indicating the interaction of the adsorbed iodine and 

polyiodide molecules with the cationic N center and triazine ring in the 

polymer matrices (Figure 3.39a-c, 3.40a-c and Table 3.8 ). 
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Figure 3.39. Comparative deconvoluted N1s spectra of the iodine-loaded 

polymers with the pristine polymers. 

 

Figure 3.40. Comparative deconvoluted C1s spectra of the iodine-loaded 

polymers with the pristine polymers. 
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Table 3.8. Comparative binding energies obtained from XPS (a) N1s and 

(b) C1s data. 

 

The reusability of such polymeric solid-state adsorbents is an important 

parameter that often restricts their practical use. The polymers were 

recovered by immersing the iodine-loaded polymers in ethanol and reused 

for six consecutive cycles. 

 

Figure 3.41. Reusability of the polymers in vapor phase iodine adsorption. 
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A slight but steady decrease in the iodine uptake abilities in the consecutive 

cycles may be due to some residual iodine entrapped in the polymeric bed 

(Figure 3.41). The recovered polymers were further characterized with 

FTIR, PXRD, and FESEM imaging. The FESEM imaging of the recovered 

polymers after six consecutive cycles shows almost no changes in their 

morphologies (Figure 3.42). In the FTIR and PXRD analysis, virtually no 

change was observed, confirming the excellent stability of the polymers 

after several cycles (Figures 3.43 and 3.44). 

 

Figure 3.42. FESEM images of the recovered polymers. 
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Figure 3.43. Comparative FTIR profiles of the recovered and pristine 

polymers. 

Figure 3.44. Comparative PXRD profiles of the recovered and pristine 

polymers. 
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The release of the adsorbed iodine in ethanol was monitored under UV-vis 

spectroscopy, which showed a very rapid release and attained saturation 

within ten minutes in all the cases (Figure 3.45). 

 

Figure 3.45. Release of loaded iodine from the polymers in ethanol: (a) 

iPOP-ZN1 (b) iPOP-ZN2 (c) iPOP-ZN3. 

The oxo-anions and dye-loaded polymers were further reactivated, as was 

done in the case of I3
- loaded polymers. The pollutant-loaded polymers were 

reactivated by treating them with a saturated solution of KCl. The 

reusability of the polymers was checked up to four cycles, and the activity 

of the polymers almost remained unaltered even after the 4th cycle (Figure 

3.46). 
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Figure 3.46. Recyclability of the polymers for four consecutive cycles. 

The stability of the polymer after being used for four consecutive cycles 

was checked using FTIR spectra and FESEM imaging. The results show 

almost no change in the FTIR profile, and the morphology of the used 

polymer is nearly the same as the pristine polymer, confirming their stability 

even after use for four consecutive cycles (Figure 3.47).  

 

Figure 3.47.  FTIR spectra of the used polymer after the 4th cycle 
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In the above experiments, it was observed that with the decrease in the 

surface area of the polymers, the adsorption capacity decreases 

significantly. Though the increased surface area of iPOP-ZN1 could be a 

possible reason, the role of positive charge density in the polymers is also a 

deciding factor that cannot be ignored. It was hypothesized that, compared 

to iPOP-ZN3, smaller building blocks in iPOP-ZN1 and iPOP-ZN2 

increase the density of positive charge sites around the active sites in iPOP-

ZN1 and iPOP-ZN2, improving their adsorption efficiency. In the case of 

iPOP-ZN1 and iPOP-ZN2, the electron-rich triazine moiety in iPOP-ZN2 

makes the system less positive than iPOP-ZN1. 

DFT calculations were further performed to establish the hypothesis. The 

electrostatic potential (ESP) maps show all polymers to be highly electron 

deficient, with the electron density being the lowest at the pyridine rings 

(Figure 3.48). Among them, iPOP-ZN3 shows a slightly lower positive 

potential compared to the other two polymers. This indicates that iPOP-

ZN3 would show a lower binding affinity to negatively charged ions 

compared to iPOP-ZN1 and iPOP-ZN2. 

 

Figure 3.48. Electrostatic potential (ESP) distribution maps 

(isodensity=0.001 a.u.) of iPOPs. 

Further, to evaluate the interaction energies of the pollutants with the 

polymers, the chemical structure of pollutants and active monomeric units 

of the polymers were computationally optimized, and the binding energy of 

the pollutants with the polymers was then calculated (Figure 3.49-3.53). 
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The results show that the computed binding energies of the ionic pollutants 

with the polymers were very high. Among all the polymers, the binding of 

the pollutants with iPOP-ZN1 appeared to be the highest, explaining its 

higher pollutant binding ability compared to the other polymers. These 

results reinforced our claim that the higher positive charge density around 

the active site of iPOP-ZN1 makes it a better adsorbent than the other two 

polymers (Table 3.9). Therefore, the higher surface area and increased 

positive charge density in iPOP-ZN1 make it superior to the other two 

polymers. 

Figure 3.49. Optimized structures of the binders. 

Figure 3.50. Optimized structures of the polymers. 
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Figure 3.51. Optimized geometry of iPOP-ZN1 interacting with the 

binders. 
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Figure 3.52. Optimized geometry of iPOP-ZN2 interacting with the 

binders. 

 



Chapter 3 

188 | P a g e  
 

Figure 3.53. Optimized geometry of iPOP-ZN3 interacting with the 

binders. 
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3.9. The computed binding energy of the pollutants with the polymers. 

 

To check the selectivity of the polymers in capturing targeted pollutants and 

to mimic industrial wastewater, several competing ions with different 

concentrations were introduced with the targeted inorganic ions. In all the 

cases, the polymers show significant selectivity in capturing the targeted 

ions even in a higher concentration of competing ions (Figure 3.54-3.56). 

An impressive 75-80% adsorption was achieved in the presence of 1000-

fold excess Cl- ions compared to Cr2O7
2- and MnO4

-, whereas in the case of 

I3
- around 65-70% adsorption was achieved. In the presence of SO4

2- and 

PO4
3- ions, the adsorption capacity of the ions decreases significantly 

compared to Cl- and Br- ions, and around 55-60% adsorption was achieved 

in the case of I3
-.  In contrast, around 70% adsorption was achieved in the 

case of the oxo-anions.  
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Figure 3.54. Effect of competing ions in the adsorption of Cr2O7
2- 
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Figure 3.55. Effect of competing ions in the adsorption of MnO4
-. 
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Figure 3.56. Effect of competing ions in the adsorption of I3
-. 

Industrial wastewater comes with different pH values [24]. Therefore, any 

adsorbent used for industrial wastewater remediation must be stable in 

acidic and basic solutions. Therefore, the stability of the polymers was 

investigated in acidic and basic solutions. The FTIR and PXRD data show 

almost no change in the polymers after treating them with 3M acidic and 

basic solutions (Figures 3.57 and 3.58).  
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Figure  3.57. FTIR spectra of acid and base-treated polymers. 

 

Figure 3.58. PXRD spectra of acid and base-treated polymers. 

Inspired by the high acid and base tolerance of the polymers, the ability of 

the polymers to adsorb the pollutants from water of different pH values was 

further explored. In the case of inorganic anions, it was observed that when 

the solutions are at extreme pH, the adsorption abilities of the polymers 

decrease compared to the adsorption ability of polymers in neutral solution. 

This may be due to the increasing acidity or basicity of the solutions; the 

competing Cl- and OH- increase periodically, and a decrease in the 

adsorption of the targeted anions is observed (Figure 3.59). Additionally, in 

the basic solutions, the higher decrease in the adsorption properties 

compared to the acidic solutions may be due to the partial reduction of the 

dicationic viologen centers to radical cations in the presence of bases [25]. 

The formation of radical cations decreases the positive charge density in the 

polymers, resulting in a reduction in the adsorption. 
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Figure 3.59. Percentage of removal of the anions removal by the polymers 

from different pH of water solution. (a) Cr2O7
2- (b) MnO4

- (c) I3
- (d) MO (e) 

AMR. 

To check the potential of the polymers in realistic scenarios, different 

competing ions were introduced in the acidic and basic solutions along with 

the targeted inorganic anions. In this study. 0.5 mM of I3
-, Cr2O7

2- and 

MnO4
- solutions were prepared with water of different pH (2-10) having 

different concentrations of competing ions (here Br-, SO4
2- and PO4

3- were 

taken as competing ions in 1:1, 1:10 and 1:100 ration with respect to the 

targeted ions). The study shows that even in these harsh conditions, the 

polymers were able to adsorb around 50% of the pollutants most of the time 
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(Figures 3.60-3.62). The obtained results show the ability of the polymers 

to work in industrial wastewater remediation. 

Figure 3.60. Percentage removal of Cr2O7
2- in the presence of different 

counter-anions in different pH solutions. a, b and c are the percentage 

removal by iPOP-ZN1 Br-, SO4
2- and PO4

3- respectively. d, e and f are the 

percentage removal by iPOP-ZN2 Br-, SO4
2- and PO4

3- respectively. g, h 

and i are the percentage removal by iPOP-ZN3 Br-, SO4
2- and PO4

3- 

respectively. 

 

 

 

 

 



Chapter 3 

196 | P a g e  
 

 
Figure 3.61. Percentage removal of I3

- in the presence of different counter-

anions in different pH solutions. a, b and c are the percentage removal by 

iPOP-ZN1 Br-, SO4
2- and PO4

3- respectively. d, e and f are the percentage 

removal by iPOP-ZN2 Br-, SO4
2- and PO4

3- respectively. g, h and i are the 

percentage removal by iPOP-ZN3 Br-, SO4
2- and PO4

3- respectively. 

Figure 3.62. Percentage removal of MnO4
- in the presence of different 

counter-anions in different pH solutions. a, b and c are the percentage 
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removal by iPOP-ZN1 Br-, SO4
2- and PO4

3- respectively. d, e and f are the 

percentage removal by iPOP-ZN2 Br-, SO4
2- and PO4

3- respectively. g, h 

and i are the percentage removal by iPOP-ZN3 Br-, SO4
2- and PO4

3- 

respectively. 

The ability of the polymers to adsorb cationic dyes was further explored. 

For this purpose, Rhodamine B (RhB), Methylene blue (MLB), and 

Malachite green (MG) were chosen as model cationic dyes. It was observed 

that the adsorption of the cationic dyes was negligible even after one hour 

(Figure 3.63, 3.64). 

Figure 3.63. UV-vis spectrum of Rhodamine B (RhB) solution in the 

presence of the polymers. Condition: Initial conc. of the RhB (C0) = 50 

ppm,adsorbent/V solution = 0.5 mg/mL, contact time: 60 mins. 

Figure 3.64. UV-vis spectrum of Methylene blue (MLB) solution in the 

presence of the polymers. Condition: Initial conc. of the MLB (C0) = 50 

ppm, adsorbent/V solution = 0.5 mg/mL, contact time: 60 mins. 

Since the polymers are incapable of adsorbing cationic dyes and show a 

very high affinity towards anionic dyes, the efficiency of the polymers in 

removing the anionic dyes from the mixture of dye solution selectively was 

further explored. In this regard, different combinations of dye mixtures were 

considered. Three dye solutions of 10 ppm were prepared by mixing two 
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cationic dyes, methylene blue and rhodamine B, and one anionic dye, 

methyl orange. The dye solutions were treated with desolvated iPOP-ZN1 

overnight. The supernatant was analyzed with UV-vis spectroscopy (Figure 

3.65). The results show that from the mixture of the dye solution, the 

polymer selectively captured the anionic dye MO. 

Figure 3.65. Selective separation of anionic dye MO from the mixture of 

(a) MO and RhB, (b) MO and MLB, and (c) MO, RhB, and MLB. 

To check the real-life use of the polymers, a nylon membrane filter was 

coated with iPOP-ZN1 (Figure 3.66).  

 

Figure 3.66. (a) Nylon membrane filter (b) iPOP-ZN1 coated nylon 

membrane syringe filter. 

0.5 mM of MnO4
- and 50 ppm MO solution was passed through the 

polymer-coated membrane filter. 
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Figure 3.67. UV-vis spectra of (c) MnO4
- (d) MO solution before and after 

passing through iPOP-ZN1 coated nylon membrane filter. Condition: 

Initial conc. (C0) of MnO4
- = 0.5 mM and MO (C0) = 50 ppm, the pH of the 

solutions was kept neutral. 

Only colorless water was obtained after passing the dye and ion-containing 

solutions through the membrane filter, revealing the efficiency of the 

polymer-coated membrane in capturing the contaminants. The obtained 

supernatant was characterized by UV-vis spectroscopy, which showed no 

sign of the contaminants in the supernatant. (Figure 3.67). 

3.3.4. Antibacterial properties of the iodine-loaded polymer matrices 

Since iodine is a known antibacterial agent [26,27] and polymers were 

highly capable of trapping and storing iodine for several days, the potential 

of the polymers as delivery vehicles of iodine for antibacterial action was 

further investigated. To check the potential of the iodine-loaded polymers 

for antibacterial action, the antimicrobial activity of iodine-loaded polymers 

was monitored against different bacterial strains such as E. coli, B. subtilis, 

and I10 through disc diffusion assay. The formation of a clear zone around 

the compound-containing disk suggests that these compounds can inhibit 

the growth of these pathogens and possess antibacterial activity. 

In the case of E. coli, the maximum zone of inhibition was observed in 

I2@iPOP-ZN1 compared to other compounds and negative control. The 

I2@iPOP-ZN1 formed a significantly more (p<0.01) zone of inhibition than 
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the other compounds, such as I2@iPOP-ZN2 and I2@iPOP-ZN3. On the 

other hand, the zone of inhibition of I2@iPOP-ZN2 and I2@iPOP-ZN3 

were less than positive control, i.e., ampicillin. In contrast, the formed zone 

in all compounds was more significant than the negative control, i.e., H2O 

in the case of E. coli. The result of a zone of inhibition is summarized in 

Table 3.10, and the zone of inhibition formed by the compounds against E. 

coli is shown in Figure 3.68a. 

In the case of B. subtilis, the zone of inhibition was observed more in 

positive control, i.e., Kanamycin. The zone of inhibition was in the order of 

Kanamycin ~I2@iPOP-ZN2 > I2@iPOP-ZN3 > I2@iPOP-ZN1. 

I2@iPOP-ZN2 was found to be more effective as compared to I2@iPOP-

ZN1 and I2@iPOP-ZN3. The result of a zone of inhibition is summarized 

in Table 3.11, and the zone of inhibition formed by the compounds against 

B. subtilis is shown in Figure 3.68b. 

In the case of I10, the zone of inhibition was observed in positive control, 

i.e., amoxicillin was comparable to the zone of inhibition of I2@iPOP-ZN1. 

The diameter of the zone of inhibition was reduced in the order of 

Amoxicillin ~I2@iPOP-ZN1 > I2@iPOP-ZN2 > I2@iPOP-ZN3. 

However, the effect of polymers was lesser than the positive control but 

more from the negative control, suggesting the compound showed lesser 

antibacterial activity inhibiting the growth of the H. pylori (I10) strain. The 

result of a zone of inhibition was summarized in Table 3.12, and the zone 

of inhibition formed by the polymers against I10 is shown in Figure 3.68c. 

The present investigation employed DCFDA to quantify ROS levels (Figure 

3.68d). After 24h of polymer treatment, a significant increase in ROS was 

observed in the H. pylori or B. subtilis groups treated with the compounds 

compared to the untreated group. B. subtilis, a Gram-positive bacterium, 

exhibits a more significant fold change in ROS generation relative to the 

untreated group. With the increase in the compound concentration, the ROS 

generation was more prominent in B. subtilis. On the other hand, ROS 



Chapter 3 

201 | P a g e  
 

generation in gram-negative bacteria, i.e., H. pylori, was less than in gram-

positive bacteria, i.e., B. subtilis. This discrepancy may be attributed to 

structural distinctions in the cell membrane, which influence permeability 

characteristics [28]. These findings suggest that these iodine-loaded 

polymeric compounds can generate ROS in water, consequently damaging 

bacterial cell membranes, protein structures, and intracellular systems. 

Further, recent research has elucidated a correlation between the 

antibacterial efficacy of polymers and the generation of free radicals [29]. 

Notably, the free radicals produced by these polymers have been 

demonstrated to induce damage to bacterial cell membranes. Under specific 

conditions, elevated levels of reactive oxygen species (ROS) may 

precipitate oxidative stress within cells, damaging various cellular 

components, including the membrane, proteins, DNA, and intracellular 

systems, such as the respiratory apparatus. 

Figure 3.68. Antibacterial activity of different polymers against gram-

positive and negative bacteria. Different polymers form a representative, 



Chapter 3 

202 | P a g e  
 

clear zone of inhibition in (a) E. coli, (b) B. subtilis, and (c) H. pylori. 

Relative intensity in terms of fold change shows the ROS generation in (d) 

H. pylori and (e) B. subtilis. C0 is the untreated bacteria, C1 is the polymer 

treatment to the bacteria with 0.5 mg/mL, and C2 is the polymer treatment 

with 0.25 mg/mL. The experiment was performed for two biological 

replicates, and the results are shown as the mean ± SD for two independent 

experiments. Data were statistically analyzed using an unpaired t-test. p 

values were estimated using GraphPad Prism version 8, and p values of 

0.05, 0.01, and 0.001 were considered statistically significant and 

represented by */#, **/##, and ***/###, denoting 

upregulation/downregulation, respectively. 

Table 3.10. Zone of Inhibition of different compounds on E. coli bacteria 

using disk-diffusion method.  

 

Table 3.11. Zone of Inhibition of different compounds on B. subtilis 

bacteria using disk-diffusion method. 
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Table 3.12. Zone of Inhibition of different compounds on H. pylori (I10) 

bacteria using disk-diffusion method. 

 

3.4. Conclusion 

In summary, three physically and chemically robust ionic porous organic 

polymers, viz.,  iPOP-ZN1,iPOP-ZN2, and iPOP-ZN3,  have been 

designed and synthesized using a cationic building block.The study 

established the role of charge density and surface area in the polymers to be 

a better adsorbent, which was further established by DFT calculations. 

Among the three polymers, iPOP-ZN1, having the highest surface area and 

larger charge density, is found to be the best adsorbent for anionic inorganic 

and organic pollutants in an aqueous medium. The polymers also show 

excellent adsorption capability in the presence of higher concentrations of 

competing ions and highly acidic and basic solutions. The polymers show 

excellent reusability up to several cycles. The polymers further show 

excellent adsorption capacity of iodine in vapor state with the adsorption of 

278 wt.%, 222 wt.%, and 189 wt.% at room temperature and 675 wt.%, 482 

wt.% and 325 wt.% at 75oC was achieved for iPOP-ZN1, iPOP-ZN2, and 

iPOP-ZN3 respectively. Among them, the adsorption of iodine by iPOP-

ZN1 at 75oC is one of the highest reported values in reported literature. The 

iodine-loaded polymers show impressive antibacterial properties against E. 

coli, B. subtilis, and H. pylori. This study presents a strategy for designing 

polymeric adsorbents with high performance and shows a glimpse of how 
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contaminant-loaded polymeric matrices could be used for further 

applications.   
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4.1. Introduction 

Molecules that respond to external stimuli in a programmable and reversible 

way have been generating lots of interest in the recent past with their 

materialistic properties, which can be controlled and manipulated 

intelligently. This provides the basis for generating smart (multifunctional) 

materials, and they are finding applications in energy, environment, 

catalysis, sensing, and biology [1-5]. The stimuli for smart materials can 

range from the application of light, heat, electrical potential, pressure, or 

even chemicals. The fundamental understanding of the mechanism of the 

response of smart materials toward external stimuli is essential in designing 

and fabricating such materials [6-8]. Extensive research on smart materials 

opens the opportunity to bring in newer technologies in the field of 

commercially and industrially relevant applications like smart windows, 

self-healing coatings, chemicals and gas separations, optical switches, 

artificial intelligence, electrochromic devices, etc [9-14]. Interestingly, the 

number of examples of incorporating such stimuli-responsive building 

blocks in fabricating covalent organic polymers (COPs) is relatively rare 

[15]. In this Chapter, the advantage of incorporation of viologens, N, Nʹ-

Disubstituted-4,4-ʹbipyridinium moiety, which is an electron-accepting 

dicationic organic structure with an excellent reversible redox property and 

fast electron transfer ability have been utilized [16], to generate an ionic 

porous organic polymer (iPOP-Bpy). The polymer contains an electron-

withdrawing triazine moiety in the core, which is a suitable electron 

acceptor with favorable electron-conducting properties[17-19]. The 

cationic nature of the polymer, nitrogen-rich structure, physicochemical 

stability, and presence of an aromatic skeleton make it a suitable candidate 

for exploring its capacity in iodine adsorption. Furthermore, as electron-

deficient dicationic viologen moiety tends to get easily reduced in the 

presence of electron-rich substances like amines, the polymer is also tested 

for its ability to sense ammonia in the vapor state. This is important because 

a moderate to high concentration of ammonia in the air can cause several 
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damages to human health, such as immediate burning of the eyes, nose, and 

respiratory tract, and can also cause blindness. Even a low concentration of 

ammonia inhalation can cause coughing and nose and throat irritation [20]. 

Therefore, developing sensors for ammonia vapor is a part of industrial 

waste management. iPOP-Bpy has shown a significant capability to work 

as a solid-state ammonia gas sensor. 

However, the most interesting aspect of the viologen remains its 

electrochromic property, as a high degree of control on its redox process 

can be externally achieved, and the range of colors for the viologen varies 

from being colorless (V2+) to green/blue/purple (V•+) [21]. Therefore, a 

potential application of the iPOP-Bpy can be found in electrochromic 

devices (ECD), a rapidly growing technology due to its various 

multifunctional applications, including energy-saving/storage due to its 

capability to change optical properties when influenced by an applied bias 

[22-26]. To fabricate a solid-state ECD, preferably without liquid 

electrolyte, proper choices of complimentary electrodes and electrolyte are 

essential. Compatable electrode materials helps in acheiving superior 

performance as measured/quantified using parameters like multicolor 

switching, faster switching speeds, high color contrast, and good 

stability/reversibility [27-30]. In this Chapter, the newly developed 

cathodic iPOP-Bpy has been used with an anodic polymeric species to 

design a bilayer solid-state ECD, which shows improved coloration 

performance, making the iPOP-Bpy molecule a potential candidate, ready 

to be explored in the field of solid-state ECD. 

4.2 Experimental section 

4.2.1. Materials and methods 

The required materials were obtained as mentioned in Chapter 3, 3.2.1 

section. The same characterization techniques were used as mentioned in 

Chapter 2, 2.2.1 section. 
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4.2.2. Synthesis of 2,4,6-tris (-(bromomethyl) phenyl)-1,3,5-triazine 

(TTRB-Br) 

TTRB-Br was synthesized using the procedure mentioned in chapter 3, 

3.2.4.  

4.2.3. Synthesis of iPOP-Bpy 

TTRB-Br and 4,4ʹ-bipyridine were reacted in a 1 : 1.5 molar ration in 20 

mL of dry DMF under an inert atmosphere at 373K for 24 h. The reaction 

mixture was cooled to room temperature. The obtained precipitate was 

collected by centrifugation and washed successively with DMF, water, 

acetone, MeOH, THF, DCM, and diethyl ether to remove the small chain 

oligomers and unreacted precursors. Furthermore, the obtained solid was 

dipped in a 1:1:1 mixture of MeOH, THF, and DCM solution for 72 h to 

remove the trapped solvents with a high boiling point. The yellow-colored 

compound was filtered off and heated at 373K for 24 h to obtain the 

desolvated compound. 

 

4.1. Synthesis of iPOP-Bpy and iPOP-Bpy-PF6 
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4.2.4. Synthesis of iPOP-Bpy-PF6
- 

The dispersibility of the material was strategically increased with the 

exchange of the counter anion Br- with PF6
- as it supports the fabrication of 

the electrochromic device. To the water dispersion of iPOP-Bpy, a 

saturated aqueous solution of potassium hexafluorophosphate was added 

dropwise at room temperature. The mixture was allowed to be stirred 

overnight. The precipitate was collected by filtration, washed with excess 

water, and dried overnight under a vacuum to obtain the final product. 

4.2.5. Preparation of cationic radical form of iPOP-Bpy 

50 mg of the desolvated iPOP-Bpy was added to the degassed water under 

an N2 atmosphere. The mixture was sonicated to make a homogeneous 

dispersion. A saturated aqueous solution of Na2S2O4 was added dropwise to 

the solution. The color change was observed instantly. The obtained blue-

colored solid was collected by centrifugation and washed with excess water 

to remove the remaining Na2S2O4. The solid was then washed with 

methanol and DCM a couple of times and dried to get the deep blue-colored 

powder. 

4.2.6. Procedure for iodine capture in solid-state 

For this experiment same procedure was followed as mentioned in the 

3.2.14 section in chapter 3. 

4.2.7. Procedures for the iodine adsorption in the solution phase and 

time-dependent study 

For this study, 3 mL iodine solution in n-hexane (2 mM) was taken in a 

cuvette, and the initial absorption was recorded using UV-vis spectroscopy. 

1.5 mg of the desolvated iPOP-Bpy was added to the cuvette and shaken 

gently. The corresponding absorbance of the supernatant solution was 

recorded in two-minute time intervals for 18 minutes. From the time-
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dependent study, the percentage of iodine adsorption and decrease of 

concentration with time was calculated using the following equation:  

                                       

where Dt is the exchange capacity, C0 and A0 are the initial concentration 

and absorbance of the iodine solution, respectively, and Ct and At is the 

concentration and absorbance of the iodine solution at specific times, 

respectively. 

 Kinetics data for adsorbing iodine were fitted in the pseudo-second-

order model using the following equation: 

 

Where t is the time in minutes, and Qt and Qe are the amounts of adsorbate 

(mg g-1) on the adsorbent at different time intervals and equilibrium, 

respectively. 

For the aqueous phase iodide capture study, 0.625 M of I3
- solution was 

prepared by dissolving an equimolar amount of I2 and KI in water. The 

corresponding absorbance of the supernatant solution was recorded in 0.5 

min time intervals for 2.5 mins. 

4.2.8. Effect of different competitive anions in the adsorption of I3
- 

For this study, four competitive anions, Cl-, Br-, NO3
- and SO4

2- were taken 

in different concentrations [1:1 (5 mM:5 mM), 1:10 (5 mM:50 mM), 1:50 

(5 mM:250 mM), 1:100 (5 mM:500 mM) and 1:1000 (5 mM:5000 mM)]. 

To the 5 mL of the prepared solution, 2.5 mg of the desolvated polymer was 

dispersed and allowed to stand for 24 h. The supernatant aqueous solution 

was collected by centrifugation and diluted accordingly to 0.5 mM. The 

UV- vis spectra were recorded with the diluted solutions. 

4.2.9. Recyclability test of iPOP-Bpy 

iPOP-Bpy@I2
 was added to 20 mL ethanol and allowed to stand for 2 h. 

The brown-colored solution was decanted, and the process was repeated 

multiple times until the colorless solution was obtained. The solid was 
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filtered off, washed with excess alcohol and ether, dried under vacuum, and 

used further for the next cycle. 

4.2.10. Ammonia vapour (NH3) sensing in solid state 

A pad of iPOP-Bpy was placed in a chamber containing a 25% aqueous 

ammonia solution. A change in color from yellow to blue was observed 

within seconds. The blue-colored pad returns to its original yellow-colored 

state upon exposing it to air within a couple of minutes. The cycle was 

repeated ten times. 

4.2.11. Computational Methodology 

All structures were optimized using the DFT method by utilizing the 

M062X-D3 [31,32] functional (incorporating dispersion corrections) in 

combination with the 6-311G(d,p) basis set for C, N, H, and SDD for I 

atoms. Harmonic frequencies were calculated to confirm the convergence 

of the geometries to a minimum. Binding energies of iPOP-Bpy with I2/I3
- 

were computed using the following equation: 

Binding energy = EComplex – (EiPOP-Bpy + EI2/I3) 

where EComplex, EiPOP-Bpy and EI2/I3 are the energies of the iPOP-Bpy-I2/I3
- 

complex, iPOP-Bpy and I2/I3
-, respectively. All calculations were 

performed using Gaussian 16 software [33]. 

4.2.12. Fabrication of the solid-state electrochromic device (ECD) 

A solid-state ECD was fabricated using ITO-coated glass using a flip-chip 

technique. First, a layer of Poly-3-hexyl thiophene (P3HT) was spin-coated 

onto an ITO-coated glass, and the same was sandwiched with another ITO-

coated glass onto which the iPOP-Bpy-PF6 molecule was incorporated into 

a gel electrolyte. In-situ bias-dependent color modulation was studied using 

a Lambda 365 spectrophotometer (PerkinElmer make), and a Keithley 2450 

workstation was used for the electrochemical measurements. 
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4.3. Results and Discussion 

4.3.1. Characterization of iPOP-Bpy 

iPOP-Bpy was synthesized via a one-step condensation reaction between 

4,4ʹ-bipyridine and 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-triazine (A) in 

20 mL of dry DMF under an inert atmosphere at 373K for 24 h, as depicted 

in Scheme 4.1. The material was thoroughly characterized using 13C-

CPMAS NMR (cross-polarization magic angle spinning nuclear magnetic 

resonance), Fourier transform infrared (FTIR) spectroscopy, field emission 

scanning electron microscopy (FESEM), energy dispersive X-ray analysis 

(EDX), and thermogravimetric analysis (TGA). 

In the 13C-CPMAS NMR spectrum, the peak at 60.47 ppm corresponds to 

the -CH2- carbon, and the peak at around 168 ppm represents the triazine 

carbon; other peaks ranging from 127-151 ppm (b, c, d, e) indicate the 

presence of aromatic carbons in the material (Figure 4.1). 

Figure 4.1. 13C-CPMAS NMR of iPOP-Bpy [(a) indicates the (-CH2) 

carbon at 60.47 ppm, (b-e) represents the aromatic protons, (f) represents 

the C atoms in the triazine ring]. 

In the FTIR spectra, the band at 1636 cm-1 represents aromatic C=C 

stretching, and bands at 1517 cm-1 and 1365 cm-1 indicate the triazene 

ring's presence in the polymer. The shifting of the methylene (-CH2-) band 

from 1412 cm-1 in the TTRB-Br to 1408 cm-1 in the iPOP-Bpy not only 
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indicates the development of a positive charge in the N center, whereas the 

disappearance of the band at 598 cm-1 in the polymer indicates the complete 

consumption of the C-Br bond during the formation of the polymer (Figure 

4.2a). The PXRD pattern of the material confirms its amorphous nature 

(Figure 4.2b). The TGA analysis shows that the material is thermally stable 

up to 260o C. The minimum weight loss before 100 oC may be due to the 

removal of entrapped solvents in the material via desolvation (Figure 4.2c). 

The material's insoluble nature and minimal residual weight loss in various 

lab solvents like MeOH, EtOH, acetone, acetonitrile, DCM, DMF, toluene, 

THF, chloroform, and DMSO also establish its chemical stability (Figure 

4.2d). 

Figure 4.2. (a) FTIR spectrum of iPOP-Bpy (b) PXRD of iPOP-Bpy (c) 

TGA of iPOP-Bpy (d) Residual weight percentage iPOP-Bpy after 

exposing in different solvents. 

The morphology of the material was investigated from FESEM imaging 

(Figure 4.3). 
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Figure 4.3. FESEM imaging of iPOP-Bpy 

Elemental mapping and EDS further confirm the presence of C, N, and Br 

in the polymer. 

 

Figure 4.4. EDS and Elemental mapping of iPOP-Bpy 

The presence of the elements was further confirmed by the XPS survey 

spectrum (Figure 4.5a). The Deconvoluted XPS N1s spectrum of the 

material shows the presence of two types of functionalities (C=N, C=N+) in 
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the material, which also confirms the successful synthesis of the material 

(Figure 4.5b). 

 

Figure 4.5. (a) XPS survey spectra of iPOP-Bpy (b) XPS N1s spectra of 

iPOP-Bpy 

The polymer shows lower uptake of N2 and CO2, which may be due to the 

presence of bulky Br- ion in the pores of the material (Figure 4.6a, 4.6b). 

The porosity of the material was analyzed using N2 adsorption-desorption 

isotherm, adsorbing N2 at 77K and 1 bar pressure. The Langmuir surface 

area was calculated as 364.43 m2/g. The pore size distribution calculated by 

the NLDFT method confirmed the mesoporous nature of the material with 

a pore diameter of 2.89 nm (Figure 4.6c). The average pore size was found 

to be 1.94 nm, and the average pore volume was 0.21 cc/g.  
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Figure 4.6. (a) N2 adsorption and desorption profile at 77K (b) CO2 

adsorption and desorption profile at 298K (c) The pore size distribution 

profile obtained from the adsorption branch by the NLDFT method. 

4.3.2. Adsorption of iodine vapor by iPOP-Bpy 

Inspired by the physicochemical stability, aromatic skeleton, cationic 

nature, and exchangeable Br- ions in iPOP-Bpy, its iodine vapor capture 

capacity was investigated by exposing the material to iodine vapor at 75 oC 

under ambient pressure to mimic the typical nuclear fuel processing 

condition [42]. Instant color change from yellow to brown-black was 

observed within the initial few minutes. The gravimetric measurements 

were carried out to evaluate the iodine uptake capacity with time (Figure 

4.7a). The adsorption kinetics was observed to be very rapid in the initial 

hours and reached equilibrium with time. In the initial 3 h, the I2 uptake was 

around 502% with respect to the initial weight of pristine polymer taken for 

I2 capture, and a gradual decrease in the uptake rate was observed after that, 

and within 7 h, it reached the equilibrium. The iodine uptake value in the 
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vapor phase was calculated to be ∼540%. The I2-loaded polymer 

(I2@iPOP-Bpy) was observed to maintain its weight for several days upon 

exposure to air at room temperature, indicating that the material not only 

has the capability to adsorb I2 but also in I2 storage (Figure 4.7b). 

Figure 4.7. (a) Gravimetric iodine vapor uptake of iPOP-Bpy with time at 

75oC and ambient pressure. (b) Iodine retention of I2@iPOP-Bpy upon 

exposure to air at room temperature. 

The thermogravimetric analysis of the post-captured material shows a 

significant weight loss in the temperature range of 85-335 oC, which 

signifies the volatilization of the adsorbed I2 molecules from the pocket of 

the polymer (Figure 4.8). The adsorption of iodine vapor by iPOP-Bpy is 

comparable to that of some highly-performed materials in the literature. 

 

Figure 4.8. Thermogravimetric analysis (TGA) of I2@iPOP-Bpy 
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Table 4.1. A comparison table of I2 uptake in hexene with some well-

studied examples in the literature. 

  

FTIR, Raman spectroscopy, and XPS analysis were performed to 

investigate the interaction between the polymer and adsorbed iodine. FTIR 

spectra of iPOP-Bpy@I2 show some shifting of the triazine representative 

bands, indicating the interaction of the adsorbed iodine with the triazine 

core of the polymer (Figure 4.9a). The Raman spectra show the nature of 

the adsorbed iodine molecule. Broad Raman band at 165 cm-1 indicates the 

symmetric mode of the adsorbed di-iodine molecule, whereas the band at 

109 cm-1 indicates the symmetric stretching vibration, and the band at 135 

cm-1 indicates the asymmetric stretching vibrations of the I3
- molecule 

(Figure 4.9b). 
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Figure 4.9. (a) FTIR and (b) Raman spectra of iPOP-Bpy and I2@iPOP-

Bpy 

The XPS survey spectra of I2@iPOP-Bpy show the presence of iodine in 

the material (Figure 4.10a). XPS N1s spectrum of I2@iPOP-Bpy shows a 

shift in the binding energies of C=N+ and C=N from 400.7eV and 398.87eV 

to 402.5eV and 400.27eV, respectively, which indicate the interaction of 

the adsorbed iodine and iodide molecules with the N centers of the material 

(Figure 4.10b). Two intense peaks at 618.4eV and 629.78eV in the 

deconvoluted I3d spectra of I2@iPOP-Bpy indicate the 3d3/2 and 3d5/2 

orbital electrons of the adsorbed iodine (Figure 4.10c). 
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Figure 4.10. (a) XPS survey spectra of I2@iPOP-Bpy (b) XPS N1s spectra 

of I2@iPOP-Bpy (c) XPS I3d spectra of I2@iPOP-Bpy 

The FESEM image confirms the unchanged morphology of the material 

after iodine adsorption (Figure 4.11). 

Figure 4.11. FESEM image of I2@iPOP-Bpy 

The elemental mapping and EDS analysis further confirm the presence of 

iodine in the material (Figure 4.12). 

Figure 4.12. EDS and elemental mapping of I2@iPOP-Bpy 
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The PXRD pattern of I2@iPOP-Bpy shows the amorphous nature of the 

post-adsorbed material, which indicates the absence of any iodine crystals, 

indicating that the iodine is encapsulated inside the pores of the material 

(Figure 4.13). 

 

Figure 4.13. PXRD of I2@iPOP-Bpy 

The reusability of the material was tested by simply immersing the I2-loaded 

material in ethanol. A slight but constant decrease in the adsorption capacity 

of the recycled material compared to the freshly prepared polymer was 

observed after each cycle (Figure 2d). 

 

Figure 4.14. Reusability of iPOP-Bpy in vapor phase iodine adsorption. 
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The reduction in the material's adsorption capacity after each cycle may be 

due to the residual iodine trapped in the material due to the strong 

interaction with the material and cannot be removed entirely after the 

ethanol wash (Figure 4.15) 

Figure 4.15. Photographs of the recovered polymer after the 4th cycle of 

iodine adsorption in the vapor phase. 

The material's morphology and thermal stability remained unaltered after 

the regeneration (Figure 4.16a and 4.16b).  

 

Figure 4.16. (a) TGA and (b) FESEM image of recovered iPOP-Bpy after 

the 4th cycle of I2 adsorption in the vapor phase. 

The I2 release from I2@iPOP-Bpy in ethanol was also investigated with 

time-dependent UV-vis spectroscopic technique. It was observed that the 

kinetics of the I2 release was very fast and attained saturation within 6 

minutes (Figure 4.17). 



Chapter 4 

228 | P a g e  
 

 

Figure 4.17. Time-dependent UV-vis spectra of iodine release in ethanol 

from vapor phase iodine loaded iPOP-Bpy 

The change in color of the material from yellow to brown-black upon 

exposing it to I2 vapor is an obvious indication of the optical bandgap 

alteration of the material. The solid-state UV-vis spectra of the material 

before and after the I2 adsorption show a significant red shift of the spectra 

after adsorption, indicating the color change (Figure 4.18a). The 

corresponding bandgap calculated by the Tauc plot method also shows the 

decrease in the material's band gap after I2 adsorption from 2.92 eV to 1.62 

eV (Figure 4.18b). 

Figure 4.18. (a) Solid-state UV-vis spectra of iPOP-Bpy and I2@iPOP-
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Bpy. (b) The band gap of iPOP-Bpy and I2@iPOP-Bpy was calculated by 

the Tauc plot method 

It was well established in the literature that I2 is used as a chemical doping 

for enhancing the electrical conductivity of host materials [34]. Encouraged 

by the earlier reports, the electrical conductivity (σ) of the I2-loaded iPOP-

Bpy was further investigated. The current-voltage (I-V) measurement was 

carried out on palletized samples of both iPOP-Bpy and I2-loaded iPOP-

Bpy to estimate the electrical conductivity using a four-probe method. The 

results show an increase in the electrical conductivity of the material after 

I2 doping from 1.19˟10-6 S/m to 27.03˟10-6 S/m (Figure 4.19a). The EPR 

measurement was carried out to investigate the enhancement in 

conductivity after I2 doping in the host material. As can be seen in Figure 

4.19b, though iPOP-Bpy shows a very weak paramagnetic signal, upon I2 

doping, the paramagnetic signal increases many folds with a g value of 

2.00148, indicating the formation of a large number of free radicals upon 

iodine doping. These formations of free radicals are possibly the cause of 

the enhanced electrical conductivity. 

Figure 4.19. (a) I-V curve of iPOP-Bpy and I2@iPOP-Bpy (b) EPR spectra 

of iPOP-Bpy and I2@iPOP-Bpy. 

4.3.3. Adsorption of iodine from organic and aqueous medium 

Iodine capture in the organic solution was also investigated. 1.5 mg of 

iPOP-Bpy was added to a 3 mL 2 mM I2 solution in n-hexane; the purple 
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color of the solution gradually faded over time upon adding the polymer 

powder, indicating the capture of I2 by the polymer. The decrease in the 

concentration of I2 was monitored in two-minute time intervals under UV-

vis spectroscopy. A steady decrease in the peak at 520 nm in UV-vis spectra 

indicates the constant decrease in the concentration of I2 in the supernatant 

solution (Figure 4.20a). It was observed that around 75.3% of I2 was 

adsorbed in the initial two minutes, the adsorption reached equilibrium in 

18 minutes, and about 96.2% of I2 was adsorbed (Figure 4.20b). The 

adsorption was found to be following pseudo-second-order kinetics with an 

R2 value of 0.9949 (Figure 4.20c). Langmuir adsorption was also studied to 

evaluate the maximum adsorption capacity of the material. After 

calculation, it shows an adsorption capacity of 1009.77 mgg-1, one of the 

highest values reported in the literature (Figure 4.20d, Table 4.2). 

Figure 4.20. (a) UV-vis spectrum of I2 solution in n-hexane (b) Decrease in 

concentration and % of removal of iodine from I2 solution in n-hexane. (c) 

Pseudo second model fit for I2 adsorption by iPOP-Bpy in n-hexane 
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solution (d) The Langmuir and Freundlich model fit for I2 adsorption in n-

hexane solution. 

Table 4.2. Comparison table of I2 uptake in hexene with some well-studied 

examples in the literature. 

 

Though several studies regarding iodine capture are reported in the 

literature, these studies are limited to the vapor phase and some organic 

solvents like hexane. Significant attention is not being paid to the iodine 

capture from the aqueous medium [35-39], which is equally important in 

keeping the highly volatile nature of iodine in mind. In the nuclear power 

industries, the radioactive iodide nuclides might enter the environment 

during the nuclear fission process, contaminating the natural water 

resources. There is extensive use of radioiodine nuclides in medical science 

as a diagnostic and therapeutic tool, which is also a significant source of 

radioiodine water contamination. In an aqueous medium, iodine 

predominantly exists as a polyiodide (triiodide-I3
-). Owing to the high-
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capacity iodine adsorption by the material in the vapor and organic phase, 

the potential of iPOP-Bpy was further explored in capturing iodine capture 

in the aqueous phase. To the 0.625 mM aqueous I3
- solution, 0.5 mg/mL 

iPOP-Bpy was dispersed. The adsorption of I3
- was monitored under UV-

vis spectroscopy at different time intervals (Figure 4.21a). The adsorption 

kinetics was extremely fast, and around 99% I3
- gets removed within 2.5 

mins (Figure 4.21b). The adsorption was found to be following pseudo-

second-order kinetics (R2=0.97), with a rate constant of 0.00247 mgg-1min-

1 (Figure 4.21c). The highest iodide adsorption capacity of the material from 

the water was calculated to be 3921.47 mgg-1 is also comparable to some 

well-performed previous materials reported in the literature (Figure 4.21d, 

Table 4.3). 

Figure 4.21. (a) UV-vis spectrum of aqueous I3
- solution in the presence of 

iPOP-Bpy. (b) Decrease in concentration and % of removal of I3
- with time 

(c) Pseudo second model fit for I3
- adsorption by iPOP-Bpy (d) The 

Langmuir and Frundlich model fit for I3
- adsorption by iPOP-Bpy. 
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Table 4.3. A comparison table of I3
- uptake in water with some well-studied 

examples in the literature. 

 

To check the practicability of the material, the normal wastewater condition 

was simulated by introducing different competitive anions like Cl-, Br-, 

NO3
-, and SO4

2- in different concentrations. It was observed that the material 

was efficient enough in removing I3
- from water even after the presence of 

competitive anions 1000 times excess compared to I3
- (Figure 4.22). 
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Figure 4.22. Effect of excess competing anions I3
- uptake by iPOP-Bpy 

Further, to get more insight into how I2 and I3
- bind with iPOP-Bpy, DFT 

studies were performed on the model system of iPOP-Bpy (Figure 4.23a).  

 



Chapter 4 

235 | P a g e  
 

Figure 4.23. (a) Optimized structure of iPOP-Bpy model system (b) 

Optimized geometry of iPOP-Bpy binds with I2 (c) Optimized geometry of 

I3
- binding with iPOP-Bpy. Intermolecular bond distances are given in Å. 

The binding energy of I2 with the positively charged iPOP-Bpy is small, 

with a stabilization energy of ~7.26 kcal/mol (Figure 4.23b). On the other 

hand, the negatively charged I3
- has a large binding energy of ~216.21 

kcal/mol, owing to the electrostatic interaction between the positively 

charged iPOP and the anion (Figure 4.23c). 

4.3.4. NH3 vapor sensing  

It is well established from the literature that viologen derivatives undergo 

facile charge transfer due to low-energy LUMO as an electron acceptor 

[40,41]. The noticeable color change in the dicationic viologen derivatives 

by forming radical-cation clearly indicates electron transfer in the presence 

of electron-rich chemicals such as ammonia. Though there are several 

reports of the viologen-based systems for ammonia sensing in the literature, 

only a few reports of the viologen-based solid-state materials in ammonia 

sensing are there [35,40,42,43]. In iPOP-Bpy, due to having similar 

viologen linkage, its ability to sense ammonia vapor was further explored. 

A pad of solid polymer was exposed to ammonia gas, and a rapid color 

change of the polymer from yellow to blue was observed. The color change 

can indicate the polymer's reduction from the dicationic state to the cationic 

radical state (Figure 4.24a). Solid-state EPR spectra of the NH3-treated 

blue-colored polymer powder were further carried out. The sharp peak in 

the EPR spectra (g = 2.0025) indicates the presence of cationic radical 

species in the polymer (Figure 4.24b). To further confirm the observation, 

the polymer was treated with an aqueous solution of Na2S2O4, a commonly 

used reducing agent in reducing the viologen derivative. The instant color 

change of the material from yellow to deep blue was observed post-
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treatment, similar to the ammonia-treated polymer, and confirmed the 

cationic radical formation (Figure 4.24c). 

 

Figure 4.24. (a) Color change of iPOP-Bpy in the presence of NH3 vapor 

(b) EPR spectra of iPOP-Bpy and iPOP-Bpy@NH3 (c) Photograph of 

iPOP-Bpy after treatment with Na2S2O4. 

The solid-state UV-vis spectra of the iPOP-Bpy show a strong adsorption 

band around 200-400 nm, which is a clear indication of the n→π* and π→π* 

charge transition in the material. The appearance of a shoulder peak in the 

range of 415-518 nm post NH3 treatment may be due to the intermolecular 

charge transfer from NH3 to the electron-deficient viologen moiety [44] 

(Figure 4.25) 
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Figure 4.25. Solid state UV-vis spectra of iPOP-Bpy and iPOP-Bpy@NH3 

The observation was further established with the help of DFT calculation. 

The computed results show that the HOMO and LUMO energies of iPOP-

BPy are -17.72 eV and -12.29 eV, respectively, lower than the HOMO of 

electron-rich NH3. The obtained results suggested the facile electron 

transfer from the HOMO of NH3 to the LUMO of iPOP-BPy (Figure 4.26).  

 

Figure 4.26. HOMO and LUMO energies of iPOP-Bpy model system and 

HOMO of NH3 
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The material can be regenerated by exposing the blue-colored polymeric 

pad to air. Surprisingly, the rates of these two processes are different. The 

polymer changes its color to blue upon exposure to ammonia vapor within 

a few seconds, whereas the color regeneration takes a couple of minutes. 

The cycle was continued ten times, and the same observation was noticed 

in each cycle. No morphological and structural changes in the polymer were 

observed after ten cycles, as confirmed by the FTIR and FESEM imaging 

(Figure 4.27). 

Figure 4.27. (a) FTIR and (b) FESEM of NH3 treated iPOP-Bpy 

4.3.5. Investigation of the electrochromic properties of iPOP-Bpy 

Viologen-based derivatives are one of the key materials used to develop 

efficient electrochromic devices. Inspired by the rapid color change of the 

material upon exposure to electron-rich amines, its electrochromic 

properties were further explored. Here, iPOP-Bpy-PF6
- was used to 

fabricate the electrochromic device. The successful ion exchange was 

confirmed by 31P CPMAS NMR, XPS, EDS, and elemental analysis. The 

multiplate at around -145 ppm in the 31P CPMAS NMR spectra indicates 

the presence of PF6
- ions in the material, where the multiplate originates 

from the 31P-19F coupling (Figure 4.28). 
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Figure 4.28.  31P CPMAS NMR of iPOP-Bpy-PF6
- 

The complete absence of Br and clear presence of P and F in XPS, EDS, 

and elemental mapping data confirm the complete ion exchange upon 

treatment with PF6
- (Figure 4.29a and 4.30). 

A shift in the C=N+ binding energy in XPS N1S spectra post-ion exchange 

from 400.7eV to 401.6eV indicates the interaction of PF6
- ions with the 

cationic center in the polymer ( Figure 4.29b). 

Figure 4.29. (a)XPS survey spectra and (b) deconvoluted N1s spectra of 

iPOP-Bpy-PF6
- 
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Figure 4.30. EDS and elemental mapping of iPOP-Bpy-PF6
- 

There is no change in the PXRD pattern after ion exchange (Figure 4.31a), 

whereas FESEM imaging shows similar morphology (Figure 4.31b). 

 

Figure 4.31. (a) PXRD and (b) FESEM of iPOP-Bpy-PF6
- 

An electrochromic device was developed using P3HT as a complimentary 

auxiliary electrode along with the molecule of interest to fabricate a bilayer 

ECD in the form of ITO/P3HT/iPOP-Bpy-PF6
-/ITO. Here, P3HT has been 

chosen as the complementary layer mainly due to its familiarity with its 

electrochromic properties [45,46], besides being a highly stable conducting 

polymer. Secondly, the molecule under study is an n-type material, i.e., it 

changes color when applied with negative bias; P3HT, being a p-type 



Chapter 4 

241 | P a g e  
 

material, is thus the best-suited choice of incorporation for achieving an 

overall enhancement of performance [47,48]. The fabricated device can be 

visualized using the schematic shown in Figure 4.32, which also shows the 

actual photographs of the device corresponding to the applied bias (Figures 

4.32a-c). 

Figure 4.32. Schematic of the solid-state electrochromic device under a bias 

of (a) 0V (as-prepared), (b) 2V, (c) -2V applied with respect to the P3HT 

layer. The insets show actual photographs of the device under 

corresponding applied bias.  

Since the iPOP-Bpy molecule is transparent in the neutral state, the original 

color of the as-prepared device (unbiased) appears magenta, owing to the 

inherent color of P3HT (Figure 4.32a). When applied with +2V (with 

respect to P3HT) bias, the P3HT electrode turns transparent due to the 

formation of polarons as a consequence of dynamic doping, a process of 

bias-induced oxidation from a neutral state to a polaronic state [49,50]. 

Along with this dynamic doping of the P3HT electrode, the iPOP-Bpy 

molecule gains electrons at the other electrode, reducing it to the 

corresponding cationic state. This causes a change in its color from 

transparent to blue, giving an overall appearance of blue color to the device 

(Figure 4.32b). On bias reversal, the device color switches back to magenta 

(Figure 4.32c) as reduction occures in the P3HT electrode, pulling the 

electrons back and reversing the overall redox processes at both layers. The 

two visible color states of the device achieved at respective biases have been 

then validated by performing in situ UV-visible measurements. 
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The in-situ bias-dependent transmittance spectra of the device at three 

different bias states (Figure 4.33a) clearly show a bias-dependent color 

modulation in the device, and the spectral response can also be correlated 

with the actual color perceived from the device (corresponding insets). The 

black curve represents the initial color of the device (magenta in 

appearance), as can be validated by the RGB color scheme [45] as follows. 

Higher transmittance in the red & blue regions with a dip in the green region 

corresponds to the magenta appearance (the combination of red & blue) 

[47]. Under the +2V, the transmittance increases (red curve, Figure 4.33a) 

in the blue region, thus giving the device an overall blue appearance (inset). 

Next, when the bias was reversed to -2V bias, the initial magenta state of 

the device was restored with the reinstallation of the transmittance curve 

similar to the initial state (blue curve, Figure 4.33a), indicating the perfect 

reversibility. Analysis of the transmittance spectra reveals a color contrast 

value of ~50%, corresponding to 515 nm wavelength, and ~48%, 

corresponding to ~700 nm (black arrows, Figure 4.33a). Looking at the 

good color contrast, the electrochromic performance of the ECD was 

studied for these two wavelengths to test multi-wavelength switching 

capabilities. To check the stability, cycle life was tested for which a ±2V 

pulse of 5s duration was applied to the device while recording the 

corresponding optical changes in the device (Figure 4.33b). A dynamic 

switching in absorbance corresponding to 515 nm wavelength shows that 

the reversibility is well maintained for at least 500s (100 switching pulses) 

while the contrast decreases only a little, indicating that the device might be 

storing some charges on each switching pulse. A dynamic switching in 

absorbance corresponding to 515  nm wavelength can be seen. After a few 

ON/OFF fluctuations cycles, the device gets stabilized, and not much 

variation is seen.It is clear that the device retains its stability for more than 

1000s, and reversibility is well maintained while the contrast decreases only 

a little, indicating that the device might be storing some charges on each 

switching pulse.  
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Figure 4.33. (a) Bias-dependent transmittance spectra of the device and its 

actual images as inset (b) Absorbance V/s Time spectra of the device 

recorded at 2V/-2V for 2500s (250 cycles)  (c) Coloration (τc) and Bleaching 

(τb) times calculated at 515nm (d) Voltage and current V/s time graph 

recorded along with coloration efficiencies at (e) 515nm and (f) 700 nm 

wavelength with inset image showing coloration and bleaching time. 

To measure the switching time of the device, one switching cycle of the 

device has been analyzed carefully (Figure 4.33c) to reveal coloration and 

bleaching times of 0.5s and 0.7s, respectively. A switching time of less than 

one second represents one of the fastest ECDs in the family. Coloration 

efficiency (CE) is one of the most important device performance parameters 

that quantify the power efficiency of an ECD. To estimate the CE of the 

device, the current response of the device as a consequence of the voltage 

pulse train to the device is first recorded (Figure 4.33d).. Since the CE is 

defined as the change in optical density (ΔOD) of the device per unit charge 

insertion/exertion (Q), it can be calculated using the slope of the “ΔOD v/s 

Q curve” (Figure 4.33e). The CE value for this device was obtained to be 

~800 cm2/C for color switching, corresponding to 515 nm. This is a high 

value as compared to the reported ECDs in the EV-based ECD family, as 

can be seen from the comparison table (Table 4.4). Furthermore, the solid-
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state ECD also shows fast and efficient electrochromic switching 

performance corresponding to 700 nm with color-switching times of 

0.4s/0.5s and CE of 670 cm2/C (Figure 4.33f). The overall study of 

electrochromic performance from the newly developed iPOP-Bpy molecule 

reveals that this molecule has the potential to be used in a power-efficient 

and fast solid-state electrochromic device which shows great color contrast 

of more than 50% at a voltage of as low as 2V. 

Table 4.4 Comparison table for current work with already reported work on 

PTH-incorporated ECDs. 

 

4.4. Conclusion 

Here, a thermally and chemically stable, multifunctional ionic porous 

organic polymer containing redox-active viologen sites was designed and 

synthesized and well characterized with various spectroscopic and imaging 

techniques. The materials show excellent iodine uptake capacity in vapor, 

organic, and aqueous phases, fast kinetics, and multiple-time reusability. 

Due to the presence of redox-active viologen sites in the material, it shows 

ultrafast color switching from yellow to blue in the presence of electron-



Chapter 4 

245 | P a g e  
 

rich ammonia vapor. It shows excellent efficiency as a solid-state ammonia 

vapor sensor. Bias-dependent in-situ transmission and electrochemical 

measurements of a solid-state ECD fabricated using iPOP-Bpy reveal that 

it can be the best choice from the viologen family in manufacturing an 

organic ECD. The above conclusion can be drawn from the excellent 

electrochromic performance parameter values of switching times (~0.5 s), 

color contrast (~50%), and coloration efficiencies (up to 800 cm2/C). In 

addition, the device shows color switching for multiple wavelengths with a 

low applied bias of 2V while showing the abovementioned performance 

parameters. The material can be applied in a n-type electrochromic auxiliary 

electrode, preferably in combination with an p-type material. 

4.5. Declaration 

This chapter is adapted from  ACS Appl. Mater. Interfaces 2023, 15, 23, 

28453–28464 (DOI: 10.1021/acsami.3c01800). 
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5.1. Introduction 

With the increasing globalization, the demand for commercial reagents has 

increased significantly. Among the various chemical reagents in massive 

demand in different industrial and commercial projects, H2O2, an 

environment-friendly oxidant, is significant [1-4]. Though in high demand, 

the production of H2O2 still largely depends on the anthraquinone process, 

which is energy-consuming, only operational in centralized facilities, and is 

a cause of significant environmental pollution [5,6]. Mixing hydrogen and 

oxygen in the presence of Pd-based catalysts, though, is a green and 

achievable alternative [7]; implementation of such a process at the 

industrial level is always problematic not only due to the high processing 

cost of the catalyst but also due to the risk of explotion of the H2/O2 gas 

mixture. Considering the high demand and low producibility of H2O2 and 

the high risk involved in the traditional H2O2 production processes, there is 

an pressing need to find cost-efficient and environmentally friendly 

alternatives. In this regard, synthesizing H2O2 electrochemically in a fuel-

cell setup using water and oxygen could be a green and cost-efficient 

alternative. Selective production of H2O2 over water is always challenging 

in a fuel-cell setup as the competitive and predominant 4e- reduction 

pathway severely hampers the 2e- reduction of O2 to H2O2 [8-12]. 

Therefore, developing a suitable catalyst that could selectively reduce O2 to 

H2O2 is essential. In the past few years, several noble metal-based catalysts 

have evolved that show considerably low overpotential and good selectivity 

toward the production of H2O2 [13-16]. At the same time, there are several 

heteroatom-dopped carbon materials show significant oxygen reduction 

reactions. However, their reduced selectivity for the H2O2 production, high 

cost of pyrolyzing, disrupted pore structure, and loss of N atoms during the 

pyrolysis process always make them inefficient [17-21]. Recently, porous 

organic polymer-based materials have evolved into new types of porous 

material with unique pore structures, stable skeletons, high surface areas, 

and high physicochemical stability [22]. Though porous organic polymers 
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are extensively explored in several domains of research, their applicability 

in the selective electrochemical production of H2O2 still remains largely 

unexplored. Among the very few reports of porous organic polymer-based 

electrocatalysts for selective hydrogen peroxide production, most are metal-

doped catalysts [23-25]. The use of metals not only increases the 

preparation cost of the catalyst but also the leaching of the metal ions from 

the polymeric skeleton during the electrocatalysis might hamper the 

catalytic activity of the materials. Among the reported metal-free 

electrocatalysts [26-30], most of them use sulfur as the active element, 

which is also not safe to use at the industrial level, considering the known 

toxicity of S-containing compounds towards mammals and aquatic 

creatures [31,32]. Using viologen-based materials in the polymeric skeleton 

is particularly helpful in increasing the ORR activity [33,34]. In this work, 

viologen-based ionic porous organic polymer (iPOP-TAPA-Cl) was 

synthesized by reacting Zincke salt with a non-planar building block Tris(4-

aminophenyl)amine (TAPA), to check the efficiency of the polymers in the 

selective electrochemical production of H2O2. The electron-rich TAPA 

building block, owing to its strong electron-donating nature, increases the 

O2 adsorption strength in the active site of the catalyst [35]. Additionally, 

the switchable redox states from dicationic to radical cations help to polarize 

the dissolved oxygen, which is beneficial in prioritizing the 2e- reduction 

pathway [36,37]. At the same time, the exchangeable counter anion in the 

cationic skeleton is further helpful in tuning the electronic property of the 

polymeric skeleton by simple ion exchange that might help to control the 

catalytic activity of the polymer. In this study, a series of polymeric 

electrocatalysts is prepared by simply exchanging counter anions with other 

halide anions. Among the polymer electrocatalysts, iPOP-TAPA-F has 

come up as the most active catalyst with high selectivity for H2O2 (98.5%) 

and excellent current efficiency (99%).  
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5.2 Experimental section 

5.2.1. Materials  

1-fluoro-4-nitrobenzene, 4-nitroaniline, and 4,4’-Bipyridine and Pd/C were 

purchased from Sigma Aldrich.  2,4-dinitro-chlorobenzene and hydrazine 

monohydrate were purchased from Avra Chemicals. All the salts and 

solvents were obtained from a local vendor and used without further 

purification.  

5.2.2. Physical measurements 

The same characterization techniques were used, as mentioned in 2.2.1 

section in charpter 2  

5.2.3. Synthesis of 1,1’-bis(2,4-dinitrophenyl)-[4,4’-bipyridine]-1,1’-

diium dichloride (ZN-Cl2) 

The building block was synthesized using the same method described in 

Chapter 3, 3.2.2 section. 

5.2.4. Synthesis of Tris(4-aminophenyl)amine (TAPA) 

4-nitroaniline (5 g, 36.20 mmol) and K2CO3 (30 g, 217.07 mmol) were 

taken in dry DMSO, and the solution was stirred under an N2 atmosphere 

for 20 mins. To the solution, 1-fluoro-4-nitrobenzene (8 mL, 0.08 mmol) 

was added dropwise to the solution and the whole mixture was heated at 

120oC for 48 h. The mixture was then cooled to room temperature and 

poured into 100 mL of ice-cold water to obtain a bright yellow solid. The 

solid was then collected by filtration and washed with a large amount of 

water. Finally, the solid was dried at 70oC, and the obtained solid was 

directly used in the next step. 

The yellow solid (10 g) and Pd/C ( 0.66 g) were dispersed in 30 mL 2:1 

dioxane ethanol mixture under an N2 atmosphere, and the mixture was 

heated at 80oC for 1h. After that, hydrazine monohydrate (26.3 mL) was 
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added dropwise to the suspension, and the whole system was heated for 48 

h. After completion of the reaction, the reaction mixture was filtered hot, 

and the filtrate was cooled to obtain a precipitate. The precipitate was 

washed with a large amount of ethanol and dried to obtain Tris(4-

aminophenyl)amine (TAPA) as a gray-colored solid. Product yield 68%, 

5.23 g. 1H NMR (500 MHz, 298 K, DMSO-d6): δ = 6.60 (d, 6H), 6.45 (d, 

6H), 5.92 (s, 6H). 13C NMR (125 MHz, 298K, DMSO-d6): δ 143.66, 

139.13, 124.54, 115.20.  

 

Figure 5.1. 1H NMR of Tris(4-aminophenyl)amine (TAPA) 
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Figure 5.2. 13C NMR of Tris(4-aminophenyl)amine (TAPA) 

5.2.5. Synthesis of iPOP-TAPA-Cl 

An oven-dried pressure tube was charged with 0.1 g of TAPA and 0.29 g of 

ZN-CL2, then 10 mL of acetonitrile-water (4:1) was added as a solvent. It 

was sonicated for 30 min to obtain a deep violet homogeneous mixture. The 

whole system was heated at 90oC for 6 h. After cooling the reaction tube to 

room temperature, the obtained precipitate was separated by vacuum 

filtration. The isolated solid was washed frequently with DMF, water, 

acetone, MeOH, and chloroform several times. Finally, the black-colored 

solid was dipped in a solvent mixture of MeOH and chloroform (1:1) 

overnight. The solid was then separated by centrifugation and dried 

overnight at 100oC in a hot-air oven to obtain desolvated iPOP-TAPA-Cl 

as a black-colored powder.  

5.2.6. Synthesis of iPOP-TAPA-X (X= F, Br, and I) 

To prepare iPOP-TAPA-X, to a saturated solution of KX (X= F, Br, I) (10 

mL), 0.1 g of desolvated iPOP-TAPA-Cl was added and heated overnight 

at 60oC with constant stirring. The obtained solid was then separated by 
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centrifugation and again added to 10 mL of saturated solution of KX, and 

the same process was repeated. Finally, the recovered solid was washed 

with hot water and MeOH and dried in a hot air oven for 24 h to obtain 

iPOP-TAPA-X powder.  

Scheme 5.1. Synthesis of iPOP-TAPA-Cl and its halogenated derivatives. 

5.2.7. Preparation of the iPOP-TAPA-Cl radical cation 

For this experiment, the same procedure was followed as described in 

Chapter 4 section 4.2.5 section. 

5.2.8. Chemical stability test of iPOP-TAPA-Cl  

To check the chemical stability of the polymer, 5 mg of the polymer was 

added individually to different solvents and was allowed to stand for 24 h. 

The residual solid was collected by filtration and repeatedly washed with 

MeOH and DCM. The solid was then dried in a hot air oven at 100 oC for 

another 24 h. Finally, the weight of the polymer was measured 

gravimetrically and characterized with FTIR spectroscopy. 

5.2.9. Electrochemical Measurements 

The electrochemical activities of the series of synthesized iPOP-TAPA-X 

(F, Cl, Br, I) samples were carried out using a three-electrode setup in a 

Metroohm Autolab 204 workstation. The glassy carbon rotating disk 

electrode with drop-casted electrocatalyst, Ag/AgCl, and Pt wire were used 
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as working, reference, and counter electrodes, respectively. Homogeneous 

sample ink was prepared by mixing 2.5 mg of iPOP-TAPA-X into a 450 

μL solution of isopropanol and water mixture and adding 50 μL of 0.01 wt% 

PVDF as binder under ultrasonication condition for 30 minutes. After 

sonicating, the working electrode was prepared by drop-casting 7 μL of 

prepared ink onto the glassy carbon disk. Approximately 180 μg cm-2 mass 

loading was found to be optimal for showing the best catalytic activity.  

To evaluate the ORR performance of electrocatalyst iPOP-TAPA-X, LSV 

measurements were recorded at different rpm at a scan rate of 10 mV s-1 in 

O2-saturated 0.1 M KOH electrolyte, keeping the ring potential fixed at 

1.4V vs. RHE. The CV curves were recorded at a scan rate of 50 mV s-1 in 

both O2 and N2-saturated 0.1 M KOH electrolytes for comparative 

electrochemical study.  

The number of electron transfers during the ORR process is experimentally 

evaluated by the Koutecky−Levich (K−L) equations as described below: 

1

𝐽
 =  

1

𝐽𝑘
 +  

1

𝐽𝑑
=  

1

𝐽𝑘
 +  

1

𝐵𝑤1/2
 

where J is the measured current density, JK and Jd are kinetic current density 

and the diffusion-limited current density, respectively (mA cm−2), d is the 

diffusion-limited current density, and w is the rotating speed of the electrode 

(rad s−1). B is the Levich Constant. 

B= 0.62nFA𝛎-1/6 CO2 D
2/3 

Where n is the number of transferred electrons, F is the Faraday constant 

(96500 C mol−1), ν is the kinematic viscosity (0.011 cm2 s −1), CO2 is the 

bulk concentration of O2 (1.2 × 10−6 mol cm−3), and D is the diffusion 

coefficient of O2 (1.9 × 10−5 cm2 s −1) in 0.1 M KOH solution. 

Hydrogen peroxide selectivity, electron transfer number (n), and Faraday 

efficiency (%) were calculated based on the following equations: 
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𝑛 = 4 ×  
𝐼𝑑

𝐼𝑑  +  
𝐼𝑟

𝑁

 

𝐻2𝑂2(%) =
200 𝐼𝑟

𝑁|𝐼𝑑| +  𝐼𝑟
 

                                              Faraday efficiency (%) =  
𝐼𝑟
𝑁

𝐼𝑑
 

where Id and Ir are the disk current and the ring current, respectively. N is 

the collection efficiency was determined to be 0.23 from the reduction of 

K4Fe[CN]6. 

5.3. Results and Discussion 

5.3.1. Characterization of iPOP-TAPA-Cl 

The polymer iPOP-TAPA-Cl was synthesized by the Zincke reaction, 

reacting TAPA and ZN-Cl2 (Zincke salt) in a 1:1.5 molar ratio in 

acetonitrile-water (4:1) solvent mixture at 90oC for 6 h (Scheme 5.1). The 

polymer was isolated as a black powder. The successful synthesis of the 

polymer was confirmed by FTIR and 13C-CPMAS NMR spectroscopy. In 

the 13C-CPMAS NMR spectra, broad peaks in the 149.42-123.62 ppm 

region represent all aromatic carbons in the polymeric skeleton. Peaks at 

149.42,135.22, and 123.62 ppm correspond to the viologen moiety present 

in the polymeric backbone, whereas peaks at 145.17, 132.56, 130.64, and 

127.52 ppm represent the carbons of the TAPA molecule in the polymer 

(Figure 5.3 a).  
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Figure 5.3. (a) 13C CPMAS NMR spectra of iPOP-TAPA-Cl (b) FTIR 

spectra of iPOP-TAPA-Cl. 

In the FTIR spectra of iPOP-TAPA-Cl, the complete disappearance of the 

bands at 3403 and 3320 cm-1, which corresponds to the -NH2 stretching 

frequencies of the TAPA building block and band at 1545 cm-1, which 

corresponds to the -NO2 stretching frequencies of the ZN-Cl2 building 

blocks represents the successful consumption of the starting materials in the 

polymer (Figure 5.3b). PXRD analysis shows the amorphous nature of the 

polymer (Figure 5.4a). The TGA analysis shows the polymer is thermally 

stable over 250 oC, depicting its high thermal stability (Figure 5.4b). 

 

Figure 5.4. (a) PXRD of iPOP-TAPA-X (X= F, Cl, Br, and I) (b) TGA 

profiles of iPOP-TAPA-X (X= F, Cl, Br, and I) 

The polymer iPOP-TAPA-Cl appeared to be insoluble in every possible 

lab solvent (Figure 5.5).  
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Figure 5.5. Residual weight of the polymer in different lab solvents 

Additionally, its stable nature in weak acidic and basic solutions, which 

was confirmed by FTIR spectra (Figure 5.6), further confirms its robust 

nature. 

 

Figure 5.6. Comparative FTIR spectra of the polymers in (a) various lab 

solvents and (b) after treatment in different pH solutions, showing the 

chemical robustness of the polymers. 

The FESEM image shows an aggregated spherical morphology of the 

polymer. The elemental analysis and EDX further confirm the presence of 

C, N, and Cl in the polymer (Figures 5.7 and 5.8). 
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Figure 5.7. FESEM imaging and elemental mapping of iPOP-TAPA-Cl  

 

Figure 5.8. EDX analysis of iPOP-TAPA-Cl 

The XPS analysis confirms the presence of these elements only in the 

polymer (Figure 5.9a). The deconvoluted XPS N1s and C1s spectra show 

the presence of C-C/C=C, C-N, C=N+, and C-N+ functionalities in the 

polymer (Figures 5.9b and 5.9c). The deconvoluted Cl 2p spectra further 

confirm the presence of Cl- as a counter-anion in the polymer (Figure 5.9d). 
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Figure 5.9. (a) XPS survey spectra of iPOP-TAPA-Cl. (b) Deconvoluted 

N1s spectra, (c) Deconvoluted C1s spectra, and (d) Deconvoluted Cl2p 

spectra of iPOP-TAPA-Cl. 

The N2 adsorption-desorption study was performed at 77 K to investigate 

the porosity of the polymer (Figure 5.10a). The calculated BET surface area 

of the polymer was 45.174 m2/g. The pore size distribution of the polymer 

was evaluated using the BJH method, showing a mesoporous nature with a 

pore diameter of 3.089 nm (Figure 5.10b). 
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Figure 5.10. (a) N2 adsorption-desorption isotherm and (b) the pore size 

distribution of iPOP-TAPA-Cl calculated using the BJH method. 

5.3.2. Electrochemical performance of iPOP-TAPA-Cl 

The ORR performances of synthesized pristine polymer iPOP-TAPA-Cl 

were tested with both O2 and N2-saturated alkaline 0.1 M KOH electrolyte 

using the RRDE technique. The CV curve iPOP-TAPA-Cl in both N2 and 

O2-saturated electrolytes (Figure 5.11a) reflected the presence of a well-

defined reduction peak at 0.48-0.51 V vs. RHE, confirming its redox-active 

nature. More importantly, the increase in reduction current density in O2-

saturated electrolyte compared to that of N2 saturated indicates its oxygen 

reduction property. The LSV polarisation plot at a scan rate of 10 mV s-1 

with different rotating speeds in O2-saturated alkaline electrolytes further 

confirms its pronounced ORR activity (Figure 5.11b).  

 

Figure 5.11. (a) CV curve of iPOP-TAPA-Cl at a scan rate of 50 mV s-1 in 

N2 and O2-saturated 0.1 M KOH electrolyte. (b) LSV curve of iPOP-

TAPA-Cl in O2-saturated 0.1 M KOH electrolyte at a scan rate of 10 mV s-

1 with different rotating speeds. 

However, it is well known that oxygen reduction reaction may follow either 

the 2e- transfer pathway to produce H2O2 or the 4e- transfer pathway to form 

O2. The Koutecky−Levich plot, as displayed in Figure 5.12a, revealed that 

the 2e- pathway is preferred here. Additionally, the selectivity towards H2O2 

production as quantified from the RRDE measurement (Figure 5.12b) for 
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iPOP-TAPA-Cl was found to be notably high at around 86%, which is 

comparable with the recently reported catalysts [34,37].  

 

Figure 5.12. (a) Koutecky−Levich plot and (b) H2O2 selectivity and 

electron transfer number (n) of iPOP-TAPA-Cl. 

5.3.3. Characterization of iPOP-TAPA-X  

Owing to the presence of exchangeable Cl- ions in the polymeric skeleton, 

the role of different halogen ions in the H2O2 production activity was further 

investigated. The variable electronegativity of the halogen ions might 

manipulate the electronic properties in the polymeric skeleton, making a 

difference in the activity of the H2O2 production. The Cl- counter anion in 

the polymeric skeleton was exchanged with F-, Br-, and I- by simply 

immersing iPOP-TAPA-Cl in the saturated solution of the corresponding 

potassium salt of the halogens (KF, KBr, and KI) (Scheme 5.1). The XPS 

analysis confirmed the successful replacement of Cl- with other halides 

(Figures 5.13a and 5.13d). The deconvoluted C 1s and N 1s of iPOP-

TAPA-X show the presence of the same functionalities as iPOP-TAPA-Cl 

with slightly shifted values, further indicating the interaction of the halogen 

anions with the polymeric skeleton (Figures 5.13b, 5.13c and Table 5.1 and 

5.2). 
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Figure 5.13. (a) Comparative XPS survey spectra (b) Comparative 

deconvoluted N 1s spectra of iPOP-TAPA-X (X=F, Cl, Br, and I) (c) 

Deconvoluted C 1s spectra of iPOP-TAPA-X (X=F, Br, and I) (d) 

Deconvoluted F 1s, Br 3d, and I 3d spectra of iPOP-TAPA-F, iPOP-

TAPA-Br, and iPOP-TAPA-I. 

Table 5.1. Comparative binding energies of the functionalities obtained 

from deconvoluted N 1s spectra of iPOP-TAPA-X (X= F, Cl, Br, and I). 
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Table 5.2. Comparative binding energies of the functionalities obtained 

from deconvoluted C 1s spectra of iPOP-TAPA-X (X= F, Cl, Br, and I). 

 

The TGA data shows that thermal stability remains intact after the halogen 

ion exchange. Only in the case of iPOP-TAPA-I, the initial weight loss to 

100 oC may be due to the removal of entrapped solvent molecules or the 

removal of volatile iodine molecules from the skeleton upon heating (Figure 

5.14a). The FTIR spectra of the ion-exchanged polymers show almost no 

changes compared to the pristine iPOP-TAPA-Cl, indicating no chemical 

change in the polymer upon halogen exchange (Figure 5.14b). 

 

Figure 5.14. (a) TGA profiles and (b) comparative FTIR spectra of iPOP-

TAPA-X (X= F, Cl, Br, and I) 

The FESEM images show the aggregated spherical type of morphology in 

the polymer (Figure 5.15), whereas the elemental mapping and EDX 



Chapter 5 

271 | P a g e  
 

analysis further confirm the presence of the respective elements in the 

polymer (Figure 5.15 and 5.16). 

 

Figure 5.15. FESEM and elemental mapping of iPOP-TAPA-X (X= F, Br 

and I) 

 

Figure 5.16. EDX analysis of iPOP-TAPA-X (X=F, Br and I) 

The N2 adsorption-desorption study was conducted to check any changes in 

the porosity of the polymer. As shown in Figure 5.17a, there is a slight but 
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steady increase in the N2 adsorption capability in the polymer when going 

from F- to I-. The calculated BET surface area was 35.87 m2/g, 56.41 m2/g, 

and 69.28 m2/g, respectively, where the pore diameter varies from 3.05-3.44 

nm (Figure 5.17b). 

 

Figure 5.17. (a) N2 adsorption-desorption isotherm of iPOP-TAPA-X (X= 

F, Cl, Br, and I) at 77K (b) Pore size distribution of iPOP-TAPA-X 

calculated using the BJH method. 

5.3.4. Electrochemical performance of iPOP-TAPA-X 

The ORR performances of developed polymers obtained after exchanging 

the Cl- anion of iPOP-TAPA-Cl by F-/Br-/I- were also evaluated under an 

O2-saturated alkaline 0.1 M KOH electrolyte. Nevertheless, mass loading is 

a pivotal part of any electrocatalyst in showing its activity. Figure 5.18 

revealed 180 µg cm-2 was the optimal loading for iPOP-TAPA-F in terms 

of current, H2O2 selectivity, and number of electron transfers, and thereby, 

all electrochemical experiments were performed using 180 µg cm-2 of 

catalyst loading. 
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Figure 5.18. (a) LSV polarisation curve of iPOP-TAPA-F at 1600 rpm at 

a scan rate of 10 mV s-1 with different mass loading. (b) The H2O2 

selectivity and electron transfer number (n). 

Figure 5.19a compares LSV plots of all four iPOP-TAPA-X at a scan rate 

of 10 mV s-1 with 1600 rpm rotating speed. Clearly, the enhanced ORR 

performance of iPOP-TAPA-F was evidenced by its onset potential value 

of 0.78V, which is in good agreement with CV results (0.8V). The 

corresponding Tafel plot for iPOP-TAPA-F, as displayed in Figure 5.19b, 

with the smallest Tafel slope value of 65 mV dec-1 among all, reveals its 

faster reaction kinetics towards ORR. Impressively, the ORR selectivity of 

iPOP-TAPA-F towards H2O2 formation turned out to be highest (~98.5 %) 

with the selectivity trend of iPOP-TAPA-X as iPOP-TAPA-F (~98.5 %) 

> iPOP-TAPA-Cl (~86 %) > iPOP-TAPA-Br (~76 %) > iPOP-TAPA-I 

(~70 %), as compared in Figure 5.19c. Indeed, the electronegativity of the 

counteranion in iPOP greatly influences such a selectivity trend and is 

believed to be responsible for such high selectivity towards H2O2. 

Furthermore, the highest ORR performance of iPOP-TAPA-F was also 

evidenced by its excellent current efficiency of 99 %, as can be seen in 

Figure 5.19d. 
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Figure 5.19. (a) LSV polarization curves of iPOP-TAPA-X (X = F, Cl, Br, 

and I) at 1600 rpm in O2-saturated 0.1 M KOH electrolyte; (b) Tafel slope 

plot; (c) H2O2 selectivity and electron transfer number (n) and (d) The 

current efficiencies of iPOP-TAPA-X for ORR. 

The detailed electrochemical characterization of iPOP-TAPA-F was also 

evaluated in both O2 and N2 saturated 0.1 M KOH solution in Figure 5.20. 
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Figure 5.20.  (a) CV curve of iPOP-TAPA-F at a scan rate of 50 mV s-1 in 

N2 and O2-saturated 0.1 M KOH electrolyte. (b) LSV curve of  iPOP-

TAPA-F at a scan rate of 10 mV s-1 with different rotating speeds. (c) The 

Koutecky−Levich plot and (d) The H2O2 selectivity and electron transfer 

number (n) of iPOP-TAPA-F. 

With such a significant ORR performance, the stability of iPOP-TAPA-F 

was further examined by evaluating the disc current as well as ring current 

at specific applied potentials, which shows quite stable performances over 

16 h, as shown in Figure 5.21a. LSV polarization curve of iPOP-TAPA-F 

before and after performing 1000 CV cycles showed negligible decay in its 

activity, revealing outstanding stability in alkaline media (Figure 5.21b). 

 

Figure 5.21.  (a) Stability test of iPOP-TAPA-F in 0.1 M KOH electrolyte 

showing disc current at a fixed voltage of 0.1 V vs. RHE and ring current at 

1.4 V vs. RHE. (b) LSV polarization curve plotted before and after 1000 

CV cycles. 

Importantly, FE-SEM and EDX analysis were performed after the 

chronoamperometry test in order to check the structural stability of the 

iPOP-TAPA-F. 
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Figure 5.22. FE-SEM image, EDX, and elemental mapping of iPOP-

TAPA-F after 4 h stability in 0.1 M KOH electrolyte.   

Figure 5.22 displayed that the morphology and halide content of the 

polymer did not change significantly after the 4h stability test. Undoubtedly, 

the modulated iPOP systems exhibited comparable or, in some cases, much 

superior performances compared to some recently reported polymers, as 

tabulated in Table 5.3.  
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Table 5.3. Activity controlling parameters of iPOP-TAPA-X (X= F, Cl, 

Br, and I) in comparison with recently reported polymers. 

 

In order to establish the plausible mechanism of the H2O2 production by the 

polymer, EPR analysis of both iPOP-TAPA-Cl and iPOP-TAPA-Cl.+ was 

performed. iPOP-TAPA-Cl.+ was prepared by treating the polymer with a 

saturated solution of Na2S2O4 in the presence of N2. Though no visible 

change in color was observed after the reduction of the polymer, the 
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appearance of a sharp peak in the ERP spectrum (g=2.002) confirms the 

formation of the radical cation (Figures 5.23a and 5.23b).  

 

Figure 5.23. EPR spectra of (a) iPOP-TAPA-Cl (b) iPOP-TAPA-Cl.+ (c) 

Mechanism of H2O2 generation on iPOP-TAPA-Cl. 

This data proves that the redox-active polymer can be reduced to radical 

cation (iPOP-TAPA-Cl.+), and this can be done by both chemical and 

electrochemical procedures. Subsequently, the dissolved oxygen is reduced 

to generate superoxygen radical (HO2
.) and further to H2O2 by accepting one 

more electron from the electrolyte (Figure 5.23c) [34,38]. 

Further, to establish the effect of the counter anions, the Zeta potential of 

all the polymers was recorded, which appears to be 74.07, 57.27, 54.69, and 

42.81 for iPOP-TAPA-F, iPOP-TAPA-Cl, iPOP-TAPA-Br, and iPOP-
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TAPA-I respectively (Figure 5.24). The obtained data indicates a direct 

correlation between the counter anions' electronegativity and the positive 

charge density of the polymer. This leads to better ORR activity of the 

polymer with higher positive charge density on the surface and higher 

activation of the O2 molecule. The enhanced positive charge density of 

iPOP-TAPA-F also might help to achieve the higher desorption of the 

intermediate *OOH to the catalyst surface, leading to the highest catalysis 

efficiency of iPOP-TAPA-F compared to the other polymers. 

 

Figure 5.24. Zeta potential measurements of iPOP-TAPA-X (X = F, Cl, Br, 

I) 

5.4. Conclusion 

In summary, viologen-based ionic porous organic polymer, iPOP-TAPA-

Cl was synthesized via Zincke reaction by reacting 1,1’-bis(2,4-

dinitrophenyl)-[4,4’-bipyridine]-1,1’-diium dichloride (ZN-Cl2) and 

Tris(4-aminophenyl)amine (TAPA) in acetonitrile-water mixture at 90 oC 

for 6 h. The obtained polymer shows its efficiency as a metal-free 

electrocatalyst for the selective production of hydrogen peroxide (H2O2) 

from oxygen in an alkaline medium. The H2O2 production ability of the 

catalyst was further tuned by exchanging the Cl- counter anion with other 
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halide ions (F-, Br-, and I-). Among these catalysts, iPOP-TAPA-F shows 

exceptional catalytic activity towards the selective production of H2O2 (98.5 

%) with a significant current efficiency of 99 %. This type of viologen-

based polymeric system could open a new avenue toward designing a metal-

free electrocatalyst with controllable catalytic performance for the 

electrocatalytic production of H2O2. 

5.5. Declaration 

This chapter is adapted from  ACS Appl. Eng. Mater. (Accepted article) 

(DOI: 10.1021/acsaenm.4c00344). 
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6.1. Conclusion 

The conclusions of the thesis can be outlined as follows: 

1. iPOP-ANT was found to be an excellent bifunctional material for 

removing toxic oxo-anions (Cr2O7
2-, MnO4

-) and anionic dyes (methyl 

orange, amaranth, congo red) from wastewater and photocatalytic 

degradation of cationic dyes (rhodamine b, rhodamine 6G and methylene 

blue) under solar light irradiation. All the adsorption processes follow 

pseudo-second-order kinetics and the Langmuir adsorption model, whereas 

the dye degradation follows the pseudo-first-order kinetics. The materials 

show excellent stability in adsorption and degradation studies for several 

cycles. 

2. The role of charge density and surface area in the development of highly 

efficient iPOP-based adsorbent was established in Chapter 2. Three iPOPs, 

iPOP-ZN1, iPOP-ZN2, and iPOP-ZN3, have been designed and 

synthesized. Among the three polymers, iPOP-ZN1, owing to its high 

charge density around the active site and comparatively higher surface area, 

proves to be the better adsorbent for capturing various inorganic pollutants 

from water and iodine in the vapor phase. Owing to the antibacterial activity 

of the iodine, the iodine-loaded polymers were further tested for 

antibacterial actions. The iodine-loaded polymers show impressive 

antibacterial properties against E. coli, B. subtilis, and H. pylori. 

3. The multifunctionality of a viologen-based ionic porous organic polymer, 

iPOP-Bpy, has been explored in Chapter 3. The polymer shows excellent 

iodine adsorption capacity in the vapor phase, as well as in organic and 

aqueous mediums. Utilizing the redox-switching nature of the viologen 

molecule, the polymer was further utilized as a solid-state NH3 gas sensor. 

Further, an electrochromic device has been fabricated using iPOP-Bpy. The 

device shows excellent switching times (~0.5 s), color contrast (~50%), and 

coloration efficiencies (up to 800 cm2/C). 

4. Hydrogen peroxide, an environment-friendly oxidant, is in high demand 

in various industrial sectors. Viologen-based iPOPs, owing to their redox-
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active nature, could be an efficient metal-free electrocatalyst for selective 

2e- reduction of oxygen to hydrogen peroxide. In Chapter 4, iPOP-TAPA-

Cl was explored as a metal-free electrocatalyst for selective reduction of 

oxygen to hydrogen peroxide. Further, the electronic property of the 

polymer was tuned by simply changing the counter anions of the polymer 

by other halogen ions. Among all the polymers, iPOP-TAPA-F was found 

to be the selective production of H2O2 (98.5 %) with a significant current 

efficiency of 99 %. 

6.2. Future aspects  

Ionic porous organic polymers (iPOPs) are an exciting material class known 

for their distinctive structural and functional properties. This thesis explores 

their potential in environmental sustainability, but their applications extend 

beyond this field. For instance, ionic POPs show promise in metal ion 

batteries, with viologen-based POPs proving to be excellent electrocatalysts 

for various electrochemical reactions. In wastewater remediation, while 

iPOPs have made notable progress, further research is needed to develop 

industrial-scale adsorbents. Chapter 3 of this thesis highlights the critical 

role of surface charge in improving adsorption properties, but factors like 

heteroatoms, pore structure, and pore size also play a significant role. 

Additionally, surface charge modulation, as discussed in Chapter 5 through 

simple ion exchange, could be beneficial in various applications beyond 

wastewater treatment. The concept of relating structural properties to 

functionality in porous organic polymers is new and has the potential to 

greatly enhance their use if further explored. 

 

 

 

 

 




