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PREFACE 

Fundamental research associated with the porous materials has convened inordinate 

scientific attention in the field of materials science owing to their various potential 

applications such as in gas storage, catalysis, separation, chemical sensing, conductivity and 

electrochemistry related works such as for energy storage etc. Among all other porous 

materials, Metal Organic Frameworks (MOFs) are porous open framework structures, which 

are constructed from the metal ions clusters and organic linkers. Although MOFs are 

potential enough for adsorption, separation, and catalysis but the poor chemical and thermal 

stability of the MOF materials limits their practical applicability. Replacing the weak co-

ordinate bonds with strong covalent bonds is one of the options to improve the chemical and 

thermal stability of the porous framework materials. In this context, Covalent Organic 

Frameworks (COFs) represents emerging class of organic porous crystalline material with 

higher chemical and thermal stability compared to MOFs. Since the sole compositions of 

COFs are lighter elements they have very low density and could be utilized as an effective 

gas storage media (For H2, CO2 and NH3).  

Although COFs are highly potential for various promising applications, the utilization 

of this COF material towards real life application is limited due to its unprocessable powder 

form along with chemical instability in strong acids or bases. Therefore, the development and 

rapid construction of porous crystalline COFs with ultrahigh chemical stability along with 

high processability into pallets, beads and membranes for real life applications is highly 

essential and challenging. Again, fabrication of novel porous COFs as an energy storage 

material such as for supercapacitor application is also of keen interest.
 
Moreover, apart from 

chemical constituents, the overall properties and real time applicability of any material 

largely relies on its nano-scale morphology. Hence, morphological control and growth at 

nano-scale of these novel COFs could be another promising study for its intended 

development.  

 Chapter 2 introduces the rapid and scalable synthesis of a series of porous crystalline 

imine (-C=N-) based Covalent Organic Frameworks (COFs) [TpOMe-Tab,-Pa1,-PaNO2,-

BD(NO2)2,-BPy & -Azo] via PTSA (p-toluenesulfonic acid) mediated solid-state mixing 

approach which showcased extraordinary high chemical stability in abrasive environment 

including conc. H2SO4 (36 N, seven days), conc. HCl (12 N, seven days) and NaOH (9 N, 24 

h) and in various protic/aprotic solvents. Introduction of 2,4,6-trimethoxy-1,3,5-

benzenetricarbaldehyde (TpOMe) as a prime aldehyde with three bulky methoxy (–OCH3) 
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groups adjacent to the aldehyde (–CHO) functionalities assist impregnable COF 

crystallization with BET surface area as high as 2000 m
2
/g. The DFT calculations revealed 

the presence of significant numbers of interlayer C–H•••N H-bonding between the methoxy 

(–OCH3) C–H of a particular layer with the imine (–C=N) nitrogen atoms present in the 

adjacent layers induces this exceptional chemical stability within these frameworks. This 

interlayer C–H•••N H-bonding improves interlayer stacking interaction and provides enough 

steric hindrance and hydrophobic crowding around the imine bonds and protects it from 

being hydrolyzed in such abrasive environment (Angew. Chem., Int. Ed., 2018, 57, 5797).  

Chapter 3 will present the facile construction of porous, crystalline, self-standing 

covalent organic framework membranes (COFM) with extraordinary chemical stability [in 

water, acetone, acetonitrile, methanol, ethanol and 18 N sulphuric acid solutions for several 

days] for real life applications such as water purification and acid recovery. The TpOMe-Azo 

COFM (BET surface area 2100 m
2
/g) showed considerably high solvent (water, acetone, 

acetonitrile, methanol and ethanol) flux reflecting its potentiality towards waste solvent 

treatment. Considering the high chemical stability of as-synthesized TpOMe-Azo membrane, 

we have tested the COFM for standard sulphuric acid solution permeance where we have 

observed as high as > 99% permeance reflecting its potentiality for sulfuric acid purification. 

Furthermore, the COFMs were further utilized for challenging separations of expensive 

ingredients like methylene blue, dye molecules such as rhodamin b, rose Bengal and congo 

red, from the drinking water with high recyclability (Angew. Chem., Int. Ed., 2018, 57, 5797).  

Chapter 4 discusses strategic design and facile fabrication of a chemically stable, 

redox active and self-standing TpOMe-DAQ COF thin sheet containing several 

anthraquinone moieties, in its backbone, which upon 2H
+
/2e

- 
reduction converts to anthracene 

functionality or vice versa during electrode process and behaves as a supercapacitor electrode 

material for energy storage. The pristine as synthesized TpOMe-DAQ when employed as 

free-standing supercapacitor electrode showcased outstanding areal capacitance of 1600 

mFcm
-2

 (169 Fg
-1

) which is the highest value ever achieved in pure COF based SCs and also 

comparable to other promising electrode materials. The material also exhibits outstanding 

GCD (galvano-static charge-discharge) cyclic stability even operating over 1,00,000 cycles 

without losing its capacitive performance or coulombic efficiency even using mordant 

electrolyte concentration (3 M aq. H2SO4) (Manuscript under revision). 

Chapter 5 describes the nano-scale morphological evaluation in porous crystalline 

two-dimensional (2D) Covalent Organic Frameworks with remarkable chemical stability in 
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3(N) HCl owing to the presence of intramolecular O─H•••N hydrogen bonding. These COFs 

are found to adopt diverge morphologies including ribbons (2,3-DhaTta) and hollow spheres 

(2,3-DhaTab) exhibiting BET surface area as high as 1700 m
2
/g. The mechanism of 

formation of ribbons or hollow spheres have been thoroughly and systematically investigated 

where the morphology of COFs was believed to be tuned based on dihedral angles of linkers 

and core planarity as evidenced from Density Functional Theory (DFT) calculations. 

Interestingly we could establish the initial morphology (after 12 h of aging) of a COF 

crystallite largely depends on its π-π stacking efficiency among adjacent COF layers (Angew. 

Chem., Int. Ed., 2016, 27, 7806).  

Finally, Chapter 6 summaries the overall work presented in this thesis. The future 

direction based on the discussion and understanding of this thesis work also presented in the 

last section of this chapter.  

 

Arjun Halder 
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CHAPTER 1 

 

Introduction to Covalent Organic Frameworks: Synthesis, Applications, 

Chemical Stability and Processability issues 

 

Abstract: Fundamental research 

associated with the porous materials has 

convened inordinate scientific attention 

in the field of materials science owing to 

their various potential applications such 

as in gas storage, catalysis, separation, 

chemical sensing, conductivity, and 

electrochemistry related works such as 

for energy storage etc. In this context, 

Covalent Organic Frameworks (COFs) 

represents emerging class of organic porous crystalline material with higher chemical and 

thermal stability compared to other potential porous crystalline materials such as Metal 

Organic Frameworks (MOFs). Since the sole compositions of COFs are lighter elements they 

have very low density and could be utilized as an effective gas storage media (For H2, CO2, 

and NH3). Although COFs are highly promising for various potential applications, the 

utilization of this material towards real-life application is limited due to its unprocessable 

powder form along with chemical instability in strong acids or bases. Therefore, the 

development and rapid construction of porous crystalline COFs with ultrahigh chemical 

stability along with high processability into pallets, beads, and membranes for real-life 

applications are highly essential and challenging. Again, fabrication of novel porous COFs 

as an energy storage material such as for supercapacitor application is also keen of interest. 

Moreover, apart from chemical constituents, the overall properties and real-time 

applicability of any material largely relies on its nano-scale morphology. Hence, 

morphological control and growth at nano-scale of these novel COFs could be another 

promising study for its intended development.  
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1.1 Background of porous crystalline materials 

Any solids can be defined as a porous material if it contains micro/macro openings on 

its surface, by which microscopic particles, gases or liquids can pass through. Over last few 

decades micro/mesoporous materials have plucked a progressively much important and have 

been considered as one of the most exciting research areas to the chemists. From then, 

scientists have designed various potential porous materials adopting the ideas from the 

mother nature such as, for example, various porous structures which exclusively exist in 

nature such as honeycombs (with hexagonal pores), hollow bamboos, sponges etc [1.1]. 

Currently, there are plenty of academic or industrial research institutions/groups throughout 

the world now on the way to explore these novel porous materials for widespread 

applications. This is only possible owing to their extraordinary surface area, an adjustable 

framework cavity along with tunable pore size and outstanding surface related properties. 

Moreover, their unique behavior or potential applications start originating when the pore size 

of such materials goes down to the micro/nanometer scale [1.2]. Among all other, the most 

well-known nano-materials which are fundamentally important are porous carbon, zeolites, 

mesoporous silicas, metal organic frameworks (MOFs) and covalent organic frameworks 

(COFs) [1.3]. Porous materials could play a very fundamental role in sustainable energy as 

they have already been tested in various potential applications including photocatalysis, 

purification of natural gases, optoelectronics, chemical sensing, water purification etc [1.4]. 

For example, porous carbon-based materials are highly promising in designing water 

purification systems, gas masks, batteries, catalyst supports, metallurgy, etc [1.5, 1.6]. On the 

other hand, porous silica and zeolite-based materials are potential for use in various 

applications such as for industrial catalyst design, as molecular sieves or drug delivery 

materials, gas storage, etc [1.7]. 

The first fundamentally important porous materials were the activated charcoal 

(carbons), which have been exclusively utilized by ancient Indians and Egyptians for 

applications such as in water purification or in medicinal applications [1.8]. Early to 1970, 

researchers have mostly used porous carbon towards gas storage, water purification, 

separation, solvent removal, etc. However, limitations such as non-uniform pore size, low 

surface area, and crystallinity, have restricted their widespread application. As the time 

progress, researchers discovered another very interesting inorganic porous material known as 

zeolites, which do have crystallinity and uniform porosity, was first made in 1862 [1.7]. In 

principle, zeolites are the part of aluminosilicate family made up of silicate [SiO4]
4-

 and 
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aluminate [AlO4]
5-

 whereas tetrahedrons are connected by oxygen atoms. The resulting three-

dimensional network consists of nanochannels of having dimensions 0.1–2.0 nm. The surface 

area of the zeolite materials ranging from 500–900 m
2
g

-1
 offering various potential 

applications. However, the major limitations such as difficulty in pre-designing of structures 

along with less opportunity for pore surface engineering or tunability limits zeolites for acting 

as a leading porous material [1.7]. To overcome all these drawbacks of porous carbons and 

zeolites, in the year of 1995 Yaghi and co-workers have come up with a highly crystalline 

hybrid (inorganic–organic) porous material known as metal-organic frameworks (MOFs) 

[1.9]. MOFs are basically composed of metal ions which act as a node and organic linkers as 

spacers. The opportunity of pore surface engineering along with extremely high crystalline 

and porous nature made them suitable towards various potential applications in the area of 

gas storage and separation, catalysis etc [1.10]. However, the major drawback of these 

materials is the high gravimetric density along with low chemical stability because of labile 

metal-ligand coordination kind of bonds [1.10]. Hence, replacement of weak coordinate bond 

with strong covalent linkers maintaining materials properties such as crystallinity and 

porosity was the major challenge in that time. However, the design and construction of 

ordered framework materials using pure covalent linkers was not straightforward and was 

profoundly challenging. Although scientist had come up with in synthesizing 1D crystalline 

polymers, the construction of 2D or 3D ordered network was not straightforward as during 

synthesis it most often forms amorphous and cross-linked polymers [1.11]. From the same 

group in the year 2005, Yaghi and co-workers could solve this long-standing issue and 

developed another class of purely organic, porous and crystalline materials, known as 

covalent organic frameworks (COFs) which have showcased great potentiality towards many 

important applications [1.12]. 

1.2 Classification of the porous materials 

Porous materials are mostly solid-state materials which have pores or voids inside or 

in the surface of the framework [1.2]. Generally, based on the pore diameters these materials 

are categorized as follows- a) Microporous materials [pore diameter 0.2–2 nm e.g., metal 

organic frameworks (MOFs) and zeolites]. b) Mesoporous materials [pore diameter of 2–50 

nm e.g., alumina and mesoporous silica]. c) Macroporous materials [pore diameter 50–1000 

nm e.g., metal foams] [1.4c]. However, depending on their compositions, the materials can be 

further defined in three major categories such as-a) Organic porous frameworks b) Organic–
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inorganic hybrid porous frameworks, c) Inorganic porous Frameworks. The entire thesis is 

mainly focused on covalent organic frameworks (COFs) which is the part of organic porous 

frameworks (Figure 1.1). 

 

Figure 1.1. Classification of various porous materials based on pore diameter and framework 

natures.
[1.13]

 

1.2.1 Inorganic porous framework materials 

Zeolites, aluminophosphates, titanosilicates, germanosilicates, metal phosphates (copper, 

zinc, gallium, iron phosphates, etc.) germanosilicates, are the most common examples of 

inorganic porous framework materials. Zeolites are the major class of aluminosilicates, with 

formula Mn+x/n [(AlO2)x(SiO2)y]x·wH2O (M= metal), which are mostly constructed when the 

tetrahedral corners are shared by XO4 (X= Si, Al) species [1.7a]. The open pore channel in 

Zeolites varies in the range 3 to 15 Å where the ratio of silicon to aluminium varies in the 

range of 0 to 1 [1.7b]. Zeolites made up of pure SiO4 is electrically neutral which when 

replacement of some of the SiO4 units with aluminium, results in anionic frameworks. The 

anionic charge in the frameworks are mostly balanced with cations such as Na
+
, K

+
, Ca

+
 and 

thus zeolites are the promising platforms for cation exchange. Moreover, the presence of 

bridging hydroxyl functionalities made the zeolites strong bronsted acid. When, in zeolites, 

the silicon atoms are replaced by aluminium or phosphorous the new material termed as 

aluminophosphates (AlPOs) are formed which are neutral in nature [1.14]. Whereas, 
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replacement of aluminium with bivalent metal cations such as copper, zinc or gallium will 

result in the formation of anionic metal phosphates frameworks [1.15]. Moreover, low 

production costs, high thermal and chemical stability of zeolites made them industrially 

relevant promising materials for various potential applications such as adsorbents, catalyst, 

water purifies, dehumidification and dehydrating agent etc [1.16]. 

1.2.2 Inorganic–organic hybrid porous framework materials 

The major drawback of inorganic porous framework materials is the less opportunity of 

pore functionalization and thus these are limited to structural diversity. On this line, the 

discovery of inorganic–organic hybrid materials could lead various unprecedented structures 

(Figure 1.1). The most important class of materials in this category is the 2D or 3D metal 

organic frameworks (MOFs) which are mostly constructed from metal ions acting as a node 

separated with organic linkers as spacers [1.9]. The common metal ions which are 

exclusively used to synthesize these novel set of materials are transition metals (Fe, Cu, Zn 

etc.), p-block elements (In, Ga etc.), alkaline earth elements (Sr, Ba etc.) and actinides (U, Th 

etc.) whereas carboxylate (di, tri, tetra or poly), or phosphate anions, imidazolate and 

bipyridine ligands etc. act as spacers [1.17]. MOFs follow the basic reticular chemistry of 

bond formation and thus by interchanging metal ions or organic linkers, huge libraries of 

structures of diverse functionality with different pore apertures can be synthesized. The three 

major class of MOFs can be defined as: a) 1
st
 generation– where the MOFs are stable only in 

presence of mother liquor or solvent which upon removal framework gets collapsed, b) 2
nd

 

generation– herein the MOFs could maintain their framework structure even upon removal of 

solvents and thus are stable and robust and c) 3
rd

 generation– these are flexible in nature and 

their surface area or porosity gets tuned upon in contact with external stimuli [1.18]. 

Generally, MOFs are synthesized using the traditional solvothermal method and thus their 

structures most of the time contains solvent or guest molecules which after removal can 

produce open framework structures with ultrahigh porosity. From last two decades, MOFs 

have been exclusively used in storage of various gas molecules (H2, CO2, CH4 etc), their 

selective adsorption and separations using ordered nano-channels etc. Apart from that, MOFs 

are highly promising to act as a porous support for catalysis, proton conductivity and drug 

delivery [1.19]. Despite their various potential applications, MOFs suffer from some 

limitations like they are mostly microporous in nature which limits their applicability to store 

bigger sized guest molecules. Again, the weak coordinate bonds are highly labile towards 

thermal or chemical treatment which restricts their wide potential usage [1.10]. 
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1.2.3 Organic porous framework materials 

To overcome the disadvantages of MOFs more recently scientists have developed another set 

of new materials which are exclusively composed of organic building blocks connected with 

strong covalent bonds are expected to exhibit high thermal or chemical stability [1.20]. As 

they are composed of mostly light atoms such as H, C, N, O etc, these materials showcased 

low gravimetric density and are highly useful in the vehicular gas storage application (Figure 

1.1). Moreover, based on framework crystallinity they can be defined in two major 

categories: a) Porous polymeric frameworks (POPs) [1.20a-b] which are amorphous in nature 

and b) crystalline covalent organic frameworks (COFs) [1.20e-f] with ordered pore channels 

and decent porosities.  

Porous Polymeric Frameworks: POPs are constructed using irreversible chemical reactions 

and hence they mostly form a disordered network structure with limited porosity (Figure 

1.2). POPs are basically synthesized using C-C coupling reaction such as Suzuki coupling 

[1.21a-b], Yamamoto coupling [1.21d-e], Sonogashira-Hagihara [1.21c], Friedel–Crafts 

reaction [1.21i], oxidative coupling reaction [1.21g-h], phenazine ring fusion [1.21j] reaction 

etc. Andrew I. Cooper and co-workers first made POP (CMP-0 &CMP-5) with a surface area 

ranging from 1018 m
2
 g

-1
 (CMP-0) to 512 m

2
g

-1
 (CMP-5) which is much lower compared to 

COFs [1.21l]. Despite their amorphous nature, POPs are highly chemically or thermally 

stable as they are formed through irreversible bond formation reactions and thus could be 

promising in real life applications such as in separation or storage purpose. 

1.3 Covalent organic frameworks 

 Covalent organic frameworks are pristine sets of crystalline porous organic materials 

made up of light elements such as B, C, N, O, Si etc.which follows the same avenue of the 

reticular chemistry of bond formation like MOFs (Figure 1.1). Owing to their very 

interesting properties such as these are pre-designable, the opportunity for smooth tuning and 

easily functionalizable framework pores, have made them potential towards gas storage, 

separation, catalysis, and sensors. The high crystalline and porous nature of these completely 

organic frameworks made them completely different from MOF and Zeolites in terms of 

properties and applications. COFs are constructed via strong covalent linkage formation 

among various organic building units bearing precise symmetry to their structures [1.22]. The 

strong covalent bonds prefer them to be stable at elevated temperatures whereas lightweight 

(C, N, O, H) element compositions could make them suitable for application such as in gas  
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Figure 1.2. Schematic representation of a) and c) COF formation by the reversible reaction, b) PAF 

formation by the irreversible reaction. 

storage and transportation owing to their low gravimetric density [1.23]. Additionally, the 

COF framework structures can be tuned between two or three dimensions depending on the 

symmetric combination of used ligands during its formation [1.22]. Most of the COFs 

(almost 80%) reported adopting 2D structures. However, the number of 3D COFs is limited 

owing to the non-availability of higher symmetric building units [1.23]. Interestingly, similar 

to graphite, 2D-COFs have uniformly stacked layer structures where the layers undergo π–π 

stacking among each other and bring various interesting electronic properties in the 

frameworks [1.22a]. The pore diameter of 2D COFs can be tuned by properly choosing the 

length of the building units [1.22]. The most of the 2D COFs are synthesized as microporous 

materials with pore diameter < 2 nm. However, by following basic rules for reticular 

structural construction, by simply enhancing the linker size the pore diameter can be tuned up 

to 4.7 nm which is the highest reported till date in the 2D COF literature [1.24].  

The COFs are mostly synthesized following dynamic covalent chemistry i.e. using reversible 

chemical reactions [1.22a]. The advantages of reversible chemical reaction are the 

opportunity for self-checking and error correction i.e. self-repairing, as reversibility bears 

proof-reading characteristic. So if during framework formation if there exist any disorder in 
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the bond connectivity, the system will repair those defects via several reversible bond 

formation cycles and finally it will proceed to form thermodynamically most stable product 

i.e. covalent organic frameworks (COFs) (Figure 1.2). Thus, the reversibility in bond 

formation is the salient tool for the formation of crystalline material such as COFs. The 

reversible chemical reactions which have been mostly implemented during COF formation 

are: a) boronic acid trimerization reaction [1.23], b) boronate ester formation reaction [1.25], 

c) nitrile group trimerization [1.26] and d) Schiff base reaction [1.27]. However, the 

irreversible C–C bond forming reactions (e.g. Suzuki coupling) could exclusively form 

amorphous porous polymeric frameworks (POPs) or porous aromatic frameworks (PAFs) 

[1.21]. 

 COFs are very potential porous materials, their ordered pore-channels with the high 

surface area has been utilized to store natural gases (H2, CO2, NH3, CH4 etc.) and for bio-

molecule storage and its release (enzyme and drugs). In addition, ordered nano-pores have 

also been used for gas separation, sensing, energy storage and catalysis applications. Again, 

the applications such as in charge carrier mobility or photo-conducting application 

conjugated 2D COFs have shown their applicability. Despite all such promising properties, 

the real-life application of this novel material is limited owing to its chemical instability, 

processability, and scalability. The straightforward reason that this material is highly unstable 

to moisture, as discussed earlier, they mostly prepared using reversible condensation reaction 

which involves the formation of water as a by-product. Since there still exists the possibility 

of a reversible back reaction, even after the COF crystallization, upon in contact with water, 

COFs mostly get completely hydrolyzed to form the starting materials [1.28]. Various 

attempts such as pyridine doping and alkyl chain incorporation have been made in last few 

decades to stabilize COFs however over doping of such materials could affect the active 

surface of the COFs due to extensive pore blockage [1.28a-b]. Kandambeth et al. could solve 

this stability issue by utilizing enol-keto tautomerization phenomenon during framework 

crystallization or by incorporation of intralayer hydrogen bonding within porous COF 

backbone [1.28c]. Very recently, Jiang et al. could introduce a new methodology to stabilize 

imine-based COFs using methoxy functionalities throughout the framework and the material 

showcased high chemical stability in acid (12 M HCl), base (14 M NaOH) and in common 

solvents [1.28d]. 
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1.4. Types of reversible reaction utilized for the synthesis of COFs 

1.4.1 Boronic acid trimerization: The Boronic acid trimerization reaction involves 

reversible condensation of three boronic acids units to form a planar six-membered boroxines 

ring (B3O3 ring) and water as a byproduct (Figure 1.3). The reaction when carried out using 

1,4-benzene diboronic acid, two ends of the molecule undergoes reaction to grow in two 

dimensions and finally after infinite growth to form a 2D COF-1 framework [1.12].The other 

examples of boronic acids based COFs reported in the literature are COF-102, COF-103 and 

PPy-COF [1.23]. As the boroxines rings are completely planar and the reaction has proceeded 

with good reversibility the synthesized COF material using this strategy generally exhibit 

high crystallinity and decent porosity [1.23]. 

 

Figure 1.3. Different type of reversible organic reactions used for the COF synthesis. 

1.4.2 Boronate ester formation reaction: The reaction involves the reversible condensation 

reaction between boronic acid with any of aromatic diols to result in a five-membered 

boronate ester (C2O2B) rings (Figure 1.3). The condition of COF formation required the co-

condensation of two or even more building units. Among two building units, one is the 
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boronic acid (usually di or tri) whereas the other one is poly-hydroxy aromatic compounds 

such as 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) (Figure 1.3). The common examples 

of COFs, in this case, are COF-5, COF-8, COF-10, ZnPc-Py COF, HHTP-DPB COF, etc 

[1.12, 1.25]. Although due to the formation of planar boronate ester ring with high bond 

reversibility lead the material with high crystallinity and porosity, COFs belong to this series 

suffer from chemical stability issue [1.28]. 

1.4.3 Trimerization of nitriles: The reversible trimerization of nitrile groups (–CN) groups 

generally carried out using the ionothermal method at a higher temperature (400 
o
C) in 

presence of a Lewis acid catalyst (ZnCl2) (Figure 1.3). The synthesized material generally 

termed as covalent triazine frameworks (CTFs). In 2008, this methodology was first 

implemented by Arne Thomas and co-workers to synthesize first CTF-1 [1.26a]. The material 

synthesized in this method is less crystalline compared to COFs due to less bond reversibility. 

Again the method is limited to explore in other systems as at high temperatures most of the 

precursors to prepare CTFs undergoes decomposition. As an alternative, although low-

temperature synthesis of triazine core using trifluoromethanesulphonic acid has been 

attempted it often lead amorphous polymeric material [1.26]. 

1.4.4 Schiff base reaction: The reaction between an aldehyde and an amine generally 

known as Schiff base condensation where imine linkage is formed and water produces as a 

byproduct. O. M. Yaghi and coworkers for the first time could prepare COF-300 using Schiff 

base reaction [1.27]. The tetra-(4-anilyl) methane (Td symmetry) and terephthaldehyde (C2 

symmetry) were strategically used to grow COF in three dimensions for the first time. After 

this report, using similar dynamic covalent chemistry a library of 2D Schiff base COFs were 

prepared using various symmetry combinations such as C3+ C3, C3 + C2, C4+C2 etc. The 

common examples of 2D COFs in these categories are COF-LZU-1, COF-42, COF-43, COF-

366 etc [1.27]. Notably, the imine bond reversibility is largely dependent on the pH of the 

solution and it is completely reversible under acidic condition (pH = 4-5). Hence, during 

imine COF formation a catalytic amount of aq. acetic acid is always used to maintain the 

reversibility which helps impregnable COF crystallization [1.27].  Due to its pH-dependent 

reversibility the imine COFs exhibit hydrolytically more stable compared to boronic acid or 

boronate ester based COFs however they undergo decomposition at lower pH [1.27]. 

1.5 Basic symmetric rules of combination  

As discussed earlier the reversibility in bond formation is a major criterion in successful COF 

crystallization. However, apart from reversibility, the used building units should fulfill some 
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other requirement such as symmetry in their structures to result in a COF with decent 

crystallinity and porosity after their combination. A slight alteration in basic symmetry 

combination rules will often result in amorphous material although the reaction is completely 

reversible [1.22]. Hence, rigid linkers could be one of the best choices to properly maintain 

the basic symmetry selection rules. Building blocks with one or more flexible cores (e.g. 

alkyl chains) will have a higher tendency to form bond in multiple directions which often 

result in a disordered network. In this regard, rigid aromatic building blocks have been widely 

used in recent years owing to their unique directional properties of bond formation along with 

π–π stacking tendency between aromatic cores to result ordered stacked 2D COFs [1.22]. 

Again, the aromatic building blocks should follow some basic symmetric combination such 

as C3+C2, C3+C3, C4+C2, C4+C4, C6+C2 (Figure 1.4) [1.20d-f, 1.22] to form 2D COFs.  

 

Figure 1.4. Schematic representation of various symmetric combinations used during COF 

framework construction. 
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Figure 1.5. Different linker used for COF synthesis. (a) Boronic acid-based building blocks for 

boron-containing COFs. (b) Different catechol-based linkers for another type of boron-based COFs. 

(c,d) Aldehyde and amine building units used for imine based COF synthesis. 

The 2D COF with hexagonal pore channels could be fabricated using C3+C2 and C3+C3 

symmetric combination (Figure 1.4) and the common examples are COF-1, COF-5 etc 

[1.12]. The 2D COFs belong to this family usually get crystallized into a hexagonal crystal 
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system having space groups P6/m (for eclipsed structure) and P63/m (for staggered structure) 

[1.12]. The symmetric combination using C4+C2 and C4+C4 usually lead to the formation of 

tetragonal 2D COFs. COFs containing porphyrin building block in its core belong to this 

category. The common examples for such symmetric combination are COF-366, NiPc COF, 

ZnPc-Py COF etc [1.27d, 1.28, 1.29]. Such 2D COFs (made up from C4+C2 and C4+C4 

symmetric combinations) generally modeled using tetragonal crystal system bearing space 

group P4/m. However, C6+C2 symmetric combinations are barely used in COF synthesis 

(Figure 1.4 & Figure 1.5) [1.30]. Only examples reported in this category are [H2N]6HPB 

and [H2N]6HBC [1.30]. The imine COFs belong to category posses triangular topologies, 

with pore size mostly in micro-porous (1.2 and 1.8 nm) region. Notably, using a D2h+C2 

symmetric combination, Xin Zhao and coworkers could synthesize novel 2D–COF. 

Surprisingly, the authors could observe that the 2D–COF adopted a new type of AA-H 

structure although it was expected to form a regular tetragonal framework (Figure 1.4) 

[1.31]. Interestingly, this special type AA-H structure associated with two different type of 

pores, one of them in micropore (7.1 Å) range whereas the other one falls in mesoporous 

(26.9 Å) region [1.31]. Again, the molecular mechanics calculations revealed among other 

four possible structures the hexagonal AA-H was found to have the lowest energy. Unlike 2D 

COF, the no. of 3D-COFs are very limited in the COF literature due to less availability of 

organic building units having higher symmetry (e.g. Td, Oh etc.). Moreover, tetrahedral (Td) 

symmetry was mostly used in making 3D-COFs reported in the literature following 

symmetric combinations Td+C2, Td+Td, Td+C3 and Td+C4 [1.27a, 1.23]. 

1.6 Synthetic methods 

   Construction of general organic polymers is more often performed by irreversible 

organic reactions which are kinetically controlled. However, on the other hand, unlike 

polymers, COFs are thermodynamically controlled product where the covalent bonds are 

formed in a reversible route. The reversibility in a bond formation is highly important to 

construct a thermodynamically stable product as it allows the system to create or break the 

bonds and hence, error checking or proof checking characteristics of such systems helps to 

construct the most ordered and desired crystalline structure in the end with negligible 

structural defects [1.22]. As most of the building units are generally organic in nature the 

COFs are usually constructed solvothermally in organic solvents (Figure 1.6). Apart from 

reversibility of bonds, the crystalline product formation depends on some other important 

parameters such as temperature, solvent ratios, reaction time, pressure and presence/absence 
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of templates [1.22]. The COF synthesis generally performed solvothermally in a sealed pyrex 

tube maintaining a reaction temperature of 80 °C to 120 °C under high vacuum (Figure 1.6). 

Notably, most numbers of reversible COF reactions are associated with the formation of 

water molecules as a byproduct (Figure 1.3). During the solvothermal reaction, the 

advantage of using sealed tubes with high vacuum is that, as the reaction proceeds, the water 

molecule formed as a byproduct during the reaction, could get diffuse and gather in the 

empty space of the sealed tube owing to the high vacuum. From Le Chatelier's principle, it is 

well documented that in a reversible reaction removal of one of the products will always lead 

to increase the forward reaction rate. Hence, removal of water from the reaction system will 

help in the formation of the COF crystallites with a faster rate. However, as it is in a sealed 

condition, the water diffused out will not be allowed to come completely out of the system 

(Figure 1.6). Hence, this closed condition will in turn help to maintain the reversibility, since 

the system is allowed to utilize those water molecules during the self-healing process. 

Although the solvothermal method was the benchmark for versatile COF synthesis, some 

other method such as ionothermal, microwave, mechanochemical and synthesis using a 

template is some other alternatives for crystalline COF synthesis. 

 

Figure 1.6. Different synthetic methods generally used for the construction of COFs. 
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1.6.1 Solvothermal synthesis 

As mentioned a majority of COFs have been constructed till date utilizing solvothermal COF 

synthetic condition which is one of the most widely used techniques. MOFs and zeolites are 

two other categories of porous materials which are also prepared in autoclaves using the 

solvothermal method. Whereas in case of COF generally sealed pyrex tubes are used during 

solvothermal preparation of crystalline COFs. 

The sealed tube techniques are associated with the following steps (Figure 1.7). 

1) Step 1: The reactants were transferred within an empty pyrex/glace tube. 

2) Step 2: The solvents were added and the tube was then sonicated for about 5 to 20 minutes 

(for imine based COF synthesis a catalytic amount of acetic acid is also added during solvent 

addition). 

 

Figure 1.7: Schematic representation of different steps involved in the Solvothermal COF synthesis. 

 

3) Step 3: After completion of sonication, the tube containing reactants/solvents was flash 

frozen (77 K) in a liquid nitrogen bath.  

4) Step 4: Freeze–pump–thaw cycles were performed 3-4 times to frozen the tube and to 

create a vacuum inside the tube. And thus, the final pressure was maintained is usually in the 

range of 50 to 150 mbar inside the tube. 

6) Step 5: The tube was then sealed off in a flame and was allowed to be warmed up to room 

temperature. Once it is at room temperature it was transferred to a hot (temp. 90-120 
o
C) air 

oven and was kept for 2 to 7 days in an undisturbed condition.  
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The maintenance of final pressure in the range of 50 to 150 bar, as well as the sealed 

condition, is highly important because of two reasons. Firstly, the water molecules, which are 

generated as a byproduct, could easily come out and get diffused inside the empty space thus 

accelerating forward reaction rate for COF formation. Secondly, the sealed condition will not 

allow water molecules to come out from the system hence it will maintain the reversibility of 

the reaction for successful COF crystallization. 

The organic solvent combinations which are usually used, such as Mesitylene-dioxane, 

tetrahydrofurane-methanol-toluene, DMAc-o-dichlorobenzene, DMAc-toluene etc. for COF 

synthesis [1.22]. The choice of solvents is mainly based on the solubility of the starting 

materials. The logic behind the use of a mixture of solvents is that the starting materials have 

to be partially soluble to slow down the reaction which helps to improve the crystallinity and 

porosity of the COFs [1.12]. 

1.6.2 Microwave synthesis 

The major difference of a microwave-based COF synthesis over solvothermal is that, the 

microwave technique is faster, generates less number of side product impurities hence it 

reduces synthetic hurdles or purification difficulties and thus industrially more accepted 

method. The scientist, Andrew I. Cooper, and co-workers for the first time could introduce a 

microwave-based technique for COF synthesis by heating a closed tube containing the 

reactants within a microwave oven [1.32a]. Here, the authors demonstrated two different 

COF syntheses such as COF-5 and COF-102 only in 20 minutes under microwave reaction 

conditions [1.32a]. Although it is a faster technique, it could provide the synthesized COFs 

with comparable crystallinity and surface area compared to solvothermally synthesized COFs 

[1.32]. 

1.6.3 Ionothermal synthesis 

Ionothermal reactions are mostly used for the construction of covalent-triazine-frameworks 

(CTFs). Synthesis of CTFs is usually performed at a very high temperature (400 °C) [1.26]. 

The quartz tubes are usually employed for ionothermal reaction as at high-temperature pyrex 

or glass tubes cannot be used. Moreover, in a typical ionothermal COF synthesis, the solid 

reactants and ZnCl2 (used as a catalyst) were inserted and heated inside a closed quartz tube 

where such a high temperature (400 °C) ZnCl2 gradually melts and COF reaction happens 

within the molten ZnCl2 [1.26]. The technique is not versatile owing to limited substrate 

scope as at high temperature most of the precursors undergo decomposition. 
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1.6.4 Synthesis of monolayers on template surface 

 COFs are generally composed of various 2D layers which are stacked vertically to generate a 

one-dimensional nano-pore channel which is important in terms of gas storage or separation 

applications. However, in electrochemical or photo-conducting application thin layer COF 

material with limited no. of vertically stacked layers is highly important. In this regard, 

surface synthesis of 2D COFs are well documented which generally carried on various metal 

or 2D material surface used as a support. The surface synthesis monolayer COF is supported 

by scanning tunneling microscope (STM) technique. The scientist, Louis Porte, and 

coworkers pioneered this research and were able to fabricate the first surface confined 

covalent organic frameworks (SCOFs) after growing COF-1 and COF-5 on a clean Ag (111) 

surface [1.33a]. Construction of SCOFs is associated with the steps such as vacuum 

sublimation of reactants on Ag (111) surface, followed by heating the composite at high 

temperature. Dichtel and co-workers could develop a new method where the COF thin films 

can be directly synthesized on a single-layered graphene attached with the SiO2 surface 

(Figure 1.8a) [1.33b]. The COF thin film fabrication was performed under solvothermal 

condition whereas the film thickness was controlled via adjusting the overall reaction time. 

The grazing incidence X-ray diffraction technique was used to determine the alignment of 

COF crystallites on the used SiO2 surface. 

 

Figure 1.8.: (a) Synthesis of COF-5 on a surface of few-layer graphene. (b) & (c) STM images of 

COF-1 and (d) STM images of COF 10 on HOPG surface. [Reprinted with permission from Ref., 

Copyright Science, 2010]. 
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Scientist Li-Jun Wan and co-workers, on the other hand, introduced another novel technique 

for COF layer fabrication using the surface of a 2D material [1.33c]. The reaction involved 

by drop-casting of boronic acid reactants on a metal or highly oriented pyrolytic graphite 

(HOPG) surface, and subsequent heating of the composition on a closed container in 

presence of CuSO4.5H2O (Figure 1.8b) [1.33c]. They could observe the presence of 

CuSO4.5H2O in the reaction chamber is very significant to increase the crystallinity of COFs 

by adjusting the humidity inside the reaction container. The straightforward reason is that, as 

the water molecules could reversibly release from CuSO4.5H2O during the heating-cooling 

cycles, the reversibility of the reaction gets maintained which helps in improving COF 

crystallinity [1.33c].  

 

1.6.5 Room temperature synthesis 

  Although the condensation reactions for COF synthesis generally required some thermal 

treatment still, sometimes even at room temperature, it is possible to construct this ordered 

crystalline framework. As for example, Thomas Bein and coworkers were able to grow COF-

5 and BTD-COF thin films via vapor assisted conversion route [1.34]. The method consisted 

of the drop casting of boronic acid precursors (one or more starting materials) on top of a 

glass slide, followed by keeping them inside a closed chamber. The chamber is also 

contained with Mesitylene: dioxane solvent mixtures (1:1) kept in a separate glass vial. The 

solvent vapor, with the course of time, diffuses out from the glass vials and starts filling 

inside of the closed chamber. As soon as, the solvent vapors come in contacts with the glass 

slide containing precursors the reaction proceeds and the COF thin film grows on the glass 

slide. It is to be noted that, the solvent diffusion method is very slow and the reaction time is 

quite higher (> 72 hours) for COF crystallite formation [1.34]. However, COF thin film, in 

terms of crystallinity and surface area, is comparable to its solvothermal counterpart.  

Some other recent reports where the COFs have been synthesized at room 

temperatures, such as Josep Puigmartí-Luis and coworkers could develop a micro-fluid based 

method for the construction of imine COFs (MF-COF-1) at room temperature [1.34b]. 

During synthesis, the reactants and acetic acid were injected into separate nozzles (flow rate 

100 µL/minutes) and they were allowed to mix inside the main channel. In the outlet, in a 

maximum of 11 seconds, the COF product was formed and collected. However, the 

concentration of the precursors and the acetic acid has to be maintained properly in micro-
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fluid based synthesis as the concentration of precursors if is too high then clogs will form in 

the main channels and it will hamper continuous flow synthesis [1.34b].  

1.6.6 Mechanochemical synthesis 

Mechanochemical is one of the famous and effective methods of COF synthesis specifically 

at room temperature. The method involved the grinding of reactants on a mortar pestle or 

using ball milling for the construction of COFs. Rahul Banerjee and coworkers for the first 

time could develop this mechanochemical method of COF synthesis [1.35a]. It was 

associated with initially mechanical grinding of precursors for 15 min on a mortar pestle at 

room temperature followed by heating at 120 °C for 45 minutes. The method is synthetically 

easier compared to other methods as it is easy to perform, faster, environmentally friendly, 

cost-effective etc. However, the major drawback is that the synthesized COFs were found to 

have significantly low crystallinity or porosity due to delamination of COF layers during the 

rapid grinding process [1.35a]. 

However, in the year 2017 from the same group S. Kandambeth et al. and S. Karak et 

al. developed a new methodology of mechanochemical COF synthesis where the material 

could be synthesized with high crystallinity and porosity (BET surface area as high as >3,000 

m
2
g

-1
) [1.35b, 1.35c]. Herein, p-toluenesulfonic acid (PTSA) was used as a water reservoir 

and a molecular organizer entity during COF crystallization and thus a series of -

ketoenamine COFs were synthesized in less than an hour while maintaining its high 

crystalline and porous nature. Notably, the COFs are always prepared in an insoluble 

powdered form which restricts this novel material for various potential applications. 

However, using this unique fabrication technique, not only the COF could be synthesized in 

industrial scale but also the material with desirable forms. Herein, for the first time, the COF 

has been fabricated in the form of a membrane and was utilized in water purification. It is to 

be noted that, this is the first reports in the literature where the rapid scalability and easy 

processability of the COF material have been discussed [1.35c]. 

1.7 Applications of COFs 

 The promising platform for various functionalizations with high crystalline and 

porous nature of COFs made them suitable for various potential applications such as in 

storage of gases or bio-molecules, separation, catalysis, sensors, and photo conducting 

materials. The ordered nano-channel made them suitable for membrane-based separation and 

water purification application. The conjugated  stacked structures of 2D COF is useful for 
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photo-conducting or as charge carrier mobility. The various potential applications of COFs 

have been summarized as below (Figure 1.9). 

1.7.1 Gas storage application  

The COFs are mostly nano-porous in nature (< 2 nm) which made them suitable for gas 

storage application as the pore size are very much comparable to the size of guest gas 

molecules. Additionally, the pre-designable pores with high porosity and low density are 

other promising features for using them for storage of different gases such as carbon dioxide 

(CO2), hydrogen (H2), ammonia (NH3) and methane (CH4) etc. 

 

Figure 1.9: Various applications of COFs such as gas storage, photo-conducting materials, 

heterogeneous catalysis, energy storage, separation and drug/biomolecules storage. 

1.7.2 Hydrogen storage 

Due to its high energy density, among all other natural gases hydrogen is considered one of 

the future energy sources. Hence, storage and fruitful use of hydrogen is highly important. 

However, owing to its very low boiling point (−252.8 °C) and explosive nature, storage of 

hydrogen under high pressure is to be omitted [1.35]. In this concern, microporous materials 
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exhibiting very high surface area and pore size less than 1 nm could be promising hydrogen 

gas storage [1.36].  

US Department of Energy (DOE) has set the maximum storage of hydrogen is 5.5 

wt% till 2017 at an operating temperature of 40–60 °C and under 100 atm pressure. A series 

of microporous COFs were used for H2 storage whereas the highest uptake of hydrogen was 

achieved by 3D COF-102 (7.24 wt% at 77 K; 1 atm pressure) [1.23]. The H2 storage value is 

very much comparable to MOF-5 (7.6 wt% at 77 K; 1 atm pressure) and MOF-177 (7.4 wt% 

at 77 K; 1 atm pressure). As discussed, low pore diameter with high surface area material are 

always promising for effective gas storage application. Herein, the ultra-porous (SBET= 3620 

m
2
g

-1
) 3D COF framework and the small pore size (1.2 nm) enabled COF-102 to showcase a 

promising hydrogen storage value (Figure 1.10 and Table 1.1).  

 

Figure 1.10. Comparison of excess hydrogen uptake of different COFs (a) at 1 bar and (b) high 

pressure (open symbols represent experimental results, filled symbols simulated results). (c) Methane 

adsorption isotherms of COFs at high pressure. (d) Carbon dioxide adsorption isotherms of COFs at 

high pressure. [Reprinted with permission from Ref. J. Am. Chem. Soc., 2009, 131, 8875[1.37], 

Copyright American Chemical Society, 2009].  

The second highest value is reported for COF-103 (SBET = 3530 m
2
g

-1
) is another 3D COF, 

whereas among 2D COFs the highest H2 storage value was achieved by COF-10 (SBET = 1760 
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m
2
g

-1
) [1.23, 1.37]. Although hydrogen storage, at low temperature (77K), using COFs are 

excellent, the demand for room temperature storage is still on because at room temperature 

H2 storage values using COFs is very less compared to DOE targets. Apart from the high 

surface area and smaller pore diameter, another important factor which could dramatically 

enhance hydrogen storage is the post-functionalization by which the interaction of hydrogen 

molecules with porous COF structures can be improved. Theoretician has predicted, one 

possible for achieving higher hydrogen storage is the lithium ion doping inside COF pores. 

From DFT binding energy calculation using Møller–Plesset (MP) and Couple Cluster (CC) 

methods, theoreticians predicted that lithium-ion doped COFs can be a potential candidate for 

hydrogen storage material [1.39]. 

Table 1.1: Hydrogen, carbon-dioxide and methane storage properties of COFs of different surface 

areas reported in the literature.  

COF Name BET 
Surface area 

(m
2
g

-1
) 

H2 uptake 

(wt%) 

CO2 uptake 

(mg g
-1

) 

CH4 uptake 

(mg g
-1

) 

References 

COF-102 3620 7.24 1200 187 1.23 

COF-103 3530 7.05 1190 175 1.23 

COF-10 1760 3.92b 1010 80 1.37 

CTC-COF 1710 1.12 — — 1.38 

COF-5 1670 3.58b 870 89 1.37 

COF-8 1350 3.50b 630 87 1.37 

COF-18A 1263 1.55 (1 bar) — — 1.28e 

COF-14A 805 1.23 (1 bar) — — 1.28e 

COF-16A 753 1.40 (1 bar) — — 1.28e 

COF-6 750 2.26 310 65 1.37 

COF-1 628 1.28 (1 bar) — — 1.37 

COF-11A 105 1.22 (1 bar) — — 1.28e 
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1.7.3 Methane storage  

Like hydrogen, methane is another promising material as an energy source towards the 

vehicular application. Methane storage under ambient temperature required very high 

pressure (200 bar). Hence, it is quite difficult to store methane in an empty cylinder however 

such difficulty can be surpassed using porous materials. It is well established that the use of 

porous material can bring down the methane storage pressure below 50 bar while keeping 

energy density intact [1.40]. The DOE target value for methane storage fixed by US 

Department of Energy is 365 (v/v) at 35 bar or 65 bar pressure and at room temperature. The 

easy functionalizable nature along with high surface area value, are the most attractive 

features of COFs, for making them suitable for methane storage. The COF-102 (187 mgg
-1

; 

35 bar and 298 K) showed the highest methane storage value whereas second highest value 

was reported for the 3D COF-103 (175 mg g
-1

 35 bar and 298 K) (Figure 1.10 and Table 1.1) 

[1.37]. 

1.7.4 Carbon dioxide removal 

Carbon dioxide (CO2) is considered as one of the harmful greenhouse gases as it contributes 

maximum to the overall global warming effect. CO2 is produced in larger quantity via 

combustion of the fossil fuels. Whereas, removal of CO2 from flue gas, emitted from various 

industries, is highly important as it contained 10–15% of CO2. [1.41]. Various porous 

materials e.g. porous carbons, zeolites, MOFs and finally COF were successively tested for 

CO2 storage. Yaghi and coworkers revealed for COF-102 the max. CO2 uptake of 27 mmol g
-

1
at 298 K and 35 bar, which is higher in performance than of zeolites (8 mmol g

-1
) and of 

MOF-5 (22 mmol g
-1

) [1.37]. Various computational studies revealed the lithium doping 

could further enhance theCO2 uptake in COF-102 and COF-105. The study predicted, 

Lithium doped COF-102 have the potential to store CO2 409 mgg
-1

 at 298 K and 1 bar 

(Figure 1.10 and Table 1) [1.42]. 

1.7.5 Ammonia storage  

Ammonia gas is one of the most important raw materials used in industries for various 

purposes such as in fertilizers, wood or paper industries.  Ammonia gas generally transported 

in liquid form and it has a very high health risk. Hence, safe handling and extra care have to 

be devoted always during its transportation. One way to solve this issue is by using porous 

micro-materials to store ammonia and its subsequent transport. Boronic acid-based COFs 

have already been tested for this purpose whereas it showcased outstandingly high ammonia 
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uptake. The boron center is Lewis acidic in nature hence Lewis base ammonia can interact 

with boron and can be stored easily via acid-base adduct formation which is reversible as 

well. Yaghi and coworkers reported NH3 storage in a boronic based COF (COF-10) [1.43].  

 

Figure 1.11: (a) Ammonia adsorption isotherms of COF-10 powder (black) and tablet (blue). (b) 

Lewis adducts formation between ammonia and boronate ester. [Reprinted with permission from Ref. 

Nat. Chem., 2010, 2, 235[1.43], Copyright Nature Chemistry, 2010]. 

They could achieve an ammonia storage of 15 mol kg
-1

(1 bar and 298 K). This is the highest 

ammonia uptake value achieved using any porous materials. In terms of NH3 uptake, the COF 

material (COF-10) also surpasses the commercially used other porous materials i.e. zeolites-

13X (9 mol kg
-1

) and Amberlyst-15 (11 mol kg
-1

). Interestingly, the NH3 uptake in COF-10 is 

found to be completely reversible and ammonia in COF-10 can be easily released by heating 

(Figure 1.11) [1.43].  

1.7.6 Heterogeneous catalysis 

The long-range ordered structure with easily functionalizable pore walls has made COF 

frameworks promising specifically in heterogeneous catalysis. As the frameworks are 

completely insoluble in almost all mediums, it can be recovered easily from the reaction 

mixture without losing any significant weight [1.44]. During framework construction, it is 

very easy to architect pore walls with desirable functional groups by proper choice of 

building units. Notably, high porosity of COFs allows facile diffusion of the reactant 

molecules into proper catalytic sites. Whereas, the tunable and ordered pore channels of COF 

help in size-selective catalysis reaction. COFs pore walls can be designed for heterogeneous 

catalyst in two different ways. 1) Prior incorporation of desirable catalytic sites in the used  
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Figure 1.12. (a) Schematic representation of the synthesis of nanoparticle-loaded COFs. (b) and (c) 

Catalysis performed by nanoparticle immobilized COF-TpPa-1. [Reprinted with permission from Ref. 

Chem. Commun., 2015, 51, 11717 and Chem. Commun., 2014, 50, 3169 [1.44c-d], Copyright Royal 

Society of Chemistry, 2014-15]. 

building units [1.44a-b], 2) Post-synthetic doping of catalytically active nano-particles within 

COF pores [1.44c-d]. Wei Wang and coworkers could perform Suzuki–Miyaura coupling 

reaction via incorporation of Pd
2+

 ions in the pore walls of an imine based COF (COF-LZU1) 

[1.44a]. They established that the COF pore walls were properly functionalized with the Pd
2+

 

ions after complexing with the imine nitrogens (Figure 1.12). Rahul Banerjee and co-workers 

were specifically chosen stable β-keto-enamine based COF framework (TpPa-1) to 

immobilize Palladium (Pd) & Gold (Au) nano-particles [1.44c-d]. In the two-step immobilize 

process, first nano-particle precursors such as AuCl4. 3H2O and Pd(OAc)2 were successfully 

loaded within COF pores by stirring or incubation process. In the next step, the loaded 

precursors were allowed to reduction using sodium borohydride (NaBH4). The palladium 

(Pd) nanoparticle loaded TpPa-1 COF catalyst showed excellent catalytic activity towards C-

H bond activation and C–C coupling reaction whereas the gold (Au) nanoparticle loaded 

TpPa-1 COF catalyst was successful to reduce of nitro to amine compounds. Again, both the 

catalyst was very stable and active even after consecutive five cycles [1.44c-d]. 
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1.7.7 Photoelectric and semi conduction applications 

2D COFs, are very much similar to graphite, as it posses 2D conjugated framework structure 

where the layers undergo stacked in the vertical direction. Hence, the individual 2D COF 

layer is very much analogous to graphene. The long ranged ordered and efficient π–π 

stacking interactions make them suitable for semiconducting applications. During this 

stacking in the vertical direction, the pi orbital of one layer could overlap with another pi 

orbital present in another adjacent layer. And thus, multiple overlapping between several pi 

orbitals along z-axis brings unique optical or electronic properties in 2D COFs [1.22]. First, 

2D COF tested as the photoelectric application is PPy-COF which was synthesized by 

Donglin Jiang and co-workers via boronic acid trimerization among electron rich pyrene-2,7-

diyldiboronic acids. Ppy-COF, upon irradiation in visible light, generates photocurrent (5 nA) 

(Figure 1.13) [1.45a]. 

 

Figure 1.13: (a) Schematic representation of the device set up used for the measurement of the 

photocurrent of TP-COF.(In the device COF powders (blue) were sandwiched between two 

electrodes). (b) I-V profiles as-synthesized TP-COF (blue) and iodine doped TP-COF (red). (c) Hole 

(µh) and electron (µe) carrier motilities of H2P-COF (blue), ZnP-COF (green) and CuP-COF (red). 

The electron rich pyrene moieties in an ordered stacking arrangement could generate well-

defined conduction paths for charge migration (Figure 1.13a). Separately, from the same 
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group, TP-COFs were synthesized via boronate ester formation reaction which exhibits p-

type semiconducting nature and shows a linear I-V curve [1.45b]. Moreover, to extend the 

overall adsorption capacities in the near-infrared or infrared region, the COFs could be 

decorated with more conjugated porphyrin and phthalocyanine moieties. Keeping in mind, 

three separate porphyrin-based COFs with different metal ions (Cu
2+

 & Zn
2+

) present in 

porphyrin centers was synthesized by Donglin Jiang and co-workers (Figure 1.13c) [1.45c]. 

Depending on the metal ion present, the COF showcased different charge transport behavior 

as measured by the flash photolysis time-resolved microwave conductivity study. The nature 

of metal ions could dramatically affect the charge transfer properties in COFs.  

The H2P-COF i.e. metal-free porphyrin COF displays only hole transport capabilities 

whereas the CuP-COF (Cu
2+

 doped porphyrin COF) shows good electron transportability 

(Figure 1.13c). However, by surprise, Zn
2+

 doped porphyrin COF (ZnP-COF) shows 

ambipolar characteristics [1.45c]. Omar M. Yaghi and coworkers using a reversible Schiff 

base reaction could synthesize two different porphyrin-based imine COFs such as COF-366 

and COF-66. Both of them are very promising to showcase considerable hole transport 

mobility (3.0 and 8.1 cm
2
V

-1
s

-1
), which is also the highest among all π–π stacked layered 

materials [1.27d]. In another report, where Ni
2+

 is used as metal ion such as Ni
2+

 porphyrin 

COF (NiPc-COF) showed outstandingly high light-harvesting capabilities specifically in 

visible and even in near-infrared region and thus could display a significantly high hole 

transport mobility of 1.3 cm
2
V

-1
s

-1 
[1.45d]. In a recent report, Donglin Jiang and co-workers 

again attempted to synthesize a donor-acceptor based 2D- COF with ambipolar 

characteristics where the synthesized 2D D-A COF could display an excellent hole transport 

mobility of 0.01 cm
2
V

-1
s

-1
 and electron transport mobility of 0.04 cm

2
V

-1
s

-1
 [1.45e]. 

1.7.8 Energy storage 

Energy storage and conversion are one of the most important topics of research in recent 

years. In this concern, porous material such as COFs can be utilized in terms of 

supercapacitive energy storage application owing to their long-range porous structure with 

facile functionalizable pore walls with redox active groups. This pioneering work in COF was 

reported by William Dichtel and co-workers where they have synthesized an anthraquinone-

based β-ketoenamine DAAQ-TFP COF by Schiff base condensation between 1,3,5-

triformylphloroglucinol (Tp) and 2,6-diaminoanthraquinone (DAAQ) [1.46]. The presence of 

redox-active anthraquinone moiety in DAAQ-TFP COF, exhibit reversible redox processes 

via 2H+/2e- quinone-hydroquinone transformations (Figure 1.10). Moreover, owing to high 
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chemical stability (as β-ketoenamine COF), DAAQ-TFP COF was able to retain its 

capacitance performance even operating over 5000 charge-discharge cycles [1.46a]. In 

another report from the same group, the DAAQ-TFP COF was fabricated as oriented thin 

films on a gold (Au) surface. Moreover, they could enhance the capacitance of the thin film 

i.e. 3 mFcm
-2

 compared to randomly oriented COF powders (0.4 mFcm
-2

) [1.46b]. Another 

scientist, Donglin Jiang, and co-workers were also able to introduce redox-active functional 

groups in a NiP-COF by post-functionalization with TEMPO. This functional group bears a 

free radical which upon oxidation-reduction can store energy. Moreover, the TEMPO 

functionalize COF ([TEMPO]100%-NiP-COF) exhibited a very high capacitance value of 167 

Fg
-1

[1.46c]. However, in all cases, the use of COFs in powdered form always leads to the 

difficulty in electrode fabrication. Again, use of various conducting additives or post-

functionalization, for enhancing capacitive performance, affects the active surface area of the 

material. Therefore, construction of pristine COF based self-standing; high-performance 

supercapacitive electrode could be the best alternatives to utilize this novel material as a 

promising energy storage candidate.  

1.7.9 Separation 

The ordered nano-channels with tailorable pore aperture of COFs could be utilized for gas 

separation applications. Yanan Gao and coworkers could successfully use COF-320 for 

N2/H2and H2/CH4 separation [1.47a]. The gas separation membranes were fabricated by 

performing Schiff base reaction of reactants on the surface of porous alumina ceramic 

support. The presence of various surface amine functionalities, on top of grafted alumina 

surface, can effectively hold the COF crystallites via imine bond formation. Although, on top 

of porous alumina support, the author could successfully fabricate thin film COF membranes 

the presence of a large number of crystalline voids reduces the gas selectivity of the 

membranes [1.47a]. Recently Rahul Banerjee and coworkers could fabricate hybrid 

membranes made up of COF and PBI polymers composite. These hybrid membranes display 

moderate selectivity in CO2/CH4 and CO2/N2 separation. The covering effect of polymer 

chains on COF pores is a major drawback of such mix-matrix membrane, which prevents 

those membranes in achieving promising selectivity of separation [1.47b]. Theoreticians 

recently predicted, the self-standing COF membranes are the best alternatives to achieve high 

permeability or selectivity during gas separation applications [1.47c]. From the same group in 

2017 Rahul Banerjee and co-workers could solve this long-term practical issue after 
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successful fabrication of self-standing COF membrane for various molecular separation and 

water purification.  

In their study, Kandambeth et al. developed a universal strategy for the fabrication of 

uniform, crack-free, and free-standing COF membranes even in centimeter scale. P-

toluenesulfonic acid (PTSA) mediated solid-state mixing approach was the basic synthetic 

tool for the construction of crystalline and porous COF membranes [1.35b]. The aldehyde 

1,3,5-triformylphloroglucinol (Tp) was reacted separately with different diamines in presence 

of PTSA acting as a molecular organizer entity and water reservoir. The free-standing COF 

membranes also showcased high chemical stability in mineral 3N HCl for several days. The 

author could achieve high solvent flux (acetonitrile- 278 Lm
-2

h
-1

bar
-1

; water-120 Lm
-2

h
-1

bar
-1

 

) under ambient pressure during passing various solvents through the membrane. The as-

synthesized COFMwere successfully employed as a self-standing membrane for water 

purification via molecular rejection of toxic dyes (methylene blue, rose Bengal, congo red 

etc.) from drinking water. The ordered nano-channel with a specific pore diameter of the 

membrane, allowed them to utilize COFM for selective molecular sieving application. For 

molecular sieving experiment, they prepared a physical mixture of two different UV active 

molecules (rose bengal and 4-nitroaniline) having a significant difference in their molecular 

weight and passes the mixture through the membrane. As they stated, because of low 

molecular weight, 4-nitroaniline easily pass through the membrane and rose bengal gets 

rejected (having high molecular weight) which have been determined using UV-Vis 

spectroscopic analysis [1.35b]. Though the synthesized membranes are promising for 

molecular sieving or water purification, its usage in drastic environmental conditions (drastic 

humidity, strongly acidic or basic) were limited owing to their limited chemical stability. 

1.7.10 Drug storage and delivery 

Since the porosity of COF can be varied from microporous to meso- or even macroporous, 

the scientist had tried to load larger sized drug or bio-molecules within porous COF pores. 

Yushan Yan and coworkers could design a 3D polyimide-based PI-COF-4 for successive 

drug delivery application. The COF PI-COF-4 exhibited an ultrahigh surface area of 2403 

m
2
g

-1
 which made them applicable in storing ibuprofen (IBU) drug molecule [1.48]. The 

author calculated the maximum loading of ibuprofen drug in PI-COF-4 as 20 wt%. The 

overall drug release profile showed a very slow diffusion of ibuprofen (IBU) from the 

framework pores and takes almost 6 days for complete release. 
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In 2015, Kandambeth et al. could synthesize self-templated hollow spherical COFs 

with very high porosity (SBET = 1500 m
2
g

-1
). They could utilize the hollow cavity for enzyme 

loading and release application. The mesoporous walls helped in the successful 

immobilization of trypsin enzyme inside the hollow cavity via diffusion. The author could 

successfully load a maximum of 15.5 μmol g
−1

 of trypsin inside this hollow spherical COF 

[1.35d]. 

1.8. Chemical stability of COFs 

Although a variety of 2D or 3D COFs was synthesized in last two decades and have 

been utilized for various potential applications, this novel material suffers from serious 

drawbacks such as its chemical instability, processability, and scalability. Since the majority 

of COFs are synthesized considering reversible organic reaction where water eliminates as a 

byproduct, there is always a possibility to the reversible back reaction if the synthesized 

material is again treated with water (Figure 1.14) [1.28a]. As a result, the COF readily 

decomposes to the starting materials. However, for real life applicability of any porous 

material, the chemical stability should be considered as one of the important aspects which 

need to be solved. Hence, it was really a challenging task to the chemists to stabilize this 

novel frameworks from being degraded in humid, mild acidic or basic conditions for its 

widespread implementation. Apart from chemical stability for industrial application of such 

materials the other two important criterions such as material’s processability and scalability is 

also a major challenging task. We will first discuss why chemically stable COFs are 

important and what are the attempts made to date to increase its hydrolytic stability. Finally, 

we will focus on the attempts made for its bulk scale production and its processability in 

desirable forms. 

As discussed, natural gas storage and its separation are one of the major important 

tasks for the chemists in recent years. Although in the laboratory, most of the gas storage and 

their separation study are generally performed in an anhydrous condition. However, for 

practical use, the adsorbents have to be exposed to an atmosphere containing water and other 

reactive oxides such as SO2, NO2, H2S, etc [1.10d]. Even though the material has good gas 

storage capability, the framework instability will not allow for its long-term usage and the 

performance will decrease frequently under given condition due to rapid framework 

decomposition. Some common examples which demand the chemical stability of porous 

materials are 1) storage or separation of natural gases, 2) Carbon-di-oxide capture from bio-

fuel stream, 3) removal of CO2 from flue gas, 4) hydrogen storage in fuel cell etc [1.10d].  
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Figure 1.14. Schematic representation of (a) as-synthesized COF (b) partial hydrolysis and release of 

monomers into solution upon submersion in water (c) Completely hydrolyzed COF.  

Natural gas streams regularly contain water vapors which must be completely removed 

before its transport or storage. The presence of an even tiny amount of water vapor in natural 

gas can create clogs within natural gas pipelines via the formation of clathrates. Again, the 

presence of humidity can lower down the heat value of natural gases. Hence, the porous 

materials which are used for natural gas storage or separation should be stable in humid 

conditions. Chemical stability of porous materials is equally important in CO2 sequestration 

process. The industrial flue gases are also contaminated with moisture and various acidic 

oxides (e.g. SO2, H2S, and N2O) in addition to N2 and CO2 [1.10d]. The porous materials 

exclusively used for the CO2 capture require decent chemical stability specifically in acidic 

and humid conditions. Again, hydrolytic stability of such porous materials is highly important 

in hydrogen storage which is mainly performed for the application in a fuel cell where water 

molecules are generated as an end product [1.10d]. Hence, although COFs are highly 

important in natural gas storage and separation and have already covered lots of benchmark 

in recent years, their most of the applications are limited to laboratory scale only owing to the 

poor chemical stability of COFs originates mainly from the reversibility during framework 

formation. Although reversibility helps in improving crystallinity and porosity of COFs, it 

becomes a disadvantage when we consider the chemical stability of the material. Therefore, 

for real-life applications, there is an utmost need of improving the chemical stability of the 

COFs. 
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1.9. Approaches made to stabilize COFs towards various chemical treatments 

Few attempts were executed in the literature for improving the chemical stability of 

COFs. In 2011, the first attempt, to increase the hydrolytic stability of boronate ester based 

COFs such as of COF-18Å, was made by John J. Lavigne and coworkers [1.28a]. This 

material (COF-18Å) is highly unstable towards water treatment (Figure 1.15). As soon as, 

COF-18Å powders were submerged in water, the frameworks undergo rapid decomposition 

to starting materials and this was supported by using UV absorbance and NMR spectroscopy 

(Figure 1.14). The hydrolytic stability test was performed using COF-18Å powders after 

covering the COF within a filter paper and the whole composition was then directly 

submerged in water. After 20 minutes of water treatment, the filter papers were removed and 

the recovered material was tested using PXRD and N2 adsorption where COF-18Å loses all 

its crystallinity and porosity. To enhance the chemical stability, COF-18Å pores were 

functionalized with hydrophobic alkyl groups (Figure 1.15a). The authors have used various 

functional groups and it was named as COF-16Å (R=Me), COF-14Å (R=Et), COF-11Å 

(R=Pr). Interestingly, the author could find out an enhancement of hydrolytic stability when a 

similar experiment was performed using the alkylated COFs  such as COF-16Å, COF-14Å,  

 

 

Figure 1.15. Attempts made to improve the chemical stability in COFs (a) alkylation (b) doping of 

pyridine. 

and COF-11Å compared to the pristine COF-18Å. Although this strategy improved the 

chemical stability of boronic acid-based COFs, the major drawback of this route is that the 
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active surface area of the material dramatically decreased as the length of the alkyl chain 

increases. COF-14Å has only a surface area of 496 m
2
g

-1
 which is 30% of the surface area of 

COF-18Å. Again upon long term (after 1 day) hydrolytic stability test it was observed, the 

alkylated COFs (e.g. COF-16Å, COF-14Å. and COF-11Å) also undergo slow decomposition. 

This result implies that the alkylation strategy is not the permanent solution for solving the 

chemical stability issue in COFs. 

The second approach to enhance the chemical stability of COF-10 by pyridine vapor 

doping was attempted by David Calabro and coworkers. Boronate esters are susceptible to 

hydrolysis in contact with water owing to the presence of Lewis acid boron centers. During 

hydrolytic treatment, the Lewis acid centers (boron) can be readily attacked by water 

molecules to form acid-base adducts which finally results in framework decomposition. 

Herein, the authors smartly attempted to block these Lewis acid centers with pyridinic 

nitrogen to enhance the hydrolytic stability of the COF material (Figure 1.15b). The author 

has performed the doping experiment by submerging powderedCOF samples to 1 wt% 

solution (pyridine to dry acetone) of pyridine for 24 hours. Interestingly, the pyridine 

modified COF-10 showcased superior hydrolytic stability compared to pristine COF-10. 

Moreover, the material could retain its crystallinity even after humid air treatment for 7 days, 

however, direct submerge of pyridine doped COF-10 in water will cause its complete 

decomposition of the framework. Hence, neither of the two approaches discussed in the 

earlier sections were up to the mark, thus there was always an utmost demand of developing a 

new methodology by which chemically stable COFs in extreme conditions (water, acid, base 

etc) could be fabricated without altering its porosity or crystallinity. 

Therefore, stability issues in COFs were running for a quite long time until and unless 

in 2012, Kandambeth et al. and co-workers could come up with a novel versatile 

methodology of enol-keto tautomerization phenomenon during COF crystallization and 

subsequent enhancement of chemical stability of COFs in water, acid or base. As mentioned, 

in 2012, for the first-time in COF literature, Kandambeth et al. and co-workers, could 

develop a versatile methodology to synthesize two new highly crystalline & porous COFs 

(TpPa-1 and TpPa-2) using a combined reversible/irreversible Schiff base reaction route 

(Figure 1.16a) [1.35e]. Interestingly, these two COFs displayed extraordinary chemical 

stability towards strong acid (9 N HCl) or base (9 N NaOH) and also in water for 7 days or 

more. These COFs are prepared solvothermally by the reaction of 1,3,5-

triformylphloroglucinol (Tp) separately with P-phenylenediamine Pa-1) and  
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Figure 1.16. (a) Synthesis scheme for chemically stable COFs (TpPa-1 and 2) using Schiff base 

condensation reaction via a reversible-irreversible reaction route. (b) Construction of an intralayer 

hydrogen bonded COF DhaTph. 

 

2,5-dimethyl-p-phenylenediamine (Pa-2) (within a sealed Pyrex tube under vacuum and 

heated at 120 ºC for 3 days. In their report, it was mentioned that the complete reaction can 

be divided into two successive steps. The first step is the reversible Schiff base reaction 

which helps for the successful formation of the crystalline framework which in the second 

step irreversibly converted to keto form via enol to keto tautomerization, which in turn helps 

in bringing chemical stability in the framework. It was believed that the basicity of the imine 

nitrogen atoms plays a very crucial behind this enol-keto tautomerization. The imine nitrogen 

atoms when coming in a close proximity of acidic phenolic –OH, it rapidly abstracts the 

proton and results in this type of tautomerization. However, such tautomerism even exists in 

simple N-salicylideneanilines, however, here enol form is found to be more stable (Figure 

1.17) [1.35f]. It is to be noted that, two competing effects such as i) aromaticity and ii) 

basicity of imine nitrogen (–C=N–) atom over phenolic oxygen (O–H) atom decide the final 
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stable form of the products. As for example in the case of monosubstituted N-

salicylideneanilines, the aromaticity is more dominating over the imine nitrogen basicity 

which restricts tautomerization hence the final product exists in enol form.  

 

Figure 1.17. (a) Tautomerism in simple N-salicylideneanilines where enol-form is more stable than 

its keto form. (b) Tautomerism form is stable when basicity of nitrogen atoms collectively dominates 

over the aromaticity.   

 

In contrast, in the case of tris(N-salicylideneaniline) derivatives, the basicity of three imine 

nitrogen atoms which collectively dominates over the aromaticity, as a result, the equilibrium 

finally shifts completely to right to stabilize the keto-form. Once the keto form dominates, the 

equilibrium has no choice to revert back to enol form even after heating the sample to any 

high temperature and hence this transformation can be accepted as a completely irreversible 

process. 

In the year 2014, Kandambeth et al. again introduced a new strategy of intra-

molecular hydrogen bonding in imine based COFs, by which crystallinity, porosity and 

chemical stability of the frameworks were synergistically improved [1.35g]. In their study, 

the porphyrin-based ligand (5,10,15,20-Tetrakis(4-aminophenyl)-21H,23H-porphine) [C4 

symmetric] and 2,5-dihydroxyterephthalaldehyde [C2 symmetric] was strategically used and 

through C2+C4 symmetric combination it produced a tetragonal symmetric 2D COF DhaTph 

structure (Figure 1.16b). The synthesized COF gets stabilized in enol-imine structure 

whereas the presence of hydroxyl (–OH) functionality plays a very important role in 

improving the crystallinity, porosity and chemical stability of the COF through H-bonding 

interaction. The hydroxyl functionality (–OH) close to the imine nitrogen (–C=N) atom 

undergoes an intramolecular H-bonding (O–H…N=C) interaction. The intra-molecular 
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hydrogen bonding could lock the phenyl ring rotation and improve the COF layers’ planarity, 

thus could enhance the π–π layer stacking and dramatically improve in the crystallinity and 

porosity of overall COF frameworks. The surface area compared to a non-substituted 

porphyrin core based COF (COF-366) is almost doubled in DhaTph (1300 m
2
g

-1
). In 

addition, COF-DhaTph displayed an increment in chemical stability where it could retain its 

crystallinity even after treatment in acid (3M HCl) and in water. It was believed that the 

intramolecular H-bonding reduces the lone pair availability of imine nitrogen (–C=N) atom 

towards proton and hence could protect the framework from being degraded in acidic 

medium. 

The latest in 2015, Donglin Jiang’s research group came up with some new methodology to 

stabilize imine linked COFs (Figure 1.18a) [1.35h]. They have introduced a new strategy to 

stabilize imine linked COFs through the introduction of –OMe (methoxy) functional group 

within the COF matrix. Herein, they have used 1,3,5-Tris(4-aminophenyl)benzene (TAPB) as 

an amine and 2,5-dimethoxyterepthaldehyde (DMTA) as an aldehyde as a source of methoxy 

functional groups. The as-synthesized material showcased exceptionally high chemical 

stability towards acid (12M HCl), base (14M NaOH), boiling water and in various protic and 

aprotic solvents. The surface area of the material varies in the range 2105 (as synthesized), 

2074 (base), 2081 (acid) and 2020 (boiling water) before and after chemical treatment for one 

week. The crystallinity and residual weight percentage (> 60 wt%) of the material were found 

to retain almost in every medium (Figure 1.18a). Based on their experimental evidence and 

theoretical calculations, they have explained the probable reason behind this enormous 

stability. It was stated that the one hexagon COF pore consists of 12 ‘–C=N–’ bonds. Based 

on the electronegative difference the carbon atom bear ‘’charge and the N atom affords 

‘’charge (Figure 1.18a). As a result, there exit electrostatic repulsion between the 

successive layers in their eclipsed conformation. Therefore, the  stacking interaction 

among the layers gets hampered due to charge repulsion among the layers. In the COF TPB-

DMTP the –OMe (methoxy) functional group, present in the aldehyde, plays a very crucial 

role in stabilizing the COF layers through its electron donating property (+R effect). The lone 

pair of oxygen atom gets involved in the resonance with adjacent phenyl ring and further 

proceeds through imine linkages and thus the static electronic charge on imine bond now gets 

stabilized through resonance effect. Finally, this charge stabilization softens the interlayer 

repulsion and bound the layers very much tightly. Hence, the resonance effect stabilizes the 

COF structures from being a rapid attack from acid, base or water molecules. 
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Figure 1.18: (a)Synthesis of TPB-DMTP-COF from DMTA and TAPB through Schiff base reaction. 

Inset: The structure of the edge units of TPB-DMTP-COF and the resonance effect of the oxygen lone 

pairs that weaken the polarization of the C=N bonds and soften the interlayer repulsion in the COF. 

(b) Synthetic scheme for benzoxazole linked COF LZU-191. 

Very recently, in 2018, Wei et.al. developed a chemically stable benzoxazole linker strategy 

for the construction of chemically stable COFs (Figure 1.18b). They have constructed a 

series of benzoxazole-based COFs LZU-190, LZU-191 and LZU-192 via formation of 

benzoxazole rings through reversible/irreversible cascade reaction whereas the material 

exhibit exceptionally high chemical stability in strong acid (9M HCl), bases (9M NaOH) and 

sunlight [1.35i]. The COFs were synthesized solvothermally at 185 
o
C (1:1; NMP-

Mesitylene) in sealed ampules using 2,5-diamino-1,4-benzenediol as a common precursor 

and was allowed to react with three different aldehydes such as 1,3,5-triformylbenzene (for 

LZU-190), 2,4,6-tris(4-formylphenyl)-1,3,5-triazine (for LZU-191), and 1,3,6,8-tetrakis(4-

formylphenyl)pyrene (for LZU-192). The benzimidazole was used as a common additive in 

every reaction which acts as a dehydrating and templating agent. The overall product 

formation was associated with three different steps such as 1) formation of imine (–C=N–) 
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bond intermediate, b) abstraction of hydroxyl (-OH) proton by benzimidazole and ring 

closure and c) removal of water and subsequent aromatization to form benzoxazole ring. 

Moreover, because of aromaticity, benzoxazole ring was highly stable and the overall COF 

exhibits high structural robustness even in abrasive conditions. 

Though all of these attempts have their own fate to develop COFs with enhanced 

chemical stability, however, all these approaches suffer from few serious drawbacks such as- 

a) tedious synthetic hurdles (solvothermal process), b) material produced only in mg scale, c) 

powdered form of as-synthesized COFs restricts the processability and limits its further 

applications. 

However, in the year 2017 Kandambeth et al. and Karak et al. developed a new 

methodology of mechanochemical COF synthesis using p-toluenesulfonic acid (PTSA) a 

water reservoir and a molecular organizer entity during COF crystallization. Using this 

strategy, a series of -ketoenamine COFs were synthesized in less than an hour while 

maintaining its high crystalline and porous nature. Again, using this unique fabrication 

technique, not only the COF could be synthesized in industrial scale but also the material 

with desirable forms. Herein, for the first time, the COF has been fabricated in the form of a 

membrane and was utilized in water purification. It is to be noted that, this is the first reports 

in the literature where the rapid scalability and easy processability of the COF material have 

been discussed [1.35c]. However, the entire methodology was completely restricted for the 

construction of -ketoenamine COFs which are chemically stable under certain experimental 

conditions. Hence, a generalization of a similar strategy for the construction of the other 

COFs borrowing different linkages such as boronic acid, imine, triazine is yet to be explored. 

1.10 Morphology of COF crystallites 

 COFs are usually precipitated as microcrystalline powders, with particle size mostly 

in the nanometer to micrometers region. The various internal defects during crystal growth 

are responsible for limiting COF crystallite size in the nanometer range. Li-Jun Wan and 

coworkers have done a detailed structural investigation on COF crystallites growth using 

STM imaging technique at different time span [1.33c]. For this, initially, they have drop cast 

the starting precursor materials on HOPG surface and the whole setup was heated in a closed 

chamber. The STM images show although there is a formation of COF on the HOPG surface 

the COF crystallites formation happened as an island and it was very difficult to have a 

complete surface coverage (coating) with COFs. The main reason was the presence of several 

internal defects during the COF film formation which limits its growth in larger domains.  
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Figure 1.19: Various Morphologies of COF crystallites reported in the literature. 

So depending on the reaction conditions and used starting materials COF crystallites are 

found to adopt various shapes such as fibers [1.36b], sheets [1.35], cubes [1.45a], belts 

[1.45b], rectangular prism [1.22a] and more recently hollow sphere (Figure 1.19) [1.35d]. 

However, the exact reason behind the evolution of such morphology in nano-domain still 

remains a mystery. Notably, specific morphological evaluation and development are highly 

important in the applications such as drug delivery, charge carrier, molecular adsorption, 

catalysis, and mobility etc. [1.36c]. Although some reports have investigated time-dependent 

morphological evolution based on crystallites self-assembly, however, morphological control 

of COF crystallites depending on their molecular level structures of the precursor materials, 

have been poorly explored. 
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CHAPTER 2 

 

Ultra-stable Covalent Organic Frameworks: A Role of Interlayer 

Hydrogen Bonding 

 

Abstract: In this chapter, we presented 

a novel strategy by which a series of 

chemically stable imine-based (–C=N–) 

Covalent Organic Frameworks (COFs) 

can be synthesized. Imine-based COFs, 

in general, are unstable to water, acids 

or bases since they are synthesized by 

the reversible organic reaction. Our 

strategy involves the synthesis of 

chemically stable imine-COFs 

introducing interlayer C–H•••N H-

bonding between the methoxy (–OCH3) C–H of a particular layer with the imine (–C=N–) 

nitrogen atoms present in the adjacent layers. Such interlayer C–H•••N H-bonding provides 

enough steric hindrance and the hydrophobic environment around the imine bonds and 

protects them from being hydrolyzed in abrasive conditions like strong acids (H2SO4, 18 M; 

HCl, 12 M) or bases (NaOH, 9 M). The present synthetic strategy also provides the 

opportunity for the rapid production of imine-based COFs in industrial scale.  
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2.1 Introduction  

Covalent Organic Frameworks (COFs) are pristine sets of periodically ordered 2D or 3D 

networks generally contrived through simultaneous polymerization and crystallization of 

monomeric building blocks made up of light elements such as B, C, N, O, Si etc [2.1]. Since 

their invention, COFs has drawn significant potential interest to the scientific community in 

accounts of their widespread applications such as gas storage and separation, energy storage, 

proton conduction, catalyst support etc [2.2]. These structurally predesigned frameworks 

ensue similar avenue of reticular chemistry and their crystallization process exhibit dynamic 

reversible reactions such as boronic acid trimerization, boronate ester formation, Schiff base 

formation, etc [2.3]. Therefore, the reversible nature of chemical bonds enables them up to 

limited chemical stability and restricts these novel materials for proper practical 

implementations. Hence, the design and synthesis of porous crystalline COFs with 

chemically robust backbone against abrasive environment including drastic humidity, strong 

acidity or basicity is a key challenge for the modern researcher. 

To enhance the air or water stability of the 2D COFs few attempts have been made 

previously in the literature. The strategies, such as pyridine vapor doping at Lewis acid boron 

centers [2.4b] and COF pore walls functionalization with alkyl groups [2.4c], were employed 

to enhance the chemical stability specifically of boronate ester based COFs. Although, these 

two approaches could enhance slight framework stability; this cannot be considered as 

ultimate stabilization strategy as the incorporation of such stabilization groups/reagent 

dramatically decrease active surface area and thus gas storage capacities of COFs. Hence, 

there is always a high demand for designing and developing new strategies for improving the 

chemical stability of COFs without affecting its porosity or surface area. 

Taking this into consideration, in 2012 Kandambeth et al., to overcome the stability issues 

in COFs, introduced the enol to keto tautomerization (-keto-enamine COFs) phenomenon 

during the framework crystallization. By using this approach, they could synthesize a set of 

COFs with significantly enhanced chemical (aqueous, acid and base) stability [2.4a]. 

However, this idea was entirely restricted to -keto-enamine COFs, which provides minimal 

substrate scope thus was limited in their widespread exploration. Other approaches such as 

intralayer H-bonding [2.4d], channel wall functionalization with methoxy (–OCH3) groups 

[2.4e], the introduction of benzoxazole linkages [2.4f] were also performed to enhance the  
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Figure 2.1:  (a) Schematic representation of the synthesis of highly stable TpOMe-X COFs by using 

Schiff base condensation between TpOMe aldehyde with six different amines. (b-f) chem. draw and 

space filling (eclipsed) structures of all COFs. Pore diameter has shown with a double-headed arrow.  

framework stability. However, although previous attempts could solve the stability issues to 

some extent it suffers from serious drawbacks such as- 1) as-synthesized COFs are produced 

only in powdered form hence not processable, 2) involves tedious synthetic hurdles 
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(solvothermal sealed tube method; required high temperature and longer time), and 3) limited 

to mg scale production of COFs. Hence, it is very essential to solving those obstacles in 

COFs for its intended development and potential applications. On the other hand, the 

development of imine-based COFs has increased dramatically in recent years owing to their 

superior hydrolytic stability compared to boronic acid COFs along with their extensive 

substrate-library availability [2.6] hence are more versatile to explore. However, for the 

widespread implementation of such chemically stable imine based COFs, the synthetic 

process should: 1) be a greener approach of synthesis i.e. be devoid of toxic solvents or 

synthetic difficulty [2.5], 2) be rapid and easily scalable (unlike the traditional solvothermal 

process) to industrial level, [2.7]
 
and 3) provide the opportunity to process the as-synthesized 

COFs into pellets, beads as well as membranes keeping their properties intact [2.5]. 

Keeping all these in perspective, herein, we introduce 2,4,6-trimethoxy-1,3,5-

benzenetricarbaldehyde (TpOMe) as a prime aldehyde building unit for scalable and rapid 

construction of a series of chemically stable imine-linked COFs via the PTSA (p-

toluenesulfonic acid) mediated solid-state mixing approach (Figure 2.1) [2.5]. The 

introduction of three bulky methoxy (–OCH3) groups adjacent to the aldehyde (–CHO) 

functionalities provide significant steric hindrance and the hydrophobic environment around 

the imine bonds, promotes impregnable COF crystallization. These as-synthesized materials 

showcased exceptionally high chemical stability in H2SO4 (18 M), HCl (12 M), NaOH (9 M), 

boiling water and common organic solvents, for several days. To the best of our knowledge, 

this is the first report illustrating a series of imine based COFs with exceptionally high 

chemical stability in a drastic medium such as conc. H2SO4 (18 M). Calculations with density 

functional theory reveal the presence of significant numbers of interlayer C–H•••N H-

bonding [2.8] between the methoxy (–OCH3) C–H of a particular layer with the imine (–

C=N–) nitrogen atoms present in the adjacent layers. The interlayer C–H•••N H-bonding 

provides enough steric hindrance and hydrophobic crowding around the imine bonds and 

protects them from being hydrolyzed in such abrasive environment. Additionally, the 

preferred approach provides the opportunity to process the materials into desirable forms 

hence reflecting its broad scope applications. 

 

   



 

 

Chapter 2                                                           Ultra-stable Covalent Organic Frameworks… 

 

2018-Ph.D. Thesis: Arjun Halder, (CSIR-NCL), AcSIR   44 
 

2.2 Synthesis of ultra-stable covalent organic frameworks 

2.2.1 Synthesis and characterization 

COF- TpOMe-X (X= Pa1, PaNO2, BD(NO2)2, BPy, Azo, and Tab): P-toluenesulfonic acid 

monohydrate (PTSA-H2O) (1.8 mmol) was mixed separately with 6 different amines in a 

mortar-pestle. The amount of amines were taken as Pa1 (0.45 mmol; 48.6 mg), PaNO2 (0.45 

mmol; 68.8 mg), BD(NO2)2 (0.45 mmol; 123.3 mg), BPy (0.45 mmol; 83.7 mg), Azo (0.45 

mmol; 95.4 mg) and Tab (0.3 mmol, 105.3 mg).  

 

Figure 2.2: (a-e) Schematic representation of COF TpOMe-Pa1 synthesis. (f) Comparison of PXRD 

patterns of TpOMe-Pa1 COF with starting materials at a different stage of the reaction. 
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The mixture was uniformly grinded for 5 minutes. In that mixture2,4,6-trimethoxy-1,3,5-

benzenetricarbaldehyde (TpOMe,0.3 mmol, 76.2 mg) was added and properly mixed 

through grinding. To this mixture few drops of water (∼100 μL based on requirement) was 

added. The resulting mixture was then grinded properly until it becomes dough-like material 

and was additionally allowed to heat at 120 °C for 3 hours or 90 °C for 12 h. After 

completion, the resulted material was deepened into hot water followed by washing with 

N,N-dimethylacetamide, and acetone to afford resulted in crystalline porous COFs with 

approx. 85 % (wt%) isolated yield (Figure 2.2). 

The PTSA mediated solid-state mixing approach has opened up a new route for rapid and 

bulk scale production of highly crystalline porous COFs, along with a broad opportunity for 

easy processability of the synthesized material in desirable Forms [2.5]. However, the 

exploration of the PTSA mediated solid-state mixing approach is not straightforward for the 

construction of imine linked COFs. The primary concern is the chemical stability of the as-

synthesized frameworks under the given reaction conditions. Owing to the intense acidic 

nature of PTSA (pKa= -2.8; water), the imine-linked COF crystallites, during the framework 

formation, readily decompose under the experimental conditions leading to high extent of 

amorphization (Figure 2.3, 2.4 and 2.5). 

 

Figure 2.3: General scheme for the construction of Tf-Pa1from Tf (1,3,5-triformylbenzene) aldehyde 

and Pa1 amine.  
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This makes it profoundly challenging to design suitable linker units to yield the crystalline 

porous COFs under the aforementioned synthetic conditions. We made a prediction that the 

synthesis of imine-linked COFs using this approach can only be achieved by providing 

enough steric hindrance around the imine bonds or by incorporating significant hydrophobic 

environment to protect it from H⁺ and H2O attack during the COF crystallization. 

COF Tf-Pa1: The similar procedure (i.e. TpOMe-X COFs synthesis) was followed for Tf-

Pa1 COF synthesis. P-toluenesulfonic acid monohydrate (PTSA-H2O) (1.8 mmol) was mixed 

with Pa1 (0.6 mmol; 64.8 mg) and the mixture was uniformly grinded for 5 minutes. In that 

mixture 1,3,5-benzenetricarbaldehyde (Tf, 0.4 mmol, 64.8 mg) was added and properly 

 

Figure 2.4: (a) PXRD and (b) N2 adsorption isotherms for Tf-Pa1 at two different reaction 

conditions. 

 

Figure 2.5: Experimental Pore size distribution of Tf-Pa1 [N2 at 77 K on carbon (cylindr./sphere 

pores, QSDFT adsorption branch )] at two different reaction condition. 
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mixed through grinding. To this mixture few drops of water (∼50μL) was added. The 

resulted mixture was then grinded properly and was equally poured in six different vials. 

Five of them were allowed to heat separately at 120 
o
C for 15 min, 30 min, 45 min, 1 h and 3 

h. Another one was kept at 90 
o
C for 12 h. After completion, the vials were cooled at room 

temperature followed by washing with water for 2-3 times. It was then washed with 

tetrahydrofuran (THF) till any unreacted starting material or polymeric impurities washed 

out completely showing clear solution on top of the residue. Most of the material washed out 

during THF washing and for 15 min to 1h reaction mixture, no appreciable material was 

recoverable for further characterization. 

The residue was collected for 3h at 120 
o
C and 12 h at 90 

o
C samples after vacuum dried at 

60-90 
o
C. Again, the yield of the resulted compound was < 10 wt%. The PXRD analysis 

reveals the material is completely amorphous and it shows maximum 185 m
2
/g surface area 

from N2 adsorption isotherms (Figure 2.4). The experimental pore size distribution also 

reflects no characteristics of a COF material (Figure 2.5). This observation clearly indicates 

Tf-Pa1 COF has not at all formed in the given experimental condition. 

 

2.2.2 Structural simulation and characterization 

 Since COFs are synthesized as polycrystalline powder, powder X-ray diffraction 

(PXRD) is used for determining the crystallinity and investigating the structural details of the 

material. The formation of TpOMe-Tab, TpOMe-PaNO2, TpOMe-Pa1, TpOMe-

BD(NO2)2, TpOMe-BPy and TpOMe-Azo was confirmed by their PXRD patterns (Figure 

2.6). All the COFs mainly showed distinct peaks corresponding to the 100, 110 and 001plane 

in their PXRD patterns. The high-intensity peak at ∼4.8° (±0.1, 2θ), for TpOMe-Pa1 and 

TpOMe-PaNO2 COFs, could be assigned to the reflections from their 100 planes. In the case 

of TpOMe-BD(NO2)2 and TpOMe-BPy high intense peaks attributed to the 100 planes arise 

at∼3.6° (±0.1, 2θ). The TpOMe-Azo (with highest pore diameter in the series) and TpOMe-

Tab (having lowest pore diameter) showed their 100 plane reflections at ∼3.3° (2θ) and 

∼6.1° (2θ), respectively. The high intensity of 100 planes in all the COFs indicated their 

highly crystalline nature. All the COFs revealed their 001 plane reflections at ∼27.1° (±0.2, 

2θ) in the PXRD patterns. 
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Figure 2.6: (a) PXRD patterns of as-synthesized (black) compared with the slip-AA(red) and 

Staggered (green) of all TpOMe-X (X= Tab, Pa1, PaNO2, BD(NO2)2, BPy and Azo ) COFs. 

To find the interlayer stacking constitutions; different model (eclipsed, slipped eclipsed and 

staggered) structures were simulated by using Materials Studio [2.9]. The experimental 

PXRD pattern fits well [TpOMe-Tab (Rp = 0.9 %, Rwp = 1.8 %); TpOMe-PaNO2 (Rp = 2.7 

%, Rwp = 4.2 %); TpOMe-Pa1 (Rp = 2.3 %, Rwp = 3.5 %); TpOMe-BD(NO2)2 (Rp = 0.7 %, 

Rwp = 1.0 %); TpOMe-BPy (Rp = 1.5 %, Rwp = 2.4 %) and TpOMe-Azo (Rp = 2.1 %, Rwp = 

2.9 %)] with the simulated slipped eclipsed (AA) stacking models (Figure 2.6 & 2.7). The 

unit cell parameters of the synthesized COFs were further evaluated using Pawley refinement 

of the experimental PXRD patterns. 
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Figure 2.7. The experimental PXRD patterns (red) compared with the simulated (slip AA; blue) and 

Pawley refined difference (black) [Rp, Rwp and Rwp (w/o bck) have shown in the inset for all COFs]. 

 

Figure 2.8: (left) FT-IR and (right) 13C NMR spectra of as-synthesized TpOMe-Ani monomer. 
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2.2.3 Chemical characterization  

The recorded FTIR spectra showed the complete disappearance of the primary –N–H 

stretching frequency (3188-3462 cm
-1

) of the parent amines as well as the –C=O stretching 

frequency at 1682 cm
-1

 for the TpOMe aldehyde used for the synthesis in all COFs reported 

in this manuscript (Figure 2.9). The newly formed –C=N bonds (obtained after the aldehyde-

amine Schiff base reaction) exhibited stretching frequency in the range of 1574-1623 cm
-1

,  

 

Figure 2.9: Comparison of FT-IR spectra of synthesized TpOMe-COFs with its starting materials 
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confirming the formation of imine bonds in the COFs and the full consumption of the starting 

materials. The synthesized reference compound TpOMe-Ani (prepared from TpOMe 

aldehyde with aniline) reflected –C=N stretching at ∼1621 cm
-1

 (Figure 2.8). The aromatic 

C=C stretching arose around ∼1560 cm
-1

(asymmetric) and ∼1498 cm
-1

(symmetric) in the 

FTIR spectra in all the COFs. The reference compound showed the similar stretching 

frequency ∼1555 and 1483 cm
-1

, respectively. 

 

Figure 2.10: Solid state 
13

C CP-MASS spectra of synthesized TpOMe-COFs (carbon atoms with 

probable chemical shift mentioned with numerical in Chem. Draw). 
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The overall compositions of the framework materials were further confirmed from solid-state 

13
C cross-polarization/magic-angle spinning (CP-MAS) spectra, which revealed the main 

characteristics peak of imine (–C=N) bonded carbon atom at ∼148 ppm whereas the 

aromatic carbons showed their characteristic signals within the range ∼53-70 ppm (Figure 

2.10). Similarly, the reference compound TpOMe-Ani exhibited the characteristics of imine 

and aromatic carbon signals at ∼163 ppm and ∼150-115 ppm, respectively. Again, for 

TpOMe-Ani the signature of the methoxy (-OCH3) carbon peak was observed at∼63 ppm, 

almost matching with the methoxy (-OCH3) carbon signals associated with the reported 

COFs (Figure 2.8). 

 

Figure 2.11: Thermogravimetric analyses (TGA) of TpOMe-COFs. 

Thermogravimetric analyses (TGA) (N2 atmosphere) of all the COFs showed their thermal 

stability in the range of 320-400 °C (Figure 2.11). However, TpOMe-PaNO2 and TpOMe-

BD(NO2)2 showed rapid weight loss (from 100wt% to almost 0 wt%) within the range of 

330-340 °C. TpOMe-Pa1 showcased the highest thermal stability in the series reflecting 

only 30 % weight loss even after being treated up to 900 °C.  

A plausible explanation for rapid weight loss of TpOMe (-NO2) based COFs during 

TGA: Both the COFs TpOMe-PaNO2 and TpOMe-BD(NO2)2 exhibits rapid weight loss 

(from 100 wt% to almost 0 wt%) as revealed from their TGA profile within the range 330-

340 °C. The plausible reason could be due to the presence of both –NO2 (electron 

withdrawing) and –OMe (electron donating) functionality at a time in the framework. These 
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two COFs are behaving as explosives, like 2,4,6-trinitrotoluene (which contain both electron 

withdrawing –NO2 and electron donating methyl functionality), at high temperatures. Best on 

our understanding, it could be one of the possible reasons for having such unusual TGA 

profiles for these two COFs. 

2.2.5 Gas adsorption studies 

The permanent porosity of any porous material imparts crucial information about the internal 

ordering of pores in that particular material. This information is highly essential in 

membrane-based separation technologies. Hence, to evaluate the overall porosity of the COF 

materials reported in this paper, N2adsorption isotherms were recorded at 77 K (liq. N2 

temperature) in their completely activated state i.e. after treating the samples under vacuum 

(<1 torr pressure) and heating at 150 °C for 12h. All the COFs showed rapid N2 uptake at the 

comparatively lower pressure range P/P0 <0.1. Beyond this pressure, in the case of TpOMe-

Tab, TpOMe-PaNO2, TpOMe-Pa1, and TpOMe-BD(NO2)2 COFs, the isotherms got 

almost saturated, reflecting their dominating micro-porous nature (Figure 2.12). TpOMe-

BPy and TpOMe-Azo, on the other hand, showed a sharp steep between the pressure P/P0= 

0.10-0.20, exhibiting the „type-IV‟ adsorption isotherm, which is the characteristic of 

mesoporous materials (Figure 2.12).  

 

Figure 2.12: Nitrogen adsorption analysis isotherms of TpOMe-COFs. 

Moreover, based on Brunauer–Emmett–Teller (BET) model TpOMe-BPy revealed the 

highest surface area of 2023 m
2
g

-1
, followed by1885 m

2
g

-1
 for TpOMe-Azo, 1164 m

2
g

-1
 for 
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TpOMe-Pa1, 913 m
2
g

-1
for TpOMe-BD(NO2)2, 615 m

2
g

-1
 for TpOMe-PaNO2 and 593 m

2
g

-

1
 for TpOMe-Tab. The experimental pore size distribution of TpOMe-Tab, TpOMe-

PaNO2, TpOMe-Pa1 and TpOMe-BD(NO2)2 COFs (calculated using the QSDFT model: 

cylindrical pore, adsorption branch), showed the pore width as 1.4, 1.4, 1.5 and 1.8 nm 

respectively (Figure 2.13). The pore diameter for TpOMe-BPy and TpOMe-Azo was 

determined as 2.2 and 2.8 nm respectively (Figure 2.13). Interestingly, we have tested these 

COFs for CO2 uptake both at 0°C and 25 °C where the TpOMe-Azo showed the highest CO2 

uptake of 87 cm
3
g

-1
 at 0 °C. 

 

Figure 2.13: Experimental Pore size distribution of respected TpOMe COFs [N2 at 77 K on carbon 

(cylindr./sphere pores, QSDFT adsorption branch)]. 
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2.2.5 Chemical stability investigation  

 The extent of chemical stability of any material dictates its potentiality for extensive 

usage. Hence, to analyze the chemical stability here, the as-synthesized COF samples (20mg) 

were submerged in different types of solvents (2 ml) for 7 days. The chemical stability of the 

COFs was carried out in highly drastic media such as conc. H2SO4 (36 N), conc. HCl (12 N), 

NaOH (9 N, 24 h) and various protic/aprotic solvents including H2O (boiling), MeOH, EtOH, 

CH3CN, N,N-Dimethylformamide (DMF), Dimethylsulfoxide (DMSO), and Chloroform 

(CHCl3). After the treatment, the material was collected and was washed thoroughly with 

water and DMAc (N,N-dimethylacetamide) followed by acetone, before it was vacuum dried 

to remove the trapped solvent molecules. The solvent stability, exclusively tested for COF 

TpOMe-Pa1, reported here, although show weight loss ~ 10-15 wt% in boiling water, 

however, exhibit tiny weight loss (<0.1 wt%) in other protic or aprotic solvents almost 

retaining its crystallinity and porosity (Figure 2.14).  

 

Figure 2.14: PXRD and BET surface area comparison of TpOMe-Pa1 after treatment in different 

common solvents (protic and aprotic) as mentioned.  
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Figure 2.15: PXRD comparison of COF samples after treatment in a different solvent as mentioned. 

(a) TpOMe-Pa1 (b) TpOMe-PaNO2 (c) TpOMe-BPy and (d) TpOMe-Azo 

 

Except for TpOMe-BD(NO2)2, the other COFs maintained the residual weight percentage in 

the range 70-85 wt% and 80-90 wt% after seven days of treatment in an ultra-abrasive 

environment such as in conc. H2SO4 (36 N) and conc. HCl (12 N) respectively. On the other 

hand, on an average 50-60 wt% was retained for respective COFs after treatment in NaOH 
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(9N) for 24 h.  TpOMe-BD(NO2)2 was found to be highly sensitive towards conc. H2SO4 (36 

N) and NaOH (9 N; here it degrades completely) (24 hours) but found to be stable in HCl 

(12 N) for 7 days (Figure 2.20). For other COFs, the proper matching in the PXRD patterns 

(Figure 2.15 & Figure 2.18), along with their comparatively identical FTIR spectra (Figure 

2.16 & Figure 2.18), concerning the as-synthesized material, revealed their structural rigidity 

in such drastic media. 

 

Figure 2.16: FT-IR comparison of COF samples after treatment in a different solvent as mentioned. 

(a)TpOMe-Pa1 (b) TpOMe-PaNO2 (c) TpOMe-BPy and (d) TpOMe-Azo 
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Figure 2.17: N2 adsorption comparison of COF samples after treatment in a different solvent as 

mentioned. (a) TpOMe-Pa1 (b) TpOMe-PaNO2 (c) TpOMe-BPy and (d) TpOMe-Azo 

Notably, N2 adsorption isotherms revealed the acid treated COFs maintained significantly 

high porosity. BET surface areas were recorded as for TpOMe-BPy (1512, 1844 and 689 

m
2
g

-1
), TpOMe-Azo (1527, 1805 and 1469 m

2
g

-1
), TpOMe-Pa1 (1014, 1112, 780 m

2
g

-1
), 

TpOMe-BD(NO2)2 (170, 770 and 0 m
2
g

-1
), TpOMe-PaNO2 (603, 612 and 206 m

2
g

-1
) and 

TpOMe-Tab (584, 590 and 104m
2
g

-1
) after treating the respective COF samples in conc. 

H2SO4 (36 N, seven days), conc. HCl (12 N, seven days) and NaOH (9 N, 24h) respectively 

(Figure 2.17 & Figure 2.19).  
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Figure 2.18: PXRD (a) and FT-IR (b) comparison of TpOMe-Tab COF samples after treatment in a 

different solvent as mentioned. 

 

 

Figure 2.19: N2 adsorption isotherm comparison of TpOMe-Tab (a) and TpOMe-BD(NO2)2 COF 

samples after treatment in a different solvent as mentioned. 
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Figure 2.20: (a) PXRD and (b) FTIR comparison of TpOMe-BD(NO2)2 COF samples after treatment 

in a different solvent as mentioned. 

 

 

Figure 2.21: SEM images of TpOMe-BD(NO2)2: as synthesized and in H2SO4 (36 N) 1 day. 

 

The morphological change before and after chemical treatment was investigated using 

scanning electron microscopy (SEM) techniques. From SEM the TpOMe-X COFs 

showcased significantly bigger crystallites composed from nicely packed sheets stacked in 

the perpendicular direction are formed. However, after chemical treatment TpOMe-

BD(NO2)2 undergoes complete decomposition smaller fragments whereas other COFs 

[TpOMe-Pa1, TpOMe-PaNO2, TpOMe-BPy, TpOMe-Azo and TpOMe-Tab] could retain 

their crystallite packed structure with minimal degradation (Figure 2.21 & Figure 2.22). 
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Figure 2.22: SEM images of TpOMe COFs (scale bar 10 m): as synthesized, in H2SO4 (36 N) 7 days 

and in NaOH (9N) 24 h. 
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2.2.6 Reason behind the exceptional chemical stability  

Density functional tight binding (DFTB) and density functional theory (DFT) calculations 

were undertaken to gain more insights about the exceptionally high chemical stability of the 

COFs. Interestingly, it was observed that the methoxy (–OCH3) groups present in the 

aldehyde subunits played a very crucial role in stabilizing these materials. However, their 

mere presence does not impart the stability. The methoxy (–OCH3) groups present in the 

COFs, except TpOMe-BD(NO2)2, were almost perpendicularly directed into the interlayer 

spacing in all the structures (Figure 2.23). As a result, a significant number (6-12 H-bonding 

per two stacked hexagons) of interlayer C–H•••N H-bonding was discerned between the 

methoxy (OCH3) C–H of a particular layer and the imine (C=N) nitrogen atom present in 

the adjacent layer [2.7]. The calculated H-bonding distances in the slipped-AA structures for 

TpOMe-Pa1 [D=3.17Å,d=2.07 Å, θ=175.2], TpOMe-PaNO2 [D=3.31 Å, d=2.26 Å, 

θ=157.9°], TpOMe-Tab [D=3.24 Å, d=2.17 Å, θ=160.4°], TpOMe-BPy [D=3.24 Å, d=2.16 

Å, θ=163.5°], TpOMe-Azo [D=3.24 Å, d=2.15 Å, θ=166.3°] suggested the existence of C–

H•••N H-bonding in these COFs (Figure 2.23a-e & Table 1).However, in the case of 

TpOMe-BD(NO2)2 (slip-AA), the methoxy(OCH3) groups lie mainly in the plane of the 

aldehyde phenyl ring, due to the presence of intralayer C–H•••O [D=3.27 Å, d=2.18 Å, 

θ=167.5°] H-bonding between the methoxy (–OCH3) C–H of the aldehyde and the nitro (–

NO2) oxygen atom of the BD(NO2)2 amine (Figure 2.23f & Table 2). The calculated 

distances in either case are within the range of appreciable C–H•••N or C–H•••O (d≤2.7 Å, 

θ≥150°) H-bondings, as evidenced from similar kind of H-bonding interactions reported in 

small molecule crystal structures (Figure 2.24) [2.10a-c & 2.11]. The presence of such C–

H•••N H-bondings thereby provide significant steric hindrance and the hydrophobic 

environment around the imine bonds making it safe from hydrolysis (Figure 2.25). In 

contrast, TpOMe-BD(NO2)2 lacks such interlayer C–H•••N H-bonding, instead it maintains 

only intralayer C–H•••O H-bonding. Hence, the imine (C=N) bonds, which are devoid of 

such stabilizing H-bonding get disrupted via the rapid attack from H
+
 or OH


, signifying the 

lower chemical stability of TpOMe-BD(NO2)2 (Figure 2.19 & Figure 2.20). Hence, the 

overall findings evidently indicate that the remarkable chemical stability of these materials 

does not depend upon the mere presence of the methoxy (–OMe) functionality in the 

frameworks but due to the existence of such stabilizing interlayer H-bonding. 
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Figure 2.23: Interlayer C–H•••N H-bonding- (i) distances (H to N atom in dotted line; Å) and angles 

(C–H•••N) in degree (shown in green) (ii) C to N atom distance in dotted line; Å for (a) TpOMe-Tab, 

(b) TpOMe-PaNO2, (c) TpOMe-Pa1, (d) TpOMe-BPy, (e) TpOMe-Azo and (f) TpOMe-BD(NO2)2. 

In order to validate the theoretically (from DFT and DFTB calculation) predicted C–H•••N 

(interlayer) and C–H•••O (intralayer) hydrogen bonding respectively in TpOMe-X (X= Tab, 

PaNO2, Pa1, Azo and BPy) and TpOMe-BD(NO2)2 COFs we have considered here the 

crystal structures of four different reference molecules reported in the literature.
 
These 
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Figure 2.24: Crystallographic evidence of C–H•••N and C–H•••O hydrogen bonding (C-grey, H-

cyan, N-blue, O-red) in small molecules. (a-c) Intermolecular C–H•••N hydrogen bonding between 

methoxy (–OCH3) C–H and imine ‘N’ atom (CCDC No: a-951727, b-722946, c-645628) 
[2.10]

.(d) 

Intermolecular C–H•••O hydrogen bonding between methoxy (–OCH3) C–H of one molecule with 

methoxy (–OCH3) ‘O’ atom of another molecule or vice versa (CCDC No.-795700).
[2.11]

 Hydrogen 

bond distances (D and d) in Å and bond angles () in degree have shown.  

crystal structures reflect the methoxy (–OCH3) C–H can undergo intermolecular C–H•••N 

hydrogen bonding interaction with imine „N‟ atom (Figure 2.24a-c). Also methoxy (–OCH3) 

C–H can form C–H•••O hydrogen bonding with more electronegative „O‟ atom (Figure 

2.24d). Hence, the calculated distance (from H to N) and the angles (around C–H•••N) in the 

TpOMe-X (X= Tab, PaNO2, Pa1, Azo and BPy) COFs reflects the existence of interlayer 

C–H•••N hydrogen bonding (Table 1). On the other hand, after comparing with crystal 

structure data, the calculated distance (from H to O) and the angles (around C–H•••O) 
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indicate there exist an intralayer C–H•••O hydrogen bonding in TpOMe-BD(NO2)2 COF 

(Table 2). 

Table 2.1: Comparison of interlayer C–H•••N hydrogen bonding among TpOMe-X COF and 

reference crystal structures of Figure 2.24; a, b and c. 

COFs D (Å) d (Å) degree

TpOMe-Tab 

3.74 2.73 150.5 

3.24 2.17 160.4 

3.96 2.87 169.0 

TpOMe-PaNO2 
3.41 2.35 160.6 

3.31 2.26 157.9 

TpOMe-Pa1 
3.17 2.07 175.2 

3.29 2.20 167.2 

TpOMe-BPy 

3.24 2.16 163.5 

3.25 2.22 167.7 

3.30 2.17 163.7 

3.31 2.21 167.8 

TpOMe-Azo 

3.24 2.15 166.3 

3.53 2.43 173.9 

3.48 2.39 170.4 

Crystal structure- ‘a’ 3.56 2.61 167.7 

Crystal structure- ‘b’ 3.67 2.74 158.6 

Crystal structure- ‘c’ 3.67 2.69 169.4 

Note: D (Å) is the distance between methoxy (OCH3) „C‟ atom to imine „N‟ atom; d (Å) is 

the distance between methoxy (OCH3) „H‟ atom to imine „N‟ atom; and degree is the 

angle around C–H•••N hydrogen bond. 

Table 2.2: Comparison of intralayer C–H•••O hydrogen bonding between TpOMe-BD(NO2)2 COF 

and reference crystal structure of Figure 2.24; d. 

COF D (Å) d (Å) degree

TpOMe-BD(NO2)2 
3.27 2.18 167.5 

3.28 2.20 165.0 

Crystal structure- ‘d’ 3.49 2.61 152.9 

Note: In TpOMe-BD(NO2)2 COF, D (Å) is the distance between methoxy (OCH3) „C‟ 

atom to (NO2) „O‟ atom; d (Å) is the distance between methoxy (OCH3) „H‟ atom to 

(NO2) „O‟ atom; and degree is the angle around C–H•••O hydrogen bond. 
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Figure 2.25: Schematic representation of interlayer C–H•••N hydrogen bonding in TpOMe-BPy, its 

effect on preventing imine (C=N) bond hydrolysis in the acidic medium through the steric and 

hydrophobic environment. 

 

Figure 2.26: Hydrolysis mechanism of imine (C=N) bond in acid (H
+
) medium. 

 

The reason behind the high chemical stability of TpOMe-X COFs in strong acid (H
+
) 

medium: In an acid medium, at first the „N‟ atom of imine (C=N) bond undergoes 

protonated. In the next step, water molecule attacks at imine „C‟ atom and the rest of the 

hydrolysis process proceeds as shown in Figure 2.26). Hence, at the beginning of the 

hydrolysis process in the acid medium, the protonation of imine „N‟ is highly essential. In 

other TpOMe-X (X= Tab, PaNO2, Pa1, BPy and Azo) COFs, except TpOMe-BD(NO2)2, 

interlayer C–H•••N hydrogen bonding (H-bonding) interactions exist among the individual 

layers. Thus, the lone pair of imine „N‟ atom is diffused and is shared in forming interlayer 

C–H•••N H-bonding. Hence, the availability of lone pair present on the imine „N‟ atom is 



 

 

Chapter 2                                                           Ultra-stable Covalent Organic Frameworks… 

 

2018-Ph.D. Thesis: Arjun Halder, (CSIR-NCL), AcSIR   67 
 

drastically reduced for protonation in acid (H
+
) medium which affects rest of the hydrolysis 

steps. Again H-bonding interaction provides a steric and hydrophobic environment to affect 

H2O attack at imine „C‟ atom (2
nd

 step of the hydrolysis process) (Figure 2.26). As a result, 

respective TpOMe-X (X= Tab, PaNO2, Pa1, BPy and Azo) COFs shows extremely high 

chemical stability in strong acidic medium such as in conc. H2SO4 (36 N). 

 

 

Figure 2.27: Hydrolysis mechanism of imine (C=N) bond in base (OH
–
) medium. 

 

The reason behind comparatively less chemical stability in strong base (OH
–
) medium: On 

the other hand, in a basic medium at first the „C‟ atom of imine (C=N) bond is attacked by 

hydroxide (OH
–
) ion as shown in Figure 2.27. Hence, the hydroxyl group adds to imine „C‟ 

atom and electron cloud of imine bond moves on „N‟ atom and the rest of the hydrolysis 

steps progress. In all TpOMe-X (X= Tab, PaNO2, Pa1, BD(NO2)2, BPy and Azo) COFs, 

the imine „C‟ atom is free to undergo attack from OH
–
 ion though it is considerably protected 

(except TpOMe-BD(NO2)2) through steric and hydrophobic environment due to the 

interlayer C–H•••N H-bonding. As a result, the respective COFs show comparatively less 

chemical stability in strong base (OH
–
) compared to acid (H

+
) medium. Again, due to 

absence of such stabilizing C–H•••N H-bonding TpOMe-BD(NO2)2 gets degraded in strong 

acid (H2SO4, 36 N)and strong base (NaOH, 9 N). 
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2.3 Conclusion 

In summary, we have designed and synthesized a series of imine (C=N) linked porous and 

crystalline COFs via the salt (p-toluenesulfonic acid-H2O) mediated crystallization process. 

This preferred approach is economically beneficial as it provides a very simple route for 

rapid and bulk scale production of the incredibly versatile imine-based COFs, with high 

crystallinity and porosity. The as-synthesized materials showcased ultra-high chemical 

stability in extremely drastic media such as strong acids (conc. H2SO4, 36 N and conc. HCl, 

12 N; seven days) and base (NaOH, 9N; 24h). DFT calculations of the structures revealed 

that the presence of interlayer H-bonding is mainly responsible for the ultrahigh stability of 

these materials, as it protected the imine bond from hydrolysis by providing enough steric 

hindrance and hydrophobic environment. 

2.4 Experimental Procedures 

2.4.1 Materials 

2,4,6-Trimethoxy-benzene-1,3,5-tricarbaldehyde (TpOMe) was prepared from 1,3,5-

trimethoxybenzene using the reported literature procedure [2.12]. 4,4-diamino-2,2-

bipyridine (BPy) was prepared following the reported literature procedure [2.13]. All other 

reagents and solvents were commercially available and used as received.  

2.4.2 Synthesis of 2,4,6-Trimethoxy-benzene-1,3,5-tricarbaldehyde (TpOMe).  

 

Scheme 2.1: General synthetic scheme for 2,4,6-Trimethoxy-benzene-1,3,5-tricarbaldehyde (TpOMe) 

starting from 1,3,5-trimethoxybenzene. 

Compound 2 (1,3,5-tris-bromomethyl-2,4,6-trimethoxybenzene): Compound 2 was 

synthesized according to the reported literature procedure [2.14]. 

Compound 3 (1,3,5-tris-hydroxymethyl-2,4,6-trimethoxybenzene; triol): Compound 2 

(1.00 g, 2.24 mmol) and NaOAc (2.27 g, 27.7 mmol) were added in glacial AcOH (20 mL) in 

a round bottom flask and the open system was heated to reflux for 4-6 hours. After cooling to 

room temperature, the resulting suspension was diluted with dichloromethane (40 mL), the 
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solid precipitate was removed by suction filtration and the filtrate was evaporated to dryness 

leaving a crude white solid. This was dissolved in ethyl acetate (50 mL) and was washed 

with saturated aqueous NaHCO3 (2 x50 mL), water (30 mL), brine (30 mL) before it dried 

over MgSO4. The solvent was evaporated in vacuum and the crude triacetate (0.860 g, 

quant.) was obtained as a white solid. The as-synthesized material was then dissolved in 

EtOH (8 mL) and aq. NaOH (1.50 g, 37.5 mmol; 10 mL water) solution was added. The 

resulting mixture was allowed to reflux for 12-18 hours. The EtOH was then removed in 

vacuo and the remaining aqueous mixture was neutralized with 1.0 M HCl followed by 

saturated with NaCl. This was then extracted with ethyl acetate (3 x 40 mL) and the organic 

layers were combined, dried over Na2SO4, and concentrated to dryness to give the triol (0.48 

g, 83%) as a white solid: 
1
H NMR (DMSO-d6):  3.87 (s, 9H), 4.45-4.46 (d, 6H), 4.76-4.78 

(t, 3H) ppm (Scheme 2.1). 

Compound 4 (2,4,6-Trimethoxy-benzene-1,3,5-tricarbaldehyde). To a stirring mixture of 

the triol (1.50 g, 5.81 mmol) in dry dichloromethane (35 mL) and 3 Å molecular sieves, was 

added PDC (10.94 g, 29.08 mmol). The resulting suspension was allowed to stir under argon 

for overnight. It was then diluted with methylene chloride (100 mL) and all solid material 

was removed via suction filtration. The filtrate was concentrated to a crude residue and was 

purified via column chromatography (3:2 hexanes/EtOAc) to afford the trialdehyde (0.98 g, 

67%) as a colorless solid. 
1
H NMR (CDCl3):  3.96 (s, 9H), 10.28 (s, 3H) ppm (Figure 

2.28) (Scheme 2.1). 

 

Figure 2.28: 
1
H NMR spectrum (in CDCl3) of TpOMe aldehyde (4). 
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2.4.2 Synthesis of reference model compound (TpOMe-Ani).  

 

Scheme 2.2: General synthetic scheme for reference compound TpOMe-Ani. 

This reference compound was synthesized by the reaction between 2,4,6-Trimethoxy-

benzene-1,3,5-tricarbaldehyde (TpOMe) (254 mg, 1 mmol) and distilled aniline (Ani) (280 

mg, 3 mmol), in 30 mL ethanol, under refluxing condition for one day (Scheme 2.2). Later, 

the solution was cooled to room temperature and the insoluble precipitate was separated by 

filtration. The filtrate was vacuum dried and an oily compound was dissolved in ethyl acetate 

and was kept for slow evaporation of the solvent, which results in the microcrystalline 

compound. The resulting crystalline material was collected and washed with cold diethyl 

ether. The final reddish yellow crystalline compound resulted with 80% of isolated yield. 
1
H 

NMR (200 MHz, CDCl3):  8.78 (s, 3H), 7.46-7.22 (m, 15H), 3.96 (s, 9H). 
13

C NMR (200 

MHz, CDCl3): 163,154, 152, 129, 126, 121, 120, 63. IR (powder, cm
-1

): 3056-2834 (m, C-

H), 1621 (s, C=N), 1589 (s), 1555 (s), 1483 (s), 1413 (m). 

2.4.3 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD):  The PXRD data were recorded on a Phillips 

PANalytical diffractometer using a Cu Kα radiation ( = 1.5406 Å), with a scan rate of 2° 

min
-1

. The tube current and voltage were fixed at 30 mA and 40 kV respectively. The sample 

holder containing the COF powders was scanned between 2 and 50° 2θ (step size of 0.02°).  

 (b) Thermogravimetric Analysis (TGA): TGA was recorded on an SDT Q 600 TG-DTA 

analyzer instrument. Approximately 5-7 mg of the COF sample was added to an aluminum 

crucible and heated from 25 to 900 °C under N2 atmosphere (heating rate of 10 °C min
–1

). 

(c) IR Spectroscopy: The Fourier transform infrared spectra (FTIR) of the COFs were 

collected on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer in ATR mode. 
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The FTIR data were collected over the range of 4000-600 cm
-1

. 

(d) Gas Adsorption: The gas adsorption experiments were performed specifically for the 

activated COF powders using an Autosorb automatic volumetric instrument (Quantachrome).  

COF powder activation procedure: Approximately 40 mg of the as-synthesized COF 

powders were evacuated under vacuum at 120 
°
C for 12 h. Finally, the activated samples 

were used for gas adsorption (H2, N2, and CO2). 

(e) Water adsorption measurements: Low-pressure water adsorption (volumetric) 

measurements were performed at 298 K, within a pressure range of 0 to 0.9 [relative pressure 

(P/Po)] using a Quantachrome Autosorb-iQ-MP automatic volumetric instrument. 

  

 2.4.4 Structure Modeling of COFs 

 Atomic positions and cell sizes of modeled COF layers were optimized using the 

Self-Consistent-Charge Density-Functional Tight-Binding (SCC-DFTB) method. The layer 

stacking is affected by the Coulomb repulsion between the partial atomic charges in adjacent 

layers [2.15]. Hence, several slipped AA stacking possibilities were considered for each COF 

by shifting adjacent layers with respect to each other in different directions up to 6Å. In 

addition, different orientations of the methoxy groups (in plane, above plane, below plane) 

were considered. The predicted slipped structure has the lowest energy while maintaining an 

agreement with the experimental PXRD pattern. All the COFs have been modeled in the 

triclinic space group (P1) by comparing the experimental and simulated PXRD patterns. 

Refinements of PXRD pattern were done using Reflex module of the Material studio. 

NOTE: All results of this chapter have already been published in Angew. Chem., Int. Ed., 

2018, 57, 5797; with the title: “Ultra-stable Imine-based Covalent Organic Frameworks for 

Sulfuric acid Recovery: An Effect of Interlayer Hydrogen Bonding”. The stated publication 

was the results of the collaboration between the group of Dr. Rahul Banerjee and his student 

Mr. Arjun Halder from National Chemical Laboratory, Pune, India and the group of Dr. 

Thomas Heine and his student Dr. Matthew Addicoat from Jacobs University, Germany. 

Apart from computational study major works contributed by Arjun Halder.  
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CHAPTER 3 

 

Chemically Stable Covalent Organic Framework Membranes (COFMs) for 

Water Purification 

 

Abstract: Covalent organic 

frameworks (COFs) have 

attracted enormous scientific 

attention over the past few 

years because of their unique 

tunable porosity and long-

range ordered structures with 

high atomic precision. 

Although the high crystalline nature with considerable porosity fashioned these novel 

materials as eligible candidates for diverse applications, the ordered nano-channels with 

controllable pore aperture, especially with regard to membrane separations in extreme 

conditions, have been poorly explored. Herein, we have demonstrated a rapid and scalable 

synthesis of an ultra-stable [H2SO4 (18 M), conc. HCl (12 M) and NaOH (9 M)] imine-linked 

highly crystalline and porous covalent organic framework membrane (COFMs) via a salt (p-

toluenesulfonic acid) mediated solid state crystallization approach. The COFMs were 

successfully utilized to separate various environmentally toxic materials from drinking water 

with high water flux. In addition, owing to their highly robust backbone, the COFMs have 

shown unprecedented sulfuric acid (6 M) permeance thus reflecting their potential 

applications for sulfuric acid purification. Also, the as-synthesized COFMs exhibit 

exceptionally high permeance of acetonitrile (280 Lm
-2

h
-1

bar
-1

) and acetone (260 Lm
-2

h
-1

bar
-

1
) reflecting its applicability for water solvent treatment.  
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3.1 Introduction 

One of the leading challenges for the sustainability of the present society is the inadequate 

supply of purified water, as water is the primary source of life and one of the very important 

resources for human civilizations and their survivals. Though 71% of the overall earth‟s 

surface is finely covered with water, the freshwater resources which can be utilized for the 

humans are limited in numbers. The important resources of clean water such as freshwater 

lakes, river water, and the shallow groundwater, however, are only 0.03% of the total water 

resources worldwide. Again, with the rapid progress of wide human activities and industrial 

developments such as in fertilizers, metal plating, tanneries, batteries, pesticides, papers etc. 

many harmful organic or inorganic pollutants are rapidly released into the water thereby 

seriously endangers the freshwater resources [3.1-3.2]. In addition, population growth, rapid 

urbanization, and climate disruption have now become unprecedented global issues towards 

clean water shortage. Notably, in the current scenario, nearly one in five people on earth 

don‟t have proper access to the safe drinking water, and according to WHO (World Health 

Organization) around 3900 children die every day due to the disease communicated from 

unsafe water uptake and poor hygiene.  Again, according to the report from U. N. world 

water development, the current situation is projected to be worsened by 2050 when there 

would be at least a quarter of people, in the world, will live in such countries which will 

seriously suffer from recurring drinking water shortages [3.3]. 

Therefore, water purification extensively for human usage, agriculture, ecosystem 

management and for industrial use is emerging as a foremost global priority.  To that end, a 

significant number of technologies have been rapidly developed in current decades for 

sustainable water purification [3.4]. The most commonly used techniques are air flotation, 

adsorption, distillation, flocculation and advanced oxidization processes (AOPs). Moreover, 

most of the aforementioned technologies associated with high energy consumption and 

demands complex equipment set up and huge operation cost. Apart from that, some of these 

even require the usage of a large amount of chemicals during its operation which could 

produce various chemical by-products and lead water treatment more complicated. 

Therefore, the design and development of environmentally friendly, robust, low cost and 

energy-efficient technologies for clean and sustainable water treatment and its purification 

are of keen importance.  
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Owing to its cost-effective, energy saving with minimal environmental impacts membrane-

based technology has now become one of the indispensable platforms for sustainable water 

purification which includes seawater desalination and industrial or municipal wastewater 

treatment. Moreover, the novel methods associated with the membrane-based purification are 

micro-filtration (MF), ultra-filtration (UF), nano-filtration (NF), reverse osmosis, forward 

osmosis, membrane distillation etc. therefore, have been recognized as the foremost water 

purification technologies [3.5].   

Among all other, the nanofiltration (NF) membranes are considered as highly important for 

wastewater treatment as it covers a wide range of water contaminants removal [3.6]. 

However, the major drawback of this series of membranes is the lack of ordered 

nanochannels as most of them are prepared from amorphous polymeric materials ex. 

polyimide, poly (amide-imide) crosslinked polymers etc [3.7]. Again, comparatively denser 

internal structure, lacking in ordered pore connectivity and hence inferior porosity of such 

polymer-based nano-filtration membranes readily hinders proper solvent permeance through 

their channels. However, the solvent permeance of such NF based membranes is primarily 

enhanced by increasing active area of the membrane or by reducing the membrane thickness 

to nano-meter level [3.8]. The construction of such thin membranes is carried out by using 

various techniques such as spin coating [3.8c], interfacial polymerization [3.8a] or plasma 

polymerizations [3.8b] etc. Moreover, the membranes composed entirely from a crystalline 

material with well-defined pore channels (1-3 nm) could provide a significant improvement 

in NF based membranes in terms of solvent permeability and selectivity. To that end, 

compared to other traditional polymeric membranes, the potentially important porous and 

crystalline materials such as zeolites [3.9] and metal organic frameworks (MOFs) [3.10] are 

promising in terms of molecular separation through adsorption in their ordered pore 

channels. However, as they are mostly used as fillers or sometimes their growth within 

polymer matrices, the permeance or separation performance of such hybrid membranes is 

significantly less [3.10]. Hence, to achieve a complete advantage or ordered nano-channels of 

such porous crystalline materials a self-standing membrane needs to be fabricated. However, 

ordering such crystallites to a self-standing membrane form is profoundly challenging and if 

it is done will be a breakthrough in various quality separations associated with industrial or 
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environmental significance. Beside wastewater treatment, another significant category of 

purification is of H2SO4 is highly important industrially. 

Sulfuric acid is one of the most used and highly important compounds manufactured by the 

chemical industry. It has been widely used, literally, in hundreds of reactions and chemical 

treatments including polymerization of alkenes, nitration, and sulfonation of aromatics, 

esterification etc. because of its distinct properties and relative inexpensiveness compared to 

other acids [3.11a]. As a result, a plenty amount of waste sulphuric acid is getting generated 

every year, which create serious environmental complications including soil acidification and 

ecosystem collapse if it is dispensed without proper treatment. A conventional and direct 

solution could be to neutralize the sulphuric acid with limestone or ammonical water 

solution. However, this process could produce plenty of gypsums and ammonical wastewater 

leading another serious disposal issue. Furthermore, valuable sulphuric acid gets wasted 

during this operation which could otherwise be retrieved for future reuse. However, some 

other methods rather than neutralization to recover sulfuric acid include ion exchange, 

solvent extraction, diffusion dialysis and oxidative degradation. Moreover, these methods are 

extremely tedious and could generate a sulfuric acid with limited purity only [3.11b-c]. 

Hence it is highly desirable to fabricate synthetically easy  and economically facile route 

such as membrane separation of sulfuric acid from industrial waste. Therefore, synthetically 

easy and bulk scale production of crystalline porous membranes with enormous thermo-

chemical stability could serve as an efficient platform for sulfuric acid purification from 

industrial waste.    

Emerging as a pristine category of porous and crystalline material, covalent organic 

framework (COFs) consist with uniformly ordered and well-defined nano-porous channels 

[3.12]. Although, COFs have revealed its potentiality towards storage applications of 

different gases, enzymes, drugs, and nanoparticles; beneficial use of its ordered nanochannels 

in terms of water purification via molecular separation have been poorly explored. The major 

alarming barriers, which restrict this novel material towards real-time separation applications, 

comprises its difficult synthetic procedures, substandard scalability, chemical instability and 

insolubility in common solvents [3.13]. Furthermore, it is quite difficult to fabricate COF 

crystallites into a self-standing, chemically stable membrane form to employ its ordered pore 

channels for selective molecular separations. Recent theoretical proceedings esteemed 
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covalent organic framework membranes (COFMs) as a true potential entrant in terms of 

molecular separation [3.14]. Hence, self-standing COFMs derived solely from COF 

crystallites with ordered pore channels could fulfill the concerned task. However, to attain 

this goal, the foremost complication is in synthesizing COFs as a continuous membrane as it 

precipitates as a microcrystalline powder.  Furthermore, a massive no of internal defects 

terminates their growth up to nanodomains only. Therefore, it would be marvelous if self-

standing, continuous COFMs are synthesized from mother COF crystallites in the millimeter 

scale. Our recent report enlightened the development of self-standing COFMs and has 

showcased its utility towards separation application [3.15]. Although the reported COFMs, 

was well enough to perform in mild conditions (max. up to as likely as 3 M HCl), they were 

completely unsafe in functioning at drastic conditions. In a broader sense, till date the 

COFMs, because of its structural instability in a hazardous environment, have not been well 

explored in terms of sulphuric acid purification through a separation which is industrially 

highly relevant and if achieved could be a break-through for this novel membrane to serve as 

an acid purifier.  

3.2 Fabrication of ultra-stable covalent organic framework membrane (COFM) 

Towards an attempt for solving both the issues of water and sulphuric acid purification 

discussed in previous sections, herein we have demonstrated the constructed of an imine 

linked COFMs with high crystallinity and porosity via salt mediated crystallization approach 

(Figure 3.1). Herein, p-toluene sulfonic acid (PTSA-H2O) perform as a molecular organizer 

entity during the crystallization process and 2,4,6-trimethoxy-1,3,5-benzenetricarbaldehyde 

(TpOMe) has been employed as a prime aldehyde building unit. The as-synthesized COFMs 

showcased exceptionally high chemical stability in strong acids such as H2SO4 (18 M, 3d; 9 

M, 7d); HCl (12 M; 7d) and NaOH (9 M; 1d) base. From the best of our knowledge, this is 

the first report where we have illustrated an imine linked COFMs with exceptionally high 

chemical stability in a rigorous drastic medium such as in conc. H2SO4 (18 M). In order to 

perceive the reason behind the high chemical stability of the COFMs, we have taken into 

consideration their molecular level investigation by DFT (Density Functional Theory) 

optimization of the framework structures. Moreover, it was observed the methoxy (–OCH3) 

groups, present in the aldehyde, were directed into the interlayer space. Interestingly, we  
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Figure 3.1: (a-c) General synthesis scheme for TpOMe-Azo COFM via Schiff base condensation 

reaction between TpOMe and Azo starting materials. d) Digital image of a membrane. (e-f) Eclipsed 

space-filling model and chem. draw structure of TpOMe-Azo COFM respectively. 

 noticed a significant number of interlayer C–H•••N hydrogen bonding present between the 

„C–H‟ bond of methoxy (–OCH3) group of a particular layer with imine (–C=N) nitrogen 

atom present in the next adjacent layers. It was believed the presence of strong interlayer C–

H•••N hydrogen bonding (H-bonding) interactions among the individual layers provides 

significant steric hindrance and a hydrophobic environment and as a result, the labile imine 

(─C=N) bond get protected from being hydrolysis in strongly acidic or basic treatment. As 

an initial attempt, the COFM showed considerably high solvent flux for acetonitrile (280 Lm
-

2
h

-1
bar

-1
), followed by acetone (260 Lm

-2
h

-1
bar

-1
), methanol (200 Lm

-2
h

-1
bar

-1
), water (170 

Lm
-2

h
-1

bar
-1

), ethanol (150 Lm
-2

h
-1

bar
-1

) and aq. H2SO4 solution reflecting its potentiality 

towards waste solvent treatment. The as-synthesized COFMs were successfully employed as 

a nano-filtration membrane to separate various toxic organics from drinking water. In this 

case, challenging separations of expensive ingredients like methylene blue (MB), toxic dye 

molecules such as rhodamine b (RH), rose bengal (RB) and congo red (CR) from drinking 

water with high recyclability have been done. Moreover, the advancement of chemical 

stability showcased these COFMs to serve as a sulphuric acid purifier as well specifically 
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from nitroaromatics (herein 2,4,6-trinitrotoluene (TNT)) generated during toluene nitration 

process.  

3.2.1 Synthesis of TpOMe-Azo COFM 

TpOMe-Azo COFM: P-toluenesulfonic acid monohydrate (PTSA-H2O) (1.8 mmol) was 

taken in a mortar-pestle. Azo (0.45 mmol; 95.4 mg) amine was added and the mixture was 

uniformly grinded for 5 minutes. In that mixture 2,4,6-trimethoxy-1,3,5-

benzenetricarbaldehyde (TpOMe, 0.3 mmol, 76.2 mg) was added and properly mixed 

through grinding for another 5 minutes. To this mixture few drops of water (∼100 μL based 

on requirement) was added. The resulted soft dough material was molded into proper 

geometrical shape (here circular mold have been used with 1 cm diameter) prior to stepwise 

heating such as at 60 ºC (2 days) and at 90 ºC (6 h). The synthesized COFMs were properly 

washed with water followed by DMAc until all other side products/monomers or unreacted 

starting materials get removed. The COFMs were then stored in distilled water prior to 

several analysis (Figure 3.1 & Figure 3.2). It is to be noted that the membranes can be also 

fabricated by directly heating at 90 °C for 1 day but rapid heating at this temperature mostly 

result in cracked membrane although the material could be constructed with high crystallinity 

and porosity at this reaction condition. 

 

Figure 3.2:  Digital images of as-synthesized TpOMe-Azo COFM (a) Membranes stored in distilled 

water, (b) Membrane kept on a glass petri dish and (c) Membrane shown with a certain flexibility in 

dry condition.  

3.2.2 Structural simulation and characterization 

 The formation of COFM material was firmly confirmed from their powder X-ray 

diffraction pattern (Figure 3.3). The high intense peak at ∼ 3.3° (±0.1, 2θ) for TpOMe-Azo 

COFM could be assigned from the strong reflection from its 100 planes. The excessive 
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intensity of 100 planes indicates its high crystalline nature of the membrane. The small 2θ 

value corresponds to 100 planes reflect its larger pore aperture. Additionally, the COFM 

reveal their 001 plane reflection at ∼ 27.1° (±0.2, 2θ) in the PXRD pattern. The „d‟ spacing 

value in „001‟ plane is used to calculate the interlayer stacking distance among the hexagonal 

COF layers which is ∼3.4 Å. To elucidate exact framework stacking and its internal 

arrangements different model structures such as AA, slip_AA, and AB were modeled. The 

experimental PXRD pattern mostly fits [TpOMe-Azo (Rp = 2.91 %, Rwp = 2.13 %, Rwp (w/o 

bck)=1.98 %] with slip_AA stacking model hence the material crystallizes in slipped 

eclipsed manner. Pawley refinement was done on the simulated slip_AA model structure of 

the COFM with respect to its experimental PXRD pattern using Material studio software and 

was used to calculate the cell parameters. The calculation revealed the material crystallizes in 

a triclinic system having space group P1 with unit cell parameters: a= 33.1 Å, b= 33.3 Å, c= 

3.72 Å; =87.5°, =89.6°, =59.2° (Table 3.1). 

 

Figure 3.3:  (a) Comparison PXRD of as-synthesized (red) compared with the eclipsed (blue) and 

staggered (green).  (b) Experimental (red) PXRD profiles of TpOMe-Azo COFM compared with an 

eclipsed arrangement (blue); difference plot is given in (black).  

Table 3.1. Fractional atomic coordinates for the unit cell of TpOMe-Azo 

TpOMe-Azo (Space group- P1) 

a =33.1269 Å, b= 33.352 Å, c=3.72031 Å; α =87.5191º,  β =89.5664º, γ =59.2975º 

Atom x y z Atom x y z Atom x y z 

C1 0.82933 0.33493 0.9095 C34 0.09811 0.81474 0.06 C67 0.84511 0.3033 0.41025 

C2 0.85677 0.35592 0.93763 C35 0.11837 0.76391 0.06235 C68 0.86651 0.43893 0.52791 
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C3 0.835 0.40431 0.97333 C36 0.1662 0.73524 0.01607 C69 0.7057 0.46533 0.39003 

C4 0.78539 0.432 0.96314 C37 0.09275 0.74146 0.10502 C70 0.8958 0.22537 0.51686 

C5 0.75717 0.41339 0.91301 C38 0.18861 0.68606 0.02389 C71 0.86444 0.20852 0.50487 

C6 0.78 0.3646 0.89164 C39 0.11295 0.69225 0.10665 C72 0.94382 0.19342 0.55671 

C7 0.84719 0.28423 0.91001 C40 0.16211 0.66469 0.07673 C73 0.8811 0.16088 0.52737 

C8 0.86537 0.42359 0.00553 C41 0.23942 0.65511 0.99682 C74 0.96037 0.14591 0.57955 

C9 0.70617 0.44498 0.89417 C42 0.0796 0.67562 0.13727 C75 0.92913 0.12895 0.56587 

C10 0.89428 0.20752 0.03332 C43 0.31206 0.63397 0.86839 C76 0.88362 0.49655 0.60103 

C11 0.86354 0.19057 0.00544 C44 0.34166 0.65226 0.83108 C77 0.92884 0.46839 0.68059 

C12 0.94152 0.17568 0.08515 C45 0.33169 0.58495 0.87565 C78 0.86857 0.54335 0.54639 

C13 0.88028 0.14282 0.02262 C46 0.3897 0.62271 0.8102 C79 0.95851 0.4862 0.69821 

C14 0.95822 0.12806 0.10134 C47 0.32651 0.69035 0.82419 C80 0.8985 0.56082 0.56141 

C15 0.92778 0.1109 0.06963 C48 0.37977 0.5554 0.85477 C81 0.94427 0.53229 0.63618 

C16 0.87959 0.48215 0.09523 C49 0.53239 0.52636 0.77693 C82 0.00336 0.00678 0.64695 

C17 0.92575 0.455 0.16707 C50 0.563 0.54315 0.73494 C83 0.97719 0.98763 0.58011 

C18 0.86112 0.53022 0.052 C51 0.55171 0.4783 0.82383 C84 0.04924 0.97637 0.71665 

C19 0.95314 0.47522 0.18816 C52 0.6115 0.51329 0.74523 C85 0.99685 0.93954 0.58019 

C20 0.8889 0.55007 0.06913 C53 0.60011 0.44827 0.8312 C86 0.0693 0.92812 0.71447 

C21 0.93562 0.52263 0.13615 C54 0.63061 0.46562 0.79726 C87 0.0436 0.90915 0.64209 

C22 0.00228 0.98825 0.13434 C55 0.75689 0.51365 0.87474 C88 0.99454 0.60424 0.59271 

C23 0.97453 0.96961 0.07982 C56 0.93248 0.29018 0.84269 C89 0.97888 0.65056 0.52937 

C24 0.04936 0.95744 0.19049 C57 0.72979 0.33379 0.98553 C90 0.04177 0.57563 0.65304 

C25 0.99345 0.92156 0.08171 C58 0.21922 0.76272 0.09059 C91 0.00894 0.66824 0.52852 

C26 0.06874 0.9093 0.18823 C59 0.00986 0.78946 0.01798 C92 0.07215 0.59289 0.64868 

C27 0.04104 0.89086 0.13199 C60 0.17483 0.58754 0.18546 C93 0.05607 0.63964 0.58942 

C28 0.98339 0.59665 0.09791 C61 0.82724 0.35374 0.41674 C94 0.10336 0.83255 0.58029 

C29 0.96858 0.64327 0.04229 C62 0.85503 0.37339 0.4595 C95 0.12114 0.78231 0.56836 

C30 0.03117 0.56591 0.14642 C63 0.83472 0.42175 0.48799 C96 0.16892 0.75222 0.52457 

C31 0.00049 0.65881 0.0343 C64 0.78545 0.45093 0.46238 C97 0.09238 0.76256 0.59664 

C32 0.06318 0.58108 0.1358 C65 0.75651 0.43309 0.41393 C98 0.18798 0.70349 0.50633 

C33 0.04824 0.62777 0.08032 C66 0.77821 0.38442 0.39136 C99 0.11029 0.71386 0.58883 

C100 0.15817 0.68524 0.54419 C107 0.38184 0.57059 0.37871 C114 0.63049 0.48313 0.29378 

C101 0.23595 0.67032 0.45082 C108 0.4102 0.58811 0.31205 C115 0.76335 0.52916 0.34797 

C102 0.07773 0.6965 0.6162 C109 0.53238 0.54159 0.25606 C116 0.93304 0.31862 0.34585 

C103 0.31319 0.64904 0.36851 C110 0.56255 0.55821 0.20382 C117 0.72472 0.35627 0.46659 

C104 0.34145 0.66631 0.29682 C111 0.55212 0.49458 0.32065 C118 0.23245 0.76529 0.60791 

C105 0.33422 0.60037 0.40716 C112 0.61106 0.52948 0.22268 C119 0.01128 0.81719 0.50174 

C106 0.38909 0.63655 0.26878 C113 0.60051 0.46559 0.3364 C120 0.19154 0.60602 0.67406 

N1 0.87965 0.25519 0.02132 N9 0.26384 0.66545 0.88955 N17 0.98665 0.05495 0.6425 

N2 0.85019 0.46392 0.07118 N10 0.08212 0.64099 0.05792 N18 0.9769 0.54728 0.6506 

N3 0.6792 0.43424 0.81132 N11 0.45797 0.54124 0.8126 N19 0.96197 0.58911 0.58593 

N4 0.94282 0.063 0.07986 N12 0.48384 0.55901 0.77544 N20 0.06166 0.86111 0.63427 

N5 0.98595 0.03633 0.13186 N13 0.88107 0.27301 0.50546 N21 0.26658 0.68204 0.40818 

N6 0.96682 0.53925 0.14984 N14 0.85213 0.48081 0.57549 N22 0.0884 0.65486 0.57885 

N7 0.95024 0.58211 0.09482 N15 0.67888 0.45292 0.31719 N23 0.45861 0.55605 0.30282 

N8 0.05877 0.84263 0.13355 N16 0.9442 0.0811 0.58214 N24 0.48371 0.57352 0.24845 

O1 0.76222 0.47882 0.01328 O5 0.1908 0.75735 0.95525 O9 0.9037 0.346 0.49163 

O2 0.75442 0.34334 0.8426 O6 0.18939 0.61663 0.08908 O10 0.0453 0.79067 0.64705 

O3 0.90513 0.33301 0.93709 O7 0.76309 0.49879 0.49504 O11 0.19479 0.77395 0.48263 

O4 0.04564 0.76785 0.16015 O8 0.75188 0.36506 0.33145 O12 0.17677 0.63739 0.51455 
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3.2.3 Chemical characterization  

 The successful formation of imine bonds in TpOMe-Azo COFM was firmly 

confirmed by FT-IR and 
13

C CP-MAS solid-state NMR analysis. Prior to the analysis, the as-

synthesized COFM were completely activated at elevated temperature (120 °C) for 12 h at 

vacuum to remove any trapped solvent molecules and to avoid any spectral contributions 

from the solvents. Moreover, the FTIR analysis of the TpOMe-Azo revealed the complete 

disappearance of any primary N–H stretching (3341-3472 cm
-1

) of the Azo amine and C=O 

stretching generally appeared at 1682 cm
-1

 in the TpOMe aldehyde (Figure 3.4). 

 

Figure 3.4:  FT-IR data of TpOMe-Azo COFM compared to starting materials. 

The newly formed imine bond (–C=N–) which is resulted from the Schiff base condensation 

reaction between amine (–NH2) and aldehyde (–CHO) functionalities appeared at 1619 cm
-1

. 

The successful formation of imine linkage (–C=N–) in the spectrum with the disappearance 

of any signature of amine and aldehyde revealed the complete consumption of starting 

material during the reaction and their successful transformation to 2 D COF structure. The 

aromatic C=C stretching frequency appeared in as-synthesized COFM as well as in the 

starting materials appeared at 1548-1590 cm
-1

. The atomic level construction of various 

carbon atoms was further evaluated using solid-state 
13

C CP-MAS spectra (Figure 3.5a).  
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Figure 3.5:  (a) Solid state 
13

C spectra of TpOMe-Azo COFM (partial chem. draw assigning possible 

signaling carbons have been shown in inset). (d) TGA data of activated COFM under N2 atmosphere. 

The imine (–C=N–) linked carbon atom reflect its characteristics signal at 149.3 ppm 

whereas the signature of all other aromatic carbons appeared in the range 140-108 ppm in the 

spectrum. The methoxy carbons showed its characteristics chemical shift at about 69.5 ppm. 

Thermogravimetric analysis (TGA) of as-synthesized TpOMe-Azo COFM was performed 

using the temperature, ranging from 25 to 900 °C to analyze the overall thermal stability of 

the material (Figure 3.5b). During the gradual increment of the temperature, no significant 

weight loss was observed up to 400 °C was observed. Moreover, the framework stability up 

to this temperature is considered as very promising value reported for framework materials.  

Once it exceeds 400 °C there happens a gradual weight drop from 100 % to 60 % which 

revealed rapid gradual framework degradation after that it got saturated. Moreover, the TGA 

profile showed running up to 900 °C the material could retain up to 60 wt% of its overall 

weight. 

3.2.4 Gas adsorption studies 

 The porosity or surface area is considered as one of the very important properties of 

porous materials as it is directly connected to its most accessible void space. Again, the 

extent of surface area value reflects very crucial information regarding the internal ordering 

of pores within a material. To that end, such information is highly important when those 

materials are directly employed for molecular sieving or removal of toxic contaminants from 
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drinking water. Moreover, the stated experiments are largely dependent on the molecular 

level pore aperture of such materials. Therefore, herein to evaluate the porosity or surface 

area N2 adsorption was recorded for the activated (120 °C, 12 h under vacuum) COFM 

samples (Figure 3.6a). The isotherm mostly follows type IV where an initial steep in 

nitrogen uptake was observed in the range P/P0= 0.03 to 0.2 bar. Such steep are the 

predominant nature of mesoporous materials. The surface area calculation was done using 

Brunauer-Emmett-Teller (BET) model where the maximum surface area of the COFM was 

evaluated as 2,154 m
2
/g is one of the highest surface areas reported in the literature for a 2 D 

crystalline COFs. To analyze the specific pore aperture of the COFM is important for its 

potential usage in separation application, pore size distribution of the as-synthesized COFM 

was also calculated using cylindr./sphere pores, QSDFT adsorption branch model. Moreover, 

from that model, the experimental pore diameter was evaluated as 27.9 nm (half pore width 

13.95 nm) which also signifies the material is predominantly mesoporous in nature (Figure 

3.6b). 

 

Figure 3.6:  (a) N2 adsorption and (b) Experimental pore size distribution (cylindr./sphere pores, 

QSDFT adsorption branch) of as-synthesized TpOMe-Azo COFM. 

The nano-scale crystallite morphology and the thickness of the TpOMe-Azo COFM were 

evaluated using scanning electron microscopy (SEM) studies. Herein, the crystallite 

morphology was determined from both top and cross-view of the COFM. Moreover, 

perpendicular view (top view) of SEM analysis revealed the material is mostly composed of 
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small crystallites (length ca. 1-3 m) which are perfectly packed with each other to bring a 

continuous, self-standing and crack-free nature to the membrane (Figure 3.7a).  

3.2.5 Morphology investigation 

 

Figure 3.7:  (a) Top view and (b) cross-section view from SEM of as-synthesized TpOMe-Azo 

COFM. Scale bars have been shown on inset.  

The cross-section SEM analysis was used to calculate the thickness of the sheet, which varies 

in the range 200-220 m (Figure 3.7b). The efficient crystallite-crystallite packing could 

significantly reduce the number of grain boundaries hence the internal defects associated 

with the membrane. These novel characteristics of the membrane would help its proper 

utilization of pore channels for various potentially important separation applications where 

specific pore aperture with tiny structural defects usually played a very incredible role.  
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3.2.6 Chemical stability investigation 

 The chemical stability measurement of the as-synthesized TpOMe-Azo COFM was 

performed using relatively drastic media. This is important in terms of its applicability to 

equally perform in such environmental conditions where relatively harsh separation 

conditions are employed. Therefore, in the present study, to analyze the chemical stability of 

TpOMe-Azo COFM, the as-synthesized membrane (1 cm diameter) was treated in more 

vigorous conditions like conc. H2SO4 (18 M; 3 days), conc. HCl (12 M; 7 days), dil. H2SO4 

(9 M; 7 days) and in NaOH (1 day; 9M) for stipulated time duration. 

 

Figure 3.8:  Physical appearance of the TpOMe-Azo COFM after treatment in (a) HCl (12 M) for 7 

days, (b) H2SO4 (9 M) for 7 days, (c) H2SO4 (18 M) for 3 days and (d) NaOH (9 M) for 1 day.   

 

Figure 3.9: Comparison of (a) PXRD and (b) FTIR of TpOMe-Azo COFMs after treatment in a 

different solvent as mentioned. 
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After completion of its respective time duration, the membranes were isolated and were 

thoroughly washed with water, N, N-dimethylacetamide, and acetone prior to drying. The 

dried membrane was then activated at 120 °C for 12 h in vacuum and was used for its further 

characterizations such as PXRD, FT-IR, and surface area analysis. However, for SEM 

analysis the activation step was avoided and partially dried membrane was directly coated on 

Si-wafer for data collection. 

Moreover, the physical appearance of the membrane after treatment in such vigorous solvent 

conditions was similar to its as-synthesized form. The color and shape of the membrane were 

also more or less intact after such treatment (Figure 3.8). The PXRD of the treated 

membrane also showcased similar crystallinity as its parent material, as most of the peaks in 

the treated membrane were properly visible in the PXRD pattern though there was a slight 

decrease in the peak intensities (Figure 3.9a). On the other hand, the FTIR spectra revealed 

the similar stretching frequency of its various characteristic bands present in treated samples 

compared to the as-synthesized material (Figure 3.9b). Hence, the material could retain its 

internal structural arrangements even after treatment in such drastic solvent media. 

 

Figure 3.10: Comparison of (a) N2 adsorption and (b) Experimental pore size distribution 

(cylindr./sphere pores, QSDFT adsorption branch) of TpOMe-Azo COFMs after treatment in a 

different solvent as mentioned. 

Separately, we have also performed the surface area measurement of the treated membranes 

using N2 adsorption analysis (77 K; liq. N2 temperature) (Figure 3.10a). The SBET revealed, 

the acid or base treated samples almost retained their porosity reflecting its structural rigidity 
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in such abrasive conditions. The BET surface area of the material was evaluated as 2141, 

1996, 1416, 1935 m
2
/g with compared to as synthesized (2154 m

2
/g) material after treatment 

in conc. HCl (12 M; 7 days), dil. H2SO4 (9 M; 7 days), conc. H2SO4 (18 M; 3 days), and in 

NaOH (1 day; 9M) respectively. Experimental pore size distribution also reflects 

maintenance of one type of major pore in the treated samples (Figure 3.10b). 

 

Figure 3.11: Interlayer C–H•••N H-bonding: (a) distances (H to N atom in dotted line; Å) and angles 

(C–H•••N) in degree (b) C to N atom distance in dotted line; Å for TpOMe-Azo COFM. 

The high chemical stability was attributed due to the presence of strong interlayer C–H•••N 

hydrogen bonding between methoxy C–H of one layer with imine „N‟ atom present in the 

adjacent layer (Figure 3.11). The interlayer C–H•••N H-bonding allows the methoxy groups 

to occupy interlayer spacing hence create both hydrophobic and steric effect around the 

adjacent imine bonds and protect them from being hydrolyzed in such abrasive environment 

(strong acid or base). 
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Figure 3.12:  SEM images of the TpOMe-Azo COFM after treatment in (b) HCl (12 M) for 7 days, (c) 

H2SO4 (9 M) for 7 days, (d) H2SO4 (18 M) for 3 days and (e) NaOH (9 M) for 1 day compared to its 

(a) as-synthesized material. 

Apart from PXRD, FT-IR and N2 adsorption analysis, the chemical stability investigation 

was also performed using scanning electron microscopy (SEM) imaging technique. The SEM 

was recorded for the treated samples and was compared the same with the as-synthesized 

COFM. Among all other, the COFM treated in 9 (M) H2SO4 for 7 days reveal almost 

identical crystallite nature compared to its parent as-synthesized COFM. However, the other 

solvent treated membranes showed a significant change in their crystallite morphology 

compared to as-synthesized COFM (Figure 3.12). 
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3.3 Water purification study using TpOMe-Azo COFM 

Since the as-synthesized TpOMe-Azo COFM were highly stable at drastic solvent conditions 

we decided to utilize the COFM as the high-performance separation membranes in a drastic 

environment, where toxic solvents or highly acidic solution are involved. Moreover, Owing 

to their comparatively easy route of process-ability apart from self-standing TpOMe-Azo 

COF membranes (COFMs) fabrication, some other shapes such as spheres, cylinders, and 

beads were also synthesized reflecting the generality of the process (Figure 3.14). However, 

we mostly concentrated on the membrane for its important use in separation technology. As 

an initial attempt, the COFM showed considerably high solvent flux for acetonitrile (280 Lm
-

2
h

-1
bar

-1
), followed by acetone (260 Lm

-2
h

-1
bar

-1
), methanol (200 Lm

-2
h

-1
bar

-1
), water (170 

Lm
-2

h
-1

bar
-1

) and ethanol (150 Lm
-2

h
-1

bar
-1

), reflecting its potentiality towards waste solvent 

treatment (Figure 3.13a). 

  

Figure 3.13: (a) Solvent permeance study using TpOMe-Azo COFM. (b,c) Schematic illustration of 

the nano-filtration assembly showing the water purification process from organic dyes (MB- 

Methylene Blue) through TpOMe-Azo COFM. (d) UV-Vis spectrum comparison for Methylene Blue 

feed vs permeate. (e) Recyclability test of the TpOMe-Azo COFM for Methylene Blue (MB) for 

consecutive five cycles. (f) % of other dye rejection from water through TpOMe-Azo COFM.  
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Figure 3.14: As-synthesized TpOMe-Azo COF with other different shapes. (a) sphere (b) solid 

cylinder and (c) beads. 

Apart from that, owing to its high porosity associated with ordered pore channels (as 

revealed from its uniform pore size distribution), the as-synthesized COFMs were utilized for 

the challenging separations of expensive ingredients like methylene blue (MB), toxic dye 

molecules such as rhodamine b (RH), rose bengal (RB) and congo red (CR) from drinking 

water with high recyclability (Figure 3.13b-f & Table 3.2). The rejection performance of the 

COFMs was realized from the UV-Vis spectra of permeate by comparing with its mother 

feed solution. From these UV-Vis analyses, complete disappearance of the main 

characteristics absorption peaks in the range 450-700 nm has been observed for the permeate, 

signifying with >99% rejection (Figure 3.13d & 3.15a-c) for all the dyes. The high rejection 

capability for abroad range of water contaminants further suggests the applications of 

COFMs for the water purification technologies. Again, the high acid stability of the 

membrane empowered us to utilize the same for acid purification which is considered as one 

of the most important applications associated with the industries.    

 

Figure 3.15. UV-vis spectra comparison of dye molecules. (a) Rose Bengal (RB), (b) Rhodamine B 

(RH), (c) Congo Red (CR) before (feed) and after (permeate) passing through the TpOMe-Azo 

COFM. 
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Table 3.2: Nano-filtration performance of COFM TpOMe-Azo (350 µm thickness) towards water 

purification from carcinogenic dyes. 

Dye molecules Molar mass (g/mol) Solvent Rejection (%)  

Methylene blue (MB) 319.85 H2O 99.9% 

Rose Bengal Na salt (RB) 1,017.65 H2O 99.9% 

Rhodamine b (RH) 479.02 H2O 99.4% 

Congo Red Na Salt (CR) 696.66 H2O 99.9% 

 

3.4 Sulphuric acid recovery using TpOMe-Azo COFM 

Among all other acids, sulphuric acid is an industrially used and highly important 

manufactured chemical by many industries, not only due to its usability in various reactions 

but also due to its high reactivity. Although many methods have been demonstrated for its 

decomposition after the reaction, very few attempts have been done for its recovery from the 

reaction mixture [3.11].
 
In these circumstances, we believe that sulfuric acid purification via 

membrane permeance could be another route for its recovery process.  

 

Figure 3.16. (a) The physical appearance of the membrane before and after 6 (M) sulfuric acid 

permeation. (b) Tabular representation for a quantitative test for a proton in permeate through the 

titration test with standard aq. NaOH base. 

Considering the high chemical stability of the as-synthesized TpOMe-Azo membrane, we 

tested the same for standard sulphuric acid solution permeance. Initially, we passed a 

different aqueous solution of H2SO4 with a concentration of 0.5 M, 1.5 M, 3 M and 6 M 

through the membrane to analyze its permeance performance, where we observed the 

permeance as high as >99% (Figure 3.16b). The physical appearance of the membrane was 

significantly intact reflecting its robustness during the process (Figure 3.16a). On every 

occasion, the strength of the eluted sulphuric acid solution was estimated via titration with 
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the standard aqueous sodium hydroxide (0.5 M) using phenolphthalein as an acid-base 

titration indicator (Table 3.6). By measuring the volume of the base consumed at the 

endpoint, the final strength of sulphuric acid was calculated, which reflects the comparable 

concentration in elute with respect to the stock solution (Figure 3.16b). Based on the result 

obtained, we could conclude that the membranes are very much promising towards good aq. 

H2SO4 permeance. Keeping this in perspective we have tried to recover aq. H2SO4 similar to 

its recovery during toluene nitration process which is industrially very important as that 

H2SO4 can be reused or recycled. 

Herein, we have prepared a stock solution of 2,4,6-trinitrotoluene (TNT) [Caution: TNT is 

firmly used in the making of explosive materials also toxic, hence should be handled very 

carefully] in ethanol with sulfuric acid in water. We made a separate solution of 2 M H2SO4 

in water and 200 M TNT solutions in ethanol. After that to make a stock solution, we mixed 

the same volume of TNT (in ethanol) and aq. acid solution where the final strength of TNT 

and H2SO4 was maintained as 100 M and 1 M respectively. The complete preparation 

procedure is provided in Table 3.3. We also separately prepared 100 M TNT (in ethanol) 

and 1 M aq. H2SO4 solution. The as-prepared stock solution (feed; a mixture of TNT and 

acid) was passed through the TpOMe-Azo membrane and permeate was collected for further 

analysis. We collected UV-Vis absorption spectra of the following solutions: 1) 100 M 

ethanol solution of  TNT, b) 1 M aq. H2SO4 solution, c) (1:1; v/v) stock solution (feed) 

prepared from TNT (200 M; ethanol) and H2SO4 (2 M; water) solution and d) solution 

permeated through the membrane. 

Table 3.3: Preparation of various solutions 

Components Amount taken Solvent added Final strength 

TNT 4.54 mg 100 ml ethanol 200 M 

H2SO4 8 ml (18 M) 64 ml water 2 M 

Stock solution preparation 

TNT (200 M) 50 ml ethanol solution Final volume 100 

ml 

100 M 

H2SO4 (2 M) 50 ml aq. solution 1 M 
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Note 1: In toluene nitration process there is a possibility for the formation of TNT which is a 

highly explosive material. Hence we have specifically chosen TNT separation from sulfuric 

acid to showcase possible application of COFM as an explosive material separation as well. 

Note 2: Stock solution: 1:1 v/v mixture of TNT (in ethanol) and H2SO4 (in water) where the 

final strength of TNT and H2SO4 was maintained as 100 M and 1 M respectively. 

 

Figure 3.17: UV-Vis absorption spectra comparison of 100 M ethanol solution of TNT, 1 M aq. 

H2SO4 solution, (1:1; v/v) stock solution (feed) prepared from TNT (200 M; ethanol) and H2SO4 (2 

M; water) and solution permeated through the membrane. 

Table 3.4: Estimation of final strength of a sulfuric acid in permeate 

The strength of 

H2SO4 in the stock 

solution 

Permeate 

volume 

collected 

The volume of the base (0.5 

N) consumed at end point 

Final strength of 

H2SO4 in permeate 

1 M 3 ml 11.5 ml 0.96 M 
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UV-Vis spectra analysis: UV-Vis spectra (Figure 3.17) revealed that TNT (100 M, 

ethanol) solution showed an absorption peak at wavelength ~230 nm and aq. H2SO4 solution 

(1 M) didn‟t show any absorption peak in the entire spectrum range. The stock solution 

showed an absorption peak at ~227 nm with slightly higher absorbance which we believed, 

was mostly due to the TNT. After that, we passed the stock solution (feed; 10 ml) solution 

through TpOMe-Azo COFM and permeate was collected (6 ml). Then, we have tested the 

sulfuric acid strength, through neutralization of protons by standard aq. NaOH (0.5 M) 

solution and using phenolphthalein as an indicator, at the permeate solution which reflected 

>95% permeance of the acid (Table 3.4). Again, UV-Vis spectra of the permeate, showed 

significantly lower absorbance value (compared to feed) at wavelength ~227 nm, revealed 

that there is a 27-30 % rejection of the TNT in the permeate solution hence signifying the 

opportunity for purification of H2SO4 from the nitro-aromatics generated during toluene 

nitration process. It is to be noted that the kinetic diameter of the TNT molecule (< 1 nm; 

calculated using material studio software) is very smaller than COFM pore diameter (2.8 nm) 

hence we believe the rejection happened mostly due to the absorption of TNT in COFM 

frameworks. Again, if the kinetic diameter of the nitro-aromatics is comparable or more than 

the pore diameter of COFM we expect there would be a complete rejection of the nitro-

aromatics.  

3.5 Conclusion 

In summary, herein we have successfully synthesized an imine (C=N) linked porous and 

crystalline covalent organic framework membranes (COFMs) via the salt (p-toluenesulfonic 

acid-H2O) mediated crystallization process. This preferred approach is simple, scalable and 

economically beneficial and provides the opportunity to construct other desirable shapes such 

as sphere, cylinders, beads etc. with high crystallinity and porosity. The as-synthesized 

COFM showcased ultra-high chemical stability in extremely drastic conditions such as strong 

acids (conc. H2SO4, 18 M and conc. HCl, 12 M; seven days) and base (NaOH, 9 M; 24h). 

DFT calculations of the structures revealed that the presence of interlayer H-bonding is 

mainly responsible for the ultrahigh stability of these materials, as it protected the imine bond 

from hydrolysis by providing enough steric hindrance and the hydrophobic environment 

through methoxy functionality. The as-synthesized COFMs also associated with other novel 

properties such as these are self-standing, continuous and defect-free with significantly high 
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crystallinity and porosity, along with considerable chemical stability. These COFMs were 

found to be highly useful for the purification of sulphuric acid, and the removal of toxic 

substances and organic carcinogenic dyes from water. In these circumstances, we believe the 

easy and large-scale production of COFMs using this approach may pave its future 

applications in water purification technologies. 

3.6 Experimental Procedures 

3.6.1 Materials 

2,4,6-Trimethoxy-benzene-1,3,5-tricarbaldehyde (TpOMe) was prepared from 1,3,5 

trimethoxybenzene using the reported literature procedure [3.16]. The preparation procedure 

of this aldehyde has also discussed in the previous chapter of this thesis. The amine 4,4-

azodianiline (Azo) was purchased from across organics and used as received. All other 

reagents and solvents were commercially available and used as received. 

3.6.2 General methods for characterization 

(a) Powder X-Ray Diffraction (PXRD):  The PXRD data were recorded on a Phillips 

PANalytical diffractometer using a Cu Kα radiation ( = 1.5406 Å), with a scan rate of 2° 

min
-1

. The tube current and voltage were fixed at 30 mA and 40 kV respectively. The sample 

holder containing the COF powders was scanned between 2 and 50° 2θ (step size of 0.02°).  

 (b) Thermogravimetric Analysis (TGA): TGA was recorded on an SDT Q 600 TG-DTA 

analyzer instrument. Approximately 5-7 mg of the COF sample was added to an aluminum 

crucible and heated from 25 to 900 °C under N2 atmosphere (heating rate of 10 °C min
–1

). 

(c) IR Spectroscopy: The Fourier transform infrared spectra (FTIR) of the COFs were 

collected on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer in ATR mode. 

The FTIR data were collected over the range of 4000-600 cm
-1

. 

(d) Gas Adsorption: The gas adsorption experiments were performed specifically for the 

activated COF powders using an Autosorb automatic volumetric instrument (Quantachrome).  

COF powder activation procedure: Approximately 40 mg of the as-synthesized COF 

powders were evacuated under vacuum at 120 
°
C for 12 h. Finally, the activated samples 

were used for gas adsorption (H2, N2, and CO2). 
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3.6.3 Solvent flux and sulfuric acid permeance measurement 

Measurement of solvent flux of TpOMe-Azo COFM: Solvent permeation analysis was 

carried out using TpOMe-Azo membrane by passing 40 mL of different protic and aprotic 

solvents like water, ethanol, methanol, acetone, and acetonitrile. The membranes were 

properly fitted on a dead-end-mode stirred cell (active area cal. 2.5 cm
2
) pressurized under 1 

atm upstream pressure. The diameter of the membrane was fixed to 1 cm. Five consecutive 

readings were collected and respective fluxes were calculated using the equation (1). In each 

case the overall solvent flux was measured using three separate COFM coupons and their 

average data was reported. 

 

Based on equation (1) the solvent flux (J) can be calculated as: 

{unit: liters per square meter hour (Lm
-2

h
-1

)}…………………….(1) 

Where (V) is the volume of the permeate, (A) is unit area and (t) is unit time  

And the overall permeance (P) was determined using the following equation (2): 

{unit: liters per square meter hour bar (Lm
-2

h
-1

bar
-1

)}…………….(2) 

Rejection analysis of various dyes using TpOMe-Azo COFM: Rejection analyses of 

TpOMe-Azo COFM were performed using various dyes such as rose bengal, congo red, 

rhodamine b and methylene blue. During the rejection analysis concentration of the dyes, 

feed was maintained as 50 μM in water. A 50 mL of dye solution in water was passed using a 

dead end stirred cell assembly and was passed through the membrane, the permeate was 

collected at 1 bar upstream pressure. Initial 1 mL of the filtrate was thrown and 5 mL was 

collected for the rejection analysis. The dye concentration in the feed and permeate was 

analyzed using a double beam UV-Vis spectrophotometer (Chemito, Spectrascan UV 2700). 

The percent rejection (% R) was calculated using the following equation 3,  

…………………….. (3)     

 where, Cp is the concentration of permeate, while Cf is the feed concentration. The complete 

water purification set up has been shown below. 
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Figure 3.18:  (a) Digital image of the complete water purification (from toxic dye molecules) set up. 

(b) General configuration of a membrane holder. The COFM is used after sandwich between metal 

support and the o-ring during analysis. 

Table 3.5: Preparation of standard sulfuric acid solution 

Volume of water taken 
Volume of conc. 

H2SO4 (36 N) mixed 
Final volume of diluted 

acid maintained 
Final strength of acid 

in stock solution 

35 ml 1 ml 36 ml 0.5 M 
33 ml 3 ml 36 ml 1.5 M 
30 ml 6 ml 36 ml 3 M 
24 ml 12 ml 36 ml 6 M 
18 ml 18 ml 36 ml 12 M 

 

Table 3.6: Preparation of standard sodium hydroxide solution 

Molar Mass (mol/g) of 
NaOH 

Weight taken 
Final volume 

maintained with water 
Strength of base in 

stock solution 

40 

10 g 500 ml 0.5 M 
12 g 100 ml 3 M 
24 g 100 ml 6 M 
36 g 100 ml 9 M 
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Procedure for analysing final strength of H2SO4 permeated through TpOMe-Azo COFM: 

The standard sulfuric acid solutions (1 N, 3 N, 6 N and 12 N) were prepared according to 

way mentioned in Table 3.5 and passed through the TpOMe-Azo COFM while the permeate 

(3 ml) sulfuric acid solution from each batch was collected separately in a conical flask. One 

drop of phenolphthalein indicator solution was added in this. The standard sodium hydroxide 

solution (0.5 M), following Table 3.6 was taken in a burrate and was dropwise added to the 

acid (H
+
) solution until the whole H

+
 gets neutralized by OH

–
 and phenolphthalin shows a 

distinct pink color solution. The volume of base consumed at the endpoint was noted and was 

back calculated to estimate the H
+
 concentration (acid strength) in the permeate solutions. 

3.6.4 Structure modeling of COFMs 

Atomic positions and cell sizes of modeled COF layers were optimized using the Self-

Consistent-Charge Density-Functional Tight-Binding (SCC-DFTB) method. The layer 

stacking is affected by the Coulomb repulsion between the partial atomic charges in adjacent 

layers [3.17]. Hence, several slipped AA stacking possibilities were considered for each COF 

by shifting adjacent layers with respect to each other in different directions up to 6Å. In 

addition, different orientations of the methoxy groups (in plane, above plane, below plane) 

were considered. The predicted slipped structure has the lowest energy while maintaining an 

agreement with the experimental PXRD pattern. The fractional coordinates of the material 

have been provided in Table 3.1. 

All the COFs have been modeled in the triclinic space group (P1) by comparing the 

experimental and simulated PXRD patterns. Refinements of PXRD pattern were done using 

Reflex module of the Material studio. 
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NOTE: All results of this chapter have already been published in Angew. Chem., Int. Ed., 

2018, 57, 5797; with the title: “Ultra-stable Imine-based Covalent Organic Frameworks for 

Sulfuric acid Recovery: An Effect of Interlayer Hydrogen Bonding”. The stated publication 

was the results of the collaboration between the group of Dr. Rahul Banerjee and his student 

Mr. Arjun Halder from CSIR National Chemical Laboratory, Pune, with Dr. Ulhas K. Kharul 

and his student Mr. Shebeeb H. Kunjattu from CSIR National Chemical Laboratory, Pune for 

water purification experiment. The computational study was performed via collaboration 

with Dr. Thomas Heine from Jacobs University, Germany and his student Dr. Matthew 

Addicoat from School of Science and Technology, Nottingham Trent University, 

Nottingham, United Kingdom. Apart from computational study major works contributed by 

Mr. Arjun Halder. The manuscript was written by Mr. Arjun Halder under the guidance of 

Dr. Rahul Banerjee. 
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CHAPTER 4 

 

Selective Fabrication of Redox-Active Covalent Organic Framework as 

Capacitive Energy Storage Materials 

 

 

Abstract: Two-dimensional (2D) 

crystalline covalent organic 

frameworks (COFs), bearing 

ordered nanochannels with 

intrinsic-mesoporosity, are 

eligible candidates towards 

channel-wall decoration with 

desirable functional groups. To 

that end, pore-wall functionalization using redox-active functional groups could dramatically 

influence the frameworks to behave as promising supercapacitive energy storage material.  

However, their insoluble powder like nature, poor capacitive performance in pristine form, 

integrated with inferior electrochemical stability is a primary concern for their long-term use 

in electrochemical-devices. Keeping this in perspective, herein, we report a redox active and 

hydrogen bonded COF TpOMe-DAQ with ultrahigh chemical stability in conc. H2SO4 (18 

M), conc. HCl (12 M) and NaOH (9 M). The as-synthesized COF fabricated as thin sheets 

were efficiently employed as a free-standing supercapacitor electrode material using 3 M aq. 

H2SO4 as an electrolyte. Moreover, the pristine COF sheet showcased outstanding areal 

capacitance 1600 mFcm
-2

 (gravimetric 169 Fg
-1

) and excellent cyclic stability (> 1,00,000) 

without compromising its capacitive performance or coulombic efficiency. Superior 

capacitive performance was due to the emergence of excellent pseudo-capacitance by virtue 

of precise molecular level control over redox functionalities present in the COF backbone. 

Moreover, as a proof-of-concept, a solid-state supercapacitor device was also assembled and 

subsequently tested. 
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4.1 Introduction 

Global energy production and consumption has now been increasing extensively day by day 

with over expanding human population and to fulfill their day in and day out needs. The 

primary example could be the rapid development of fast-growing market of portable 

electronic devices and as consumption fuels for hybrid electric vehicles [4.1-4.3]. It has 

already been examined that the global energy demands will become roughly doubled in mid-

century and finally will become triple by 2100 [4.4]. Hence, the global energy consumption, 

if happens in current consumption rate, will soon become inevitable in near future signifying 

its alarming sign to the society. Therefore, there has been always an urgent need to develop 

new synthetic methodologies to manufacture advanced, cheap and eco-friendly energy 

storage and conversion devices in parallel to the development of clean, sustainable and 

renewable energies such as solar, wind, tides, to fulfill the ever growing demands of modern 

society [4.2, 4.5]. Among all other energy storage and conversion devices, lithium-ion 

batteries (LIBs) [4.6] and supercapacitors [4.7, 4.8] are the two promising candidates in this 

category. Though, LIBs exhibited significantly high energy density, its low power density 

restricts its fruitful usage in various energy storage devices where a high power delivery is 

required in faster rate [4.5, 4.9]. However, supercapacitors in contrast, at a time exhibit 

promising energy and power density thus is more promising materials to be developed [4.10]. 

4.1.1 Introduction to electrochemical capacitors (Supercapacitors) 

Electrochemical capacitors (ECs), also known as supercapacitors, have drawn significant 

scientific attention in recent years as a true energy storage and conversion media. This is 

possible because of its high energy and power density, rapid charging/discharging capability, 

long cycle life (>100000), and comparatively low maintenance cost [4.7, 4.8]. Moreover, 

supercapacitor bridges electrolytic capacitors with batteries in terms of power delivery. 

Based on its charge storage mechanism, the supercapacitors can be classified into two major 

categories such as; a) electrical double layer capacitors (EDLCs) and b) pseudocapacitor. In 

EDLCs, electronic charges are stored via adsorption of ions on the surface of the electrode, 

whereas in pseudocapacitor, faradic reactions are occurred on or near to the electrode 

surface. Moreover, to utilize both the edges such as of high energy density associated with 

batteries and high power density from supercapacitors, scientists are more interested to 

develop the asymmetric supercapacitor where one electrode acts as batteries leading another 
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one to be acted as supercapacitors. The EDLCs are mostly activated carbons and other 

related similar materials such as carbide-derived carbons, carbon nanotubes, nanoonions, and 

nanohorns etc. [4.9]. The activated carbons are exclusively used in electrodes of EDLCs 

because of its low cost, high surface area, and excellent electrochemical stability. In contrast, 

most of the conducting polymers such as PEDOT, polyaniline, polypyrrole, and metal oxides 

ex. RuO2, Co3O4, MnO2 etc. are the leading candidates for pseudo-capacitors. Although it 

posses high capacitance value, these materials suffer from low cycling stability [4.10-4.11]. 

Moreover, to improve the energy density of supercapacitor, researchers mostly focused on 

the development of new stable materials bearing the aids of the highly accessible electro-

active surface area, high electrical conductivity, and optimized pore aperture with a high 

density of redox-active units [4.12-4.17]. 

4.1.2 Advantages of covalent organic frameworks (COFs) as electrode materials 

There are significant advantages of COFs if used as an active electrode material, such as- 

(a) Porous structure: Porous structure of the material will improve the electrode/electrolyte 

interaction via effective immobilization of ions inside the pore. 

(b) Structural rigidity: Significantly robust framework structure will favor high 

electrochemical stability during the electrochemical reaction on the electrode surface. 

(c) The Precise introduction of redox active groups: The reticular structural construction 

will enable to precisely decorate the pore walls with desirable redox-active groups. 

(e) High crystallinity and porosity: High crystallinity will help to characterize and to 

understand the mechanism during the electrochemical process whereas high porosity will 

induce maximum electrodes/electrolytes interaction and will improve in EDLCs. 

(f) Insolubility: COFs are 2D/3D organic crystalline polymers and are mostly insoluble in 

any solvents. So the capacitance loss due to its leaching during electrode process can be 

avoided. 

 

4.2 Ultra-stable, self-standing, redox-active COF thin sheet as energy storage material   

Covalent organic frameworks (COFs) have attracted enormous scientific attention 

because of their tunable porosity and periodically ordered structures with high atomic 

precision [4.18]. As discussed, recently, COFs have been identified as promising materials 
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for supercapacitors (SCs), owing to their long-range ordered arrangement with the high 

accessible surface area which is ideal for efficient ion transport within the electrode-

electrolyte interface [4.18, 4.19]. Also, advantages of reticular structural construction led to 

the explicit incorporation of redox-active functionalities within the porous COF backbone 

thereby resulting in them becoming suitable for pseudo-capacitive energy storage [4.20]. 

However, their insoluble granular nature (hence the difficulty in the electrode fabrication), 

inferior capacitive performance in pristine form due to their non-conductive nature and poor 

electrochemical stability restrict their potential usage in SCs. Therefore, the fabrication of a 

COF based high-performance electrode material, with sizeable electrolyte-accessible surface 

areas integrated with excellent cyclic stability in mordant electrolyte condition is still 

challenging and highly desirable. 

 

Figure 4.1. (a) General synthetic scheme of the TpOMe-DAQ thin sheet from aldehyde (TpOMe) and 

amine DAQ by PTSA (p-toluenesulfonic acid) mediated mechano-chemical grinding approach. (b 

and d) Digital images show the self-standing and flexible nature of the thin sheet. (c) Tilted_AA 

model of TpOMe-DAQ. (e) Comparison among the experimental (red) with simulated eclipsed tilted-

AA (green), refined simulated (blue) PXRD patterns and Pawley refinement difference (black) for 

TpOMe-DAQ COF. 
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The -keto-enamine-based COFs, since their discovery, have enriched the COF literature as 

promising pseudo-capacitors [4.21]. However, their usage mostly in powdered form (or in 

few cases on the support), low capacitive performance in the pure state as well as limited 

cyclic stability compared to EDLCs (electrical double layer capacitors) [4.22] during the 

electrochemical process have conveyed a restriction towards their extensive usage. 

Additionally, the non-conjugative nature of -keto-enamine COFs could make them sluggish 

towards good electrochemical response compared to more conjugated imine (C=N) based 

COFs. Although additional conductive additives or post-functionalization could enhance the 

capacitive performance, they would lead to further synthetic hurdles, and their presence 

could dramatically affect the active surface area due to the extensive pore blockage [4.23].  

Keeping this in perspective, herein we report an imine-based, redox active COF 

TpOMe-DAQ that has been constructed from 2,4,6-trimethoxy-1,3,5-

benzenetricarbaldehyde (TpOMe) and 2,6-diaminoanthraquinone (DAQ) as building units. 

The judicial choice of such linker units could combine both electrochemical stability (due to 

the explicit incorporation of the methoxy functionality) and reversible redox response due to 

the quinone/hydroquinone transformation (DAQ amine) for energy storage [4.21, 4.23]. 

TpOMe-DAQ exhibits ultrahigh chemical stability in drastic conditions [strong acids (18 M 

H2SO4; 12 M HCl) or bases (9 M NaOH)] due to the presence of strong interlayer C–H•••N 

H-bonding [D=3.26 Å, d= 2.17 Å, =168.2°; D= 3.16, d=2.07, =165.8°] between methoxy 

C–H and the imine ‗N‘ atom of adjacent layers [4.24a,b]. Furthermore, this COF could be 

fabricated as uniform and continuous thin sheets even in centimeter scale while maintaining 

the thickness of ~200 m (Figure 4.1a-d). These findings encouraged us to utilize these COF 

thin sheets as free-standing supercapacitor electrodes using concentrated aq. H2SO4 (2 and 3 

M) as an electrolyte. Moreover, in three electrode assemblies using 3 M aq. H2SO4, the COF 

thin sheets showcased exceptionally high areal capacitance of 1600 mFcm
-2

 (gravimetric 169 

Fg
-1

) which is the highest value ever achieved in pure COF based SCs and also comparable to 

other promising electrode materials (Table 4.3 & Table 4.4). TpOMe-DAQ, in 2 M aq. 

H2SO4 showcased outstanding capacitive performance (1280 mFcm
-2

 and 135 Fg
-1

) and 

galvanostatic charge-discharge (GCD) cyclic stability exceeding 1,00,000 cycles without 

compromising the capacitance. Additionally, in a solid-state device, the COF thin sheet could 

retain ~65% of its initial capacitance even after 50,000 continuous charge-discharge cycles, 
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keeping the coulombic efficiency intact. Therefore, employing this unique design strategy, 

for the first time not only we could achieve such exceptionally high areal capacitance but 

also excellent cyclic stability in a free-standing (without additive or binder) COF based 

supercapacitor electrode even using harsh electrolyte conditions. 

 

4.2.1 Synthesis of TpOMe-DAQ COF thin sheet 

P-toluenesulfonic acid monohydrate (PTSA-H2O) (1.8 mmol) was mixed with DAQ amine 

(0.45 mmol; 108 mg) in a mortar-pestle. The mixture was uniformly grinded for 3 minutes. 

In that mixture 2,4,6-trimethoxy-1,3,5-benzenetricarbaldehyde (TpOMe, 0.3 mmol, 76.2 mg) 

was added and properly mixed through grinding. To this mixture few drops of water (∼100-

200 μL based on requirement) was added. The resulting mixture was then grinded properly 

until it becomes dough-like material. It was then drop cast on a glass slide (length 5 cm and 

 

Figure 4.2: Schematic representations of TpOMe-DAQ COF thin sheet synthesis and its flexible 

behavior. 
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diameter 2.5 cm) with uniform thickness and was additionally allowed to heat at 90 °C for 24 

h in a closed container under humid condition. After completion, the glass slide coated with 

COF deepened into hot water to isolate COF sheet and to remove PTSA. It was then washed 

with N,N-dimethylacetamide to remove unreacted starting materials or oligomeric impurities. 

The crystalline and porous COF thin sheets (80-85 % isolated yield; wt. %) were then stored 

finally in distilled water before it is used for further studies (Figure 4.2). 

 

4.2.2 Structural simulation and characterization 

 The formation of TpOMe-DAQ was confirmed by its PXRD analysis (Figure 4.3a).  

The PXRD pattern shows five distinct characteristic peaks at 3.5, 6.0, 7.1, 9.3 and 27.1 (±0.1, 

2) which belongs to the reflections from the planes 100, 110, 200, 210 and 001 respectively. 

The high intense peak was attributed from 100 planes indicates its high crystalline nature. 

The interlayer stacking distances were measured using the d-spacing among the 001 planes 

which showed about 3.4 Å inter-planar separation among the layers. Moreover, different 

model structures such as AA, slip-AA, AA-3, AB were simulated using Material Studio 

software. The experimental PXRD patterns fit with the simulated tilted-AA structure [Rwp-

5.4%, Rwp (w/o bck)- 2.2% and Rp-4.1%] (Figure 4.1e & Figure 4.3b).  

 

Figure 4.3: (a) PXRD pattern of as-synthesized (black) compared with the tilted_AA (red) and 

Staggered (AB) (green) TpOMe-DAQ COF thin sheet. (b) The experimental PXRD patterns (red) 

compared with the simulated (Tilted_AA; blue) and Pawley refined difference (black) of TpOMe-

DAQ [Rp, Rwp and Rwp (w/o bck) have shown in inset]. 
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Moreover, Pawley refinement was taken into consideration to analyze the unit cell 

parameters (Space group P1; a=29.9, b=29.9, c=3.7 & =87.0, =83.0, =59.0 for tilted-

AA) (Table 4.1). 

Table 4.1. Fractional atomic coordinates for the unit cell of TpOMe-DAQ (Tilted_AA) 

TpOMe-DAQ (Space group- P1) 

a =29.8974 Å, b= 29.9057 Å, c=3.70642 Å; α = 87.0124º, β =83.2858º, γ =59.1346º 

atoms x y Z atoms x y Z atoms x y Z 

C1 0.23737 0.74898 0.07289 C14 0.2664 0.63972 0.18923 C27 0.84617 0.39073 0.69435 

C2 0.26687 0.64113 0.6897 C15 0.20885 0.66797 0.19814 C28 0.88008 0.3355 0.69813 

C3 0.20929 0.66826 0.70099 C16 0.1852 0.63719 0.19554 C29 0.79127 0.41123 0.71067 

C4 0.18707 0.6357 0.70853 C17 0.17529 0.72305 0.21446 C30 0.86002 0.30144 0.7156 

C5 0.17465 0.72302 0.71328 C18 0.13001 0.65928 0.21841 C31 0.76966 0.37812 0.73796 

C6 0.13209 0.65689 0.73371 C19 0.11984 0.74645 0.24766 C32 0.80454 0.32356 0.74346 

C7 0.11929 0.74548 0.75164 C20 0.09812 0.71384 0.2562 C33 0.89125 0.24408 0.71194 

C8 0.09898 0.71155 0.77054 C21 0.10267 0.63078 0.20748 C34 0.71189 0.40494 0.74961 

C9 0.10567 0.62675 0.73381 C22 0.08891 0.80393 0.25368 C35 0.96923 0.27303 0.77994 

C10 0.0885 0.80309 0.75739 C23 0.22218 0.54807 0.30664 C36 0.76379 0.49988 0.59502 

C11 0.21549 0.54491 0.79853 C24 0.01138 0.76905 0.42618 C37 0.74274 0.29616 0.87578 

C12 0.23651 0.74936 0.57208 C25 0.76375 0.49988 0.09544 C38 0.87256 0.42098 0.17797 

C13 0.00945 0.7739 0.91282 C26 0.87256 0.42132 0.67884 C39 0.84599 0.39056 0.19425 

C40 0.87983 0.33532 0.19847 C58 0.95835 0.08078 0.13112 C79 0.85635 0.54063 0.33186 

C41 0.79108 0.41119 0.21075 C59 0.03732 0.08113 0.0066 C104 0.09414 0.56115 0.62773 

C42 0.85966 0.30138 0.21648 C60 0.93103 0.13531 0.1417 C105 0.3458 0.62766 0.27129 

C43 0.76937 0.37816 0.23812 C61 0.01033 0.13529 0.02021 C106 0.37759 0.57421 0.22589 

C44 0.80418 0.3236 0.24394 C62 0.95693 0.16308 0.0901 C107 0.36981 0.6549 0.32019 

C45 0.8907 0.244 0.21358 C63 0.01877 0.88488 0.68429 C108 0.43225 0.54907 0.22152 

C46 0.71164 0.40496 0.24904 C64 0.04397 0.91226 0.61696 C109 0.424 0.62985 0.31865 

C47 0.96916 0.27264 0.27873 C65 0.96479 0.91278 0.74606 C110 0.45599 0.57694 0.26787 

C48 0.74238 0.29621 0.37656 C66 0.01611 0.96696 0.61687 C111 0.46467 0.49305 0.16337 

C49 0.0169 0.88498 0.19008 C67 0.93734 0.967 0.74888 C112 0.51395 0.55105 0.26666 

C50 0.04182 0.91243 0.12027 C68 0.96242 0.99474 0.68572 C113 0.52259 0.46694 0.16465 

C51 0.96298 0.9128 0.25265 C69 0.0438 0.99517 0.54494 C114 0.54628 0.49492 0.21041 

C52 0.01388 0.96709 0.11947 C70 0.93204 0.05273 0.69518 C115 0.55468 0.41378 0.11716 

C53 0.93538 0.96705 0.25404 C71 0.01395 0.05321 0.56086 C116 0.60087 0.46977 0.20789 

C54 0.96026 0.99488 0.18915 C72 0.96021 0.08076 0.62913 C117 0.60882 0.38862 0.11862 

C55 0.04163 0.99509 0.04619 C86 0.01753 0.55217 0.19858 C118 0.6327 0.4161 0.16632 

C56 0.92997 0.05292 0.19739 C87 0.12387 0.5069 0.06776 C119 0.34611 0.6289 0.773 

C57 0.01206 0.05306 0.06248 C88 0.09641 0.55841 0.13802 C120 0.37774 0.57537 0.72862 

C73 0.03891 0.08159 0.50536 C89 0.88371 0.48911 0.76996 C121 0.3703 0.65614 0.82011 

C74 0.93259 0.13528 0.63995 C90 0.93768 0.46602 0.71143 C122 0.43243 0.55013 0.72319 

C75 0.01163 0.13577 0.51921 C91 0.85543 0.54149 0.83131 C123 0.42453 0.63093 0.81811 

C76 0.95819 0.16334 0.58895 C92 0.96249 0.49517 0.70732 C124 0.45637 0.57793 0.76825 

C77 0.88425 0.48845 0.26856 C93 0.88021 0.57024 0.83037 C125 0.46465 0.49411 0.66493 

C78 0.9381 0.46529 0.20786 C94 0.93374 0.5478 0.7676 C126 0.51435 0.55185 0.76674 

C80 0.85635 0.54063 0.33186 C95 0.01913 0.47004 0.63495 C127 0.5226 0.46782 0.66584 

C81 0.96326 0.4941 0.2045 C96 0.95938 0.57937 0.76876 C128 0.5465 0.49565 0.71099 

C82 0.88144 0.56904 0.33177 C97 0.04454 0.50188 0.63348 C129 0.5545 0.41463 0.61851 

C83 0.93492 0.54644 0.26783 C98 0.12387 0.5069 0.06776 C130 0.60113 0.47031 0.70806 
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C84 0.01972 0.46898 0.12949 C99 0.09641 0.55841 0.13802 C131 0.60866 0.38929 0.61953 

C85 0.96105 0.5774 0.27209 C101 0.09781 0.47992 0.5673 C132 0.63276 0.41661 0.66667 

C100 0.01577 0.55447 0.69424 C102 0.04035 0.58386 0.68864 C103 0.12233 0.50896 0.56439 

N1 0.12495 0.58376 0.14344 O1 0.18933 0.75992 0.68745 O13 0.08672 0.97112 0.97397 

N2 0.04402 0.83022 0.1913 O2 0.22424 0.58324 0.69704 O14 0.88404 0.07703 0.26122 

N3 0.29113 0.65677 0.77865 O3 0.04728 0.72595 0.81565 O15 0.089 0.97137 0.47377 

N4 0.12129 0.58824 0.62336 O4 0.19149 0.75881 0.19543 O16 0.88616 0.07667 0.75977 

N5 0.04561 0.83005 0.68307 O5 0.21962 0.58404 0.16128 O17 0.04319 0.42474 0.0664 

N6 0.29086 0.65576 0.2752 O6 0.04481 0.7323 0.28045 O18 0.93766 0.62145 0.33697 

N7 0.931 0.21779 0.09708 O7 0.75324 0.46308 0.69819 O19 0.0431 0.42545 0.57483 

N8 0.68765 0.38853 0.16276 O8 0.93235 0.32038 0.69222 O20 0.93567 0.62358 0.83227 

N9 0.85651 0.46202 0.77836 O9 0.7902 0.28625 0.76354 O21 0.44427 0.47007 0.11265 

N10 0.93196 0.21807 0.59663 O10 0.75312 0.46307 0.19818 O22 0.53439 0.57429 0.31465 

N11 0.68773 0.3889 0.66246 O11 0.9321 0.32019 0.19245 O23 0.4441 0.4713 0.61408 

N12 0.85679 0.46162 0.27741 O12 0.78978 0.28632 0.26395 O24 0.53499 0.57497 0.81415 

 

4.2.3 Chemical characterization. 

 The FTIR analysis was performed to understand the type of bonds is associated with 

the as-synthesized COF. The spectra were recorded in its fully activated condition of the 

COFs just to avoid any spectral contributions from the solvents if trapped within the pore. 

Moreover, the FTIR analysis of the TpOMe-DAQ revealed the complete disappearance of 

the primary N–H stretching (3420-3199 cm
-1

) of the DAQ amine and C=O stretching at 1682 

 

Figure 4.4: Comparison of FT-IR spectra of as-synthesized TpOMe-DAQ with its starting materials. 
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cm
-1

 from TpOMe aldehyde (Figure 4.4) hence signifying the complete consumption of 

starting materials. The newly formed C=N stretching (originated from aldehyde-amine Schiff 

base reaction) appeared at 1621 cm
-1

 whereas the C=O stretching (1660 cm
-1

 in DAQ amine) 

was observed at 1673 cm
-1

. The C=O stretching (1660 cm
-1

 in DAQ amine) appeared at 1673 

cm
-1

 in the COF strongly suggest the existence of amine counterpart throughout the 

framework. The COF as well as in the starting materials attributed their C=C stretching 

frequency at 1565-1548 cm
-1

 in the spectrum. The overall structural compositions of 

TpOMe-DAQ COF were further confirmed using solid-state magic angle spinning 
13

C CP-

MAS spectra analysis. The C=O stretching at 180.8 ppm belongs to the DAQ (quinone C=O) 

amine reflecting its firm existence in the COF structure. The imine C=N reflect its 

characteristics signal at 147.7 ppm whereas the signature of all the aromatic carbons 

appeared in the range 153-108 ppm in the spectrum. The methoxy carbons showed its 

characteristics chemical shift at about 64 ppm (Figure 4.5). 

 

Figure 4.5: (left) Solid state 
13

C CP-MAS spectra and (Right) TGA (Thermo Gravimetric Analysis) of 

as-synthesized TpOMe-DAQ COF. 

Thermogravimetric analysis (TGA) was performed in the temperature range 25 to 900 °C to 

analyze the thermal stability of the COF. During the gradual increment of the temperature, no 

significant weight loss was observed up to 300 °C which reveals the framework stability up 

to that particular temperature. Once it exceeds 300 °C there happens a rapid drop in weight 

from 100 % to 60 % which revealed rapid framework degradation. However, TGA showed 
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only gradual weight loss after that and running up to 900 °C the material could retain up to 

30 wt% of its overall weight. 

 4.2.4 Gas adsorption studies 

The effective surface area of an electrode material reveals its ability to hold electrolytes/ions 

during various electrode process associated with this. Hence, the overall porosity or surface 

area plays a very crucial role in designing such electrodes to be utilized for EDLC (electrical 

double layer capacitance) [4.22] or pseudo-capacitive energy storage materials. In the present 

study, the porosity of the as-synthesized TpOMe-DAQ COF was analyzed using N2 

adsorption studies at 77 K (liq. N2 temperature) via stepwise activating the  

 

Figure 4.6: (left) N2 adsorption isotherm plot (highest achieved surface area) and (right) pore size 

distribution (cylindr./sphere pores, QSDFT adsorption branch model) for TpOMe-DAQ COF. 

samples at 120 
0
C (for 12 h) in vacuum. The isotherm of the as-synthesized COF reflects a 

step increment in the pressure range 0.05-0.15 which further increment of pressure gets 

almost saturated reflecting its type-IV nature. The average BET surface area of the as-

synthesized COF thin sheet was found as high as 1531 m
2
/g (highest achieved 1731 m

2
/g) 

(Figure 4.6). The experimental pore size distribution (calculated using cylindr./sphere pores, 

QSDFT adsorption branch) showed the pore diameter of 2.27 nm which is the predominant 

nature of mesoporous materials (Figure 4.6). This predominant mesoporosity (suitable for 

efficient electrolyte movement) in combination with the high surface area could lead 

TpOMe-DAQ to serve as an ideal porous support towards EDLCs.   
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Figure 4.7: SEM images (a) Top view and (b) cross-section view of TpOMe-DAQ COF. 

The nano-scale morphology and the thickness of the thin sheet were evaluated using 

scanning electron microscopy (SEM) studies [4.25-4.26]. Perpendicular view of SEM 

analysis revealed the material is basically composed of small crystallites (length ca. 3 m) 

which are perfectly packed with each other to bring self-standing and crack-free nature to the 

sheet (Figure 4.7a). The cross-section SEM analysis provided the thickness of the sheet 

which varies in the range 200-220 m (Figure 4.7b). The efficient crystallite-crystallite 

packing could significantly reduce the number of grain boundaries hence the internal defects 

and could enhance the electrical conductivity during electrochemical studies. The enhanced 

electrical conductivity hence will help to increase the capacitive performance of the COF thin 

sheet. 
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4.2.5 Chemical stability investigation 

The extent of chemical stability of an electrode material is the first-hand quantification of its 

ability to perform under vigorous electro-chemical condition. Therefore, in the present study, 

to analyze the chemical stability of TpOMe-DAQ, the as-synthesized sheet was treated 

primarily in different solvents (protic or aprotic) such as water (boiling), methanol, ethanol, 

acetonitrile, tetrahydrofuran, chloroform, N,N′-dimethlyformamine, and dimethyl sulfoxide 

for 7 days.  Separately the as-synthesized COF was also treated in more vigorous conditions 

like conc. H2SO4 (18 M; 3 days), conc. HCl (12 M; 7 days), dil. H2SO4 (9 M; 7 days) and in 

NaOH (1 day; 9M) for stipulated time duration.  

 

Figure 4.8: PXRD and BET surface area comparison of TpOMe-DAQ after treatment in different 

common solvents for 3 days (protic and aprotic) as mentioned (surface area 1531 m
2
/g of as-

synthesized material).  

The proper matching in the PXRD pattern (Figure 4.8a & Figure 4.9a) with almost identical 

FTIR spectra (Figure 4.9b) of the treated samples with respect to the mother COF revealed 

the structural rigidity of the materials almost in every medium. 
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Figure 4.9: (a) PXRD and (b) FT-IR comparison of TpOMe-DAQ COF samples after treatment in a 

different solvent as mentioned. 

The solvent or acid treated samples almost retained their porosity reflecting their structural 

rigidity in such abrasive conditions whereas in base the material also retained descent 

porosity (Figure 4.8b & 4.10). The BET surface area of the material was evaluated as 1520, 

1486, 1479, 1107 m
2
/g with compared to as synthesized (1531 m

2
/g) material after treatment  

 

Figure 4.10: (left) N2 adsorption isotherm and (right) pore size distribution cylindr./sphere pores, 

QSDFT adsorption branch model) comparison of TpOMe-DAQ COF samples after treatment in a 

different solvent as mentioned. 
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in conc. HCl (12 M; 7 days), dil. H2SO4 (9 M; 7 days), conc. H2SO4 (18 M; 3 days), and in 

NaOH (1 day; 9M) respectively (Figure 4.10). It is to be noted that, the exceptionally high 

chemical stability was attributed due to the presence of strong interlayer C–H∙∙∙N H-bonding 

interaction between methoxy C–H of one layer with imine ‗N‘ atom present in the adjacent 

layer (Figure 4.11 & Table 4.2). The hydrogen bonding interaction not only reduces the 

protonation property of imine nitrogen (key step for acidic hydrolysis) but also provides  

 

Figure 4.11: Interlayer C–H•••N H-bonding: (a) distances (H to N atom in dotted line; Å) and angles 

(C–H•••N) in degree (b) C to N atom distance in dotted line; Å for TpOMe-DAQ COF.
[1]

 

Table 4.2: Inter-layer C–H•••N hydrogen bonding in TpOMe-DAQ COF 

COFs D (Å) d (Å) degree

TpOMe-DAQ 

3.16 2.07 165.8 

3.17 2.08 166.0 

3.26 2.17 168.2 

3.31 2.21 170.3 

 

Note: D (Å) is the distance between methoxy (OCH3) ‗C‘ atom to imine ‗N‘ atom; d (Å) is the 

distance between methoxy (OCH3) ‗H‘ atom to imine ‗N‘ atom; and degree is the angle 

around C–H•••N hydrogen bond. 

significant steric and hydrophobic environment around the imine bond to prevent water 

attack (second step of the hydrolysis in acid medium) and thus protect it from being 

hydrolyzed in strongly acidic conditions as reported in our previous chapters. Separately we 

have performed the mechanical strength of the as-synthesized sheet using stress-strain 

experiment. Moreover, the mechanical strength measurement of TpOMe-DAQ thin sheets  
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Figure 4.12: Mechanical strength performance of the TpOMe-DAQ thin sheet. (a)Stress (MPa) vs 

strain (mm/mm) measurement and (b) Digital photograph of the sheet before after the experiment. 

 

revealed ~3.5% of the breaking strain (Figure 4.12). 

 

4.3 Electrochemical study 

This excellent chemical stability along with long-range ordered pore channels (as evidenced 

from its high crystalline and porous nature), judiciously functionalized with redox-active 

groups enabled us to employ TpOMe-DAQ as a free-standing electrode for SCs. The free-

standing thin sheets were fabricated using simple hand-casting of resulted slurry (a mixture 

of precursors) on a suitable glass slide (ca. area ~5×2 cm
2
) with subsequent heating at 90 


C 

for 24 h (Figure 4.1a-d & Figure 4.2). SEM revealed that the thin sheet (thickness ~200-220 

m) is composed of small crystallites (length ca. 1-3 m) that are perfectly packed to 

produce the self-standing and crack-free nature (Figure 4.7).
 
The efficient crystallite-

crystallite packing could significantly reduce the number of grain boundaries and thus 

internal defects within the crystallites and could enhance the electrical conductivity during 

electrochemical studies. This observation has empowered to realize COF in thin sheet form, 

would have enhanced electrical conductivity compared to its powdered form, and thus could 

showcase higher capacitive performance. 
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Figure 4.13: (a, b) Working electrode fabrication for three electrode system using 1 cm
2
 or 7.5 mm

2
 

active area COF thin sheets. (c) Complete set up of a three-electrode cell. 

4.3.1 Three electrode supercapacitor 

To accomplish the advantage of the high acid stability of the COF sheet (as discussed in the 

previous section) we have studied the electrochemical performance of the TpOMe-DAQ at 

higher conc. aq. H2SO4 strength such as 2.0 and 3.0 M. Initially, the self-standing COF thin 

sheet electrode with the calculated thickness 200 µm (thickness is measured by the 

electronic screw gauge) is prepared based on the procedure as reported. Before 

electrochemical characterization of the sheet in three-electrode assembly, the COF thin sheet 

is completely dipped in (2 and 3) M aq. H2SO4 for 12 hours for the activation of pores and to 

improve the electrode-electrolyte interaction. Later on, the TpOMe-DAQ thin sheet was  
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Figure 4.14: (a, b) Cyclic voltammetry (CV); (c) Galvanostatic charge-discharge (GCD) and (d) 

Current density vs areal capacitance plot of TpOMe-DAQ COF thin sheet (active area 2.5×3.0 mm
2
) 

using 3 M H2SO4 as an electrolyte in three electrode assemblies. 

directly used as the working electrode by covering with a grafoil and connected to an 

external circuit (Figure 4.13a-b). The free-hanging COF electrode is dipped in (2 and 3 M) 

H2SO4 electrolyte by keeping grafoil current collector 2.5 mm above from the electrolyte 

solution (Figure 4.13c). During the electrochemical study, Hg/Hg2SO4 and grafoil are used 

as reference and counter electrodes, respectively. In the present study, a COF thin sheet with 

two different active areas such as 1 cm
2
 and 7.5 mm

2
 have been selected for the 

electrochemical study. Moreover, to understand the redox behavior of the TpOMe-DAQ 

COF sheet at different electrolyte concentration the cyclic voltammetry (CV) and 

galvanostatic charge-discharge study were executed using a constant potential window of 1 V 

(-0.5 to + 0.5 V). During cyclic voltammetry (CV) analysis, the scan rate was set from 1 

mVs
-1

 to a maximum of 500 mVs
-1

.  
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Figure 4.15: (a) Basic structure of TpOMe-DAQ COF. (b) Redox behavior of COF sheet via 2H
+
/2e

-

reversible quinine to hydroquinone transformation. (c) Cyclic voltammetry (CV) plot of TpOMe-DAQ 

COF thin sheet (active area 2.5×3.0 mm
2
) during 1 mVs

-1
 scanning using 3 M H2SO4 as an 

electrolyte in three electrode system. 

The experiment was initially conducted considering 3 M aq. H2SO4 to understand the redox 

behavior of the as-synthesized COF thin sheet in mordant electrolyte condition considering 

7.5 mm
2
 as active area exposed within the electrolyte. During cyclic voltammetry (CV) 

analysis a pair of quasi-reversible redox peaks were observed at a lower scan rate of 1 mVs
-1

 

signifying the pseudo-capacitive behavior of the COF however, the distinct appearance of the 

redox peaks were inconspicuous at higher scan rate (4.14a-b & Figure 4.15c). Moreover, this 

is a common observation for most of the pseudo-capacitive materials. During electrochemical 

analysis, the occurrence of reversible faradic reaction can be ascribed to the reversible 

switching between quinone (C=O) to hydroquinone (C–OH) via 2H
+
/2e

-
 transformation 

(associated to DAQ amine) (Figure 4.15b). The GCD analysis was performed at various 

current densities such as 3.3, 6.7 and 13.3 mAcm
-2

 whereas the maximum capacitance value 

was estimated from the overall discharge time during 3.3 mAcm
-2

 current density (Figure 

4.14c). Notably, the discharge time calculated from 3.3 mAcm
-2

 current density was 480 sec 

which provides outstandingly high areal capacitance value of 1600 mFcm
-2

. However, under 

the similar condition, the areal capacitance reduces to 1280 mFcm
-2 

(discharge time 384 sec) 

when the strength of the electrolyte goes down to 2 M aq. H2SO4 (calculations are provided 

later). Hence, we assume, during 3.3 mAcm
-2

 scanning the areal capacitance, moved from 2 

to 3 M electrolyte concentration, enhances from 1280 (135 Fg
-1

) to 1600 mFcm
-2

 (169 Fg
-1

)   
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Figure 4.16: (a, b) Cyclic voltammetry (CV); (c) Galvanostatic charge-discharge (GCD) of 7.5 mm
2 

(2.5×3.0 mm
2
) active area of the thin sheet using 2 M aq. H2SO4 as an electrolyte. (d) Cyclic stability 

of TpOMe-DAQ COF thin sheet exposing 1cm
2
 active area in 2 M aq. H2SO4 as an electrolyte in 

three electrode assemblies. 

which could be due to the availability of more H
+
 ions (comes from electrolyte) around the 

redox-active quinone (C=O) centers or vice-versa. Notably, for applications in flexible or 

wearable electronics, measurement of areal capacitance is significant to unveil effective 

specific capacitance of the electrode [4.27]. Moreover, considering its moderate acid strength 

and promising capacitance value (1280 mFcm
-2

) with a significant current response, 2 M 

electrolyte concentration was used for the remaining studies. Similar to 3 M electrolyte 

strength, similar CV and GCD curve was also observed when the electrochemical study was 

performed considering 2 M electrolyte concentration using both 7.5 mm
2
 (Figure 4.16a-c) 

and 1 cm
2
 active area of the COF thin sheet (Figure 4.17a-b).  
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Figure 4.17: (a) Cyclic voltammetry (CV); (b) Galvanostatic charge-discharge (GCD) of 1 cm
2 
active 

area of the thin sheet using 2 M aq. H2SO4 as an electrolyte. 

 

Figure 4.18: (a) Cyclic voltammetry (CV); (b) Galvanostatic charge-discharge (GCD)comparison 

before and after the cyclic stability of 1 cm
2 

active area of the thin sheet using 2 M aq. H2SO4 as an 

electrolyte. 

As the as-synthesized sheet exhibit exceptionally high chemical stability in vigorous 

conditions, we performed the electrochemical cyclic stability of the material considering 1 

cm
2
 active area exposed in 2 M H2SO4 solution. Notably, the estimation of cyclic stability is 

highly important for an electrode material to estimate its long-lived performing ability. From 

GCD experiments (10 mAcm
-2

; 1 cm
2
 area exposed), we could observe an increment of 

initial capacitance running up to 30,000 cycles, which we believe could be due to the 

accessibility of a greater number of redox-active centers by the electrolytes, hence its 
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activation as the cycling progressed.  However, saturation occurred after that and showcased 

high cycle life even exceeding 1,00,000 continuous charge-discharge cycles without 

compromising its capacitance or coulombic efficiency (Figures 4.16d). Furthermore, the CV 

and GCD comparison of the thin sheet before and after cyclic stability revealed only slight 

alteration in their overall curving features without leading to any alternative redox peaks 

(Figure 4.18). Alternatively, we have performed other characterizations such as PXRD, IR, 

N2 adsorption, SEM analysis of the thin sheet after cyclic stability performance to observe 

any of its internal structural change. Moreover, the PXRD and IR data comparison between 

as-synthesized and treated sample reflect no significant change in the spectrum pattern, 

revealing the structural rigidity of the TpOMe-DAQ COF sheet in such mordant electrolyte  

 

Figure 4.19: Comparison of (a) PXRD, (b) FTIR, (c) N2 adsorption and (d) Pore size distribution 

(cylindr./sphere pores, QSDFT adsorption branch model) of as-synthesized and after 1,00,000 cyclic 

stability study of TpOMe-DAQ COF electrode. 

condition. Again, TpOMe-DAQ could retain decent porosity such as SBET=1235 m
2
g

-1
 

compared to as-synthesized COF SBET=1531 m
2
g

-1
. Again, no significant alteration was 
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observed in its pore size distribution after long cyclic treatment of the sheet compared to its 

as-synthesized form. 

 

Figure 4.20: (a) Top and (b) cross-section view of the TpOMe-DAQ thin sheet after 1,00,000 cyclic 

performance. 

 

The scanning electron microscopic (SEM) images revealed the thickness of the membrane 

were still maintained ~150 m even after > 1,00,000 cyclic performance signifying its 

everlasting longevity during the electrochemical performance. The COF sheet although could 

well maintain its crystallites shape/sizes however a tiny disturbance or defects were observed 

in crystallites‘ close-packing after completion of the cyclic stability experiment.  
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The overall capacitance has been evaluated using the following procedures.  

The equation (1)  is used for the calculation of areal capacitance from the charge-discharge 

method in three electrode assemblies.  

 

Equation (1) 

Whereas equation (2)  is used for the calculation of gravimetric capacitance from the charge-

discharge method.  

 

Equation (2) 

where, 

Δt = Discharge time (Sec) from GCD study 

ΔV = Potential window (V) 

I = Constant current used for charging and discharging (mA) 

a = Geometrical area of COF thin sheet in one electrode (cm
2
) 

m = Active mass of the COF sheet exposed in the electrolyte (mg) 

 

Figure 4.21: Galvanostatic charge-discharge (GCD) plots for TpOMe-DAQ thin sheet (2.5×3.0 mm
2
 

active area) using 3 M (left) and 2 M (right) aq. H2SO4 as an electrolyte in a three-electrode cell. 
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(a) Areal capacitance calculation in three electrode system using 2.5×3.0 mm
2
 active area of 

the COF sheet exposed in 3 M aq. H2SO4 electrolyte (Figure 4.21a): 

 Calculation using 0.25 mA current: 

(1) The elapsed time from the GCD experiment (oxidation of anthraquinones) Δt = 480 s 

(2) It was Multiplied by applied current to get charge: 480 s × 0.25 mA= 120 mA.s 

(3) Divide this value with potential window under consideration: 120 mA.s /1V = 120 mF 

(4) Normalized by the overall geometric area for a given sheet (0.075 cm
2
 area) = 120 

mF/0.075 cm
2 

= 1600 mFcm
-2

 (using equation 1) 

(5) Normalized by overall weight for a given sheet (0.71 mg) = 120 mF/0.71 mg
 
= 169 Fg

-1
 

(using equation 2) 

 

(b) Areal capacitance calculation in three electrode system using 2.5×3.0 mm
2
 active area of 

the COF sheet exposed in 2 M aq. H2SO4 electrolyte (Figure 4.21b): 

 Calculation using 0.25 mA current: 

(1) The elapsed time from the GCD experiment (oxidation of anthraquinones) Δt = 384 s 

(2) It was Multiplied by applied current to get charge: 384 s × 0.25 mA= 96 mA.s 

(3) Divide this value with potential window under consideration: 96 mA.s /1V = 96 mF 

(4) Normalized by the overall geometric area for a given sheet (0.075 cm
2
 area) = 96 

mF/0.075 cm
2 

= 1280 mFcm
-2

 (using equation 1) 

(5) Normalized by overall weight for a given sheet (0.71 mg) = 96 mF/0.71 mg
 
= 135 Fg

-1
 

(using equation 2) 
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4.3.2 Two electrode supercapacitor (solid state device) 

Subsequently, for real life device application, we could fabricate a symmetric solid-state 

device using two 1 cm
2
 pristine COF thin sheets to get an overview about its real-life 

applicability. Herein, a grafoil with adhesive carbon tape was utilized as the current collector. 

A 2 M H2SO4 activated (1 hr) and subsequently partially dried COF thin sheet (area- 1 cm
2
) 

is pressed on adhesive portion of the carbon tape. A thin layer of H2SO4-PVA electrolyte gel 

(polyvinyl alcohol), acting as an electrolyte, is uniformly coated on COF thin sheet and 

allowed to wet the electrode completely. Two electrodes are made by aforementioned 

procedure and these two electrodes are sandwiched by keeping a celgard separator in 

between so that electrodes could not touch each other and any self-discharging could be 

avoided (Figure 4.23).  

 

Figure 4.22: (a) CV, (b) GCD, (c) Impedance plot and (d) cyclic stability (from GCD using 5 mA cm
-

2
) of TpOMe-DAQ COF thin sheet (active area 1 cm

2
) in two electrode solid-state device using 2 M 

H2SO4 /PVA as an electrolyte.  
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Similar to three electrode system, we initially collected CV and GCD of the device as well 

(Figure 4.22a-b). The maximum areal capacitance of the device was calculated from overall 

discharge time from GCD curve operating in 0.25 mAcm
-2

 current density. Moreover, in the 

device also we could achieve a promising areal capacitance value of 84 mFcm
-2

 (8.8 Fg
-1

) 

with significantly high energy and power density of ~2.9 µWhcm
-2

 and ~61.8 µWcm
-2

 

respectively. Electrochemical impedance spectroscopy (EIS) was used to calculate the 

electrochemical series resistance of the TpOMe-DAQ thin sheet (Figure 4.22c). For the 

electrochemical impedance spectroscopy analysis, the frequency was varied from a higher 

frequency of 1 MHz to a lower frequency of 100 mHz at open circuit potential with an 

amplitude of 10 mV. A low equivalent series resistance (ESR) of 0.5 ohms is obtained from 

the Nyquist plot. Nevertheless, no obvious change in the ESR value is observed even after 

continuous 30000 cycles of charge/discharge. Notably, TpOMe-DAQ exhibits good cyclic 

stability in the device,  with ~65% retention of its initial capacitance even operating over 

50,000 continuous charge-discharge cycles at a current density of 5 mA cm
-2

 (Figure 4.22d). 

In either case, this is the highest cyclic stability (both in two- and three-electrode assemblies) 

ever achieved in COF based free-standing supercapacitor studies, even when employing 2 M 

aq. H2SO4 as an electrolyte. 

The equation (3)  is used for the calculation of areal capacitance from the charge-discharge 

method.  

 

Equation (3) 

The equation (4)  is used for the calculation of gravimetric (specific) capacitance from the 

charge-discharge method.  

 
        

          Equation (4) 

where, 

Δt = Discharge time (Sec) from GCD study 

ΔV = Potential window (V) 

I = Constant current used for charging and discharging (mA) 
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a = Geometrical area of COF thin sheet in one electrode (cm
2
) 

m = Weight of the COF thin sheet in one electrode (mg) 

 

(a) Areal capacitance calculation in solid state device using 1 cm
2
 active area of the two COF 

thin sheets and 2 M aq. H2SO4/PVA gel electrolyte (Figure 4.22b): 

(1) The average elapsed time from the GCD experiment (oxidation of anthraquinones) Δt = 

169 s 

(2) It was Multiplied by applied current to get charge: 169 s × 0.25 mA= 42.25 mA.s 

(3) Divide this value with potential window under consideration: 42.25 mA.s /1V = 42.25 mF 

(4) Normalized by the overall geometric area for a given sheet (1 cm
2
 area) = 42.25 mF/1 

cm
2 

= 42.25 mFcm
-2

 (using equation 3) 

(5) Multiplied by two as two equivalent sheets are used in a device= 42.25 × 2= 84.5 mFcm
-2

 

(using equation 3) 

(6) Normalized by overall weight for a given sheet (9.5 mg) = 42.25 mF/9.5 mg
 
= 4.4 Fg

-1
 

(using equation 4) 

(7) Multiplied by two as two equivalent sheets are used in a device= 4.4 × 2= 8.8 Fg
-1

 (using 

equation 4) 

 

The energy density and power density of the electrode were calculated by the equations 

Energy density (Ed) (mWhcm
-2

) =  …………………….  Equation (5) 

 

 

where ‗Ca‘ is the areal capacitance calculated by the charge-discharge (mFcm
-2

) method and 

‗V‘ is the voltage window. 

Power density (Pd) (mWcm
-2

) =  …………………  Equation (6) 

where ‗Ed‘ is the energy density from Equation (5) and ‗t‘ is the discharge time in hour 

calculated from the discharge curve. 
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Table 4.3: Comparison of areal (mFcm
-2

) and gravimetric (Fg
-1

) capacitances with state-of-art 

promising electrode materials made up off COF and MOF 

Electrode 

type 

Specific 

capacitance 

(mF cm
-2

) 

Gravimetric 

capacitance 

(F g
-1

) 

Electrolyte 

used 

Scan 

rate/current 

density 

Cell 

Configuration 
References 

DAAQ-

TFP/carbon 

black 

0.4 48±10 1 M H2SO4 10 mV/s three electrode 
J. Am. Chem. 

Soc. 2013, 
135, 16821 

DAAQ-TFP 

COF thin film 
3.0 ― 1 M H2SO4 0.4 mAcm-2 three electrode 

ACS Nano 

2015, 9, 3178 

DAAQ-

TFP/PEDOT 

350 Fcm-3 

34 mFcm-2 
— 0.5 M H2SO4 20 mVs-1 three electrode 

ACS Cent. Sci. 
2016, 2, 667 

[TEMPO]100% 

NiP-COF 
― 167 

0.1 M (C4H9)4 

NClO4 
0.1 Ag-1 three electrode 

Angew. Chem., 
Int. Ed. 2015, 

54, 6814 

Ni3(HITP)2 118 Fcm-3 111 TEABF4/ACN 0.05 Ag-1 three electrode 
Nat. Mater. 

2017, 16, 220 

 

TpOMe-DAQ 

 

1600 169 3 M H2SO4 
3.3 mA cm-2 

(0.35 Ag-1) 
three electrode this work 

1280 135 2 M H2SO4 
3.3 mA cm

-2
 

(0.35 Ag
-1

) 

Table 4.4: Comparison of areal capacitance (mF cm
-2

) with state-of-art electrode materials 

Electrode type 

Specific 

capacitance 

(mF cm
-2

) 

Electrolyte 

used 

Scan 

rate/current 

density 

Cell 

Configuration 
References 

Carbon 

nanopartcle/MnO2 
109 0.1 M Na2SO4 5 mV S-1 three electrode ACS Nano 2012, 6, 656 

VN/CNTs 178 0.5 M Na2SO4 1.1 mA cm-2 three electrode 
Adv. Mater. 2013, 25, 

5091 

Co-Al LDH-NS/GO 7 1 M KOH 5 mV S-1 three electrode 
Langmuir. 2012, 28, 

293 

ZnO@C@MnO2 138.7 0.5 M Na2SO4 1 mA cm-2 three electrode 
ACS Nano 2013, 7, 

2617 

PANI-NWs/CC 1800 1 M H2SO4 1.73 Ag-1 three electrode 
Power Sources 2010, 

195, 4418 

PANI/Au/paper 800 1 M H2SO4 1 mA cm-2 three electrode 
Angew. Chem. Int. Ed. 

2012, 51, 4934 

Activated carbon cloth 88 1 M H2SO4 10 mV S-1 three electrode 
Adv. Mater. 2014, 26, 

2676 

PANI-ZIF-67-CC 2140 

3 M KCl 10 mV S-1 three electrode 
J. Am. Chem. 

Soc. 2015, 137, 4920 
ZIF-67-CC 1.47 

PANI-CC 727 

TpOMe-DAQ 

1600 3 M H2SO4 
3.3 mA cm-2 

(0.35 Ag-1) 
three electrode this work 

1280 2 M H2SO4 
3.3 mA cm-2 

(0.35 Ag-1) 

CNTs/bacterial nano 18.8 [EMIN][NTf2] 100 mV S-1 two  electrode 
ACS Nano 2012, 6, 

6400 

Graphene 372 1 M H2SO4 1 Ag-1 two  electrode 
Adv. Energy 

Mater. 2011, 1, 917 

graphene-cellulose 

paper 
81 1 M H2SO4 1 mV S-1 two  electrode 

Adv. Energy 

Mater. 2011, 1, 917 

PPy/nanoporous gold 1.8 HClO4 100 mV S-1 two  electrode 
Adv. Mater. 2011, 23, 

4098 

TpOMe-DAQ 84 
2 M 

H2SO4/PVA 
0.25 mA cm-2 two  electrode this work 
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The high areal capacitance value with decent energy and power density in the device has led 

us to fabricate real-time energy storage devices and its fruitful delivery application. Herein, 

we have prepared three solid-state devices in a similar way and were connected in a series. 

The CV and GCD were collected using the high potential window of 3 V (0 to 3 V) (Figure 

4.24). Moreover, as-a-proof of concept study, a 1.8 V LED was taken into consideration and 

was used for its successful kindling. Initially, the devices as a whole were charged from 0 to 

3 V potential and the whole system was immediately removed from the external electric 

circuit. Then, immediately a 1.8 V LED was connected with the device and it was 

successfully kindled for 30-40 sec (Figure 4.23). During discharging at very starting, the 

LED glows with high brightness, however, the brightness was decreased as the discharge 

process goes on.  

 

 

Figure 4.23: Stepwise fabrication of two electrode device using pristine COF thin sheet. Three solid 

state device connected in a series to enkindle a 1.8 V LED. 
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Figure 4.24: (a) CV and (b) GCD plot of three solid state devices connected in series operating in a 3 

V potential window. 

4.4 Conclusion 

 In summary, a redox-active chemically stable COF was employed as a self-standing 

supercapacitor electrode material where the energy was believed to be stored in the form of 

EDLC as well as pseudo-capacitive owing to its high porosity and redox transformation 

between quinone to hydroquinone respectively. The as-synthesized thin sheet showcased 

exceptionally high areal capacitance of 1600 mFcm
-2

 (gravimetric 169 Fg
-1

) when operating 

in a three-electrode assembly which is the highest ever achieved in a pristine COF based 

supercapacitor electrode. The thin sheet exhibit exceptionally high cycle life (> 1,00,000) in a 

three-electrode assembly which originates from its robust framework structure. Again, the 

chemical robustness of the COF empowered us to execute the electrochemical study using 

extreme electrolyte concentration (2 M aq. H2SO4/PVA gel) where it showcased long cycle 

life (> 50,000) with 65% capacitance retention when operating in a two-electrode solid-state 

device. We believe that the overall strategic design, as well as fabrication of the COF thin 

sheets with long-standing and high performing supercapacitor electrodes, could pave its 

future application in electrochemical devices. 

 

 

 



 

 

Chapter 4                                                                  Selective Fabrication of Redox Active… 

2018-Ph.D. Thesis: Arjun Halder, (CSIR-NCL), AcSIR  131 
 

4.5 Experimental procedures 

4.5.1 Materials  

2,4,6-Trimethoxy-benzene-1,3,5-tricarbaldehyde (TpOMe) was prepared from 1,3,5-

trimethoxybenzene using the reported literature procedure [2.11] and discussed in detail in 

chapter 2 of the thesis. 2,6-diaminoanthraquinone were purchased from Sigma Aldrich as 

was used as received. All other reagents and solvents were commercially available and used 

as received.  

4.5.2 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD):  The PXRD data were recorded on a Phillips 

PANalytical diffractometer using a Cu Kα radiation ( = 1.5406 Å), with a scan rate of 2° 

min
-1

. The tube current and voltage were fixed at 30 mA and 40 kV respectively. The sample 

holder containing the COF powders was scanned between 2 and 50° 2θ (step size of 0.02°).  

 (b) Thermogravimetric Analysis (TGA): TGA was recorded on an SDT Q 600 TG-DTA 

analyzer instrument. Approximately 5-7 mg of the COF sample was added to an aluminum 

crucible and heated from 25 to 900 °C under N2 atmosphere (heating rate of 10 °C min
–1

). 

(c) IR Spectroscopy: The Fourier transform infrared spectra (FTIR) of the COFs were 

collected on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer in ATR mode. 

The FTIR data were collected over the range of 4000-600 cm
-1

. 

(d) Gas Adsorption: The gas adsorption experiments were performed specifically for the 

activated COF powders using Autosorb automatic volumetric instrument (Quantachrome).  

COF powder activation procedure: Approximately 40 mg of the as-synthesized COF 

powders were evacuated under vacuum at 120 
°
C for 12 h. Finally, the activated samples 

were used for gas adsorption (N2). 

(e) Electrochemical analysis: All electrochemical analysis including cyclic voltammetry 

(CV), impedance measurements (Electrochemical Impedance Spectroscopic [EIS]) 

investigation was performed from 1 MHz to a lower frequency of 100 MHz frequency 

against the open circuit potential with a sinus amplitude of 10 mV [Vrms = 7.07mV]) and 

galvanostatic charge/discharge measurements (GCDC) were carried out using a Bio-Logic 

SP-300 PG Stat instrument. Electrochemical data were analyzed in EC-Lab software V10.19. 
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(f) Mechanical strength measurement: Tensile testing was performed on a TA Instruments 

dynamic mechanical analyzer (DMA, RSA- III). We performed stretching experiments using 

the rectangular tension geometry for the COF thin sheets. Sheets were cut into rectangular 

shapes and then clamped vertically in the rectangular geometry and stretched at a constant 

rate of 0.1 mm/s. All the experiments were done at room temperature. Stress-strain 

Calculation: We have calculated the engineering stress (σE) by dividing the stretching force 

(F) with the initial cross-sectional area (A) (σE= F/A). The engineering strain is calculated 

using the equation: εE = (l-l0)/ l0, where, l is the final length and l0 is the initial length.  

4.5.3 Structure Modeling of COFs 

Atomic positions and cell sizes of modeled COF layers were optimized using the Self-

Consistent-Charge Density-Functional Tight-Binding (SCC-DFTB) method. All atoms were 

described using the mio-0-1 parameter set [DOI: 10.1103/PhysRevB.58.7260] and Lennard-

Jones dispersion. The layer stacking is affected by the Coulomb repulsion between the partial 

atomic charges in adjacent layers.
[2]

 Hence, several slipped AA stacking possibilities were 

considered for each COF by shifting adjacent layers with respect to each other in different 

directions up to 6Å. In addition, different orientations of the methoxy groups (in plane, above 

plane, below plane) were considered. The predicted slipped structure has the lowest energy 

while maintaining an agreement with the experimental PXRD pattern. The fractional 

coordinates of all the COFs have been provided in Table 4.1. The COF has been modeled in 

the triclinic space group (P1) by comparing the experimental and simulated PXRD patterns. 

Refinements of PXRD pattern were done using Reflex module of the Material studio.
[3]

 

The lowest energy slipped-AA structure of TpOMe-DAQ was noted to be locked in place by 

several interlayer C–H•••N hydrogen bonds (Figure 4.11 & Table 4.1). In order to confirm 

the stability conferred by the hydrogen bonds, Molecular Dynamics (MD) simulations were 

run from the lowest energy slipped-AA structure. Simulations were run in the NVT ensemble, 

at the optimized volume. The temperature of 300K was maintained by a Nose-Hoover 

thermostat. 50ps of simulation was run with a time step of 1fs. Throughout the simulation, 

the layers slipped over each other within bounds defined by allowing each methoxy group of 

one layer forming a hydrogen bond with the imine nitrogen of the adjacent layer. Transient 

C-H•••O (methoxy – methoxy) bonds were occasionally seen as intermediates. 
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NOTE: The results of this chapter have already been submitted in J. Am. Chem. Soc., as a 

communication format entitled ―Interlayer Hydrogen-Bonded Covalent Organic Frameworks 

as High-Performance Supercapacitors‖. The manuscript was prepared based on the results 

obtained from the group of Dr. Rahul Banerjee and his students Mr. Arjun Halder and Mr. 

Abdul Khayum M., from CSIR-National Chemical Laboratory, Pune, India. Dr. Sreekumar 

Kurungot and his student Ms. Meena Ghosh for their contribution in electrochemical studies 

from CSIR-National Chemical Laboratory, Pune, India and Dr. Matthew Addicoat from 

School of Science and Technology, Nottingham Trent University, Nottingham, United 

Kingdom for computation study. Apart from electrochemical and computational study major 

works were contributed by Mr. Arjun Halder.    
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CHAPTER 5 

 

Morphological Diversity in 2D Porous Covalent Organic Frameworks: An 

Effect of Core Planarity modulation 

 

 

Abstract: Covalent 

Organic Frameworks 

(COFs) are pristine sets of 

porous organic nano-

materials, which earned 

immense attention in 

recent years due to their 

structural tunability and 

diverse applicability. 

COFs are usually synthesized as micro or nanocrystalline powders and its growth are mostly 

limited to nano domain with various interesting morphology/shape. The morphologies of 

nano-porous crystallites are considered as one of the very important properties for 

applications such as in molecular adsorption or charge carrier mobility etc. However, 

practical understanding of the mechanism behind the formation of COF crystallites and 

subsequent framework crystallization with certain morphologies were poorly explored.  

Herein, in this chapter we examine in detail about the mechanism of formation for two 

diverse morphologies in COFs such as ribbons (2,3-DhaTta) and hollow sphere (2,3-

DhaTab) whereas the formation of the hollow sphere was believed due to an inside-out 

Ostwald ripening process. Moreover, herein for the first time, we have attempted to 

understand in deep, the relationship of dihedral angles of the linkers at the molecular level 

with the final morphology of the COF crystallites. Besides, we have also shown how 

crystallinity and surface area of COFs gets tuned based on overall core planarity of the 

linkers. 
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5.1 Introduction 

The design and development of nanomaterials with well-defined superstructures is 

considered to be one of the major breakthroughs in the field of supramolecular chemistry in 

current decades [5.1]. However, to attain definite control over its function and material 

properties the nanoscale organization of the molecular building blocks must be precisely 

overlooked. As for example, various biological functions in natural systems are most often 

governed based on its defined nano or microarchitectures [5.2]. To this end, the precise 

construction of an artificial superstructure with well-defined molecular nano or micro-

domains using bottom-up approach is not straightforward and is profoundly challenging. 

Hence, if such issues are overcome there would be a significant improvement on a structure-

property relationship which is important for a material for its real-time applications.  

Among all other chemical reactions reported in the literature, the reactions controlled 

over dynamic covalent chemistry (DCC) are found to be promising towards the formation of 

well-defined ordered superstructures [5.3]. The DCC favours simultaneous error checking 

and its correction during framework formation, hence, based on which, the compositional 

exchange and morphological transformation among the crystallites can be precisely realized. 

In this context, morphological evaluation in 2 D nano-framework material build up entirely 

under controlled of DCC chemistry, such as covalent organic frameworks (COFs), are highly 

important owing to their various potential applications [5.4]. For example, Yaghi et al. could 

synthesize crystalline COFs using dynamic borate ester bonding [5.5]. Recently, Kubo et al. 

documented a very interesting morphology transformation of microspheres to microribbons 

in dynamic polymers containing reversible borate ester linkages [5.6]. Additionally, the 

scientists have realized the DCC could also control the morphology evolution in aromatic 

polymers even at micrometre scale where it is barely observed in other polymers formed 

without the aid of dynamic covalent bonds [5.7]. However, the mechanism of DCC 

controlled morphology and their behaviour is still under scrutiny and many other interesting 

aspects till date are largely unexplored. Moreover, despite significant progress in COFs in 

recent years, reports based on its template-free nano- or microstructures construction have 

been rarely reported. Notably, the successful applications of such network materials not only 

depend on its special chemical structures but also on its nano-scale sizes, morphologies and 
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architectures. Therefore, an explicit understanding of the morphology-modulation with 

respect to their constituents is highly required. 

5.2 Detailed investigation of nano-ribbon and hollow spherical morphological 

evolution in 2D COFs  

The previous chapters revealed about the synthesis of ultra-stable, crystalline and 

permanently porous covalent organic frameworks (COFs) and discussed their potential usage 

in water purification (membrane form) or in energy storage (as a thin sheet). Apart from 

solving the chemical stability issues, the other prevailing problem in COFs is the detailed 

understanding of the mechanism behind the COF crystallite formation and its subsequent 

crystallization to form certain important morphologies [5.8]. COFs are usually synthesized as 

insoluble micro-crystalline powders and the crystallite‘s growth is limited only in 

nanodomains owing to several internal defects during its crystallization [5.8b]. As a result, in 

micro or nano domain COFs are found to adopt diverse morphologies such as sheets [5.9], 

belts [5.10], cubes [5.11], rectangular prismatic [5.12], nano-fibres [5.13], nano-flowers 

[5.14a], hollow spheres [5.14b-c] etc. As discussed, the overall properties and real-time 

employment of those materials not only rely on the compositions but also on their nano-scale 

morphology which plays an incredible role in diverse applications such as in charge carrier 

mobility, energy storage, drug delivery, and molecular adsorption [5.15].  

In 2015, Kandambeth et al. reported the hollow spherical morphology in a COF 

(DhaTab), but it was exempted from the detailed molecular level investigation [5.16a]. Xin 

Zhao and co-workers could prepare boronate ester linked two-dimensional polymer hollow 

spheres [5.17]. However, the hollow spheres were difficult to isolate as they were 

synthesized in a mixture with other nano-sheet morphologies and its limited chemical 

stability restricts their real-life applications [5.17]. This realization prompted us to prosecute 

further investigation and herein we report two new chemically stable imine-based COFs, 

which self-assemble to ribbons (2,5-DhaTta) and hollow spheres (2,5-DhaTab) upon 

crystallization in a single step without any templating agents. Among them, hollow spherical 

structure is considered as a highly important morphology owing to its promising applications 

towards catalysis and molecular sensors [5.18], energy storage [5.19] and drug delivery 

[5.20]. Notably, achieving hollow spherical morphology of any polymeric or related 

materials are extremely difficult as well as their existence is very rare and does often require  
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Figure 5.1. Schematic representation of the synthesis of (a) 2,3-DhaTta COF and (b) 2,3-DhaTab 

COF separately reacting 2,3-Dha aldehyde with Tta and Tab amines respectively. The existence of 

O─H•••N intralayer H-bonding has been shown in the inset. 

usage of templating agents [5.21]. Whereas, the self-template strategy during COF hollow 

sphere formation is considered to be cost-effective as it is devoid from additional templates 

usage and required no further removal of other contaminants from the pores [5.22]. In the 

present study, the self-templated intermediates, accountable for the formation of the final 

morphology of the COFs (ribbon and hollow sphere), were isolated and their mechanisms of 

formation have been thoroughly and systematically investigated using SEM, TEM and AFM 

microscopic study. Moreover, after careful evaluation of intermediates morphology, herein 

the formation of hollow spheres was believed to originate via an inside-out Ostwald ripening 

phenomenon. Besides, we have separately attempted to understand in deep the relationship of 

dihedral angles of the linkers at the molecular level with the final morphology of the COF 

crystallites. The as-synthesised COFs (2,3-DhaTta and 2,3-DhaTab) were found to be 

highly crystalline, permanently porous (SBET as high as 1700 m
2
/g) with remarkable stability 

towards water and 3(N) HCl beyond 3 days treatment, which was believed due to the 

presence of intramolecular O─H•••N hydrogen bonding [5.23].  Moreover, for the first time, 

we have shown how the crystallinity and surface area of COFs gets tuned based on core 

planarity at the molecular level of the used linkers. Additionally, based on DFT (Density 

Functional Theory) study a significant correlation between stacking energy of two adjacent 

COF layers with their backbone planarity was established, which was believed to be the 
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predominant guiding factor for governing their crystallinity, porosity and morphological 

diversity evaluation. 

5.2.1 Synthesis of COFs 

2,3-DhaTta: A pyrex tube ( o.d. × i.d. = 18 × 16 mm
2
 and length 18 cm)  was charged with 

4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline (Tta) (92 mg, 0.26 mmol), 2,5-

dihydroxyterethaldehyde (2,3-Dha) (65 mg, 0.39 mmol), 5.1 mL of mesitylene, 0.9 mL of 

dioxane, 0.6 mL of 6 M aqueous acetic acid. This mixture was sonicated for 15 minutes in 

order to get a homogenous dispersion. The tube was then flash frozen at 77 K (liquid N2 bath) 

and degassed by three freeze-pump-thaw cycles.   The tube was sealed off and then heated at 

120 °C for 3 days. A red coloured precipitate formed was collected by centrifugation or 

filtration and washed with first dioxane (2-3 times) and then with N,N-dimethylacetamide 

until a clear solution comes from the precipitate. The powder collected was then solvent 

exchanged with anhydrous ethanol 5-6 times and then dried at 120 °C under vacuum for 24 

hours to give a deep red coloured powder in 80% (89 mg) isolated yield (Figure 5.1a). IR 

(powder, cm
-1

): 1585(m), 1509(s), 1416 (m), 1366(s), 1302(m), 1200(w), 1173(m), 1146(w).  

2,3-DhaTab: The COF 2,3-DhaTab was synthesised following same technique from the 

mixture of 1,3,5-tris(4-aminophenyl)benzene (Tab) (91 mg, 0.26 mmol), 2,3-

dihydroxyterethaldehyde (65 mg, 0.39 mmol) (2,3-Dha), 5.1 mL of mesitylene, 0.9 mL of 

dioxane, 0.6 mL of 6 M aqueous acetic acid. The whole reaction mixture was kept at 120 °C 

for 3 days and after the reaction, a deep brown coloured solid was found to appear at the 

bottom of the pyrex tube was isolated by filtration and washed with dioxane (2-3 times) and 

then with N,N-dimethylacetamide to have almost pure precipitate. The powder collected was 

then solvent exchanged with anhydrous ethanol for 5-6 times and then dried at 120 °C under 

vacuum for 24 hours to give a deep brown coloured powder in 82% (isolated yield) (Figure 

5.1b). IR (powder, cm
-1

): 2980 (m), 2885(w), 1617(m), 1593(m), 1545(m), 1494(m), 

1440(m), 1392(m), 1358(w), 1298(s).  

5.2.2 Structural simulation and characterization 

 Both the COFs reported here show high crystallinity as revealed by their PXRD 

patterns (Figure 5.2). High intense peaks at 2.8 (2θ ± 0.1) for 2,3-DhaTta and 2,3-DhaTab 

appear due to the strong reflections from the 100 planes. The 2,3-DhaTta show other minor 
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peaks at ~4.9, ~5.7, ~7.5,  ~9.9° (2θ) due to the reflections from 110, 200, 120, and 220 

planes respectively. Similarly, 2,3-DhaTab, minor peaks at ~4.9, 5.6, ~7.4, ~9.8° (2θ) appear  

 

Figure 5.2. Crystal structures of the reference compounds (a) SaTta, (b) 2,3-Dha-ani and (c) SaTab. 

The torsion angles have been shown with double-headed arrows. 

 

Figure 5.3. (a, c) PXRD comparison of as-synthesized COFs with its simulated eclipsed (AA) and 

staggered (AB) stacking models. (b,d) Eclipsed model structures of respective COFs. 
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Figure 5.4. Crystal structures of the reference compounds (a) SaTta, (b) 2,3-Dha-ani and (c) SaTab. 

The torsion angles have been shown with double-headed arrows. 

due to the reflections from the 110, 200, 120, 220 planes. Peaks at ~ 26.1
o
 (2θ ± 0.2) present 

in both COFs correspond for their 001 plane reflections. The d-spacing value between the 

corresponding 001 planes was used to calculate the π-π stacking distances between vertically 

stacked COF layers. The high crystallinity of these COFs was attributed due to the presence 

of strong intramolecular O‒H•••N hydrogen bonding between imine nitrogen and hydroxyl 

functionality of the aldehyde core, which attempts to keep the phenyl rings in one plane and 

increases stacking interactions within adjacent COF layers (Figure 5.1 & Figure 5.4b). To 

get an overview of the hydrogen bonding effect on the COF backbone we have crystallized 

three reference compounds such as SaTta, SaTab and 2,3-Dha-ani (Figure 5.4). X-Ray 

single crystal structure analysis shows three phenyl rings connected to the central triazine 

core in SaTta are almost in the same plane (torsion angles are 174.7, 176.3 and 179.9
o
), 

whereas for SaTab, the central triphenyl cores are not in the same plane (torsion angles are 

149.6, 154.5 and 145.5
o
) as to avoid steric interactions among the orthohydrogen atoms. On 

the other hand, the crystal structure of 2,3-Dha-ani reflects the central benzene ring of the 

aldehyde counterpart is slightly out of plane (torsion angles are 135.9 and 134.5
o
). 

Interestingly, the structural features of these reference compounds largely depend upon the 

intramolecular O‒H•••N hydrogen bonding [SaTta- D=2.63Å, d=1.98Å, θ=141.6
o
; for 

SaTab- D=2.61, d=1.88, θ=146.6; and 2,3-Dha-ani- D=2.59, d=1.86, θ=146.6 respectively] 

phenomenon associated in their backbone structure. All these observations clearly indicate 
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that 2,3-DhaTta should exhibit most planer structure compared 2,3-DhaTab. Moreover, to 

find out the probable structure, a possible 2D structure was proposed with eclipsed and 

staggered stacking models with the help of SCC-DFTB method.  The experimental PXRD 

patterns match well with the simulated slipped-AA stacking model for these two COFs 

(Figure 5.3). The model structure matches well with the space group triclinic ‗P1‘ in both 

the COFs. To elucidate the unit cell parameters Pawley refinement is performed which 

indicates good agreement between the simulated and experimental PXRD patterns. The unit 

cell parameters for the COFs 2,3-DhaTta and 2,3-DhaTab appear as a =37.1, b = 37.1, c = 

3.5 and a = 37.3, b = 37.3, c = 3.5 respectively.  

 

Figure 5.5. FT-IR spectra comparison among 2,3-DhaTta, 4,4',4''-(1,3,5-triazine-2,4,6-

triyl)trianiline (Tta) and 2,3-dihydroxyterethaldehyde (2,3-Dha). 

5.2.3 Chemical characterization 

FT-IR analysis for the COFs reported here show the complete disappearance of primary ‒N-

H stretching band (3200-3460 cm
-1

) of parent amines as well as the —C=O stretching 

frequency around 1660 cm
-1 

for aldehydes used in the synthesis (Figure 5.5 & Figure 5.6). 

Moderate and strong bands, respectively for triazine and phenyl core based COFs, appear 

around 1616 cm
-1

 reflect the formation of —C=N linkages as found in the reference 

compounds (SaTta and SaTab). Solid state 
13

C NMR spectra of 2,3-DhaTta indicate a  



 

 

Chapter 5                                                                               Morphological Diversity in 2D … 

2018-Ph.D. Thesis: Arjun Halder, (CSIR-NCL), AcSIR  142 
 

 

Figure 5.6. FT-IR spectra comparison among 2,3-DhaTab, 4,4',4''-(1,3,5-triazine-2,4,6-

triyl)trianiline (Tab) and 2,3-dihydroxyterethaldehyde (2,3-Dha).  

strong signal at ~166.5 ppm which originates from triazine core carbon atoms only as this 

peak was completely absent in 2,3-DhaTab (Figure 5.7a-b). The signal at around ~157.6 

ppm can be assigned for the imine linkage carbon atoms present in both the COFs. The 

aromatic carbon signals appeared in the range 150-110 ppm in the spectrum. TGA profile 

shows the COFs are thermally stable up to 350 °C. Above this temperature, gradual weight 

loss signifies the gradual framework degradation (Figure 5.7c). 

 

Figure 5.7. (a, b) Solid state 
13

C spectra of COFs 2,3-DhaTa and 2,3-DhaTab respectively 

with partial chem. draw structure on inset. (c) TGA profile of the respective COFs. 
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5.2.4 Gas adsorption studies 

N2 adsorption was carried out for the COFs in their fully activated state after exposing 

the samples under vacuum and subsequent heating at around 120 °C. Both the COFs follows 

type IV reversible isotherm, which reflects their mesoporous nature (Figure 5.8a). The 

Brunauer–Emmett–Teller (BET) surface areas, calculated in the pressure range P/P0 = 0.1 to 

0.2, of 2,3-DhaTta and 2,3-DhaTab were evaluated as 1700 and 413 m
2
g

-1
 respectively. The 

extremely high surface area of 2,3-DhaTta compared to 2,3-DhaTab COF could be due to 

its high crystallinity and long-range exposed pore structure, which basically originates from 

strong π-π stacking interaction between the layers (higher flattened structure). Flatness and 

hence stacking interaction between the vertically stacked layers decreases moving from 2,3-

DhaTta to 2,3-DhaTab which reflects higher surface area to the former one compared to the 

later COF. 

 

Figure 5.8:  Comparison of (a) N2 adsorption (at 77 K), (b) H2 adsorption (at 77 K), (c) CO2 

adsorption (at 273 K), (d) water vapor adsorption (at 298 K) isotherms of 2,3-DhaTta and 2,3-

DhaTab COFs. 
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Figure 5.9:  Experimental pore size distribution of 2,3-DhaTta (left) and 2,3-DhaTab (right) COFs. 

The pore Size distribution was calculated using DFT model from N2 adsorption isotherm 

(cylindrical pore, NLDFT adsorption branch model) for 2,3-DhaTta and 2,3-DhaTab COFs 

(Figure 5.9). The experimental pore width in both COFs 2,3-DhaTta and 2,3-DhaTab  were 

calculated as 3.5 nm which nicely more or less matches with the theoretically predicted 

values 3.1 and 3.2 nm respectively.  

Hydrogen adsorption/desorption was performed at 77 K (liquid N2), which shows reversible 

hydrogen uptake in both COFs (Figure 5.8b). At 1 atm vapour pressure 2,3-DhaTta and 2,3-

DhaTab show hydrogen uptake up to 130 and 51 cm
3
g

-1
 respectively. Curiously, we have 

also carried out CO2 adsorption at 273 K, which show moderate CO2 uptakes of 34 and 30 

cm
3
gm

-1
 for 2,3-DhaTta and 2,3-DhaTab respectively (Figure 5.8c). Both the COFs were 

found to be hydrophobic in nature, as revealed by their water adsorption isotherms (Figure 

5.8d). No significant water vapour uptake up to 0.4 bar vapour pressure and the reversible 

water vapour uptake capability indicates their hydrolytic stability.  

 

5.2.5 Chemical stability investigation  

The hydrolytic stability test of the COFs was performed by submerging about 40 mg 

of the COF samples in 50 ml of water for 3 days. Exact matching of the PXRD pattern 

(Figure 5.10c-d) along with identical FTIR spectra (Figure 5.11c-d) reveals structural 

rigidity of COFs in water. N2 adsorption isotherm shows the COFs were still porous with 

lower surface areas after prolonged water treatment (Figure 5.12c-d).  
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Figure 5.10:  Comparison of PXRD patterns of 2,3-DhaTta (a & b) and 2,3-DhaTab (c & d) of as-

synthesized with after 3 days treatment in water and 3 (M) HCl respectively. 

 

Figure 5.11:  Comparison of IR spectrums of 2,3-DhaTta (a & b) and 2,3-DhaTab (c & d) of as-

synthesized with after 3 days treatment in water and 3 (M) HCl respectively. 
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Figure 5.12:  Comparison of N2 adsorption isotherms of 2,3-DhaTta (a & b) and 2,3-DhaTab (c & d) 

of as-synthesized with after 3 days treatment in water and 3 (M) HCl respectively. 

Following a similar way, the COF samples were treated with 3 (N) HCl and 3 (N) NaOH to 

find out their acid and basic stability respectively. After 3 days treatment in acid, retention in 

PXRD (Figure 5.10a-b) pattern along with no alteration in FTIR (Figure 5.11a-b) spectra 

indicates its stability in 3(N) HCl. Though surface areas of all these COFs decrease 

dramatically (Figure 5.12a-b). We can assume, in acid media the imine nitrogen gets 

protonated, O─H•••N hydrogen bonding gets disrupted, which allows a nucleophilic attack 

from water molecule at imine carbon centre leading partial framework collapse. In contrast, 

the COFs were found to be completely unstable in 3(N) NaOH. Here we believe, the strong 

nucleophile OH
– 

not only pluck the phenolic O–H proton from aldehyde counterpart by 

destructing hydrogen bonding phenomenon, but it also has the ability for faster attack 

(compared to water) to the imine carbon centre resulting rapid framework degradation. 
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5.2.6 Morphological study of COFs and explanation behind their formation 

Scanning electron microscopy (SEM) and transmittance electron microscopy (TEM) 

techniques were utilized to reveal the underlying morphology of the COF crystallites and the 

way of their formation after 72 h. In 2,3-DhaTta, ribbon-shaped crystallites are found after 

72 h as revealed from SEM and TEM analysis (Figure 5.13b-c). On the other hand, 72 h 

SEM and TEM imaging show 2,3-DhaTab forms hollow spheres which are interconnected 

through their mesoporous walls (Figure 5.13e-f). The spherical nature of 2,3-DhaTab 

(diameter; ca. 400 nm) is confirmed by AFM analysis (Figure 5.14). We were very much 

curious to find out the mechanism behind the final morphological evolution. Hence, to 

investigate the mechanism behind the ribbon (2,3-DhaTta) and hollow sphere (2,3-DhaTab) 

formation, COF reactions were quenched at different time intervals (12, 24, 36, 48 and 72 h). 

For that, in five different set of tubes, one particular COF was synthesized at a different time 

interval such as 12, 24, 36, 48 and 72 h maintaining starting materials concentration, solvent 

ratio, reaction time as mentioned above.  

 

Figure 5.13:  From SEM (c, f) & TEM imaging (rest), from 12 to 72 h  (a-b) The way of formation of 

ribbon-shaped morphology in case of 2,3-DhaTta COF and (d-e) Hollow spherical morphology 

formation in case of 2,3-DhaTab. 
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Figure 5.14:  AFM image of the 2,3-DhaTab hollow sphere. Height profile reflects spherical nature.  

After the isolation and purification steps as mentioned for 72 h sample, COF powders were 

collected and its crystallinity, porosity and internal morphology were analyzed.  Interestingly 

the PXRD of 12 h COF samples displayed all the characteristic peaks, which indicate COF 

framework formation is even possible at a short reaction time of 12 hours (Figure 5.15). 

Further, the PXRD pattern of the other COF samples synthesized at the intermediate steps 

(24, 36, 48 hours) also displayed similar crystallinity (Figure 5.15). The characteristic FT-IR 

12, 24, 36, 48 hours samples match completely with the final 72 hours COF samples (Figure 

5.16). This result also confirms the successful COF framework formation at different time 

intervals. We have also checked the porosity of respective COF samples isolated at the 

shortest reaction time (12 h). As expected the 12 h COF sample also showed a decent surface 

area compared to the 72 h COF samples (Figure 5.17). The porosity of the material was 

found to increase as we move from 12 to 72 h. The surface area calculation indicates the 

COF samples become more crystalline as the time progress. The reason could be, due to 

extending reaction condition the crystallites have enough time to self-correct its structural 

errors and leads thermodynamically more stable crystalline product. It also helps to stack a 

higher number of COF layers one top to other hence to grow the COF along stacking 

direction, hence provides larger and ordered crystallites which in turn reflect to result in 

higher surface area as the time progresses from 12 to 72 h.  

Apart from that, the detail exploration of the mechanism of formation of 2,3-DhaTta 

(ribbon) and 2,3-DhaTab (hollow sphere), we have characterized the internal morphology of 

the intermediate samples using various microscopic techniques such as TEM and SEM. 2,3-

DhaTta at smaller reaction time forms ribbon-shaped crystallites (length ca. ~200 m from 
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TEM) as revealed by its SEM and TEM imaging (Figure 5.13a, 5.19 & 5.20; 12 h). No more 

change in the morphology was observed moving from 12 h to 72 h as the small ribbon-

shaped crystallites self-assemble to form larger ribbon-shaped crystallites. 

 

Figure 5.15: PXRD of 2,3-DhaTta and 2,3-DhaTab at different time intervals (12 h, 24 h, 36 h, 48 h 

and 72 h). 

 

Figure 5.16: FT-IR spectra of 2,3-DhaTta and 2,3-DhaTab at different time intervals (12 h, 24 h, 36 

h, 48 h and 72 h). 
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Figure 5.17: N2 adsorption isotherm of 2,3-DhaTta and 2,3-DhaTab at different time intervals (12 h, 

24 h, 36 h, 48 h and 72 h). 

However, 2,3-DhaTab sample synthesized at 12 hours showed small (length 20-40 m) and 

bent morphology (Figure 5.13d, 5.23 & 5.24; 12 h). The bent morphology of the COF 

crystallites was believed to form due to the imperfect self-assembly (π-π stacking) of COF 

layers along the c axis. The COF crystallites are randomly aggregated in different 

directions/shape at 12 hours reaction time. The morphology of the crystallite aggregation 

includes dense spheres, coiled and aggregated structure. As the time progress, at 24 hours in 

2,3-DhaTab samples TEM, image mainly shows dense spheres, which was formed by the 

aggregation of COF crystallites (Figure 5.23 & 5.24; 24 h). However, after 36 hours 2,3-

DhaTab from TEM, revealed an important morphological transformation. Herein, a hollow 

interior was developed inside of 2,3-DhaTab dense spheres, as seen from TEM imaging the 

crystallites were moving from the centre of the sphere to its surface wall (Figure 5.24; 36 h). 

Hence, the number of dense sphere morphology was drastically reduced and formation of 

hollow spherical morphology starts originating. But the basic bent crystallites of COF were 

still visible at the hollow sphere walls in higher magnification TEM images (Figure 5.24; 36 

h).  Moreover, the transformation of the 2,3-DhaTab dense sphere to corresponding 2,3-

DhaTab hollow spheres was resulted due to a phenomenon so-called inside-out Ostwald 

ripening mechanism (Figure 5.25) [5.9]. This phenomenon mostly happens due to the 

difference in free energy of the crystallites which are very inside of the sphere. The detailed 

Ostwald ripening phenomenon has been discussed in the latter section. 
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Figure 5.18:  (a) Defragmented of 2,3-DhaTta COF into reference compounds SaTta (planar core) 

and 2,3-Dha-ani. (b) TEM imaging (12-72 h) and cartoon representation for ribbon-shaped 

crystallite formation in 2,3-DhaTta COF. (c) The expected growth mechanism of the COF crystallites 

at 12h, stacking model along with stacking energy value (from DFT) mentioned for the adjacent 

hexagonal COF layers. (d) PXRD pattern (of 12 h sample) along with intensity ratio of 100 to 001 

planes for 2,3-DhaTta COF. 

We have tried to establish a correlation between the crystallite morphology and its molecular 

level structure based on microscopy images. The structure of 2,3-DhaTta can be 

defragmented into two reference compounds SaTta and 2,3-Dha-ani (Figure 5.18a). The 

reference compound SaTta shows three nearly planar phenyl rings with respect to the 

triazine core (torsion angles are 174.7, 176.3 and 179.9
o
), whereas the phenyl rings from the 

aldehyde part (between two cis imine linkages) in 2,3-Dha-ani are slightly out of plane 

(torsion angles 135.9 and 134.5
o
). Moreover, the π-π stacking energy per hexagon is 

calculated in order to find out the stacking efficiency among the vertically stacked COF  
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Figure 5.19: SEM images of 2,3-DhaTta at different time intervals. 

 

Figure 5.20: TEM images of 2,3-DhaTta at different time intervals. 
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layers and it is -1634.2 kJ/mole in 2,3-DhaTta (Figure 5.18c). Again calculated PXRD 

intensity ratio between 100 to 001 plane of the sample retrieved after 12 h of reaction is 46.2 

(Figure 5.18d). This high value directly indicates that each individual layer utilizes the 

strong π-π stacking interaction to interact with other layers to extend along the Z direction 

compared to X and Y direction (Figure 5.21). Hence, the growth continues to form ribbons 

(Figure 5.13a, 5.18b-c; 12 h). These crystallites self-aggregate to larger ribbon-shaped 

crystallites after 36 h (length ca. 515 nm, width ca. 90 nm) (Figure 5.18b; 36 h). Finally, this 

ribbon-like morphology is prominently visible at 72 h SEM and TEM (Figure 5.19 & 5.20).  

 

Figure 5.21: (a) General definition of ‘100’ and ‘001’ planes in a cubic system. (b) Expansion of the 

defined planes in a hexagonal system and (c) Finally expanded the concept of planes in stacked 

hexagonal 2D COF layers. 

As observed from SEM and TEM, 2,3-DhaTab has a hollow spherical morphology after 72 h 

(Figure 5.23 & Figure 5.24). TEM images clearly show that at the beginning of the reaction 

mostly small bent fibres (length ca. 25-55 nm) are formed (Figure 5.13 & Figure 5.24). We 

try to understand again from their molecular level structure and PXRD and subsequently 

defragmented the COF structure to SaTab and 2,3-Dha-ani reference compound (Figure 

5.22a). The central four phenyl rings (one core phenyl and three outer phenyls from amine 

counterpart) are completely out of plane with respect to each other in SaTab (torsion angles 

149.6, 154.5 and 145.5
o
) and the benzene core, connected between two cis imine bonds, are 

not in the same plane in 2,3-Dha-ani (torsion angles 134.5 and 135.9
o
), which means that the 

π-π stacking interaction, in this case, is completely imperfect as the layers are extremely non 

planner (ca. π-π stacking energy -1578.7 kJ/mole from DFT) (Figure 5.22c). This imperfect 

stacking hinders the growth of COF fibres along the Z axis. The PXRD intensity ratio 

between 100 to 001 planes is 5 (Figure 5.22d) which is 9 times smaller compared to the  
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Figure 5.22:  (a) Defragmented of 2,3-DhaTab COF into reference compounds SaTab (non-planar 

core) and 2,3-Dha-ani. (b) TEM imaging (12-72 h) and cartoon representation for hollow sphere 

crystallite formation in 2,3-DhaTab COF. (c) The expected growth mechanism of the COF 

crystallites at 12h, stacking model along with stacking energy value (from DFT) mentioned for the 

adjacent hexagonal COF layers. (d) PXRD pattern (of 12 h sample) along with intensity ratio of 100 

to 001 planes for 2,3-DhaTab COF. 

PXRD the intensity ratio between 100 to 001 planes in 2,3-DhaTta (Figure 5.18d).This 

reflects that the growth along Z direction is absolutely minimal. From TEM, it is clear that 

the fibres are bent, which perhaps originates from improper stacking between the layers 

(Figure 5.22b, 5.23 & 5.24; 12 h). At the time the crystallites also self-aggregate to give 

dense spherical shapes (Figure 5.23 & 5.24; 24 h). However, as time progresses the 

crystallites gradually diffuse from the centre of the dense sphere to its wall making hollow 

interior inside after 36 h (Figure 5.22b, 5.23 & 5.24; 36 h). Finally, at 72 h hollow spheres 

with wall thickness ca. 25-50 nm and diameter ca. 200 nm-1.5 µm were observed  
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Figure 5.23: SEM images of 2,3-DhaTta at different time intervals. 

 

Figure 5.24: TEM images of 2,3-DhaTta at different time intervals. 
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Figure 5.25: Understanding of Ostwald ripening process in 2,3-DhaTab. 

(Figure 5.22b, 5.23 & 5.24; 72 h). However, we believe that Oswald Ripening is perhaps 

responsible for the formation of a hollow sphere. It is noteworthy that higher curvature 

associates with higher surface energy [5.22]. Hence, the crystallites those are very close to 

the centre of the dense sphere (with higher curvature) experience more surface energy than 

the crystallites close to the wall (with lower curvature). Oswald ripening occurs to those 

crystallites which are near to the centre to reduce their surface energy. The crystallites 

gradually move from the centre and assemble to the surface leading hollow interior inside. 

After 72 h, an entirely dark wall with bright contrast inside of the sphere is found to form, as 

revealed by TEM, which reflects hollow spherical nature (Figure 5.25). 

5.3 Conclusion 

In summary, we have designed and have successfully synthesized two new imine bonded, 

chemically stable covalent organic frameworks, which exhibit good crystallinity and porosity 

along with some interesting morphological features. The presence of strong intramolecular 

H-bonding and molecular level core planarity force a stiff and planner COF structure, which 

is the basis of high surface area and crystallinity. After 72 h the COFs display different 

morphologies, as found from both SEM and TEM images cling to their building units. In the 

case of triazine-based COF, the crystallite self-assembles to ribbons. In contrast, in phenyl 

core based COF the morphology dramatically reshapes to hollow spheres where the 

crystallites assemble through inside-out Oswald- Ripening mechanism. DFT study is carried 

out in order to validate the experimental result. It is established that extent of π-π stacking 

efficiency among the 2D COF layers is accountable for their morphological diversity along 
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with dramatic change on surface area or crystallinity. We believe that a detailed investigation 

of diversity in self-assembly process along with valuable morphologies will open up a new 

domain of exciting research area in COFs. 

5.4 Experimental procedures 

5.4.1 Materials  

2,3-dihydroxyterethaldehyde was prepared from 1,2-dimethoxybenzene using the 

reported literature procedure [5.24].
 

1,3,5-tris(4-aminophenyl)benzene was directly 

purchased from TCI fine chemicals and was used without further purification. All other 

reagents and solvents were commercially available and used as received.  

5.4.2 Synthesis of 4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline (Tta)  

 

Scheme 5.1: General synthetic scheme for the preparation of 4,4',4''-(1,3,5-triazine-2,4,6-

triyl)trianiline (Tta). 

4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline: 12 gm of 4-nitrobenzonitrile was heated with 

10-15 mL of trifluoromethane sulfonic acid at 110 
0
C for around 18 hrs. The reaction was 

monitored by TLC. After completion of the reaction, the whole reaction mixture was poured 

into distilled water. After complete precipitation, it was filtered off and washed with distilled 

water for several times in order to remove excess acid. The residue was vacuum dried at 100
 

ºC, which gives 10.2 gm of grey coloured 2,4,6-tris(4-nitrophenyl)-1,3,5-triazine (85% 

isolated yield) as an intermediate product. It was then directly used for the next step without 

any further purification. 

In a 1000 mL three-neck flask a suspension of 2,4,6-tris(4-nitrophenyl)-1,3,5-triazine (9.67 

g, 0.021 mmol) and 2.054 g of Pd/C (5 wt %) in 410 mL of dioxane/ethanol (v/v, 2/1) was 

heated to reflux under nitrogen atmosphere. Then 46 mL of hydrazine monohydrate was 
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added dropwise over a period of 60 min, and the reaction mixture was further refluxed for 24 

h and was monitored by TLC. After cooling to room temperature, the mixture was filtered 

and the filtrate was poured into 1.5 L of water. The precipitate was collected by filtration 

after several times washing with distilled water and dried in vacuo to give 5.5 g (56.8% 

isolated yield) of 4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline (Tta).
 1

H NMR (200 MHz, 

DMSO-d6): 7.75-7.7(d, 6H), 6.68-6.64 (d, 6H), 5.97 (s, 6H). IR (powder, cm
-1

): 3462 (w), 

3333 (m), 3211(m), 2977(w), 1604(s), 1501(s), 1430(m),  1365 (s). 

 

Figure 5.26: 
1
H NMR spectrum (in DMSO-d6) of 4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline (Tta). 

The reference compound was synthesized by the reaction between 1,3,5-Tris(4-

aminophenyl)benzene (Tab) (0.175 g, 0.5 mmol) and salicylaldehyde (0.366 g, 3.0 mmol) in 

20 mL ethanol under refluxing condition for 24 h. After this time the solution was allowed to 

reach room temperature. The precipitate formed was then collected by filtration. After 

washing with ethanol and drying under vacuum the final product was isolated as yellow solid 

0.265 g (80%). The single crystals of the reference compound were grown in DMF, 

chloroform solvent combination. IR (powder, ATR): 1617, 1595, 1568, 1448, 1391, 1363, 

1280, 1193, 1152, 910, 829, 749, 654; 
1
H NMR (300 MHz, CDCl3): δ  13.28 (s, 3H), 8.71 

(s, 3H), 7.83 (s, 3H), 7.78 (d, J = 8.24 Hz, 6H), 7.48-7.39 (m, 12H), 7.07 (d, J = 8.24 Hz, 3H) 

and 6.98 (t, J = 7.32 Hz, 3H); 
13

C NMR (75 MHz, CDCl3): δ  166.55, 169.19, 147.19, 

141.68, 139.53, 133.28, 133.23, 128.30, 124.88, 121.75, 119.22, 119.13 and 117.29. 
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5.4.3 Synthesis of reference compound 2,2',2''-((1E,1'E,1''E)-(((1,3,5-triazine-2,4,6-

triyl)tris(benzene-4,1-diyl))tris(azanylylidene))tris(methanylylidene))triphenol (SaTta) 

 

Scheme 5.2: General synthetic scheme for the preparation of SaTta. 

This reference compound was synthesized by the reaction between 4,4',4''-(1,3,5-triazine-

2,4,6-triyl)trianiline (Tta) (354 mg, 1 mmol) and salicylaldehyde (Sa) (610 mg, 5 mmol) in 

30 mL ethanol, 6 mL dioxane and 0.5 mL of aqueous acetic acid mixture under refluxing 

condition for one day. After that, the solution was cooled to room temperature and the 

precipitate was collected by filtration, washed with ethanol to remove excess salicylaldehyde, 

and dried under vacuum to give 0.533 g (0.8 mmol, 80%) of SaTta as a yellow solid 

compound. 
1
H NMR (200 MHz, CDCl3): 13.15 (s, 3H), 8.89-8.85 (d, 6H), 8.76 (s, 3H), 

7.52-7.43 (m, 12H), 7.13-6.99 (m, 6H). IR (powder, cm
-1

): 2975(w), 1619 (m), 1596 (m), 

1569 (m), 1511 (s), 1413 (m), 1361 (s), 1280 (m). 

 

Figure 5.27: 
1
H NMR spectrum (in CDCl3) of the reference compound SaTta. 
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5.4.4 X-Ray investigation of single crystals of reference compounds 

 

 

Figure 5.28: Single Crystal X-ray diffraction structure of the reference compound SaTta. In the 

ORTEP (with 40% probability level); Carbon (black), Nitrogen (blue), Oxygen (red) and Hydrogen 

(pink) have been shown [CCDC No: 1451702]. 

 

Table 5.1. Structural information of the reference monomer SaTta.  

Structural information 

Empirical formula C39H31N4O7 

Formula weight 667.68 

Temperature/K 298 

Crystal system triclinic 

Space group P1 

a/Å 6.1550(5) 

b/Å 12.6175(10) 

c/Å 26.054(2) 

α/° 102.990(7) 

β/° 91.911(7) 

γ/° 102.838(7) 
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Volume/Å
3
 1914.9(3) 

Z 2 

ρcalcmg/mm
3
 1.158 

m/mm
-1

 0.081 

F(000) 698.0 

Crystal size/mm
3
 0.5 × 0.2 × 0.2 

2Θ range for data collection 6.44 to 58.38° 

Index ranges -7 ≤ h ≤ 8, -16 ≤ k ≤ 16, -35 ≤ l ≤ 32 

Reflections collected 18165 

Independent reflections 13454[R(int) = 0.0583] 

Data/restraints/parameters 13454/3/927 

Goodness-of-fit on F
2
 1.215 

Final R indexes [I>=2σ (I)] R1 = 0.1253, wR2 = 0.3018 

Final R indexes [all data] R1 = 0.3131, wR2 = 0.4086 

Largest diff. peak/hole / e Å
-3

 0.58/-0.28 

Flack parameter -8(4) 

 

 

5.4.5 Structure Modelling of COFs 

Atomic positions and cell sizes of modelled COF layers were optimized using the Self-

Consistent-Charge Density-Functional Tight-Binding (SCC-DFTB) Method. Stacking of 

layers is affected by the Coulomb repulsion between the partial atomic charges in adjacent 

layers.
 
Hence, we performed a Mulliken population analysis for the charges. The adjacent 

layers were shifted with respect to each other in different directions in order to avoid 

Coulomb repulsion from charges alike. Several possibilities were considered, however, the 

best was taken from a comparison of simulated PXRD pattern with the experimental. 

Interlayer separation was also determined from the comparison of PXRD patterns.  

 In order to elucidate the structure of these COFs and to calculate the unit cell 

parameters (Table 5.1 & 5.2), possible 2-D models were optimized using the Density-

Functional Tight-Binding method. Several stacking possibilities were considered for reasons 

reported in the literature.
[2] 

The experimental PXRD patterns are agreeable with the simulated 

patterns of some slipped-AA stacking models. COFs 2,3-DhaTta and 2,3-DhaTab have been 
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modelled in the triclinic space group (P1) by comparing the experimental and simulated 

PXRD patterns. Refinements of PXRD pattern were done using Reflex module of the 

Material studio. 

Table 5.2. Fractional atomic coordinates for the unit cell of 2,3-DhaTta 

2,3-DhaTta (Space group- P1) 

a =37.1407Å, b= 37.1469Å, c=3.54025Å; α =90.1853,  β =89.4554, γ =120.5590 

Atom x y z Atom x y z Atom x y z 

C1 0.04946 0.01983 0.97127 C21 0.17366 0.28974 0.99129 C112 0.88384 0.57538 0.4856 

C2 0.02783 0.97525 0.97255 C22 0.17378 0.3517 0.99309 C113 0.94904 0.63981 0.5463 

C3 0.98539 0.95167 0.03082 C23 0.23593 0.35226 0.00147 C119 0.0265 0.53975 0.47147 

C4 0.96522 0.9741 0.08586 C24 0.88401 0.70455 0.99783 C120 0.00683 0.49739 0.52987 

C5 0.98618 0.0173 0.08473 C25 0.88313 0.64227 0.0101 C121 0.06929 0.5595 0.41402 

C6 0.029 0.04159 0.02838 C26 0.82131 0.64235 0.99914 C122 0.02909 0.47541 0.52785 

O1 0.05075 0.95785 0.91465 C27 0.28208 0.37571 0.00387 C123 0.09088 0.53823 0.4123 

C7 0.04922 0.08712 0.03758 C28 0.30447 0.35503 0.03626 C124 0.07145 0.49543 0.46759 

C8 0.9612 0.90606 0.04136 C29 0.30451 0.41927 0.97256 O8 0.48913 0.5203 0.55908 

N1 0.97549 0.88273 0.98126 C30 0.34803 0.37699 0.03577 O9 0.96631 0.47501 0.59112 

N2 0.0869 0.11167 0.97595 C31 0.34804 0.44152 0.97188 N15 0.96781 0.55021 0.52044 

C9 0.10661 0.15536 0.98173 C32 0.37036 0.42054 0.00045 N16 0.41414 0.4446 0.5023 

C10 0.08493 0.17726 0.96083 C33 0.15069 0.37436 0.99412 C131 0.09626 0.47504 0.45457 

C11 0.15059 0.17814 0.99986 C16 0.90783 0.81629 0.96306 N19 0.21588 0.374 0.49918 

C12 0.10683 0.2208 0.96404 C17 0.9732 0.81694 0.0088 N20 0.15174 0.30958 0.48664 

C13 0.17214 0.22163 0.00377 C18 0.88618 0.77276 0.9667 N21 0.21575 0.31014 0.50013 

C14 0.1506 0.24362 0.98671 C19 0.95124 0.77342 0.01284 N22 0.84191 0.68446 0.49211 

C15 0.9517 0.83895 0.98724 C20 0.9074 0.75068 0.99279 N23 0.90558 0.68441 0.50812 

C34 0.17159 0.41776 0.02817 C43 0.70838 0.55442 0.03333 N24 0.84098 0.6203 0.50693 

C35 0.10714 0.35278 0.96432 C44 0.68684 0.57596 0.99722 C102 0.14987 0.43924 0.53165 

C36 0.14987 0.43924 0.03165 C45 0.90561 0.619 0.01438 C103 0.08513 0.37392 0.46806 

C37 0.08513 0.37392 0.96806 C46 0.88384 0.57538 0.9856 C114 0.90482 0.55322 0.48734 

C38 0.10626 0.41753 0.99944 C47 0.94904 0.63981 0.0463 C115 0.97036 0.61793 0.54795 

C39 0.77516 0.61948 0.9984 C48 0.90482 0.55322 0.98734 C116 0.94848 0.57429 0.51565 

C40 0.75352 0.64093 0.96578 C49 0.97036 0.61793 0.04795 C117 0.43754 0.43011 0.44564 

C41 0.75195 0.57607 0.03292 C50 0.94848 0.57429 0.01565 C118 0.00582 0.56429 0.46258 

C42 0.71 0.61962 0.96633 C51 0.43754 0.43011 0.94564 C130 0.57308 0.49821 0.45458 

C52 0.00582 0.56429 0.96258 C57 0.09088 0.53823 0.9123 C125 0.48316 0.45451 0.45341 

C53 0.0265 0.53975 0.97147 C58 0.07145 0.49543 0.96759 C126 0.50568 0.4342 0.40264 

C54 0.00683 0.49739 0.02987 C59 0.48316 0.45451 0.95341 C127 0.50664 0.49719 0.50604 

C55 0.06929 0.5595 0.91402 C60 0.50568 0.4342 0.90264 C128 0.54889 0.45519 0.40345 

C56 0.02909 0.47541 0.02785 C63 0.55123 0.51889 0.00637 C129 0.55123 0.51889 0.50637 

C61 0.50664 0.49719 0.00604 C64 0.57308 0.49821 0.95458 C132 0.61864 0.51829 0.44693 

C62 0.54889 0.45519 0.90345 N3 0.96781 0.55021 0.02044 N17 0.0822 0.43685 0.50785 

O2 0.48913 0.5203 0.05908 N4 0.41414 0.4446 0.0023 N18 0.64313 0.55648 0.50047 

O3 0.96631 0.47501 0.09112 C65 0.09626 0.47504 0.95457 O10 0.09015 0.03897 0.41218 

C66 0.61864 0.51829 0.94693 C79 0.17214 0.22163 0.50377 O11 0.57027 0.55984 0.55947 

N5 0.0822 0.43685 0.00785 C80 0.1506 0.24362 0.48671 O12 0.00696 0.43485 0.58747 

N6 0.64313 0.55648 0.00047 C81 0.9517 0.83895 0.48724 C106 0.75352 0.64093 0.46578 

O4 0.09015 0.03897 0.91218 C82 0.90783 0.81629 0.46306 C107 0.75195 0.57607 0.53292 

O5 0.57027 0.55984 0.05947 C83 0.9732 0.81694 0.5088 C108 0.71 0.61962 0.46633 
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O6 0.00696 0.43485 0.08747 C84 0.88618 0.77276 0.4667 C109 0.70838 0.55442 0.53333 

N7 0.21588 0.374 0.99918 C85 0.95124 0.77342 0.51284 C110 0.68684 0.57596 0.49722 

N8 0.15174 0.30958 0.98664 C86 0.9074 0.75068 0.49279 C111 0.90561 0.619 0.51438 

N9 0.21575 0.31014 0.00013 C87 0.17366 0.28974 0.49129 C96 0.34803 0.37699 0.53577 

N10 0.84191 0.68446 0.99211 C88 0.17378 0.3517 0.49309 C97 0.34804 0.44152 0.47188 

N11 0.90558 0.68441 0.00812 C89 0.23593 0.35226 0.50147 C98 0.37036 0.42054 0.50045 

N12 0.84098 0.6203 0.00693 C90 0.88401 0.70455 0.49783 C99 0.15069 0.37436 0.49412 

C67 0.04946 0.01983 0.47127 C91 0.88313 0.64227 0.5101 C100 0.17159 0.41776 0.52817 

C68 0.02783 0.97525 0.47255 C92 0.82131 0.64235 0.49914 C101 0.10714 0.35278 0.46432 

C69 0.98539 0.95167 0.53082 C93 0.28208 0.37571 0.50387 C77 0.15059 0.17814 0.49986 

C70 0.96522 0.9741 0.58586 C74 0.9612 0.90606 0.54136 C104 0.10626 0.41753 0.49944 

C71 0.98618 0.0173 0.58473 N13 0.97549 0.88273 0.48126 C105 0.77516 0.61948 0.4984 

C72 0.029 0.04159 0.52838 N14 0.0869 0.11167 0.47595 C78 0.10683 0.2208 0.46404 

O7 0.05075 0.95785 0.41465 C75 0.10661 0.15536 0.48173 C94 0.30447 0.35503 0.53626 

C73 0.04922 0.08712 0.53758 C76 0.08493 0.17726 0.46083 C95 0.30451 0.41927 0.47256 

 

Table 5.3. Fractional atomic coordinates for the unit cell of 2,3-DhaTab 

2,3-DhaTab (Space group- P1) 

a =37.3226Å, b= 37.3414Å, c=3.56415 Å; α =87.4249,  β =95.5139, γ =119.89 

atoms x y Z atoms x y Z atoms x y Z 

C1 0.05679 0.02077 0.02731 C5 0.99511 0.021 0.10776 C39 0.78414 0.61784 0.0166 

C2 0.03485 0.97674 0.0341 C6 0.03717 0.04366 0.06263 C40 0.75949 0.63586 0.95664 

C3 0.99282 0.95471 0.07629 O1 0.05719 0.95848 0.99585 C41 0.76354 0.5759 0.07116 

C4 0.97382 0.9783 0.11425 C7 0.05742 0.08878 0.05748 C42 0.71641 0.61323 0.95253 

C9 0.1146 0.15463 0.995 C8 0.96796 0.90963 0.08287 C43 0.72038 0.55266 0.06322 

C10 0.09444 0.17714 0.93359 N1 0.98197 0.88602 0.0376 C44 0.69611 0.57103 0.00208 

C11 0.15788 0.17634 0.04167 N2 0.09432 0.1114 0.00358 C45 0.92058 0.62382 0.96917 

C12 0.117 0.22019 0.92655 C37 0.10106 0.38271 0.96321 C46 0.90176 0.58252 0.90565 

C13 0.17991 0.21931 0.03813 C38 0.12288 0.4249 0.01394 C47 0.96341 0.64396 0.02817 

C14 0.15994 0.24225 0.98199 C48 0.92439 0.56207 0.90564 C67 0.2295 0.37496 0.98142 

C15 0.95874 0.84278 0.03401 C49 0.98653 0.62405 0.02556 C72 0.85311 0.62236 0.99638 

C16 0.91609 0.82043 0.97246 C50 0.96718 0.58256 0.96447 O4 0.09693 0.03816 0.98385 

C17 0.97997 0.82076 0.08248 C51 0.4496 0.42095 0.91507 O5 0.57949 0.55106 0.04152 

C18 0.89543 0.77737 0.9642 H29 0.43635 0.38783 0.87185 O6 0.02667 0.44513 0.06963 

C19 0.95884 0.77777 0.07768 C52 0.02625 0.57498 0.94369 C73 0.07279 0.01765 0.51502 

C20 0.91609 0.75501 0.01846 C33 0.16488 0.3789 0.01295 C80 0.98433 0.90672 0.57905 

C21 0.18369 0.28805 0.98175 C34 0.18609 0.42077 0.07002 N7 0.99906 0.88289 0.54736 

C22 0.18663 0.35496 0.00304 C35 0.12188 0.36052 0.9596 N8 0.11195 0.10875 0.5141 

C23 0.2499 0.35243 0.95919 C36 0.16578 0.4436 0.06958 C81 0.13207 0.15203 0.51183 

C24 0.89407 0.70922 0.01188 C63 0.56163 0.51051 0.99169 C82 0.11186 0.17458 0.45205 

C25 0.89627 0.64501 0.98288 C64 0.58418 0.49077 0.95271 C104 0.39993 0.41575 0.4424 

C26 0.82995 0.64217 0.01626 O2 0.49958 0.51085 0.02257 C105 0.17977 0.3746 0.51269 

C27 0.2953 0.37341 0.94447 O3 0.98704 0.4856 0.05641 C106 0.20022 0.41623 0.57259 

C28 0.31771 0.35277 0.99949 N3 0.9876 0.55958 0.97223 C107 0.13664 0.35521 0.46156 

C29 0.31796 0.41476 0.88345 N4 0.42635 0.43643 0.94377 C108 0.17893 0.43802 0.57637 

C30 0.36062 0.37222 0.99538 C65 0.11498 0.48399 0.9712 C109 0.11492 0.37642 0.46811 

C31 0.36095 0.43474 0.88186 C66 0.62936 0.51166 0.95406 C110 0.13599 0.41845 0.521 

C32 0.383 0.41377 0.9366 N5 0.10014 0.4455 0.01574 C111 0.80077 0.61704 0.52313 

C53 0.04673 0.55015 0.95908 N6 0.65275 0.55026 0.99815 C112 0.77717 0.63617 0.46324 

C54 0.0271 0.50787 0.01024 C94 0.20237 0.35166 0.49957 C113 0.7795 0.57558 0.58363 
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C55 0.08908 0.56942 0.9188 C95 0.26642 0.35053 0.45796 C114 0.73414 0.61473 0.46149 

C56 0.04897 0.48551 0.01791 C96 0.91135 0.7063 0.51767 O8 0.51649 0.51426 0.51799 

C57 0.11025 0.54769 0.92558 C97 0.91179 0.6414 0.48031 O9 0.99859 0.47763 0.55413 

C58 0.09086 0.50502 0.97425 C98 0.84641 0.64009 0.51746 N9 0.99945 0.55204 0.47396 

C59 0.49488 0.44577 0.93161 C99 0.31203 0.37283 0.44743 N10 0.44324 0.43919 0.44766 

C60 0.51814 0.42635 0.89512 C100 0.33554 0.35342 0.50417 C137 0.12711 0.47668 0.47602 

C61 0.51742 0.48823 0.98104 C101 0.33381 0.41448 0.38914 C138 0.64628 0.51435 0.46084 

C62 0.561 0.44798 0.90483 C102 0.37854 0.37407 0.5004 N11 0.11265 0.4384 0.52324 

C74 0.0508 0.97362 0.52191 C103 0.37687 0.43577 0.38966 C144 0.86854 0.6195 0.49181 

C68 0.16449 0.31144 0.00962 C125 0.05837 0.54228 0.45869 O10 0.11291 0.03507 0.47133 

C69 0.22622 0.30901 0.95389 C126 0.03875 0.5 0.51025 O11 0.59657 0.55426 0.54267 

C70 0.85114 0.68561 0.0303 C127 0.10079 0.56169 0.41952 O12 0.03867 0.43741 0.57227 

C71 0.916 0.68844 0.98546 C128 0.06083 0.47783 0.52001 C129 0.12212 0.54013 0.42824 

C79 0.07386 0.08569 0.55317 C115 0.73635 0.55356 0.57916 C130 0.10279 0.4975 0.4776 

C75 0.00885 0.95168 0.56526 C116 0.71309 0.57279 0.51471 C131 0.51187 0.44913 0.4292 

C76 0.98961 0.97528 0.59915 C117 0.93509 0.61907 0.46879 C132 0.53507 0.42961 0.39353 

C77 0.01094 0.01796 0.59258 C118 0.91535 0.57761 0.40627 C133 0.53439 0.49158 0.47904 

C78 0.05328 0.04059 0.55139 C119 0.97775 0.63813 0.53004 N12 0.66973 0.55271 0.50846 

O7 0.07302 0.95522 0.48364 C120 0.93693 0.55605 0.40843 C139 0.24511 0.37235 0.47545 

C83 0.17529 0.17386 0.56067 C121 0.99995 0.61726 0.52746 C140 0.18112 0.30825 0.51007 

C84 0.13443 0.21755 0.44338 C122 0.97971 0.57568 0.46678 C141 0.24358 0.307 0.45686 

C85 0.19741 0.21687 0.55507 C123 0.46662 0.42427 0.41259 C142 0.86842 0.68337 0.53567 

C86 0.17755 0.2397 0.49511 C124 0.03788 0.56708 0.44203 C143 0.93249 0.68492 0.48696 

C87 0.97578 0.83967 0.55028 C134 0.57793 0.45107 0.40593 C90 0.91251 0.77423 0.48194 

C88 0.93299 0.8172 0.49124 C135 0.5786 0.51369 0.49219 C91 0.97606 0.77467 0.59379 

C89 0.99701 0.81769 0.60022 C136 0.60109 0.49377 0.45529 C92 0.93346 0.75197 0.53208 

C93 0.20108 0.28544 0.48614 

 

 

NOTE: The results of this chapter have already been published in Angew. Chem. Int. Ed. 

2016, 55, 7806, with the title: ―Decoding the Morphological Diversity in Two Dimensional 

Crystalline Porous Polymers by Core Planarity Modulation‖. These publications were the 

results from the group of Dr. Rahul Banerjee and his students Mr. Arjun Halder, Sharath 

Kandambeth, Bishnu P. Biswal from CSIR-National Chemical Laboratory, Pune, India. 

Theoretical collaboration from Dr. Kumar Vanka and his student Mr. Subhrashis Banerjee 

working at CSIR- National Chemical Laboratory and Dr. Thomas Heine and his student Dr. 

Matthew Addicoat from Jacobs University, Germany. Dr. Sandeep Verma and his student 

Ms. Gagandeep Kaur (from Indian Institute of Technology, Kanpur) have performed the 

AFM analysis of the COF samples. Major work was contributed by Mr. Arjun Halder with 

the help of the instrumental facilities of CSIR-National Chemical Laboratory. The 

manuscript was primarily written by Mr. Arjun Halder under the guidance of Dr. Rahul 

Banerjee. 
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CHAPTER 6 

 

Conclusions of all Chapters and Future Directive 

 

6.1 Conclusions 

The first chapter of the thesis briefly introduces advanced porous crystalline 

framework materials specifically of covalent organic frameworks (COFs), their gradual 

synthetic development and various important applications. It describes the reticular synthetic 

approaches, different reversible reactions responsible, basic symmetry rules of linker 

combination and mechanism for their formation. Furthermore, it also discussed the synthetic 

methods used in its preparation and potential applications such as in gas uptake, separation, 

catalysis, energy storage, photoelectric and drug delivery.  Finally, it has specifically focused 

on a careful emphasis on the chemical stability issues of COFs. COFs are generally prepared 

by reversible chemical reactions and hence, the possibility of reversible back reaction after 

the COF crystallite formation is primarily responsible for the chemical stability issues of 

COFs. The various reported methods, to enhance the chemical stability of COFs, are 

thoroughly and systematically discussed in the initial introduction section. Apart from 

chemical stability, we have outlined other important criteria such as the processability and 

scalability of imine-based (–C=N–) COFs owing to their more versatile nature. In the last 

part, we have discussed about morphological diversity in COFs.  

In the second chapter, we examined chemical stability enhancement in imine-based (–

C=N–) COFs and their bulk scale production using 2,4,6-trimethoxy-1,3,5-

benzenetricarbaldehyde (TpOMe) as a prime aldehyde building unit. Herein, for the first 

time, we have introduced a new methodology of interlayer hydrogen bonding (H-bonding) 

for the construction of a series of porous, crystalline imine-based COFs with ultrahigh 

chemical stability in strong acids (H2SO4, 18 M; HCl; 12 M) and base (NaOH, 9 M). The 

density functional theory (DFT) calculations revealed the presence of a significant number of 

interlayer C–H•••N H-bonding between the methoxy (–OCH3) C–H of a particular layer with 

the imine (–C=N–) nitrogen atoms present in the adjacent layers. Such interlayer C–H•••N H-
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bonding provides enough steric hindrance and the hydrophobic environment around the 

imine bonds and protects them from being hydrolyzed in such mordant conditions. The 

present synthetic strategy also provides the opportunity for the rapid production of imine-

based COFs in industrial scale for the first time. Therefore, we believe, the high chemical 

robustness of these imine-based (–C=N–) COFs associated with its rapid and scalable 

production could make them suitable for real-life applications. 

 In the third chapter, we discussed about the fabrication of an imine-based (–C=N–) 

self-standing TpOMe-Azo covalent organic framework membrane (COFMs) exhibiting high 

crystallinity and porosity with extraordinary chemical stability in conc. H2SO4 (18 M) due to 

the presence of strong interlayer H-bonding throughout the framework. The high surface area 

(SBET = 2154 m
2
g

-1
) and uniform pore size distribution (pore diameter 2.8 nm) of the COFM 

signifies the existence of long-range ordered pore-channels with unique pore aperture present 

in its backbone structure. The advantage of ordered nano-channels made the COFMs 

excellent candidate for their successful utilization to separate various environmentally toxic 

materials from drinking water with high water flux. In addition, owing to their highly robust 

backbone, the COFMs were also employed for unprecedented sulfuric acid (6 M) permeance 

and their potential applications for sulfuric acid purification from nitro-aromatic impurities as 

well. Also, the as-synthesized COFMs exhibit exceptionally high permeance of acetonitrile 

(280 Lm
-2

h
-1

bar
-1

) and acetone (260 Lm
-2

h
-1

bar
-1

) reflecting its applicability for waste solvent 

treatment.  

In the fourth chapter, we reported an imine-based, redox active COF TpOMe-DAQ 

that was constructed from 2,4,6-trimethoxy-1,3,5-benzenetricarbaldehyde (TpOMe) and 2,6-

diaminoanthraquinone (DAQ) as building units. The judicial choice of such linker units 

could combine both electrochemical stability (due to the explicit incorporation of the 

methoxy functionality) and reversible redox response due to the quinone/hydroquinone 

transformation (DAQ amine) for energy storage. TpOMe-DAQ COF exhibit with ultrahigh 

chemical stability in conc. H2SO4 (18 M), conc. HCl (12 M) and NaOH (9 M) due to the 

presence of strong interlayer H-bonding. The as-synthesized COF fabricated as thin sheets 

were efficiently employed as a free-standing supercapacitor electrode material using 3 M aq. 

H2SO4 as an electrolyte. Moreover, the pristine COF sheet showcased outstanding areal 

capacitance 1600 mFcm
-2

 (gravimetric 169 Fg
-1

) and excellent cyclic stability (> 1,00,000) 



 

 

Chapter 6  Conclusions of all Chapters and… 

2018-Ph.D. Thesis: Arjun Halder, (CSIR-NCL), AcSIR 167 
 

without compromising its capacitive performance or coulombic efficiency which is the 

highest ever achieved in a pristine COF based electrode material. The superior capacitive 

performance was believed owing to excellent pseudo-capacitance behavior by virtue of 

precise molecular level control over redox functionalities present in the COF backbone. 

Moreover, as a proof-of-concept, a solid-state supercapacitor device was also assembled and 

a 1.8 V red LED was successfully kindled for 30 sec via connecting three similar devices in 

series and charging in a 3 V potential window. 

 In the fifth chapter, we for the first time reported molecular level morphological 

control in two dimensional crystalline and porous (SBET as high as 1700 m
2
g

-1
) COFs. Herein, 

we examine in detail about the mechanism of formation for two diverse morphologies in 

COFs such as nano-ribbons (2,3-DhaTta) and hollow sphere (2,3-DhaTab) whereas the 

formation of the hollow sphere was believed due to an inside-out Ostwald ripening process. 

Moreover, herein for the first time, we have attempted to understand in deep, the relationship 

of dihedral angles of the linkers at the molecular level with the final morphology of the COF 

crystallites. Besides, we have also shown how crystallinity and surface area of COFs gets 

tuned based on overall core planarity of the linkers. Moreover, density functional theory 

(DFT) study was carried out in order to validate the experimental result. It was established 

that extent of π-π stacking efficiency among the 2D COF layers is accountable for their 

morphological diversity along with dramatic effect on surface area or crystallinity. We 

believe that a detailed investigation of diversity in self-assembly process along with valuable 

morphologies will open up a new domain of exciting research area in COFs. 
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6.2 Future directive 

Developing self-standing and functionalized covalent organic framework membranes for 

arsenic-contaminated water purification  

6.2.1 Introduction 

Arsenic is in one of the most toxic heavy metals although in low concentration present in the 

groundwater causes severe effects to the human health and ecosystem. Millions of people 

throughout the world are mostly depending on groundwater are in the risk of arsenic 

contamination to their lives. A severe disease like arsenicosis, characterized as disabling and 

deteriorating disease could lead various symptoms like patches on palms, pigmentation of the 

skin etc., caused due to prolonged and excessive exposure of arsenic to drinking water 

(Figure 6.1). Arsenic poisoning could lead potentially fatal disease like cancer too and is one 

of the most severe effects to the human health worldwide. It is known as the ‘kings of 

poison’ and was first discovered by scientist Albertus Magnus (1250 AD). Arsenic in 

drinking water mainly exists in two major forms such as arsenite (As
III

; H3AsO3 or 

NaH2AsO3) and arsenate (As
v
; H2AsO4

-
 or HAsO4

2-
). Arsenite is about 40-50 times more 

toxic than arsenate and is more labile and soluble and can easily immobilize with water. 

Although various techniques for the detection and removal of arsenic from drinking water 

have been developed to date, still a significant number of research are going on for its 

permanent solution. [6.1] 

 

Figure 6.1: Various symptoms of arsenic poisoning to human health and its different affected stages. 
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6.2.2. The commercial technique used for arsenic removal 

It is very important to remove arsenic from water before it is used for drinking by the 

humans. There are various techniques available for arsenic removal from water and these are 

based on four major categories such as membrane technologies (mostly used), Oxidation, Ion 

exchange and adsorption basis. Although all these procedures are potential in terms of 

arsenic removal still they have some drawbacks (Figure 6.2). Here the most used and latest 

technologies such as membrane separation have been discussed- 

 

Figure 6.2: Commercial technique used for arsenic removal from drinking water and their 

drawbacks. 

Membrane technologies: 

Ultrafiltration membrane: Nowadays this is the most used technique in the industry for the 

wastewater treatment process. The purification by using this membrane work on the basis of 

molecular weight cut off. The pressure or concentration gradient dictates the separation 

through a semi-permeable membrane. Suspended solids or the suspension gets rejected 

through this membrane during passing and thus low molecular weight materials can easily 

pass out. The basic drawback of this membrane is the recyclability technique which requires 

multiple steps (Figure 6.2). 

Nanofiltration membrane: Nanofiltration (NF) is a recent membrane filtration process 

mostly used for water such as surface water and fresh groundwater treatment. The purpose of 
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this membrane filtration is to soften (polyvalent cation removal) and to remove natural 

organic matter as well as synthetic organic matter. The pore sizes of Nanofiltration 

membranes varies in the range of 1-10 nanometers which is smaller than that used 

ultrafiltration, but larger than that of in reverse osmosis. Membranes used are vastly created 

from available polymer thin films and are commonly used include polyethylene terephthalate 

or metals like aluminum. The major drawbacks of this method are the flux issue due to the 

small pore aperture of the membrane (Figure 6.2) [6.2].  

6.2.3. The proposed approach for arsenic removal from drinking water through self-

standing COF membrane 

Covalent organic frameworks (COFs), in recent years, have delighted significant potential 

importance to the scientific community in accounts of their widespread applications. COFs 

are associated with long-range ordered pore-channels with unique pore aperture (1-3 nm) 

present in its backbone structure. The advantage of ordered nano-channels could make the 

COFs excellent candidate for their successful utilization as a nanofiltration membrane to 

separate various environmentally toxic materials from drinking water with high water flux.  

 

Figure 6.3: Proposed synthetic scheme for TpOMe-EtBr Covalent Organic Framework Membrane 

(COFM) synthesis. 

Recent theoretical proceedings esteemed covalent organic framework membranes (COFMs) 

as a true potential entrant in terms of molecular separation. For this purpose, COFs can be 
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transformed to the corresponding COFMs form for selective arsenic separation based on ion 

exchange method [6.3]. Using the same procedure depicted in chapter 3, we could design an 

ionic COFM for arsenic removal from drinking water.   

Herein, the proposed approach is based on anion exchange to remove arsenic from 

drinking water. For this purpose, an ionic Covalent Organic Framework Membrane (COFM) 

TpOMe-EtBr have been designed considering PTSA mediated solid-state synthesis 

approach (Figure 6.3).  

 

Figure 6.4: Trapping of arsenite/arsenate in COFM TpOMe-EtBr through irreversible ligand 

exchange (step 1). Dilute hydrochloric acid treatment for recycling use of the membrane (step 2). 

The synthesized COFM will have bromide anions (Br
–
) within the pore [6.3]. Once 

the arsenic contaminated water will be passed through the membrane, larger anions such as 

arsenite and arsenate will replace smaller bromide anion (Figure 6.4, step 1). Hence in the 
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first shot, it will generate arsenate trapped membrane and bromide will come out with water 

solution. Hence the water gets purified from arsenic. In the second step, dilute hydrochloric 

acid (aq. HCl) is passed which will remove both arsenate and arsenite through protonation 

and will come out as arsenic and arsenous acids which are highly water soluble (Figure 6.4, 

step 2). Now there will be chloride in the framework structure. Now like the first step again 

arsenic contaminated water will replace chloride in the membrane in the 2
nd

 cycle and arsenic 

ions will get trapped accordingly and can be removed via diluted HCl pass. So 1
st
 step is 

irreversible and 2
nd

 step is recyclable and will keep on going on through several cycles of 

arsenic removal from drinking water. 

6.2.4 COFM based device fabrication for arsenic removal from groundwater 

 

Figure 6.5: Proposed design of arsenic contaminated water purification instrument using COFM. 
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The design principle of the device: As discussed above, the COF can be readily transformed 

to the corresponding COFM with any shape or sizes. Now, one can easily fabricate 

membrane with variable thickness as well. In the above device, there are two different 

pipelines (green colored) through which separately arsenic contaminated water (denoted as a 

black arrow) and diluted hydrochloric acid solution (denoted as a white arrow) can be passed. 

Both of them have separate open-close valves (shown in red). These two pipes have been 

joined in one semi-cubic container which further connected with one narrow-headed hollow 

cylinder within which COFM have been tightly packed. The end part of the cylinder 

connected with other two separated pipelines containing auto open-close valves in their joints 

(Figure 6.5).  

The working principle of the device:  If arsenic contaminated water gets passed (as shown 

with black arrow) both the valves in the same side will be opened (left side valves of pipe 

and left side joint valve). Now when arsenic contaminated water (shown with black arrow) 

will pass through the membrane it will be trapped either through hydrogen bonding through 

anion exchange. Finally, arsenic purified water will pass out through left side joint pipe 

(shown with white arrow). On the other hand, when diluted HCl (as shown with white arrow) 

will pass right side both valves will be opened. Now diluted HCl solution will wash out both 

the toxic anions such as arsenate and arsenite during passing through COFM and will eject as 

arsenic and arsenous acids through a right side joint pipe (as shown with black arrow). Thus 

the membrane can be utilized cyclically using this preferred device. The above technique 

may lead to the simplest way of arsenic purification from drinking water (Figure 6.5). 
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