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PREFACE 

The research on porous materials gain increasing attention due to their potential properties in 

various fields like gas storage; catalysis; energy storage; sensors; drug-delivery; opto-

electronics etc. The recent research interest on porous materials mostly associated with the 

design of 2D or 3D symmetrical porous polymers, i.e., crystalline polymers like metal 

organic frameworks (MOFs); covalent organic frameworks (COFs); hydrogen bonded 

organic frameworks (HOFs) etc.   Among these, COFs are very well known for their 2D/3D 

crystallinity; tunable porosity; low-density; and chemical and thermal stabilities. As a result 

of their exceptional structural features, COFs were well investigated for storage of valuable 

gases like H2, NH3, CO2; heterogeneous catalysis; electrode material in energy storage 

devices; and water purification applications. However, the typical unprocessable granular 

form of COFs obstructs the leverage of material into the technologically relevant 

macroscopic forms like two-dimensional (2D) thin films, sheets and three-dimensional (3D) 

architectures. Meanwhile, the notable researches on the macroscopic architecture of alike 

materials such as graphene; carbon nanotubes; polymer gels etc delivered the outstanding 

output of the properties in various applications. In this regard, it is to be expected that the 2D 

or 3D macroscopic engineering of COFs can provide a new dimension of the scientific and 

commercial aspects of the material. Moreover, the advanced exploration of electrochemical 

energy storage demands flexible 2D- thin sheet with mechanical robustness and electrical 

conductivity. Additionally, scientist look forward to the development of 3D architecture 

aerogel of crystalline porous polymers which has paramount importance in adsorption based 

micro-pollutant purification of water. 

In Chapter 2, we have developed an effective strategy for the fabrication nanometer level thin 

films of COFs derived covalent organic nanosheets. Herein, we have presented a chemical 

exfoliation strategy to delaminate the layers of COF into CONs. Interestingly, the chemical 

exfoliation method involves Diels-Alder cycloaddition reaction of anthracene stitched β-

ketoenamine framework with an electron deficient N-hexylmaleimide as a dienophile. The 

obtained CONs exhibit high dispersion properties in organic solvents due to the presence of 

the long alkyl chains on the CON framework. As a result, we could fabricate the free-
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standing thin film of CONs at air-water interphase through layer by layer assembly. Notably, 

the CON thin films display a controllable thickness ranging from ~1.5 nm to 1 m. 

Again, the significance of the fabrication of covalent organic frameworks into two 

dimensional thin films and sheets has been increased due to their potential features of 

macroscopic forms in various fields. In this regard, the development of mechanically robust 

2D macro-architecture COFs requires scientific attention and has a pivotal role in the 

advanced applications like flexible energy storage systems. In the Chapter 3, we have 

developed mechanically strong and redox-active β-ketoenamine covalent organic framework 

thin sheets through a convergent synthetic strategy. In this method, we have integrated a -

electron rich anthracene (Da) and redox-active anthraquinone (Dq) into a single framework 

through a solid-state synthesis. The obtained convergent COF thin sheet displays redox 

activity as well as mechanical strength, which has been further utilized as a flexible electrode 

in a quasi solid-state supercapacitor. In the convergent COF, the -electron rich anthracene 

boosts the mechanical strength of the thin sheets, whereas, the anthraquinones are responsible 

for the energy storage of the system.  

However, the macroscopic two-dimensional (2D) form of covalent organic frameworks 

(COFs) face the challenge of modest performance in energy storage devices. It could be due 

to the indigent electrical conductivity of COFs in micro as well as macro levels. Taking in 

this to account, in Chapter 4, we have presented a novel COF-CNF hybrid materials in 2D 

macroscopic thin sheet form as an excellent energy storage platform. In these COF-CNF 

hybrids, the efficient interlayer interaction between COF and CNF provide a pure blended 

matrix with high electrical conductivity compared to the pristine COFs. Additionally, they 

possess inherent crystalline and porous nature. Notably, the excellent energy storage 

performance of COF-CNF hybrids in supercapacitor electrodes indicates the prospect of the 

macro-architecture of COFs in a futuristic direction. Moreover, we have fabricated a self-

charging power-pack for light energy harvesting and consequent storage as electrical energy 

with a decent performance. 

Moreover, the software controlled three dimensional (3D) macro-architecture of functional 

porous materials gains tremendous scientific and technological attention towards the 

molecular uptake. Meanwhile, the exceptional intrinsic porous features of covalent organic 
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frameworks (COFs) shows excellent molecular uptake through the adsorptive interactions. 

However, the molecular pollutant uptake from water requires a high exposure of the intrinsic 

pores towards the external environments for the lucid diffusion of water through the internal 

porous matrix. In this regard, in Chapter 5, we have demonstrated the integration of 

crystalline and porous COFs into template-free 3D printable objects with intrinsic micro- and 

extrinsic macro porosity.  The interconnected 3D pores in these aerogels further enhances the 

rapid and efficient uptake of organic and inorganic pollutants from water (>95% of removal 

within 1 minute). 

Finally, Chapter 6 deals about the conclusion of the overall thesis work. Again, it describes 

the future perspective of the fabrication of responsive smart-macroscopic COF thin films.  
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CHAPTER 1 

 

The Significance of Macroscopic Engineering of Covalent Organic 

Frameworks for the Potential Applications 

 

 Abstract: The research on porous 

materials gain increasing attention 

due to their potential properties in 

various fields like gas storage; 

catalysis; energy storage; sensors; 

drug-delivery; opto-electronics etc. 

The recent research interest on porous 

materials mostly associated with the 

design of 2D or 3D symmetrical porous polymers, i.e., crystalline polymers like metal 

organic frameworks (MOFs); covalent organic frameworks (COFs); hydrogen bonded 

organic frameworks (HOFs) etc.   Among these, COFs are very well known for their 2D/3D 

crystallinity; tunable porosity; low-density; and chemical and thermal stabilities. As a result 

of their exceptional structural features, COFs were well investigated for storage of valuable 

gases like H2, NH3, CO2; heterogeneous catalysis; electrode material in energy storage 

devices; and water purification applications. However, the typical unprocessable granular 

form of COFs obstructs the leverage of material into the technologically relevant 

macroscopic forms like two-dimensional (2D) thin films, sheets and three-dimensional (3D) 

architectures. Meanwhile, the notable researches on the macroscopic architecture of alike 

materials such as graphene, carbon nanotubes, polymer gels etc delivered the outstanding 

output of the properties in various applications. In this regard, it is to be expected that the 

2D or 3D macroscopic engineering of COFs can provide a new dimension of the scientific 

and commercial aspects of the material. Moreover, the advanced exploration of 

electrochemical energy storage demands flexible 2D- thin sheet with mechanical robustness 

and electrical conductivity. Additionally, scientist look forward to the development of 3D 
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architecture aerogel of crystalline porous polymers which has paramount importance in 

adsorption based micro-pollutant purification of water.  

1.1    A brief account on porous materials 

Porous materials are generally solids or fluids contain extrinsic or intrinsic pores in the solid 

or liquid matrix. The most of the materials in the nature can be classified in the porous 

category due to the presence micro or macro openings on the surface and the bulk. Wood; 

soil; bricks; plant leaf; honeycomb; sponges etc are some of those examples of porous 

material in nature [1.1]. The porous materials can be classified as three different types based 

on the size of the pore openings: 1) microporous (pore size < 2 nm); 2) mesoporous (pore 

size ~2-50 nm) and 3) macroporous (pore size > 50 nm) [Details are given in section 1.1] 

[1.2]. The earlier attempts to the synthesis of porous materials with high surface area mostly 

deal with the porous carbon or activated carbon by burning the precursors like woods or 

similar stuff. It has been used for applications like water purification and medicine and later 

developed for catalysis; gas separation; gas storage; and energy storage [1.1 & 1.3]. Although 

porous carbon exhibits excellent surface area, the structural irregularity of pores restricts 

them for the utilization in size-selective catalysis; separation; and adsorption like 

applications. Interestingly, a novel ordered porous material has been discovered in 1756, 

called zeolites which are composed of aluminosilicates ([SiO4]
4-

 and [AlO4]
5-

). The zeolites 

have been widely used in catalysis and molecular sieving applications due to their structural 

regularity and microporous nature [1.4]. However, the drawbacks such as lack of functional 

control and limited structural possibilities restrict them for the advanced level utilizations. 

Notably, Prof. Omar. M. Yaghi and his co-workers invented a pre-designed metal organic 

framework (MOF) from the reversible coordination bonds of metal ion and organic linkers 

[1.5]. Herein, the pre-design nature of MOFs allows the functional regulation and pore size 

control over the framework. Additionally, the reversible bond formation makes the material 

in a long-range order, and forms single crystal of MOFs. But they face the disadvantages like 

high weight-density; poor chemical stability; and the presence of toxic metals [1.6]. In 2005, 

the same group introduced a new material, called covalent organic framework (COF), in 

which the weak coordination bonds has been replaced by strong covalent linkages [1.7]. 

Unlike MOFs, COFs are composed of pure organic symmetric building units, hence 

displayed as a light-weight porous platform. It is noteworthy to mention that many other 
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porous materials have been investigated in the past decades along with the materials 

mentioned above. When we look at the structure and properties, it is difficult to classify the 

material into a particular category. However, in a general aspect, the porous materials can be 

classified based on the pore size and organic or inorganic nature of the structural framework. 

1.2    Classification based on pore size.  

Porosity of the materials is a measurement of the void fraction compared to the total volume 

of the matrix [1.2]. In this regard, the porous materials can be classified as three different 

types based on the size of the void openings (Figure 1.1): 1) microporous (pore size < 2 nm); 

2) mesoporous (pore size ~2-50 nm) and 3) macroporous (pore size > 50 nm). Zeolites are 

typical microporous materials with the pore size distribution ranges from 0.1–2.0 nm [1.2]. 

Meanwhile, the activated carbons display the interconnected extrinsic pore diameter in the 

mesoporous range. Herein, the extrinsic porous nature of activated carbons is mainly due to 

the self-assembling of the carbon particles. Moreover, the general examples of macroporous 

materials are sponge; wood; honeycombs etc. It is difficult to classify the porous materials 

like MOF or COF into a particularly micro or mesoporous category. The pore size of these 

materials largely depends on the symmetric linkers used for the construction of the 

framework. Several examples of micro and mesoporous COFs are reported in the previous 

literatures [1.8]. Additionally, the recent development of COF into macroporous foams is 

indicating the significance of the material designing in the various class of porosity [1.9]. 

1.3    Classification based on nature of linkers. 

The development of porous materials in the last few centuries contributes to the progress of 

the desired and significant structural evolution of the material. In the ancient time, people 

have used structurally amorphous carbon as a porous material for the different proposes. 

Later, the porous materials become more advanced and ordered inorganic metal framework 

like zeolites, and then shifted to organic-inorganic hybrid framework like MOFs. Recently, 

researchers developed pure organic ordered porous materials like COFs. In this regard, we 

can classify the porous materials into different categories based on the nature of linkers too 

(Figure 1.1): 1) Inorganic porous framework materials; 2) Inorganic-organic hybrid porous 

framework materials; 3) Organic porous framework materials.     

1.3.1 Porous Inorganic framework materials: 



Chapter 1                                                                            The Significance of Macroscopic … 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                4 

The investigations on inorganic porous materials open a wide chemical diversity of the 

framework formation by using inorganic constituents like metals, aluminate, silicates,  

 

Figure 1.1: Classification of porous material based pore size; and framework structure. 

phosphates, sulphides, oxides etc [1.10]. The aluminosilicates, also called zeolites (Ax/n-[Si1-

xAlxO2] .mH2O) are one of the important materials belongs to this group. Generally, zeolites 

are formed by the corner sharing of tetrahedral silicate (SiO4) and aluminates (AlO4) [1.4]. 

The resulted ordered microporous nature allows the selective molecular sieving through the 

framework matrix and hence it is widely used in the heterogeneous catalysis, separation and 

purification applications. Similar 3D crystalline framework formation has been observed 

for the Aluminum phosphates (AlPO4) and Gallium phosphates (GaPO4-Cn (n = 1-12) which 

exhibits microporous features. The investigations on phosphates delivered a series of 
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microporous open frameworks such as methyl, indium, boron, beryllo, zinco and transition 

metal phosphates [1.10]. In addition to phosphate open framework, the researchers look 

forward to the development of more inorganic porous frameworks like binary metal oxides 

(eg: MnO2); silicon nitrides (eg: Si3N4), and coordination polymers [1.10]. However, most of 

these materials in this category have only poor surface area due to the presence of metal 

atoms. 

1.3.2 Porous hybrid Inorganic-organic framework materials: 

The pure inorganic porous materials suffer the limitations like poor possibility pre or post 

functionalization; poor surface area; and lack of structural diversity. The researchers attempt 

to develop a porous material with structural diversity associated with high surface area lead 

towards the discovery of 2D or 3D hybrid organic-inorganic framework, called metal organic 

framework (MOFs) in 1996 [1.5]. The reticular chemistry allow the construction of several 

structures of MOFs with the desired form by tuning the metal nodes (eg: transition metal ions 

like Fe; Cu; Zn, p-block metal ions like In; Ga, alkaline metals, and actinides) and organic 

linkers (carboxylates, phosphate anions, bipyridines, pyridines, imidazolate etc). 

Furthermore, the manipulation over the MOF to more desired structure could possible 

through the post functionalization of the linkers [1.11]. Generally MOFs are classified into 

1
st
; 2

nd
; and 3

rd
 generations. In the 1

st
 generation, MOFs are stable only in the mother liquor 

and the structure will be collapsed if it takes out from there. The 2
nd

 generation MOFs 

contains robust framework and hence stable even after the removal of mother liquor. Again, 

in 3
rd

 generation, the construction of the MOFs using flexible linkers made them more 

mechanically robust and exhibits changes in porosity by external stimuli [1.12]. The MOFs 

are extensively used for the storage of gas molecules like H2; CO2; and NH3 due to the well 

built intrinsic microporosity and high surface area (3000-5000 m
2
g

-1
). The precise integration 

of the metal and organic units in the framework matrix further helps in catalysis; adsorption; 

energy storage; and chemical sensing. However, the poor chemical stability of MOFs in 

different chemical environments like acid or basic condition obstructs the potential utilization 

of the materials.  

1.3.3 Porous organic framework materials: 

At the earlier stage of human history, people have used porous carbon materials for the 

purification of water and medicinal propose. They burned wood; leaf; and different nuts to 
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produce the porous carbons with high surface area. Porous carbons or activated carbons 

contain sp
2
 carbons network in an amorphous nature with a mesoporous surface area of 1000-

1500 m
2
g

-1
 [1.3]. Later, more ordered sp

2
 carbon networks like graphene, carbon nanotube, 

carbon nanofiber, graphene oxides have been investigated with advanced properties [1.13]. 

The excellent electrical conductivity of the materials coupled with the good surface area 

exhibit potential electrochemical energy storage in supercapacitors and battery devices. 

Additionally, these materials show their potential utilities in heterogeneous catalysis; 

chemical sensing; drug delivery; opto-electronics; separation; and adsorption applications 

[1.13b]. 

Moreover, the most of intrinsic porous materials contains inorganic elements which cause the 

heavy density; highly expensive; and toxic towards the environment. Taking these into 

consideration, scientists tried to construct porous framework materials purely from organic 

building units. The reticular design approach porous organic framework is similar to the 

synthesis of MOFs, but may contain only light-weight atoms like H, B, C, N, O, F, S which 

could provide the low density of the material. The earlier developments of the construction of 

the porous organic frameworks mainly focused on the convergence of the symmetric organic 

building units into the framework through different chemical reactions like Suzuki cross-

coupling, Sonogashira–Hagihara coupling, cyclotrimerization, Friedel–Crafts arylation, 

oxidative reactions etc [1.14]. The resulted intrinsic porous materials called porous organic 

polymers (POP) displayed wide applicability in gas storage; membrane separation; catalysis; 

energy conversions; adsorbents; sensors; and for nuclear energy capturing [1.23]. However, 

the irreversible interconnection of the organic linkers in POPs during the chemical reaction 

causes the amorphous nature of the material. Hence the desired precise integration of 

building units as well as long-range ordered nanopores are absent in the porous matrix of 

POPs. In contrast, a novel porous organic framework called hydrogen bonded organic 

frameworks (HOFs) exhibits long-range single crystal order of the framework [1.24]. The 

convergence of the organic linkers (eg: Hexakis[4-(2,4-diamino-1,3,5-triazin-6-yl) 

phenyl]benzene; 2,4-diaminotriazinyl; etc) through the intermolecular hydrogen bonding 

makes a long-range order organic framework with intrinsic porosity. However, the weak 

interconnection connected hydrogen bonds (~40 kJmole-1) in the framework is not stable in 

high thermal, acidic or basic condition. In these aspects, a robust covalent linkage along with 
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chemical reversibility is required for the construction of chemically and thermally stable 

porous crystalline organic framework. In this regard, covalent organic frameworks are the  

 

Figure 1.2: The dynamic covalent chemistry of COFs. 

novel class of materials with porous-crystalline nature. The structural features and 

application of COFs have been discussed in the following section. 

1.4    Covalent organic frameworks 

The precise connection of molecules in an ordered arrangement through the intermolecular 

interactions results a crystalline material. However, it is difficult to fabricate a crystalline 

phase by the covalent stitching of molecules due to the strong interconnection (~340 kJ mole
-

1
) and the irreversible in nature of covalent reactions. In this regard, covalent organic 

framework, a crystalline porous polymer in which molecules are interconnected by strong 

covalent linkage brought a paradigm shift in the research of organic crystalline polymers. In 

2005, Yaghi and coworkers discovered the first COF based on boronic ester linkage 

formation between symmetric organic building units. It should be noted that the major role in 

the formation of crystalline organic polymers is reversible dynamic covalent chemistry 

(DCC) [1.7 & 1.16]. In DCC, the bond formation between the functional groups has been 
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occurred in a reversible thermodynamic control rather than the kinetic mechanics, which 

results most stable thermodynamic product [1.17]. Herein, the reversible bond formation  

 

Figure 1.3: The types of COFs formed from different reversible organic reactions.
 

 does the making and breaking of the covalent linkage in a suitable reversible thermodynamic 

condition which in turn produce maximum error corrections in the framework formation 

(Figure 1.2). The continuous error corrections in the framework formation avoid non-

symmetric arrangement of the molecules and finally results an extended framework of the 

material.  On the other hand, the kinetic control of the reaction generally yields the 
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amorphous material due to the haphazard connection of the building units. It is possible to 

synthesize 2D and 3D COFs by choosing the suitable symmetric linkers. In general, 

symmetric organic building units contain  electron rich aromatic moieties, which help in 

the  interaction among 2D layers of the material. Consequently, the extended 2D 

frameworks pi-pi stacks together in the crystalline matrix which further yields the precise 

build-up of nanopores. However, in 3D framework, such  interactions are not available, 

herein; the structure is a diamond like 3D connection of the organic linkers [1.18]. Hence, the 

important criteria for the construction of crystalline and porous COFs are: 1) the reversible 

chemical reaction; 2) synthetic methods; and 3) the nature of the linkers. 

1.5 The construction of COFs
 

1.5.1 Reversible chemical reaction:  

The reversible dynamic covalent chemical reactions are the fundamental basis for the 

construction of the 2D or 3D COF (Figure 1.3). In this dynamic process, the reactant 

molecules are undergone in very slow kinetics and mostly on thermodynamic control help to 

reach in an equilibrium condition. At this stage, the functional group are reacting in a 

reversible way of bond making and breaking i.e., self error correction which yields a 

thermodynamically stable product. The mostly used dynamic covalent reactions for the 

synthesis of COFs are boronic acid trimerization; boronate ester formation; trimerization of 

nitriles; Schiff base reaction; aldol condensation; hydrazone reaction; azine reaction etc 

[1.19]. 

The first COF was made up of the trimerization of boronic acid aromatic groups into six-

member boroxine ring which forms a framework (COF-1) with the pore size of 1.5 nm. In 

this self-condensation reaction, the two-fold symmetric boronic acid functionalized aromatic 

groups are undergone a reversible dynamic covalent assembly which yields water as a 

byproduct [1.7]. COF-102; 103; and Ppy-COF are some other examples of boronic acid 

trimerization COFs. In another DCC reaction, boronic acid groups were treated with the 

catechols (OH functionalized benzene) resulted a boronic ester linked COF-5 with pore size 

of 2.7 nm. Notably, Yaghi and co-workers demonstrated the change in pore size of the 

framework by the elongation and shortening of the boronic acid organic linkers into different 

sizes (COF-6: 0.86 nm; COF-8: 1.64 nm; COF-10: 3.2 nm etc) [1.19b]. A wide variety of 

COFs were demonstrated by changing the core of boronic acids (BTDADA; TPEBA, etc.) 
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and alcohol groups (1, 2, 4, 5-tetrahydroxybenzene; 2, 3, 6, 7, 10, 11-

hexahydroxytriphenylene; etc.). Generally, the boroxine and boronic ester linked COFs are 

highly crystalline and exhibits excellent surface area. However, the stability of the 

framework is very poor towards even in a mild acidic or basic condition due to the chemical 

decomposition of boroxine and boronic ester linkage. 

Interestingly, Schiff base is a well known dynamic covalent reaction which was used for the 

interconnection of organic linkers in COF in 2009 [1.20]. In Schiff base reaction, the 

aldehyde and amine are condensed to form imine bonds which were strategically used for the 

construction of the framework with symmetric aromatic organic moieties. The C=N bonds 

are chemically more stable than boronic esters, especially towards the moisture. Yaghi and 

co-workers reported the first imine linked COF in 3D structure by the condensation of tetra-

(4-anilyl) methane and terephthalaldehyde (TA) in the presence of an acidic catalyst [1.20a]. 

The obtained 3D framework exhibits a tetrahedral connected ordered material with high 

porosity. Again, Wang et al. reported the first 2D imine linked COF from the assembling of 

the building units 1, 3, 5-triformylbenzene (TFB) and 1, 4-phenylenediamine (PDA) [1.20b]. 

Later, a series of novel imine linked COFs were synthesized by using the advantageous of 

reticular chemistry (eg: COF-LZU1, PI-2-COF, N2-COF, NUS-14 etc.). Although the 

chemical stability of imine linked COFs is higher than boronic ester linked COFs, the 

decomposition of the connected linkers even at lower acidic or basic condition is the main 

drawback of such type of COFs. Recently, Kandambeth et al. demonstrated the synthesis of a 

series of chemically stable COFs towards lower pH [1.21]. They have used 1, 3, 5-

triformylpholoroglucinol (Tp) as a knot for the creation of the framework with different 

symmetric aromatic amines. The aldehyde groups in the Tp moieties react with amine and 

reversibly form imine bonds. The DCC allows the construction of the imine bonded 

framework in a symmetric long-range order. However, under thermal treatment, the imine 

bonds undergo the irreversible keto-enol tautomerism and create a β-ketoenamine framework 

which is chemically stable towards the bacidic and mild basic condition.  

Hydrazone bond formation is a different type of reversible chemical reaction which is 

constituted by the co-condensation of hydrazides and aldehydes. The first example of 

hydrazone linked COF has been demonstrated by Yaghi and co-workers in 2011 [1.22a]. 

They have selected 2, 5-diethoxyterephthalohydrazide and TFB are the linkers for the 
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construction of COF-43 through the hydrazone bond. At the same time, researchers 

investigated the possibility of azine linked COF formation by taking hydrazine as a linker 

[1.22b]. The first COF of this was established by Dalapati et al. by taking hydrazine and 1, 3, 

5, 8-tetrakis(4-formylphenyl)pyrene as building units. 

The triazine COFs are one of the most common types, which is composed of the reversible 

cyclotrimerization of the nitrile organic linkers (–CN) [1.23]. However, these 

cyclotrimerization reactions are carried out at high thermal condition with the presence of 

ZnCl2 a Lewis acid catalyst which generally yields low crystalline polymers. The first 

triazine COF (CTF-1; by the condensation of 1, 4-dicyanobenzene) was demonstrated in 

2008 by Prof. Arne Thomas and his coworkers. Although the triazine COFs are highly 

conjugated nitrogen rich framework which have been used catalysis and energy storage, the 

less possibility of functional diversity is a main disadvantage towards the extended 

applications.  

Meanwhile, many other chemical linkages like borosilicate; squarine; imide; spiroborate etc. 

reported for the synthesis of crystalline and porous COFs [1.19]. Notably, Zhuang et al. 

present an olefin linked COF by Knoevenagel condensation reaction of trigonal aldehyde 1, 

3, 5-tris(4-formylphenyl)benzene (TFPB) and 1, 4-phenylene diacetonitrile [1.24].  

1.4.2 Synthetic methods: 

The synthesis of crystalline porous polymers has been carried through the 

thermodynamically controlled reactions. On the other hand, fast or kinetically controlled 

reactions lead to the formation of amorphous material due to the lack of continuous error 

checking. In this regard, it is really important to control the reaction conditions of COF 

synthesis (Figure 1.4) [1.8]. One of the most used and efficient synthetic methods for the 

construction of COF is solvothermal reactions [1.7]. In this method, the precursors of COFs 

were partially dissolved into a suitable polar solvent or mixture of solvents in a glass tube 

and then applied vacuum through freeze-thaw cycles. Afterwards, the sealed tube is 

undergone thermal treatment for optimum time and temperature. The solvents were usually 

organic and polar in nature by considering the solubility organic building units. The selection 

of solvents and the ratios of the mixture are pivotal and need to be optimized for the 

synthesis of each COF. However, the general solvent combinations are DMAc-toluene; 

DMAc; DMASO; mesitylene-dioxane; DMAc-o-dichlorobenzene; tetrahydrofurane-
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methanol-toluene etc. To maintain the reversibility of the reaction, the vacuum has been 

applied to the reaction vessel and then keeps for the thermal treatment. The obtained 

precipitate can be washed in different solvents like DMAc, acetone and water for removing 

oligomers, starting materials and other impurities. It has been noted that the high crystallinity 

and porosity for the obtained COF after solvothermal synthesis. It could be due to the well-

maintained reversibility of the chemical reaction in the solvothermal condition. 

Meanwhile, Andrew I Cooper and his coworkers developed a microwave-assisted synthesis 

of COF-5 and COF-102 [1.25]. In this technique, the COF precursors are mixed in organic 

solvents in a closed vessel which has been further allowed for the microwave assisted heating 

for 20 minutes. The main advantage of this fast method is the resulted product contains 

impurity free COFs and it could further avoid the tedious washing process. However, the fast 

reactions partially obstruct the self correction process in the reversible reaction hence yielded 

a less crystalline and porous material. 

 

Figure 1.4: Different types of synthetic method of COFs [Room temperature synthesis: [Reprinted 

with permission from {D. D. Medina et al., J. Am. Chem. Soc.2015, 137, 3, 1016-1019} Copyright 
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{2015} American Chemical Society] and Monolayer growth of template: Reproduced with the 

permission of AAAS [J. W. Colson et al., Science, 2011, 332, 228]. 

 

Another method has been developed for the synthesis of COFs by Prof. Arne Thomas and his 

group in 2008 [1.23]. They have demonstrated the ionothermal based reaction for the 

synthesis of covalent triazine framework (CTFs) at a high temperature of 400° C with a 

presence of ZnCl2 as a catalyst. The higher temperature causes the melting of ZnCl2 and the 

reversible cyclotrimerization occur in the molten state. However, this reaction condition 

provides a poor crystallinity for the material. Additionally, the limited substrate scope due to 

the use of high temperature for this reaction inhibits the leverage of functional diversity of 

COFs. 

Most of the reactions have been discussed above deal with the utility of higher energy 

conditions like temperature and microwave energy. Taking this into consideration, the 

investigation on the development of the synthesis of COFs at ambient condition is still on. 

One of the notable researches has been done by Prof. Thomas Bein and co-workers on the 

synthesis of BTD-COF and COF-5 on a glass surface at a closed chamber at room 

temperature [1.26]. In this technique, they have kept a solvent mixture mesitylene and 

dioxane (1:1 ratio) in a glass viol in a closed chamber. The reaction is started to happen when 

solvent mixture get evaporated and get contacted with precursors of the glass surface. The 

very slow kinetics allows the formation of an ordered COF thin on the glass surface.  

However, the main drawbacks are the long reaction time (72 hours) for the completion of the 

reaction and large scalability. Recently, Kaushik Dey et al. reported an interfacial synthetic 

method for the fabrication of β-ketoenamine COF thin films at room temperature [1.26b]. 

They demonstrate the synthesis happens at the bilayer interface of water and DCM solvents. 

The water layer contains the salt of amine linkers and p-toluenesulphonic acid and aldehyde 

units are dissolved in DCM layer. Herein, very slow kinetics of the reaction allows the 

formation of crystalline and porous COF thin film at the water-DCM interface after 7 days. 

Again Prof. Josep Puigmartí-Luis and his team demonstrated a micro-fluid based synthesis of 

imine-linked COFs at room temperature [1.26c. In the micro-fluid instrument, the reactants 

and catalyst have been passed through two separate nozzles and then meet in a main channel. 
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After thorough mixing of the reactants and catalyst, COF was formed and collected from the 

outlet of the instrument.   

Biswal et al. depicted the solvent-free green synthesis of series of β-ketoenamine COFs 

through the mechano-chemical synthesis [1.27a]. The precursor mixture with the presence of 

catalyst is thoroughly ground at room temperature and then undergone thermal treatment in a 

closed condition which finally yield COFs. Although this synthetic method is facile and cost-

effective, the poor crystallinity and surface area of the obtained COFs are not favorable for 

the bulk synthesis of high-quality materials. Recently, Kandambeth et al. reported a novel 

strategy in the mechano-chemical grinding for improving the surface area and crystallinity of 

COFs. They have shown the mechanochemical grinding of precursors with p-

toluenesulphonic acid as a solid catalyst yields high-quality material [1.27b]. Karak et al 

proposed a mechanism for this synthetic method, and they observed the thoroughly mixed 

PTSA-amine results the formation of salts which reduce the reactivity of the amine linkers 

with the aldehyde [1.27c]. As a result, this slow kinetics promotes the efficient dynamic 

covalent chemistry in the reversible reaction of amine and aldehyde, and then finally yield a 

high crystalline and porous COFs. This method has several advantageous like ultra-fast 

synthesis (~ 1 min); bulk production of high-quality material; cost-effective; and 

environmentally benign.  

1.4.3 Nature of linkers: 

The physical and chemical properties of COF were strongly depended on the nature of the 

linkers used for the construction of the framework. In general, the linkers of COFs are 

symmetric; aromatic; planar; and rigid molecules for the construction of the crystalline 

framework [1.8]. The symmetry of the linkers is most important for the fabrication of the 

desired shape and size of the pores in COF (Figure 1.5 & Figure 1.6). The investigations on 

several symmetric linkers lead to the use of two-fold (C2), three-fold (C3), four-fold (C4) and 

six-fold (C6) for the construction the 2D COF. Additionally, the tetrahedral (Td) symmetric 

linker has been utilized for the synthesis of 3D COFs. Notably, the shape of the pore is 

determined by the symmetry of linkers. The usage of four-fold and two-fold symmetry 

linkers for the synthesis framework results a square shaped pores in COF. Meanwhile, the 

reaction of a three-fold knot with two-fold linkers yields a hexagonal pore. The detailed 
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analysis of the symmetry of the linkers is given below in the figure 1.5. It should be noted 

that the recent researches on the topology of COFs suggest the utility of various novel  

 

Figure 1.5: Symmetry of the linkers in COFs. The combination of different symmetric linkers decided 

the pore geometry of the COF. 

symmetric and non-symmetric linkers for the construction of the symmetric framework 

[1.28]. The  electron rich organic linkers can provide - interactions among the 2D 

layers of COF which result a high crystalline and ordered intrinsic pores. The lack of - 

interactions cause the inefficient self-assembly of the covalently stitched framework which 

further leads to the haphazard arrangement of layers. These kinds of materials generally will 

not exhibit any crystallinity and surface area due to the lack of ordered arrangement. In a 

thermodynamic concept, the self assembling of individual layers of COF by - stacking 

happen in the reaction condition for decreasing the entropy of the system, and gain a lower 

energy state. Moreover, the planarity and rigidity of the linkers enhance the efficiency of the 

- interaction of the COF layers in proper stacking mode. The control over the pore size is 

an important property of COFs which can be done by changing the size of the linkers. It is  
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Figure 1.6: The different types of linkers used for the construction of COFs. 
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possible to tune the pore size from 0.5 nm (microporous) to 5 nm (mesoporous), considering 

the longer size of the linker result a larger pore size and vice versa [1.29]. 

 

1.6 Properties of COFs 

The exceptional structural features of COFs provide many advantageous like crystallinity; 

tunable porosity; functional diversity; thermal and chemical stability; and low density 

(Figure 1.7). As mentioned previously, the crystallinity of COFs originated from the 

favorable slow reaction kinetics and then - interaction of the individual layers. A 

crystalline COF is an ordered structural material with many electron density planes (eg: 100; 

110; 001 etc.). When it has been exposed to the X-ray energy, it could undergo the  

 

Figure 1.7: Properties of COFs. 
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diffraction process and display a well crystalline pattern in the PXRD profile. In 2D-COFs, 

the layer stacking could be occurred in eclipsed, near eclipsed and staggered mode which 

depends on the crystallization behavior of each COFs [1.7]. However, the single crystal 

formation of COF is a difficult task due to the strong covalent linkages allows the growth of 

ordered framework in a limited nanometer sized dimension. The recent research on the 

development of defect-free crystal growth of COFs result the micrometer sized crystals of 2D 

COFs by a seeded growth approach [1.30]. Interestingly, a modular strategy helps to the 

growth of single crystal of a series of imine-linked 3D COFs which has been reported by 

Omar Yaghi and Wei Wang [1.31].  

Additionally, the design of COF with desired functional groups by the pre or post 

functionalization enhances the library of functionally diverse materials. The chemical 

properties such as pseudocapacitance; sensing; chemisorptions; catalysis; drug-delivery are 

largely depending on the functional moieties present in the COFs. The functional control 

over the COF allows the construction of the framework according to the specific desired 

applications. The functional groups can be attached on the top surface as well as on pore 

walls of COFs. The post-modification of COFs aids to bring unlimited functional varieties 

into the COFs without hampering the crystallinity and porosity of the materials. Moreover, 

COFs exhibit relatively higher thermal stability (400-500 C) compared to their monomer 

counterpart. It signifies potential utility of thermally unstable functional groups at high 

temperature without any thermal degradation when it has been stitched into a COF. The low 

weight density of COFs is due to their light-weight elemental compositions like C; N; O B; 

and H. It further helps in the easy carrying of the material and potential candidacy towards 

gravimetric basic applications like energy and gas storage. Again, the main advantage of 

COFs over other porous materials is the extraordinary chemical stability towards acidic or 

basic condition. Several strategies were developed for improving the chemical stabilities of 

covalent organic framework like pyridine doping; bulky group functionalization; 

incorporation of keto-enol tautomerism; and introducing OMe groups in the linkers [1.21, 

1.31]. These latest researches suggest the chemical stability of COF surpasses even at 18M 

H2SO4 acid and 18M NaOH. It points out the potential utility of COFs in several commercial 

level applications without losing characteristic features of the material in harsh condition 

[1.31b].  
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1.7 Applications of COFs 

1.7.1 Gas storage:  

Covalent organic frameworks exhibits remarkable storage of gas molecules in their 

intrinsically built nano pores. The pore size of the COF matrix is suitable to accommodate  

 

Figure 1.8: Different types of Applications of COFs. 

gas molecules like H2; CO2; NH3; and CH4 which are potentially relevant to the commercial 

proposes. Considering to the high energy density performance of hydrogen, it has been 
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appraised as the most desirable energy fuel for the automotive industry. However, the low 

boiling point and explosive nature require safe storage of the hydrogen gas molecules for the 

energy-based applications. The dangerous situation of storing hydrogen at high pressure in 

cylinders is not recommendable due to the above concerns in automotive applications. In this 

regard, it requires an efficient adsorptive matrix for the occupation of these gas small 

molecules for avoiding such problems [1.32]. In this aspect, the microporous COFs have 

been successfully demonstrated as a hydrogen storage adsorptive material. A 3D COF known 

as COF-102 with 1.2 nm pore size has shown the hydrogen uptake capacity of 7.24 wt% at 

77 K and 1 atm [1.18]. Although several COFs are reported as the adsorptive matrix for 

hydrogen fuel at 77 K, the most required room temperature condition for the adsorption is not 

yet satisfied.  

Similarly, COFs have been used for the adsorption of another commercially important 

methane gas molecule which is widely accepted as an efficient fuel for the vehicles. In 

general, the need of high pressure (200 bar) for the storage methane at the room temperature 

in the regular storage tanks in vehicles create a high–risk environment. In this regard, the 

utilization of the microporous COFs could bring down the pressure for the storage methane 

up to 50 bar. Interestingly, COF-102 display the methane storage of 187 mgg
-1

 at 35 bar and 

298 K [1.33].  

Nowadays, the upraised ejection of greenhouse gas like carbon dioxide from automobiles and 

industries turns into important concerns of global warming and health issues. In this aspect, 

the ongoing research investigations introduce the potential applicability of microporous 

COFs for the removal CO2 at the room temperature. COF-102 exhibits an excellent removal 

CO2 (27 mmolg
-1

) at 298K and 35 bar which is higher than most of the zeolites and MOF-5 

[1.33]. Theoretical investigations suggest the doping of lithium in the porous matrix of the 

COF can enhance the adsorption carbon dioxide to a great extent [1.34]. 

Moreover, the exceptional uptake of industrially important precursor ammonia gas molecules 

by COF signifies the high standard of them among other porous materials [1.54]. The boronic 

ester linkage of the COF-10 enhances the interaction of the ammonia through Lewis acid-

base interaction. The Lewis acid boron in COF could chemically interact with the Lewis base 

ammonia which amplifies the efficient storage of them at the ambient condition (1bar 
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pressure and 298K temperature). Moreover, desorption of ammonia has been noted at the 

higher temperature points out the recyclable use of the COFs [1.35]. 

1.7.2 Heterogeneous catalysis: 

 

Figure 1.9: a) Incorporation of Pd
2+

 into the interlayer of COF-LZU [Reprinted with permission 

from {S. Y. Ding et al., J. Am. Chem. Soc., 2011, 133, 19816} Copyright {2011} American Chemical 

Society]; b) In situ generation Pd nanoparticles in TpBpy COF [Reprinted with permission from {M. 

Bhadra et al., ACS Appl. Mater. Interfaces, 2017, 9, 13785–13792} Copyright {2017} American 

Chemical Society]; and c) Photocatalysis by using COF [Reprinted with permission from {M. Bhadra 

et al., J. Am. Chem. Soc. 2019, 141, 15, 6152-6156} Copyright {2019} American Chemical Society]. 

The COFs have been used for several catalytic reactions as a support and even as a catalyst 

itself [1.36]. Notably, the heterogeneity of COFs originated from the insolubility and the 

chemical stability in the reaction medium. The predesigned nature of COFs promotes the 

desired functional groups and linkage in the framework which can show the catalytic activity 

or act as the anchoring sites for the external catalyst. It is possible to functionalize a catalytic 

active site into the framework by post-modification reaction. Additionally, the pre-integrated 

nanopores enhance the lucid movement of the reactants through the entire porous matrix of 
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COF. The first report on the COF based heterogeneous catalysis by Wei Wang et al. 

demonstrate the incorporation of Pd
2+

 units into an imine linked COF (COF-LZU) exhibits 

an efficient Suzuki-Miyaura coupling reaction [1.36a] (Figure 1.9a). Rahul Banerjee and co-

workers present the immobilization of catalytic Pd and Au nanoparticles on the porous β-

ketoenamine based COF matrix (TpPa-1) which exhibits effective catalytic activities in C-H 

activations as well as C-C coupling reactions [1.36c]. Again, Bhadra et al introduce the 

utility of bipyridine linked COF for the in situ generation of Pd nanoparticles during the 

synthesis of COF. As a result, it displays excellent catalytic activity towards the synthesis 

of 2-substituted benzofurans from 2-bromophenols [1.36f] (Figure 1.9b). Recently, COFs 

were used as metal-free organo-catalyst by the post-modification reaction of achiral 

framework into chiral framework. The decoration of the chiral moiety on the pore-walls 

enhances the catalytic activity of chemically stable imine-linked COF [1.36g]. Additionally, 

the researchers developed the applicability of COFs in photocatalysis by controlling the 

HOMO-LUMO gap of the material (Figure 1.9c) [1.36e]. Notably, the utility of such 

frameworks in electrocatalysis gain tremendous scientific attention especially for hydrogen 

evolution; oxygen reduction; and CO2 reduction reactions. 

1.7.3 Energy storage: 

The rapid consumption of non-renewable energy sources like fossil fuels have drawn major 

attention towards the requirement of sustainable energy resources and storages. 

Supercapacitors and batteries are the two devices undergone extensive research in past few 

decades as superior energy storage systems [1.37]. Supercapacitors also called ultracapacitors 

are viewed as outstanding devices in terms of greater power density, high charge-discharge 

and long-life than battery. However, the batteries are considered as high energy density 

source for the real-life and commercial applications. Both devices are structurally similar and 

contain two electrodes; electrolyte; and a separator. Notably, COFs could serve as excellent 

energy storage materials due to the inherent ordered & controlled nanoporous structure and 

pre-designed tunable redox functionality [1.38]. In contrast, those advantages are absent in 

the conventional amorphous carbon based materials used for the energy storage applications. 

The versatile properties such as tunable & ordered pore structure and the higher surface area 

of COFs offered to use as an electrode material in energy storage systems (Figure 1.10). 

Interestingly, COFs can accommodate 2 types of charge storage mechanisms: 1) electric 
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double layer capacitance which is mainly played by the surface area of the electrode, 2) 

redox capacitance due to the redox active functional groups present in the framework. 

Dichtel et al. demonstrate the use of anthraquinone stitched β-ketoenamine framework 

(DAAQ-TFP) for the electrochemical charge storage application [1.38a]. Herein, the redox-

active anthraquinone linker is responsible for energy storage through the interaction with the 

H
+
 ions in the electrochemical condition. Again, Bo Wang et al. introduce the exfoliation of  

 

Figure 1.10: a) Hydroquinone stitched COF for supercapacitance [Reprinted with permission from 

{S.Chandra et al., Chem. Mater. 2017, 29, 5, 2074-2080} Copyright {2017} American Chemical 

Society]; b) Exfoliated COF for Li
+
 ion battery [Reprinted with permission from {S. Wang et al., J. 

Am. Chem. Soc. 2017, 139, 4258-4261} Copyright {2017} American Chemical Society]; c) 

Anthraquinone stitched COF for Na
+
 ion battery [Reprinted with permission from {S. Gu et al., J. 

Am. Chem. Soc. 2019, 141, 24, 9623-9628} Copyright {2019} American Chemical Society]. 

DAAQ-TFP COF into CONs for the enhanced Li
+
 ion uptake in battery [1.38e]. Herein, they 

have presented the exfoliation causes the increase in the diffusion of Li
+
 ion through the COF 
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matrix and subsequent efficient charge storage (Figure 1.10b). The fabrication of DAAQ-

TFP COF into nanometer thick film on gold support enhances the capacitance performance 

of the material. Donglin Jiang et al. reported a novel COF with a redox-active radical 

functional group ([TEMPO]100%-NiP-COF) for the charge storage in supercapacitors [1.38c].  

Interestingly, DAAQ-TFP COF has been utilized as the anode material in sodium ion 

batteries. The C=O of β-ketoenamine and anthraquinone participates the interaction with Na
+
 

ion (Figure 1.10c)[1.38b]. 

 

1.7.4 Optoelectronics and semi conduction: 

 

The 2D extended frameworks (XY plane) of COFs self-assembled into a 3D column (Z axis) 

by the - stacking of the organic building units present in the polymeric material. The 

regular fashion of - stacked column provide an environment of the overlapping the  

orbitals of the 3D arranged layers which faster the movement of electrons through it. In this 

aspect, the strategically selected suitable building units into the framework can make a 

HOMO-LMO gap, which is responsible for the electronic movement upon the irradiation of 

light or under an electric potential. The first example of the optoelectronic COF has been 

reported the group of Donglin Jiang and coworkers [1.39a]. They have designed a pyrene-2, 

7-diyldiboronic acids connected framework through boronic acid trimeriazation reaction 

(PPy COF). The  electron rich pyrene moiety (Py) could bring the electrical generation in 

the matrix by carrying the charge in the vertical direction (Z axis) upon the visible light 

irradiation on COF (5 nA). They controlled the wavelength of the light radiation for the 

generation of electricity by tuning the conjugated functional group in the framework. They 

decorated the framework with porphyrines and phthalocyanine building molecules for 

increasing the wavelength maximum towards the infrared region [1.65]. Additionally, the 

latest reports point out the change in the metal ion center such as Cu
2+

; Zn
2+

; and Ni
2+

 could 

alter the hole or electron transport property of covalent organic framework [1.39c].  

 

1.7.5 Purification and separation: 

The functional porous matrix of COF displayed as an excellent adsorptive platform for the 

inorganic and organic chemicals. The efficient removal (169 wt%) of organic dye like  
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Figure 1.11: a) COF membrane based water purification [Reprinted with permission from {S. 

Kandambeth et al., Adv. Mater. 2017, 29, 1603945} Copyright {2017} American Chemical Society]; 

b) COF foam based water purification [Reprinted with permission from {S. Karak et al., J. Am. 

Chem. Soc. 2019, 141, 18, 7572-7581} Copyright {2019} American Chemical Society]. 

methylene blue has been done by imide-linked COF TS-COF-1 [1.40a]. Again, the presence 

of heavy metals like mercury in drinking water is an important concern due to severe health 

risk. In this regard, researchers developed an imine linked COF which is constructed from the 
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building units 1, 3, 5-tris(4-aminophenyl) benzene and p-phenylenediamine functionalized 

with a methyl thio group for the mercury adsorption from water [1.40b]. The adsorption 

capacity studies suggest the remarkable uptake of Hg by the COFs through the interaction of 

the Hg with 76% of methyl sulfur moieties (734 mg g
−1

). Again, a post-modification of COF-

V (constructed from 2, 5-divinylterephthalaldehyde and 1, 3, 5-tris(4-aminophenyl) by 1, 2- 

ethanedithiol through „thio-ene‟ click reaction leads to the excellent Hg uptake of 1350mgg
-1

 

[1.40c]. Also it exhibits a high selectivity towards different metal ions like Pb
2+

, Cu
2+

 etc. 

Again Karak et al. reported the rapid removal of organic and inorganic micropollutants from 

water by using COF foams [1.9] (Figure 1.11b). Additionally, the COFs are also used for the 

separation of industrially relevant separation of gas molecules. Prof. Yanan Gao and 

coworkers reported H2/CH4 and N2/H2 separation by using COF-320 on a porous alumina 

support [1.40d]. The further advancement COF as a membrane-based purification has been 

successfully shown by Knadambeth et al by the fabrication of self-standing covalent organic 

framework membrane (COMs) for the separation of micropollutants in water (Figure 1.11a). 

In this strategy, they have explored the advantage of intrinsic microporosity of the COFs for 

the size-dependent molecular sieving of the organic micropollutants (methylene blue; rose 

Bengal; congo red etc) [1.27b]. 

  

 1.7.6 Drug storage and delivery: 

The tunable porosities of COFs with the high surface area make them a good platform for the 

occupancy of drug molecules. Researchers utilized the COFs for various drug delivery 

applications by taking the opportunities ease of loading and the functional interaction 

advantages. Notably, PI-COF-4, a 3D polyimide COF, has been reported as ibuprofen (IBU) 

drug carrying COF with a maximum loading of 20 wt% [1.41a]. Similarly, an imine linked 

hollow sphere COF with an excellent surface area has been successfully performed as a 

storage carrier for trypsin enzyme [1.41b]. The mesoporous hollow sphere could uptake the 

trypsin molecules into sphere cores with a maximum loading of 15.5 μmolg
−1

. 

 

 

 

 



Chapter 1                                                                            The Significance of Macroscopic … 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                27 

1.8 The significance of macro-architecture of the covalent organic framework 

 

Figure 1.12: The macroscopic architecture of functional materials and their possible applications. 
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The judicial manipulation of atoms or molecules in a particular material is an important 

aspect for bringing excellent properties and applications.  In the earlier section of the 

introduction, we have discussed diverse functional porous materials and porous framework 

materials. Importantly, the properties of the bulk form of these materials strongly correlate 

with the distribution of atoms or molecules in the nano and micro level of the materials. 

However, most of the cases the bulk form of the materials featured as powder or granular in 

nature. It could be due to the lack of interaction between the particles in the nano or micro 

level of the material. For example, porous carbons are generally exhibited as granular nature 

due to the lack of interaction of carbon particles in the nano form. However, the advanced 

technologies in electronic devices; separation; and purification required the macroscopic 

architecture of the materials in 1D wire forms; 2D thin films; membranes; and different types 

of 3D architectures [1.42] (Figure 1.12). Taking these into  

 

 

Figure 1.13: Thin film fabrication of a) MoS2 [Y. Lee et al., Nanoscale 2014, 6, 2821 .Reproduced 

with permission. Copyright 2014, Royal Society of Chemistry]; b) MOF [Reprinted with permission 

from {T. Haraguchi et al., Inorg. Chem. 2015, 54, 11593−11595} Copyright {2015} American 

Chemical Society]; c) WSe2 [X. Yu et al., Nat. Commu. 2015, 6, 7596. Copyright (2015) Nature 

Publishing Group]. 
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consideration, scientists tried to develop the macroscopic architecture of different functional 

materials in to various dimensions. The macroscopic assembling of amorphous polymers like 

plastics; nylon; and rubber is well established and they are applied in commercial 

applications by taking their greater possibilities of the fabrication of different shapes and 

low-cost. However, these materials have limited utilities in the advanced applications like 

catalysis; sensing; photonics; energy storage; energy conversions etc. 

1.8.1 The attempts to fabricate macroscopic architecture of the functional materials: 

Nanoparticles: 

Keeping these in perspective, the research interests turn to the macroscopic assembling of 

novel functional materials like nanoparticles which have only the particle size less than 100 

nm. Notably, the robust thin films of nanoparticles like TiO2; SiO2 etc were successfully 

fabricated for photonic; superhydrophilic coating; energy conversion applications [1.43]. It is  

 

Figure 1.14: Thin sheet fabrication of graphene oxide. a) [D.    A.    Dikin et al., Nature 2007,448, 

457–460 Copyright (2007) Nature Publishing Group] & b) [Reprinted with permission from {K. 

Chen et al., ACS Nano 2018, 12, 54, 269-4279} Copyright {2018} American Chemical Society].  

to be noted that fine tuning of the morphology of the nanoparticles can affect the physical 

and chemical properties of the macroscopic thin film forms. Although nanoparticles 

properties can vary with size, the limited functional opportunities made them not suitable for 

wide range of relevant application.  

Supramolecules: 
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Figure 1.15: 3D architecture of different materials. a) [Reprinted with permission from {G. Zu et al., 

ACS Nano, 2018, 12, 1, 521-532} Copyright {2018} American Chemical Society]; b) [X. Zhu et al., 

Nat.Commu, 2015, 6, 6962. Copyright (2015) Nature Publishing Group]; c)[ X. Gui et al., Adv. 

Mater., 2010, 22, 617–621.Copyright (2010) Wiley VCH];  d) [J. Wang et al., Angew. Chem. Int. Ed. 

2018, 57, 1 – 5. Copyright (2018) Wiley VCH]; e) [Reprinted with permission from {G.J. H. Lim et 

al., ACS Materials Lett. 2019, 1, 147−153} Copyright {2018} American Chemical Society]. 

Whereas, the judicial synthesis of desired organic molecules can offer divers functional 

opportunities, however, the macro assembling of simple molecules into a large size object 

would be difficult due to the lack of enough interactions. In this regard, supramolecular 

chemistry offers the organization of the functional molecules into a macroscopic object 

through inter organic and inorganic molecule weak interactions [1.44a]. The availabilities of 

a large number of inter and intramolecular weak forces between the molecules promote self-

assembling of the material into 2D and 3D forms [1.44]. The manipulation of the shapes and 

dimensions of the supramolecular assembly can be controlled by the rich non-covalent 

interaction among the molecules. Supramolecular thin films are often fabricated on supports 

or at the solvent-solvent or solvent-air interfaces. The 3D architectures of supramolecular 

gels were constructed by the cross-linking functional molecules by non-covalent interactions 

like hydrogen bonding; electrostatic interaction; metal-ligand interactions; and host-guest 

interactions. Particularly, supramolecule gels are considered as a novel class of smart 
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functional soft materials considering to their unique physicochemical properties such as self-

healing nature; stimuli-responsive; bioactivity; and biodegradability [1.44c & d]. 

Furthermore, due to the weak non-covalent interaction of functional moieties helps the 

material to form a smart responsive behavior towards different external stimuli such as heat; 

light; and sound. However, the lack of intrinsic permanent porosity; and poor chemical and 

thermal stabilities of supramolecular assembled structures hinder the utility of the material in 

real life condition at high temperature; varying pressure; and at different acidic and basic 

environments. It could be due to the weak organized structure of the supramolecules, in 

which small external disturbances can rupture the weak bonds which leads to the collapse the 

bulk material happen and property won‟t be regain.  

Porous carbons: 

In this regard, the porous carbon materials are known for their chemical and thermal stability 

for applications like energy storage and physicochemical adsorptions. Additionally, the 

research of the macroscopic architecture of porous carbon-based material extended to 2D thin 

films; thick sheets; membranes; and 3D aerogels. The invention of atomic level thick 2D 

graphene layers further has been assembled to large scale thin film on different supports and 

also in free-standing sheets [1.42 & 1.45] (Figure 1.13). The exceptional features like 

semiconductivity; catalytic activity; and energy storage properties of these materials 

successfully have been applied in many fields. Meanwhile, the hetero group functionalized 

graphene oxides (GO) are developed as thin films and thin sheets through layer by layer 

assembly at the water-air interface [1.46]. Again, the reinforcement of the mechanical 

strength of the GO membrane has been achieved after the incorporation of strong interactive 

functional groups [1.46c] (Figure 1.14). Interestingly, the reduction of the GO into reduced 

graphene oxide (rGO) regains the potential electrical conductivity property and has been 

applied in many electrochemical applications. The graphene membranes were successfully 

utilized for the gas separation; water purification; and solvents separation applications. 

Similarly, thins sheets of graphene have been used for the flexible energy storage devices 

like supercapacitors and battery. Interestingly, researchers could develop the 3D architecture 

of such porous carbon material in the macroscopic form, and are called as aerogels. Graphene  

aerogels are gaining increasing attention due to the special porous features with high 

electrical conductivity and till now it is the lowest density material found in the history 
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(Figure 1.15b). Importantly, the graphene oxide aerogels are 3D printable due to the 

matching viscosity and shear stress [1.46d] (Figure 1.15c). Due to low density and ease of 

accessibilities of electrolyte, graphene aerogel is widely used as the supercapacitor and 

battery electrodes for energy storage applications with high volumetric capacitance [1.46e]. 

The aerogels possess the blended mesoporous materials in a macroporous matrix which could 

help the lucid diffusion of solvent molecules and which further been utilized in the 

separation; and water purification applications [1.42]. Moreover, many porous carbon 

verities like graphene; graphene oxide; carbon nanotubes; and carbon nanofiber were 

explored as aerogels. However, the lack of intrinsic functional opportunities of these 

materials needs synthetically challenge and comparatively less efficient post-modification 

reaction for bringing more special activities.   

MOFs: 

Again, the introduction MOFs for the macroscopic construction into thin films; membranes; 

and 3D forms opens a new window of opportunities for applying reticular chemistry [1.47a]. 

Particularly, it helps the construction of macroscopic object with the desired ordered pore 

size and tunable functionality. Generally, MOF thin films can be fabricated by the interfacial 

self-assembling; and drop caring methods, which has been further used for the catalysis;  

molecular sieving; chemicals sensing; and energy storage applications (Figure 1.13b). 

Notably, the MOFs are carried out for technologically relevant 3D printing into different 

geometry [1.47b] (Figure 1.15e). But MOFs posses high gravimetric density; and contains 

toxic metals. Furthermore, the poor chemical stability of MOFs obstructs the utility of the 

respective macroscopic objects in moisture; acid; and base environments.  

1.8.2 Macroscopic architecture of COFs 

In the earlier section of the introduction, we have dealt with the properties of COFs. Taking 

the exceptional properties of COFs into consideration, the macroscopic assembling of the 

material has scientific and technological importance. Specifically, the macroscopic forms of 

COFs can hold these advantages: 1) reticular approach from the nano scale, which will 

provide the precise integration of the functional molecules; 2) thermal and chemical stability; 

3) low weight density; and 4) ordered and tunable intrinsic pores. In this regard, people have 
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demonstrated the macroscopic architecture of COF into different forms like 2D thin film; 

sheets; and bulk forms.  

COF thin films: 

Synthesis of COF thin films on a support through the bottom up strategy is widely used for 

the fabrication oriented growth of the material. This method allows us to coat the functional 

COFs on desired substrates for various applications. The oriented growth of COF provides 

structurally defined material by avoiding the formation of random polymerization. Herein, 

we have detailed the attempts made on the fabrication of COF thin films on support as well 

as the in free-standing nature.  

COF on graphene layers: One of important attempt among these was the growth of COF on 

graphene layers in the solvothermal synthesis [1.48a] (Figure 1.16a). In this approach,  

 

Figure 1.16: COF-5 on graphene support [J. W. Colson et al., Science, 2011, 332, 228]. 

Dichtel and coworkers demonstrate the oriented growth of boronic ester linked COF-5 

(Constructed from HHTP and PBBA) on a single layer graphene (SLG) on different 

substrates like silica, silicon carbide and copper. They have found the COF is crystalline in 

nature and the aromatic building units are vertically stacked on the graphene support. The 

parallel growth of COF layers on the graphene layers was further analyzed by powder X-ray 

diffraction and grazing incidence diffraction. The thickness of the fabricated COF thin film 

was found to be 132±18 nm.  

COF on gold thin film: The effort on the synthesis of COF thin film with desired 

functionality is necessary for the advanced level applications. The successful attempt to 

fabricate an anthraquinone stitched β-ketoenamine COF thin film (DAAQ-TFP COF) on a 
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gold support has been reported by DeBlaze et al from the group of Dichtel [1.50]. In this 

work, they have synthesized DAAQ-TFP COF on the top of gold surface by the slow 

addition TFP into DAAQ monomer solution in the presence of gold surface. They could 

control the thickness of the COF thin film by adjusting the concentration of the monomer 

solution (200-1000 nm) (Figure 1.17). The oriented growth of COF on the gold electrode 

helps the well organization of the redox-active anthraquinone groups. Interestingly, the 

charge storage efficiency of the prepared COF thin film has been enhanced by 400% 

compared to the insoluble powder form of the same.  

 

Figure 1.17: COF thin film growth on gold support [Reprinted with permission from {C. R. DeBlase 

et al., ACS Nano 2015, 9, 3178–3183} Copyright {2015} American Chemical Society]. 

COF on ITO surface: Notably, researchers have tried to develop novel functional COF for 

the optoelectronic applications. In this regard, one of the excellent research has been done by 

Bein et al. for developing thiophene linked COF with electron donor units [1.51a]. In this 

approach, they have used only lower concentration of monomer units for more ordered COF 

growth. Herein, they have fabricated the COF thin films with 150 nm thickness on the 

inorganic surfaces like ITO and NiO/ITO. Again, Lu et al. synthesized a DAB TFP COF 

(constructed from p-phenylenediamine and 1, 3, 5-triformylphloroglucinol) on the surface 

ITO; silicon; and FTO by using autoclave [1.51b]. 

Interfacial synthesis:   

Most of the COF thin film synthesis on support is restricted due to their expensiveness and 

limited scalability. Although it has been realized the growth of COF on support in centimeter 

scale, the fabrication of free standing COF thin sheets is scientific and technological 
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challenge. Notably, the production of nanosheets by the exfoliation of COFs into a few layers 

was an important step towards the control over the morphology in nanometer scale. 

However, the lateral sizes of nanosheets are limited to 100-200 nm only [1.49]. In this 

regard, scientists seek for a new alternative to synthesize COF thin film in a large scale and 

reduce the cost. They found interfacial synthesis of COF could be a better alternative to 

produce bulk amount of thin films. Basically, there are two types of interfacial synthesis is 

possible: 1) air-liquid; and 2) liquid-liquid. Interestingly, Bao et al. reported an air-liquid 

interfacial synthesis of polyTB COF [1.52]. They could control the nucleation as well as the 

thickness of the COF thin films by adjusting the time. Again, Zhang et al. presented the 

monolayer fabrication of imine linked COF by using air-water interfacial synthetic strategy 

[1.53].  

 

Figure 1.18: Interfacial thin film fabrication of COF [Reprinted with permission from {K. Dey et al., 

J. Am.Chem.Soc. 2017,139,13083–13091} Copyright {2017} American Chemical Society]. 

Herein, they have taken terephthalaldehyde and 1, 3, 5-trihexyl-2, 4, 6-tris(4-

aminophenyl)benzene linkers for the construction of the framework. The hexyl groups 

present in the polymer oriented to the air due to the hydrophobic nature and amine group 

contained phenyl rings placed on the interface. However, the limited porosity and 

crystallinity of these techniques discourage for their potential application. In this aspect, a 

novel COF thin film synthetic strategy has been developed by Dey et al. by the employment 

liquid-liquid interfacial technique [1.26b] (Figure 1.16b). Here, they have developed porous 

and crystalline β-ketoenamine based COF thin films at the interface of water and DCM with 

the presence of p-Toulenesulphonic acid as a catalyst. The prepared COF thin films could be 

carried on different supports and further have been used for organic micropollutant removal 
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from water by using separation method. The main advantages of this method are room 

temperature synthesis and large scalability of crystalline and porous materials.  

 

Figure 1.19: Solid-state synthesis of COF membranes [Reprinted with permission from S. 

Kandambeth et al., Adv. Mater. 2017, 29, 1603945} Copyright {2017} American Chemical Society]. 

Additionally, Kandmabeth et al. developed a strategy to fabricate membranes of COF 

through the solid-state synthesis and further been applied the material for water purification 

[1.27b] (Figure 1.16c). In this mechanochemical solid-state synthesis, they have used PTSA 

as a catalyst for the formation imine bonds. They could develop the micrometer thick (200-

300 m) porous crystalline COF sheets for the separation molecular pollutants from water. 

The direct use of COF membrane for the water purification applications provides an efficient 

molecular sieving through the porous matrix.  

1.8.3 Applications of COF thin films 

Due to the insoluble granular nature of the bulk COF, the possibility of the applications in 

many advanced fields is limited. The recent development of the production of COF thin film 

by different methods leads to the exploration of the potential application of them.  

Energy storage: The anthraquinone stitched β-ketoenamine COF thin films on gold support 

were successfully utilized for the supercapacitance applications. It should be noted that the 

performance of COF thin films as charge storage platform is very higher than the powder 

nature of the same. Again, the charge storage performance of DAAQ TFP COF thin film has 

been enhanced by inducing in situ polymerization of EDOT into electrically conductive 

PDEOT [1.54a]. Again, the exfoliated COF layers of DAAQ TFP are used as Li
+
 ion storage 

platform in lithium ion battery [1.54b]. In these exfoliated ECOFs, the lucid diffusion Li
+
 ion 

through the porous matrix of the COF increases the efficiency of charge storage compared to 

bulk COF. 
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Fuel cells: COF thin films were used as proton exchange membranes in fuel cells. In one 

important study, Montoro et al. reported two different COFs (RT-COF-1Ac & RT-COF-

1Acb) and further post synthetically modified into lithium incorporated COF matrix [1.55a]. 

These COF films were strategically used as solid electrolytes in the proton exchange 

membrane of fuels. Furthermore, Himadri et al. demonstrated the PTSA loaded COF 

membranes with excellent proton conductivity (7.8 X 10
-2

 Scm
-1

). The COF membranes are 

flexible and free-standing in nature [1.55b]. They have utilized these COFs as proton exchange 

membranes in fuel cells with a high power density 24 mWcm
-2

. 

Semiconductors: The COFs could be used as semiconductors considering to their tunable 

functional  frameworks. However, the granular bulk form of them restricted to use in the 

advanced device applications. The recent development of the COF thin films bring out the 

important properties of the COFs into the device level. Cai et al. could fabricate a 

tetrathiofulvalene (TTF) linked COF thin film as a charge-carrier platform [1.56a]. In this 

work, they doped electron acceptors like I2 into the porous COF thin film for the charge 

transfer from the electron donor TTF. Recently, Bao et al. presented an imine linked polyTB 

COF as a semiconductor layer in the field effective transistor (FET) [1.52].  

Separations: The presence intrinsic micro and mesopores; and functional groups in COF aid 

the separations of molecules based on their size and properties. In this regard, several notable 

researchers have been done for the separations of molecular pollutants and more important 

gas molecules. As mentioned previously, Kandambeth et al demonstrated COF membranes 

for the nano filtration of molecular pollutants. Similar studies have been done by Matsumoto 

et al. in COF supported with a polymer membrane called poly(ethersulfone) for the efficient 

rejection of rhodamine WT [1.57]. Again, in another interesting study, Fan et al reported the 

growth COF LZU1 thin film on the support of alumina tube for the excellent removal of 

water soluble dyes [1.58]. COF thin films were used for the potential gas separation 

application by mixing the material with a porous support. In an important study, Li et al. 

demonstrated the fabrication of COF-1 membrane on a porous ceramic support [1.58]. 

Herein, the COF-1 membrane is composed from the nanosheets and it exhibits excellent H2 

permeance compared to MOF or graphene thin films. Furthermore, the mixed matrix 

membranes of COFs were reported as composite COF and polymers. These membranes 

exhibit high mechanical strength as well as good separation of gas molecules. One of the 
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notable research has been carried out by Zhao et al. in COF nanosheets based (NUS-2 & 

NUS-3) mixed matrix membranes. They found that the perselectivity of 31.4 for H2/CO2 gas 

mixture with 20 wt% of the COF in polymer. 

1.8.4 Macroscopic architecture of COFs in advanced level  

It is really important to note that, the scientific challenges like fabrication of ultra-thin and 

free-standing COF films from the granular form is needed to overcome. Moreover, the 

further progress of the macroscopic architecture of COF should be in the level of functional 

exploration and direct applications like advanced energy storage and socio-economic water 

purification. Notably, modern energy storage devices required capacitive free-standing 

electrodes with mechanical robustness and flexible in nature. Additionally, the electrical 

conductivity of such electrode is a necessary factor for the enhancement of the capacitive 

performance. In this regard, we believe, bringing mechanical robustness as well as electrical 

conductivity in the macroscopic 2D forms of COFs may open commercial opportunities of 

the material. Furthermore, the 3D architecture of COF can be suitable for the industrial level 

water purification due to the intrinsic microporosity of the material. Keeping these in 

perspective, herein, we have tried to integrate the reticular chemistry of COFs into the 

macroscopic building of the material for advanced energy storage and water purification.  

 

 

 

 

 

 

 

 

 

 

 



 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                  39 
 

CHAPTER 2 

 

Chemically Exfoliated Covalent Organic Nanosheets as Ultrathin Free-

Standing Films 

 

Abstract: In this chapter, 

Covalent organic nanosheets 

(CONs) are a novel category of 

two-dimensional nanomaterial 

which is derived from 

crystalline and porous covalent 

organic frameworks. In this 

chapter, we have demonstrated 

an efficient chemical 

exfoliation strategy to delaminate the layers of COF into CONs. Herein, the chemical 

exfoliation method involves Diels-Alder cycloaddition reaction of anthracene stitched β-

ketoenamine framework with an electron deficient N-hexylmaleimide as a dienophile. The 

obtained CONs exhibit high dispersion properties in organic solvents due to the presence of 

the long alkyl chains on the CON framework. As a result, we could fabricate the free-

standing thin film of CONs at air-water interphase through layer by layer assembly. Notably, 

the CON thin films display a controllable thickness ranging from ~1.5 nm to 1 m.  
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2.1 Introduction  

 Covalent organic frameworks (COFs) are emerged as potential porous polymers with 

the intrinsic ordered nature [2.1]. The fabrication of a COF consists of symmetric organic 

building units which are connected through strong covalent linkage in a two-dimensional 

(2D) or three-dimensional (3D) architecture. Notably, 2D COFs have been well explored due 

to their potential application towards gas storage, energy storage, heterogeneous catalysis, 

sensors, and purifications [2.2]. In general, the  electron rich 2D layers in COF appeared as 

a columnar self-assembled mode by - interaction of the planar building units which in 

turn increase the crystallinity and porosity. However, in such cases, the adjacent stacked 

layers diminished the exposure of the functional moieties toward the reactive environments 

for many applications. Taking this into consideration, the research on the development of 

non-stacked layers of COF gains increased attention among the scientific community. In this 

way, the attempts to fabricate the COF thin films on different supports like graphene, HOPG, 

silicon wafer aid to understand the alterations in the properties of few-layer stacked COFs 

[2.3]. Although this bottom-up strategy is well known for the fabrication of ultrapure COF 

thin film in nanometer thickness, it is limited for the large scalability and its non free-

standing nature further needs a support.  

To overcome these issues, the novel developments arise for the synthesis of a few-layer 

COFs or better known as covalent organic nanosheets (CONs). It suggests the production of 

CONs is more feasible by means of efficiency and cost through top-down methods like 

exfoliations [2.4]. The exfoliation strategy involves the peeling of COF layers, i.e. breaking 

of the stacked 2D layers, into to CONs by applying various energies. More specifically, the 

2D layers in COF are stacked together by the  interaction self-assembly which is needed to 

be disturbed for the exfoliation of the individual layers. In this regard, S. Chandra et al., 

reported an exfoliation strategy by using mechanical energy to break the  interaction 

between the COF layers into CONs [2.5]. Furthermore, solvent assisted ultrasound energy 

has been used for the exfoliation of COF layers into CONs by W. Dichtel and co-workers. In 

this method, they have dispersed COFs in different solvents and then ultrasound frequency 

has been applied for breaking pi-pi stacking of the COF layers [2.6]. Recently, a novel self 

exfoliation technique has been demonstrated by S. Mitra et al., for the delamination of a 

guanidinium stitched ionic covalent organic framework (i-CONs). When i-CONs are 
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surrounded by water, the halide ions present in the inert layers of COF get into hydrated and 

causes the self exfoliation of individual layers [2.7]. Although these exfoliation strategies 

yield a few layer COFs, the lateral size of nanosheets are ended up within a few nanometers 

only. Moreover, the poor dispersion of the CONs in different organic solvents restricts the 

fabrication of ultrathin free-standing COF films. 

 Keeping these in perspective, we decided to strategize a novel technique for the exfoliation 

of COF into CONs and finally which can form free-standing CON thin film. Herein, we have 

chemically exfoliated an anthracene stitched 2D β-ketoenamine COF by using N-

hexylmaleimide as an exfoliation agent. It is well known in the literature, the 9, 10 position 

of electron rich anthracene is highly reactive to the electron deficient dienophiles like 

maleimides through 4+2 Diels-Alder cycloaddition process [2.8]. During the course of 

reaction, the N-hexylmaleimides are stitched on the anthracne rich framework. Subsequently, 

the planar anthracenes get into the bend form which causes the breaking of the pi-pi stacking 

among the COF layers. The resulted maleimide functionalized CONs exhibit a high 

dispersion in organic solvents due to the presence of long alkyl chains. Moreover, it further 

carried for the fabrication ultra thin frees-standing thin film by using layer-by-layer assembly 

at air- water interphase [2.9]. 

2.2 Result and Discussion 

2.2.1 Synthesis and characterization 

The anthracene linked β-ketoenamine 2D COF [2.10] has been solvothermally synthesized 

by using the building units 2, 6-diaminoanthracene (Da; 0.3 mmol) and 1, 3, 5-

triformylphloroglucinol (Tp; 0.2 mmol) with the presence of 8 M acetic acid as a catalyst. 

The brown colour precipitate of DaTp is thoroughly washed and then used for the 

cycloaddition (4+2) reaction with N-hexylmaleimde at 160 C for 24 hours in mesitylene 

solvent. The obtained dark yellow product (DaTp CONs) is thoroughly washed with petether 

solvent and then used for further analysis. 
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Scheme 2.2: The schematic representation of the synthesis of DaTp COF and CONs. 

2.2.2 The structural characterizations 

The ordered nature of COFs has been inspected through the powder X-ray diffraction 

(PXRD) analysis. The PXRD profile displays the crystalline features of the DaTp (Figure 

2.1a). The pre-designable advantages of COF allowed us to model the possible structures of 

the material in the Material Studio-6 software. In this regard, we have modeled the DaTp 

COF formed from C3 symmetric Tp and C2 symmetric Da in a hexagonal unit cell. The 

modeled unit cell exhibits a highly symmetric space group of P63/m in an eclipsed (AA) 

stacked mode. Notably, the experimental PXRD profile of the DaTp has been matched with 

the simulated PXRD of the modeled structure of the same. It indicates the agreement of the 

modeled structure in the eclipsed form with the experimental PXRD profile. In the 

experimental PXRD profile, we could observe a sharp peak at the angle 2θ 3.5 corresponds 

to the 100 planes. Similarly, the weak peaks at the angle 2θ 6.3 and 26.7 indicate the 

presence of 110 and 001planes in the crystalline material. Furthermore, we have calculated 

the d-spacing of the DaTp COF from the 001 planes of PXRD is 3.4 Å. It has been noted that 

the constructed hexagonal unit cell consists of the parameters a = b = 29.0 Å and c = 3.4 Å. 

Interestingly, the distinct changes in the PXRD profile of DaTp CONs suggest alterations in 

the ordered behavior of COFs after the chemical exfoliation. The drastic mitigation in the 

intensity of the first peak (100) in the PXRD profile of the DaTp-CONs signifies the 

exfoliation of the planar 2D layers of COF. The decrement of the electron density of the 100 

planes is mainly due to the peeling of the layers from the bulk column,  
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Figure 2.1: a) The PXRD profiles of DaTp, DaTp CONs and simulated eclipsed form. b) The P63/m 

unit cell of DaTp. c) The crystal structure of the reference compound 1. d) The representation of the 

chemical exfoliation of DaTp into DaTp CONs.   

and which affects the intensity of the corresponding diffraction peaks (100) in the PXRD 

profile. Additionally, the weak broadening of 001 peak at the 2θ of ~27 in the PXRD of 

DaTp-CONs could be due to the incorporation of the N-hexylmaleimide units on the top of 

the COF layers. To get more insight about the exfoliation process, we have synthesized two 

reference compounds (1 & 2) from cycloaddition of 2, 6-diaminoanthracene/2-

aminoanthracene with a strong dienophile N-ethylmaleimide [Figure 2.1c & Figure 2.3].  

The single crystal X-ray diffraction (SCXRD) of the reference compounds provides the 

information of structural aspects of anthracene after the cycloaddition. Both reference 

compounds exhibit the bending anthracene from 180 to 107 after the Diels-Alder reaction. 

We surmise the bending of anthracene could break the effective  interaction between the  
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Figure 3.2: a) Single Crystal X-Ray Diffraction of reference compound 1. In the ORTEP (with the 40 

% probability level); Carbon (black), Oxygen (Red), Nitrogen (blue) and Hydrogen (small black 

circle) have been shown [CCDC No: 1497987]. b) Single Crystal X-Ray diffraction of reference 

compound 2. In the ORTEP (with the 40% probability level); Carbon (black), Oxygen (Red), 

Nitrogen (blue) and Hydrogen (small black circle) have been shown [CCDC No: 1497988]. 

DaTp–COF 

Space Group P63/m 

a = b = 29.8330Å, c = 3.6214Å; α = 90.0000,  = 90.0000,  = 120.0000 

Atom No X Y Z 

C1 0.37066 0.6498 0 

C2 0.40691 0.6376 0 

N3 0.39996 0.58837 0 

C4 0.43921 0.57682 0 

C5 0.48947 0.61317 0 

C6 0.55006 0.5368 0 

C7 0.5133 0.55016 0 
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C8 0.46305 0.51325 0 

C9 0.52591 0.59995 0 

C10 0.42668 0.5271 0 

C11 0.38629 0.70312 0 

O12 0.43014 0.73254 0 

 

Table 2.1: Fractional atomic coordinates for the unit cell of DaTp. 

COF layers, hence the exfoliation happens due to the cycloaddition reaction [2.11]. 

Additionally, it is believed that the long hexyl chains hinder the possible layer restacking 

after the chemical exfoliation of the COF. 

2.2.3 Chemical characterization  

The FT-IR spectroscopy has been used for the investigations on the chemical linkage of the 

frameworks. The absence of N-H and aldehyde C=O peaks in the FT-IR spectra of DaTp 

rules out the possibility of the presence of starting materials (Figure 2.3a). The stretching 

vibration at 1590 and 1270 cm
-1 

correspond to the characteristic peaks of β-ketoenamine C=O 

and C-N bonds.  Furthermore, we have synthesized a discrete monomer compound from Tp 

and 2-aminoanthracene for the comparison of the chemical linkage of the β-ketoenamine 

molecule with polymeric framework. Notably, the peak positions in the FT-IR profile of the 

DaTp matches with the IR profile of DaTp monomer (Figure 2.3b). Interestingly, after the 

functionalization with N-hexylmaleimides, DaTp CONs exhibit the characteristic C-H 

vibration peaks at the stretching frequency of 2937 and 2857 cm
-1

. Additionally, a vibrational 

peak has been observed at the stretching frequency of 1695 cm
-1

 indicates the presence of 

imide C=O from the N-hexylmaleimide moiety.  

The constructed DaTp COF and functionalized DaTp CONs have been further scrutinized 

for 
13

C CP MAS solid-state NMR spectroscopy to understand the atomic level information of 

the frameworks (Figure 2.4a). The 
13

C solid-state NMR of DaTp displays a resonance signal 

at 182.3 ppm indicates the presence of the keto (C=O) functional group in a β-ketoenamine 
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framework. However, after the functionalization with the N-hexylamaleimide, we could 

observe a new resonance peak at 178 ppm in the 
13

C solid-state NMR spectra of DaTp 

CONs. Furthermore, the resonance signals at 14, 21, 30, 38 ppm correspond to the chemical 

shift of the sp
3
 carbons of the alkyl chain in the N-hexylamaleimide unit. Importantly, the 

peaks at the chemical shift of 44-47 ppm signify the formation of new cyclic sp
3
 carbons at 

the center of anthracene and maleimide after the cycloaddition reaction. This observation is  

 

Figure 2.4: FT IR spectra of a) comparison of the starting material with DaTp COF. b) Comparison 

of the monomer and DaTp. c)The comparison of DaTp, DaTp CONs and N-hexylmaleimide. 

further supported by the analysis of 
13

C NMR of the reference compounds formed from the 

anthracene and N-ethylmaleimide (Figure 2.4c & d). Herein, we have synthesized two 

different reference compounds (Reference compound 1: 2-aminoanthracene + N-

ethylmaleimide and Reference compound 2: 2,6-diaminoanthracene + N-ethylmaleimide) 
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for the conclusive explanation of the 
13

C NMR spectra. Notably, spectra of both reference 

compounds clearly exhibit new sp
3
 carbon peaks resonance at the chemical shift of 44-47 

ppm. Meanwhile, the disappearance of the sp
2
 carbons at the 9, 10 position of anthracene and 

C=C carbons of N-ethylmaleimide further indicates the cycloaddition of the corresponding 

carbons. In order to get more insight about the cycloaddition of N-alkylmaleimide with 

 

Figure 2.5: The comparison of 
13

C NMR spectra of a) Reference compound 1 and starting materials. 

b) Reference compound 2 and starting materials. The comparison of 
13

C CP MAS NMR spectra of c) 

DaTp and DaTp CONs (with N-hexylmaleimide). d) DaTp and DaTp CONs (with N-ethylmaleimide). 

DaTp, we have performed Diels-Alder reaction between DaTp and N-ethylmaleimide which 

possess a short alkyl chain. Again, the 
13

C solid-state NMR of the DaTp-N-ethylmaleimide 

cyclo adduct clearly shows the newly formed cyclic sp
3
 carbons peak at 44-48 with all other 

characteristic peaks (Figure 2.4b). It indicates the general feasibility of DaTp COF towards 

the 4+2 cycloaddition reaction.  

Again, to calculate the quantitative inclusion of the N-hexylmaleimides, we have performed 

quantitative solid-state NMR analysis at high scanning rate for the peak integration. Herein, a 
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single layer of DaTp unit cell has been considered as a reference to integrate the peaks in 

NMR. Particularly, a single layer of DaTp unit cell contains 3 anthracene moieties. It should 

be noted that three number of anthracene is calculated from one full length anthracene and 

four half length anthracenes present in the unit cell. It is to be expected that 100% of the 

cycloaddition reaction leads to the addition of three N-hexylmaleimides in the final unit cell. 

 

Figure 2.5: a) The quantitative integration of 13C solid-state NMR of DaTp CON. b) The reference 

unit of DaTp.   

In this regard, six (3×2) -ketoenamine carbonyl carbon (C=O); six (2×3) imide carbonyl 

carbon (N-C=O) from maleimide moieties and twelve (4×3) newly formed cyclic carbons are 

supposed to appear at the final structure after 100% reaction. Based on these presumptions 

and considering the -ketoenamine carbonyl carbon (C=O) signal as standard, we have 

integrated the 
13

C NMR spectra of the DaTp CONs. As a result, we could notice that ~4 

number as imide carbonyl carbons (N-C=O) and ~ 8 numbers of newly formed sp
3
 carbons 

after the integration process (Figure S13). We have obtained ~66% of cycloaddition in one 

reference unit of DaTp and believed that this could be the same for bulk DaTp CONs. 

2.2.4 Properties of DaTp and DaTp CONs 

Both DaTp and DaTp CONs were subjected to the thermogravimetric analysis (TGA) for 

the measurement of the thermal stability (Figure 2.6a). Notably, the thermal stability of 

functionalized DaTp CONs (190°C) is less than compared to the pristine DaTp COF (320° 

C). It could be due to the retro Diels-Alder reaction [2.13] as well as the thermal 
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decomposition of the N-hexylmaleimide functionalized CONs. Furthermore, the N2 gas 

adsorption analysis has been carried out at 77K after the vacuum drying of both DaTp and 

DaTp CONs (Figure 2.6b). It should be noted that a large mitigation in the surface area of 

the DaTp CONs (53 m
2
g

-1
) has been observed compared to the pristine DaTp (631 m

2
g

-1
). 

The reduction in the surface area of CONs could be due to the chemical exfoliation of the 2D 

layers results the destruction of the ordered intrinsic pores in the COF matrix. The pore size 

 

Figure 2.6: a) TGA of DaTp and DaTp CONs. b) N2 gas adsorption analysis of DaTp and DaTp 

CONs. c) NLDFT pore size distribution of DaTp. d) NLDFT pore size distribution of DaTp CONs. 

distribution of DaTp has been calculated from non-local density functional theory (NLDFT). 

It features the pore diameter of 2.2 nm for DaTp COF (Figure 2.6c). The slightly small pore 

size distribution compared to the model could be due to slipped stacking arrangement of 

anthracene rich 2D layers into a long column. Notably, after functionalization, the pore size 

distribution analysis displays the pore diameter of ~2.7 nm which could be the indication of 

low-depth pores after the exfoliation (Figure 2.6d). 
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Figure 2.7: a) The SEM images of DaTp. It shows the aggregated ribbon-like morphology in 10m 

and 1m level focuses.  b) The SEM images of DaTp CONs. It exhibits thins sheet-like morphology in 

different levels of focus (2, 3 and 5m) and also displays the aggregation of many CON layers into a 

single block of thin sheet. 

2.2.5 Transformation of Morphology of COFs into CONs 

The morphological features DaTp and DaTp CONs were investigated by various imaging 

characterizations like scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) and atomic force microscopy (AFM). The transformation of the 

morphology of COF into CONs is clearly evident from the nano and micro level image 

analysis. Importantly, a drastic change in the morphology of DaTp is observed after the 

chemical exfoliation into CONs in the SEM images (Figure 2.7). The SEM images of 

pristine DaTp COF displays aggregated ribbon-like morphology of the material in the micro 

level scanning (Figure 2.7a). Whereas, the DaTp CONs exhibits a thin sheet-like 

morphology in the recorded SEM images (Figure 2.7b). Furthermore, the TEM images 

reveal the changes in the morphology of COFs into CONs in the nanometer scale (Figure 

2.8). Again, a morphological transformation has is observed in the nano meter level of the 

material, i.e., the aggregated ribbon-like structure (length: 100-200 nm; width: 20-40 nm) of 

DaTp COF has been turned to a thin sheet morphology (length: ~500 nm; width: ~200 nm) 
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upon the chemical exfoliation of the CONs. To get more insight about the morphological 

transformation COF into CONs, we have recorded TEM images of the partially exfoliated 

DaTp CONs which shows the mixed ribbons and thin sheet-like morphology and also the  

 

Figure 2.8: a) The TEM images of DaTp. It shows the aggregated ribbon-like morphology in 200 nm 

and 100 nm levels focus.  b) The TEM images of DaTp CONs. It exhibits thins sheet-like morphology 

in different levels of focus (100  and 50 nm) and also displays the aggregation of many CON layers 

into a single block of thin sheet. 

 

Figure 2.9: The TEM images of partially exfoliated DaTp and the aggregation of small lateral sized 

CON layers 
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transformation of ribbons into sheets (Figure 2.9). It is important to note the larger lateral 

dimension of CON thin sheets could be due to self-assembling of alkyl group functionalized 

smaller lateral size thin sheets. It is worth to mention that both SEM and TEM images clearly 

show the assembling of many layers into one single block which finally appeared as a large  

 

Figure 2.10: a) The AFM image and b) height profile of DaTp CONs. 

lateral dimensional thin sheet. Again, we have analyzed AFM images of the DaTp CONs for 

understanding the thickness of the sheets. It was found to be the average thickness of 17 nm 

for the sheets in the AFM height profile. We surmise this higher thickness could be due to the 

self-assembling of the layers into a thick single sheet during the sample preparation time. 

Although these CONs are well dispersible in the organic solvents, it could self assemble 

together during the evaporation of the solvent molecules during drying the sample.  

2.2.6 The dispersion property of CONs in organic solvents 

The functionalization of anthracene with N-hexylmaleimide boosts the interaction of the 

CONs with the organic solvent molecules through the long alkyl chains [2.13], hence 

exhibits an excellent dispersion in many organic solvents with various polarity. In this 

regard, we decided to test the dispersion stability of DaTp CONs in different organic 

solvents. We have observed that a stable dispersion of DaTp CONs in high polar solvents  

Solvent Polarity Index Dispersion (Stability) 

N, N-dimethylacetamide (DMA) 6.5 Two months 

N, N-dimethylformamide 6.4 Two months 
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(DMF) 

N, N-dimethylsulphoxide 

(DMSO) 

7.2 Two months 

N-methylpyrrolidone (NMP) 6.7 Two months 

Acetonitrile 5.8 One month 

Methanol 5.1 One month 

Acetone 5.1 One month 

Ethyl acetate 4.4 One month 

Chloroform 4.1 One month 

Dichloromethane (DCM) 3.1 One month 

Isopropyl alcohol 3.9 One week 

Hexane 0.1 One week 

 

Table 2.2: The dispersion stability of DaTp CONs in various organic solvents 

like DMA, DMF, NMP, chloroform, acetonitrile for more than a month (Table 2.1 & Figure 

2.11). Meanwhile, low polar solvent like hexane exhibits a moderate dispersion for the DaTp 

CONs. Moreover, when we irradiate a red laser (650 nm) through the suspension of DaTp 

CONs-DCM mixture displays a strong Tyndall effects shows the well dispersion of 

nanometer-sized thin sheets in an organic solvent (Figure 2.12). The good suspension 

character of DaTp CONs allow us to carry out the dynamic light scattering (DLS) analysis 

for measuring the size of the nanosheets in a dispersed state in the solvent (Figure 2.13). 

Herein, in the DLS measurement of DaTp CONs-CHCl3, the hydro dynamic radius analysis 

is correlated with lateral size of the nanosheets displayed in the TEM images. The DLS 

profiles suggest the CONs have 100-200 nm hydrodynamic radii with a relative number of 

100 (inset: TEM image of 47-192 nm lateral sized DaTp-CONs). The DLS profile also 
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exhibits the nanosheets size with 400-500 nm hydrodynamic radii with a Relative number 41. 

This could be due to the aggregation of CONs into a relatively larger lateral dimension in the 

suspension (TEM images of 350 nm lateral sized DaTp-CON layers).  

 

Figure 2.11: The dispersion of DaTp CONs in various organic solvents. 

  

 

Figure 2.12: a) The Tyndall effect of DaTp CONs in DCM solvent. b) The DLS profile of DaTp 

CONs in DCM solvent [Inset: The TEM images of DaTp CONs] 
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2.2.7 The fabrication ultrathin free-standing CON film at the air-water interface 

Considering to the good dispersion of DaTp CONs in organic solvents and hence the 

increased  processability, we have strategized the fabrication of DaTp CON thin film 

through the interfacial layer by layer (LbL) assembly at the air-water interface [2.12]. We 

surmise the presence of hydrophobic alkyl chain on the framework of CONs may aid the self 

assembling process on the water surface. Furthermore, we have chosen the dispersion solvent 

as DCM due to the well-spreading nature owing to its high vapour pressure and low surface 

energy compared to the water. To fabricate the thin films, we have taken a well dispersed 

DaTp CON-DCM suspension and drop cast on the top surface of the water very slowly 

 

Figure 2.13: a & b) The plausible self-assembly process of DaTp CONs into a thin film. c) The free-

standing DaTp CON thin film in a copper loop. d) The graphical representation of the process of thin 

film making in a glass beaker [M. A. Khayum et al.,  Angew. Chem., Int. Ed., 2016, 55, 15604–15608 

Copyright (2016) Wiley VCH]. 

DCM could spread on the whole water surface immediately and it also helps to spread the 

CONs on the same surface upon the addition each drop of suspension. After a transient 

bilayer formation of water and DCM, the low boiling DCM molecules starts to evaporate 
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quickly. As the evaporation occurs, the DaTp CON thin sheets can self-assemble to a thin 

film by the hydrophobic interaction of the alkyl groups grafted on the frameworks. After the  

 

Figure 2.14: The FT-IR spectroscopy of DaTp CON thin film. 

 

Figure 2.15: a) The SEM image of DaTp CON thin film on a silicon wafer and a polysulfone 

membrane. b) The TEM images of DaTp CON thin films. It explains the large lateral sheets are 

formed by small lateral sized CONs. 
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Figure 2.16: The optical microscopic images of DaTp CON thin films. 

complete evaporation of the DCM, it is observed that a thin film has been formed at the air-

water interface. Subsequently, this semi-transparent DaTp CON thin film could transferrable 

to various support like glass, silicon wafer and even to a copper loop as a free-standing film. 

It is to be noted that, it could stand over a copper loop more than a month if undisturbed. It 

indicates the long last free-standing nature and robustness of the DaTp CON thin film. The 

FT-IR spectra of the obtained CON thin film display a similar profile compared to the DaTp 

CONs suggests the intact chemical nature of the CONs even after the self-assembling 

process. The SEM image clearly shows the crack-free and continuous nature of the thin film 

on a silicon wafer and a polysulfone membrane. Furthermore, we have analyzed the 

nanometer level self-assembly of the crushed thin film through the TEM. It displays, the 

higher lateral size thin films are formed by the layer by layer self-assembly of small lateral 

size CON thin sheets. It further justifies the role of hydrophobic alkyl chains in the self-

assembly of the thin film at the air-water interface. Additionally, the optical microscopic 

images display the aggregation of small thin films into a thick sheet. Moreover, to probe the 

control over the thickness of the fabricated free-standing thin film, we have carried out the 

AFM imaging and height profile mapping of the DaTp CON thin film sample on the silicon 

wafer. To control the thickness, we have used different concentration (low: 1mg/5ml; 

medium: 4mg/5ml; and high: 8mg/5ml) of the DaTp-CON DCM solution for the fabrication 

of thin film in 8 cm diameter glass beaker. At low concentration suspension, we could notice 

a comparatively very low sub nanometer level thickness (1.2-1.6 nm) of the film  
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Figure 2.17: The AFM images and corresponding height profiles of a) low; b) medium and c) high 

concentration of the DaTp CON-DCM suspension. 

from the height profile mapping of the AFM images. It worth mentioning that the length of 

the N- hexyl maleimide is ~ 1nm, taking this into consideration, the thin film could be 

formed by the assembly mono or bilayer of the functionalized CONs. Similarly, the medium 

concentration of DaTp CONs delivered a thickness range of ~ 5 nm in the AFM height  
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Figure 2.18: a) Drop casting of DaTp CON-DCM suspension on the water surface. b) The thin film 

formation at the air-water interface. c) The thin film on a glass surface. d & e) The mechanically 

grind CONs on water surface and f) on a glass surface.  

profile. The AFM mapping of high concentration displays the thickness of 19 nm which 

shows the varying concentration leads to varying thickness. It is important to note that we 

could make the thin film with thickness up to 1µm by controlling the concentration of the 

suspension. 

2.2.8 The plausible mechanism for the thin film formation 

We have performed the water contact angle analysis of the DaTp CON thin film to measure 

the hydrophobicity of the material. It displays good hydrophobic nature of the DaTp CON 

thin film (123°) compared to the pellet of pristine DaTp COF (73°). It could be attributed 

due to the presence of hydrophobic hexyl chain on the CONs. It further points out the 

possible mechanism of the thin film formation at the air-water interphase. The alkyl groups 

present in the CONs enhance the interaction with the solvent; hence a good separation of 

nanosheets is possible in the organic phase. When this suspension is added on the water 

surface, the alkyl group prevents the CONs to interact with the hydrophilic surface due to the 

presence of hydrophobic chains [2.13]. As the evaporation occurs, the CONs are self-  
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Figure 2.19: Contact angle measurement DaTp pellet and DaTp CON thin film. 

assembled each other to reduce the entropy and the interlayer interaction has become more 

significant than the CON-solvent interaction which ultimately forms as self-assembled thin 

film on the water surface. Whereas, the attempts to make the self-assembled thin film from 

the mechanically exfoliated CONs has been failed due to the absence of such functional 

moieties in the framework. 

 

2.3 Conclusion  

In summary, we have synthesized an anthracene functionalized 2D-β-keoenamine framework 

by using solvothermal method. The obtained 2D-COF has been further subjected to the post 

modification at the 9, 10 position of anthracene by N-alkyl maleimide through 4+2 Diels 

Alder reaction. As a result of the cycloadduct formation, the planar anthracene is bent to 107 

which causes the breaking - interaction between the interlayers of COF and ultimately 

results the chemical exfoliation of the COF layers. The resulted DaTp CONs exhibit good 

dispersion nature in the various organic solvents due to the presence of long alkyl chains. By 

taking this advantage, we have fabricated centimeter scale free-standing CON thin film 

through the layer by layer self-assembly at the air-water interface. The fabricated DaTp 

CON thin film showcases a defect-free and continuous nature with long last stability at the 

undisturbed condition. 

2.4 Experimental procedures 

2.4.1 Materials  
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1, 3, 5-triformylphloroglucinol (Tp) and2, 6-diaminoanthracene were synthesized from 

phloroglucinol and 2,6-diaminianthraquinone respectively by the reference of reported 

articles [2.14 and 2.15]. 

2.4.2 Synthesis of N-hexylmaleimide 

The 1-aminohexane (3.85 g, 0.038 mmol) was added in 30 ml acetic acid and then 

thoroughly stirred for 10 minutes at 0°C for dissolving the compound. Then the maleic 

anhydride (4.47 g; 0.0456 mmol) was added into the prepared solution. After the solution 

was stirred for 6 hours continuously, the reaction mixture was refluxed for another 24 hours 

under N2 atmosphere. We observed the reaction mixture turned into a yellowish liquid 

indicates the completion of reaction. Consequently, we have added 100 ml of water to the 

obtained solution which in turn changed the yellowish colour to white. Then we have 

extracted the compound with 50 ml ethyl acetate and water (2 times), and again saturated 

NaHCO3 (4 times) and water (2 times)..The crude product was dried under NaSO4 and then 

purified by the column chromatography (1:9-Ethylacetate: pet ether). The final product (N-

hexylmaleimide) was obtained as a pale yellow liquid and confirmed through 
1
H and 

13
C 

NMR. 
1
H NMR (ppm, CDCl3): 0.82 (t, 3H), 1.12-1.31 (q, 6H), 1.51 (t, 2H), 3.45 (t, 2H), 

6.67 (s, 2H). 
13

C NMR (ppm, Acetone- d6): 14.43 (1C), 23 (1C), 27 (2C), 32 (2C), 38 (1C), 

135 (2C), 172 (2C). 

 

Figure 2.20:
1
H NMR (in CDCl3) of N-hexylmaleimide 
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Figure 2.21: 
13

C NMR (in Acetone-d6) of N-hexylmaleimide. 

 

2.4.3 Synthesis of DaTp COF 

We have performed a solvothermal synthesis of reversible Schiff base condensation reaction 

between 2,6-diaminoanthracene (Da: 62.4 mg, 0.3 mmol) and 1, 3, 5- 

triformylphloroglucinol (Tp: 42 mg, 0.2 mmol) in Pyrex glass tube. The 2 ml solvent mixture 

of mesitylene–dioxane in 1:1 ratio has been taken for the partial solubility of the organic 

building units. Additionally, a catalytic amount of 8M acetic acid (0.2 ml) was added to 

above reaction mixture for the reversibility of Schiff base reaction. The whole reaction 

mixture was sonicated for 15 minutes and then followed by flash frozen (at 77K by using 

liquid N2 bath) and degassed for three times freeze-thaw cycles. After the complete 

evacuation, the Pyrex tube was sealed and then kept at at 120° C for 72 hours. Then reddish 

brown precipitate was obtained by centrifugation and subjected for washing by DMA (three 

times), water (three times) and Acetone (three times). A dark reddish brown product was 

collected after the compound was dried at 150°C under vacuum for removing the trapped 

solvent molecules (yield 80%).  

2.4.4 Synthesis of 2,4,6-tris(anthracen-2-ylamino)methylene)cyclohexane-1,3,5-trione 

(DaTp monomer)  
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The monomer compound was synthesized from Tp (0.05g; 0.23 mmol) and 2- 

aminoanthracene (0.27g; 1.428 mmol). Both reactants were taken in ethanol (25 ml) and then 

refluxed for 24 hours at N2 atmosphere. After the completion of reaction, the crude product 

was collected by filtration, and then washed with ethanol for three times to remove the excess 

amount of reactants. The obtained product was dried under a vacuum oven to remove the 

solvent molecules which finally yielded 75% of the brownish yellow colored product. IR 

(powder, cm
-1

): 1590 (s), 1448 (m), 1287 (s), 980 (m), 900(s), 755 (s). 

 

2.4.5 Synthesis of 2,6-diamino-13-ethyl-9,10-dihydro-9,10-[3,4]epipyrroloanthracene-

12,14-dione (Reference compound 1) 

The reference compound 1 was synthesized by 4+2 Diels-Alder reaction of 2, 6 -

diaminoanthracene (0.032 g; 0.55 mmol) and N-ethylmaleimide (0.019 g; 0.55 mmol). The 

reaction mixture was taken in 15 ml toluene solvent and then refluxed for 24 hours under N2 

atmosphere. The crude product was collected and then purified by Column chromatography 

(1:1 petether: ethylacetate) which finally yielded 75% pure cycloadduct. 
13

C NMR (ppm, 

DMS0-d6): 12.3 (1C), 32.5 (1C), 44 (2C), 47 (2C), 110 (4C), 124(2C), 126 (2C), 141 (1C), 

143 (1C), 147 (2C), 177 (2C). 

 

2.4.6 Synthesis of 2-amino-13-ethyl-9, 10-dihydro-9,10-[3,4]epipyrroloanthracene-12,14-

dione (Reference compound 2) 

The reference compound 2 was synthesized by 4+2 Diels-Alder reaction of 2-

aminoanthracene (0.030 g; 0.155 mmol) and N-ethylmaleimide (0.019 g; 0.155 mmol). The 

reaction mixture was taken in 15 ml toluene solvent and then refluxed for 24 hours under N2 

atmosphere. The crude product was collected and then purified by Column chromatography 

(1:1 petether: ethylacetate) which finally yielded 80-85% pure cycloadduct. 
13

C NMR (ppm, 

CDCl3): 12.4 (1C), 32.9 (1C), 47-45 (4C), 112 (2C), 123 (2C), 126-128 (2C), 139 (2C), 141 

(1C), 142 (1C), 145.7 (2C), 177 (2C). 

2.4.7 Synthesis of DaTp CONs  
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The DaTp CONs was synthesized by 4+2 Diels-Alder reaction of 2 DaTp (15 mg; 

0.015mmol) and N-hexylmaleimide (8.6 mg; 0.047mmol). The reaction mixture was taken in 

20 ml mesitylene solvent and then refluxed for 24 hours at 160 C under N2 atmosphere. The 

solution turned into a reddish color during the course of reaction. The mesitylene was 

removed by the vacuum drying and then DCM (2ml) and pet ether (20 ml) was added to the 

crude product. Again, the derived precipitate was washed with pet ether for 3-4 times and 

then dried 60 C under vacuum, which finally yielded as a dark yellow color product. IR 

(powder, cm
-1

): 2857-2915 (w), 1695 (s), 1600 (s), 1446 (m), 1300 (s), 1200(s), 1034 (w), 

935 (w), 853 (m), 776(m), 703 (m). 

2.4.8 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD):  The PXRD data were investigated 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 optimized at 30 mA and 40 kV respectively. The 

COF powder was taken in an Aluminium holder and then scanned between 2 and 40° 2θ 

(step size of 0.02°).  

 (b) Thermogravimetric Analysis (TGA): TGA was investigated on  SDT Q 600 TG-DTA 

analyzer instrument. 2 mg of the COF sample was placed in an aluminium crucible and 

heated from 25 to 900 °C under N2 atmosphere at heating rate of 20 °C min
–1

. 

(c) IR Spectroscopy: The Fourier transform infrared spectra (FTIR) of the COFs were 

recorded on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer in ATR mode. 

The FTIR profiles were investigated within the range of 4000-600 cm
-1

. 

(d) Gas Adsorption: The N2 gas adsorption experiments of COF samples were analyzed in an 

Autosorb automatic volumetric instrument (Quantachrome) (up to 1 bar). COFs were 

degassed under vacuum at 120C for 12 hours prior to the gas adsorption analysis. 

 (e) SEM: SEM images were recorded with a Zeiss DSM 950 scanning electron microscope 

and FEI, QUANTA 200 3D Scanning Electron Microscope with tungsten filament as 

electron source operated at 10 kV. The COF samples were sputtered with Au (nano sized 

film) prior to imaging by a SCD 040 Balzers Union. 
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(f) TEM: TEM images were investigated by using FEI Tecnai G2 F20 X-TWIN TEM at an 

accelerating voltage of 200 kV. To prerepare the TEM sample for the analysis, The COF 

Samples were dispersed in acetonitrile solvent and drop cast on copper grids TEM Window 

(TED PELLA, INC. 200 mesh). 

(g) 
13

C CP MAS Solid-state NMR: We have used a Bruker 300 MHz NMR spectrometer, 

and for quantitative analysis 
13

C CP MAS decoupled solid-state NMR was taken in Jeol 400 

with scanning rate 849 and Ligand NMR data were taken in Bruker 200 MHz NMR 

spectrometer. 

(h) Optical microscopy: Optical images of samples were investigated by Modular Routine 

Stereo Microscope with 8:1 Zoom Leica M80. 

(i) Dynamic Light Scattering: The Brookhaven Instruments Corporation 90 plus Particle 

Size analyzer with scattering angle 90° and laser wavelength 632.8 nm has been used for the 

DLS. 

(j) Contact angle: We have used Kruss Drop Shape Analyzer –DSA25S for the contact angle 

measurement. 

(k) Atomic Force Microscopy (AFM): We have investigated the surface morphology and 

thickness of thin sheets and films by using the AFM  „Agilent Technologies, USA, Model 

5100‟. All scans were recorded in an air medium. 
 

 

NOTE: The experimental observations and results in this chapter have been already 

published in Angew. Chem. Int. Ed. 2016, 55, 1 – 6; entitled: “Chemically Delaminated Free-

Standing Ultrathin Covalent Organic Nanosheets”. The major contribution of this 

publication was done by the Dr. Rahul Banerjee and his student Abdul Khayum M from 

CSIR National Chemical Laboratory, Pune. The AFM images were investigated by the 

collaboration with Dr. Rabibrata Mukherjee and his student Anuja Das from Indian Institute 

of Technology, Kharagpur.   
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CHAPTER 3 

 

Convergent Covalent Organic Framework Thin Sheet as Flexible 

Supercapacitor 

 

Abstract: The 

significance of the 

fabrication of covalent 

organic frameworks into 

two dimensional thin 

films and sheets has been 

increased due to their potential features of macroscopic forms in various fields. In this 

regard, the development of mechanically robust 2D macro-architecture COFs requires 

scientific attention and has a pivotal role in the advanced applications like flexible energy 

storage systems. Keeping this in perspective, herein, we have developed a mechanically 

strong and redox-active β-ketoenamine covalent organic framework through a convergent 

synthetic strategy. In this method, we have integrated a -electron rich anthracene (Da) and 

redox-active anthraquinone (Dq) into a single framework through a solid-state synthesis. The 

obtained convergent COF thin sheet displays redox activity as well as mechanical strength, 

which has been further utilized as a flexible electrode in a quasi solid-state supercapacitor. 

In the convergent COF, the -electron rich anthracene boosts the mechanical strength of the 

thin sheets, whereas, the anthraquinones are responsible for the energy storage of the 

system. 
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3.1 Introduction  

Owing to their promising features, the development of the macroscopic architecture of COFs 

into the two-dimensional (2D) form results novel advancements in several commercial level 

applications. Specifically, the various 2D macroscopic forms of COFs such as thin films; thin 

sheets; and porous membranes exhibit their excellent performance toward energy storage; 

sensors; gas and solvent separations; and water purification [3.1]. However, most of these 2D 

forms face the lack of enough mechanical strength towards the external physical disturbances 

and makes the COF as a fragile candidate for the commercial utilities. Although researchers 

have developed polymer-COF membranes for boosting the mechanical strength of the 2D 

forms, the mixing of the polymer reduces the intrinsic features like crystallinity and porosity 

of the COFs [3.2]. In this regard, boosting the mechanical strength of the 2D macroscopic 

forms of COFs without losing crystallinity and porosity is scientifically and technologically 

important for the next level advances of the material, especially in the flexible energy storage 

devices. Due to the presence of the well-ordered nano pores and precisely integrated redox 

functionalities in the COF matrix, it could serve as an excellent energy storage material in 

supercapacitors and batteries [3.4]. Meanwhile, such ordered porosity and well-connected 

redox functionalities are not available in the polymer or other carbon-based electrode 

materials [3.5]. 

COFs as energy storage platform: 

The rapid consumption of non-renewable energy sources like fossil fuels has drawn a major 

attention towards the requirement of sustainable energy resources and storages. 

Supercapacitors and batteries are the two devices undergone extensive research in past few 

decades as the superior energy storage systems. Supercapacitors also called ultracapacitors 

are viewed as outstanding devices in terms of greater power density, high charge-discharge 

and long-life than battery [3.4]. The charge storage mechanism in a supercapacitor can occur 

through two ways: 1) Electric double layer capacitance (EDLC). In EDLC, the energy 

storage mechanism occurs through the physical adsorption of the charges on the surface of 

the electrode; 2) Pseudocapacitance: In this mechanism, the charge will be stored through the 

reversible chemical reactions of redox functional groups grafted on the electrode [3.6]. In the 

EDLC, the surface area of the electrode plays the major role for the adsorption of charges. 

Meanwhile, the reversible electrochemical reaction between electrode and electrolyte is 
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playing the important role in the pseudocapacitance mechanism. Interestingly, the versatile 

properties such as tunable & ordered pore structure and the higher surface area of COFs 

offered to use as an electrode material in energy storage systems. Moreover, the precise 

integration of redox-active functional moieties can enhance the charge storage performance 

of the COFs. The ordered intrinsic pores in the COF can aid the lucid diffusion electrolyte 

ions through the entire porous matrix of the COF, whereas the amorphous material lacks such 

properties. In this regard, it has been considered that the COFs are promising materials in 

energy storage applications. 

The previous reports on COF based energy storage applications mostly described on the 

granular based electrode materials [3.3b & 3.4a]. It is important to note that, during the 

electrode fabrication process, the crystalline porous COFs are subjected to ultra-sonication or 

mechanical grinding to make uniform slurry with binders and conductive additives. 

However, during the course of grinding or sonication, there is a great chance of losing 

crystallinity as well as the surface area of the material which may affect on the overall 

performance in the capacitance. Moreover, the previous attempts of  

 

Scheme 3.6: The schematic representation of the synthesis of all COFs. 
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Figure 3.1: The digital photographs of the fabrication of COF thin sheet through SSM method. 
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Figure 3.2: a) The diagrammatic representation of the fabrication of COF thin sheet. b)The digital 

photograph of 16 cm2 Dq1D1Tp COF thin sheet. c) The photograph showes the flexibility of Dq1D1Tp 

COF thin sheet. d) The cross-sectional SEM image of Dq1D1Tp COF thin sheet  

COF based energy storage applications were mostly executed in the conventional liquid 

electrolyte supercapacitor system [3.3a]. Herein, the major shortcomings are electrolyte 

leakage and rigid compact nature of the devices. Notably, electrolyte leakage is a major 

concern of liquid electrolyte based conventional supercapacitors, which end up with the 

requirement of highly expensive device package due to the corrosive and toxic nature of 

liquid electrolyte. In this regard, the investigation on COF thin film coating on a gold thin 

film current collector avoids the tedious electrode fabrication process for a conventional 

liquid electrolyte supercapacitor [3.1c]. However, the disadvantages like the scalability and 

the usage of a highly expensive gold thin film in such system is not favourable in the 

commercial aspects. The advanced wearable electrochemical energy devices such as foldable 
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phones and wearable electronics often demands flexible and mechanically robust solid state 

super capacitors as a flash power sources [3.5 & 3.7]. In this aspect, a novel design and 

fabrication strategy needs to be developed to transform fragile COF micro-crystallites into 

mechanically robust supercapacitor electrode thin sheets. Although the mechanical strength 

and the integrity of COF crystallites can be improved by the usage of binders or additives; 

pore blocking from such polymeric binders can cause a reduction in the active surface area 

and electrochemical capacitance performance. 

Keeping all these in perspective, in this chapter, we have developed a novel convergent 

linker strategy to synthesize and fabricate redox-active COFs into flexible solid-state 

supercapacitors (SSC) with high mechanical strength. This convergent strategy involves in-

situ insertion of two axial-linkers with distinct physicochemical properties into single COF 

matrix through solid-state molecular mixing procedure (SSM). It is noteworthy that the  
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Figure 3.3: The PXRD profiles of all COF thin sheets. 

researches on the non-covalent interactions suggest their pivotal role in the improvement of  

mechanical robustness of a macroscopic material [3.8]. Notably, the hetero-functional groups 

were present in the graphene oxide (GO) are found as a key to enhance the mechanical 

strength of the GO sheets by imparting the interlayer hydrogen bonding [3.9]. Taking these 

into consideration, in the convergent COF, we have strategically chosen the π-electron rich 

anthracene (Da) [3.10] as a linker which assists to improve the mechanical strength. 
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Whereas, the redox-active anthraquinone (Dq) moiety is responsible for the charge storage 

and hence the pseudo-capacitance of the material. The demonstrated convergent SSM 

method is very simple, scalable for the hetero-linked COFs [3.11]. Furthermore, it and allows 

the facile fabrication of redox-active COF crystallites into defect-free uniform thin sheet 

electrodes without using any binders. Moreover, the functional regulation on the molecular 

level of the framework keeps the crystalline and porous nature of the material. 

3.2 Result and Discussion 

3.2.1 Synthesis and characterization 

We have taken the various ratios of Dq and Da linkers in 1:0 (DqTp), 0:1 (DaTp), 1:2 

(Dq1Da2Tp), 1:1 (Dq1Da1Tp) and 2:1 (Dq2Da1Tp) to rationalize the importance of the 

quantitative inclusion of functional moieties (Scheme 3.1). The solid-state mixing (SSM) of 

the linkers (amines and aldehyde) with the presence of p-toluenesulphonic acid (PTSA) 

catalyst provides a precursor paste which has  

 

Figure 3.4: a) The PXRD profiles COFs, Tp and PTSA. b) The PXRD of all COFs after the treatment 

in 1M H2SO4 for 24 hours. 

been further fabricated as a thin sheet on a glass slide (Figure 3.1 & 3.2). The thermal 

treatment (90C) in a closed condition allows the formation of β-ketoenaime framework 

[3.12] and obtained thin sheets were washed by DMA, water and acetone. The rationale 

variations of linkers in COFs have been reflected in their redox-active and mechanical 

properties. We have observed that the mechanical strength of the COF thin sheet was greatly 
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enhanced by the increment in the percentage of Da linker. Meanwhile the higher Dq loaded 

COF thin sheets (DqTp,  

Dq2Da1Tp and Dq1Da1Tp) exhibit good redox activity as well as specific capacitance (154, 

122 and 111 Fg
-1

 respectively at 1.56 mAcm
-2

) in three-electrode assembly. The convergent 

Dq1Da1Tp COF supercapacitor displays high mechanical strength and maintains its 

capacitance under mechanical deformation such as bending (90% of the capacitance retention 

even after 2500 cycles). 

2.2.2 The structural characterizations 

The crystallinity of COFs is inspected through the powder X-ray diffraction analysis 

(PXRD). PXRD profile of each COF indicates the crystalline nature of the material (Figure 

3.3). Moreover, the distinctive PXRD profiles of all COFs compared with the starting 

material PXRDs suggests that phase purity of all synthesized thin sheets (Figure 3.4). All 

COFs exhibit typical 2D layered hexagonal ordered nature with three major peaks in PXRD 

profiles which are assigned as 100, 110 and 001 planes. The first peak position of DqTp; 

DaTp; Dq1Da2Tp; Dq1Da1Tp and Dq2Da1Tp COFs have been appeared at the angle of 2 

3.6, 3.4, 3.7, 3.4  and 3.6 respectively. Likewise, the second peak position at the 2 

angle 6.1, 6.2, 6.0, 5.8, and 5.9 correspond to 110 planes for the above mentioned COFs. 

The peak which is diffracted from 001 planes are generally weak and broad and located 

around the angle of 2 26-27° range. Moreover, the possible structures of the COFs were 

modeled in Material Studio S-6. The experimental PXRD of the COFs are well matched with 

the simulated PXRD in the eclipsed molecular structure. In addition, the Pawley refinement 

has been done on all models with the experimental PXRD profiles [DqTp (Rp = 5.1%, Rwp= 

6.5%); DaTp (Rp = 4.6%, Rwp= 2.9%); Dq1Da2Tp (Rp = 2.2%, Rwp= 2.8%); Dq1Da1Tp 

(Rp = 9.96%, Rwp= 12.62%); and Dq2Da1Tp (Rp = 7.45%, Rwp= 9.07%)]. It is noteworthy 

that all as synthesized COFs are chemically stable in acid as well as organic solvents due to 

the keto-enol tautomeric nature. The retained PXRD is a direct evidence of the intact 

structural regularity of each COFs even after the stability test in 1M H2SO4 for 24 hours 

(Figure 3.4). 

3.2.3 Chemical characterization 
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The absence of N-H vibration peaks from amine linkers and the aldehyde carbonyl peak from 

Tp in FT-IR profile of the COFs ruled out the presence of the precursor impurity in the thin  

 

Figure 3.5: a) The FT-IR spectra of a) DqTp; b) DaTp; and c) convergent COFs with starting 

materials. d) The FT-IR spectra comparison of all COFs with PTSA 

sheet matrix (Figure 3.5). Similarly, the absence of the intense and sharp peak at 1605 and 

815 cm
-1

 signifies the complete removal PTSA during washing time. The FT-IR spectra of 

DqTp shows the stretching vibrations at 1669, 1611, 1554, 1328 cm
-1

 correspond to C=O of 

anthraquinone moiety, C=O from keto-enol tautomeric center, C=C and C-N functional 

groups respectively. Similarly, the anthracene linked DaTp exhibits the characteristics 

stretching peaks of C=O and C-N from the β-ketoenamine framework at 1580 and 1280 cm
-1

 

respectively. Whereas the hetero linked Dq1Da2Tp; Dq1Da1Tp and Dq2Da1Tp COFs 

displayed their characteristic peaks with a slight variation in stretching frequency from the 

single linker DqTp and DaTp COFs. Herein, the stretching frequency of anthraquinone C=O 
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group has been featured at 1674, 1674 and 1669 cm
-1

 for Dq1Da1Tp and Dq2Da1Tp COFs 

respectively. Additionally, the characteristic keto-enol tautomeric  

 

 

Figure 3.6: 
13

C CP MAS Solid-state NMR of all COFs and the physical mixture of DqTp and DaTp 

COFs.  

peaks of the above mentioned COFs have been displayed at 1660-1670 cm
-1

 and 1237-1242 cm
-1

 for  

C=O  and C-N respectively. 

The additional structural information of single-linker and hetero-linker COFs has been 

further supported by 
13

C CP-MAS solid-state NMR spectra (Figure 3.6). DqTp displays Dq 

C=O resonance at the chemical shift of 180 ppm and the C=O group of typical β-

ketoenamine framework at the chemical shift of 184 ppm. Moreover, the α-enamine and 

enamine carbon exhibit the peak shifts at 118 and 147 ppm respectively. Similarly, the DaTp 

features the 
13

C peaks at 144 and 182 ppm correspond to the enamine and keto carbons. 

Notably, similar characteristic peaks have been observed in the 
13

C NMR spectra of hetero-

linked Dq1Da1Tp COF except a small chemical shift (145 ppm) in enamine (-C=N-H) 

carbon compared to the single-linker COFs, which could be a sign of the possible formation 

of the hetero-linked COF with anthracene (Da) and anthraquinone (Dq) as linkers (Figure 

2a). Again, a slight chemical shift has been observed for the -C=N-H carbon of Dq1Da2Tp 
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(147.1ppm) and Dq1Da2Tp (146.8 ppm). Moreover, we have calculated the monomer ratio 

(Dq:Da) in the hetero-linked COFs by the  integration of 
13

C NMR peaks of 

 

Figure 3.7: 
13

C CP MAS Solid-state quantitative integrations of all COFs. 

keto-enol tautomeric C=O peak (183-185 ppm) and anthraquinone C=O peak (179-182 ppm). 

The quantification of anhraquinone (Dq) and anthracene (Da) linkers in COFs: 

To quantify the number Dq and Da moieties in COF, we have adopted a single layer of unit 

cell as a representation for the whole framework of each COFs (Figure 3.7). In 
13

C solid-

state NMR, we have chosen the carbon from keto group of β-ketoenamine (Tp C=O) 

structure as a reference to integrate the number of carbons from C=O of Dq moiety (red 

colour). In this way, we could calculate the number of Dq appeared in each synthesized 

COFs. As a result, the number of Da moieties is also derived from the above calculation.  

In order to ensure the validity of this method, we have derived the number of Dq from the 

DqTp in which the exact number of Dq linker in the unit cell of COF is already established 

(Table 3.1). As per the modeled single layer of unit cell of DqTp, it contains six number of 

C=O from three Dq (2×3) and six number of C=O from β-ketoenamine structure (3×2). 
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Notably, we could obtain the approximate integrated value of Dq C=O after the quantitative 

integration of 
13

C NMR by taking Tp C=O as a reference. Similarly, we have applied the 

above method of calculation for the integration of Dq C=O of the convergent COFs too. 

 

 

COFs Theoretical values From 
13

C NMR 

No. of 

C=O 

from 

two Tp 

moieties 

No. of C=O 

units from Dq 

linkers 

No. of 

C=O from 

two Tp 

moieties 

No. of C=O 

units from Dq 

linkers 

Total 

no.of 

linker

s in a 

single 

layer 

of the 

unit 

cell 

No. of Dq linkers in a unit 

cell 

Total number of CᴝO from the 
anthraquinone

2
 

No. of Da in 

the unit cell = 

total number 

of linkers in 

unit cell - total 

number of Dq 

Ratio of 

Dq:Da 

DqTp 6 6 5.96 = ~ 

6 

6.12 = ~6 3 3 0 1:0 

Dq1Da2Tp 6 2 6 2.31 = ~2 3 1 2 1:2 

Dq1Da1Tp 12 6 11.96 = 

~12 

6.19 = ~6 6 3 3 1:1 

Dq2Da1Tp 6 4 6.01 = ~6 4.23 = ~4 3 2 1 2:1 

Table 3.1: The quantitative integration of 
13

C CP MAS solid-state NMR for all COFs 

 

3.2.4 Properties of COF thin sheets 

Gas adsorption: 

The synthesized single and hetero-linked COFs perform excellent thermal stability up to 430 

°C, which has been done by thermo gravimetric analysis (TGA) (Figure 3.8). The well 

organization of nanopores in COFs have been confirmed by The N2 adsorption isotherms at 

77K (Figure 3.9a). It provides a type IV adsorption isotherm for each COFs which further 

signifies the micro-porous character of the material (Figure 2b). The single-linker DqTp and 

DaTp COFs show BET (Brunner Emmet Teller) surface area of 940 and 577 m
2
g

-1
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respectively. Similarly, the hetero-linked Dq1Da2Tp, Dq1Da1Tp, and Dq2Da1Tp COFs 

exhibit the surface area of 1400, 804 and 1004 m
2
g

-1 
respectively. It is worth mentioning that 

even after the inclusion of two different linkers into the framework; it maintains the regular 

stacking of the building blocks and finally results a desired microporous feature. Moreover, 

the NLDFT (non-local density functional theorem) describes the pore size distribution of all 

COFs ranging from 2-2.3 nm (Figure 3.9b). 

 

Figure 3.8: TGA of all COFs  

 

 

Figure 3.9: a) N2 adsorption analysis of all COF thin sheets. b-e) NLDFT pore size distribution of 

COFs.  
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Mechanical strength: 

The fabrication of free-standing COFs could be the same mechanism of interlocked tile 

arrangement in the graphene oxide (GO) thin-sheet formation. We have attempted to solve 

the issue of mutual exclusive nature of flexibility and good crystallinity in 2D macroscopic 

materials by controlling the electronic environment in COF crystallites. Herein, we believe 

the interlocked crystallite-crystallite assembly could be responsible for the mechanical  

 

Figure 3.10: a) DMA of all COF thin sheets. b) The plot percentage of linker Vs percentage of 

breaking strain. c) Digital photographs of mechanical strength studies of all COFs. 
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robustness of the thin-sheets of COFs. Additionally, more non-covalent interaction sites in 

the interlocked crystallites create higher mechanical strength for the convergent COFs. On 

this ground, we surmise, anthracene linker can enhance the effectiveness of the crystallite 

packing through the efficient π-π interaction [3.8]. The mechanical robustness of COF thin 

sheets could be highly beneficial for novel flexible electrode energy storage devices in terms 

of easy  

 

Figure 3.11: a) Convergent nature of Dq1Da1Tp COF. b) Digital photographs of mechanical 

fluctuation of Dq1Da1Tp COF thin sheet. 

fabrication, smooth handling and the elevated durability. To figure out the mechanical 

properties of the COF thin sheets, we have characterized all COFs with the dynamic 

mechanic analyzer (DMA) instrument (Figure 3.10). In DMA, the free-standing COF thin 

sheets were subjected for applying a controlled physical stress at both ends of the sheets and 

subsequently measuring the strain developed inside it. The thin sheets are elastically brittle 

due to their crystalline porous nature. In this regard, the mechanical deformation can‟t be 

longer to a large extent like amorphous polymers.  In the DMA, DqTp COF (Da=0%) shows 

only 2% of the breaking strain. At the same time, the higher breaking strain (9%) of DaTp 

(Da=100%) exhibits remarkable breaking strain (9%) compares to DqTp and it could be due 

to the robust π-π interaction of the inter-crystallites.  The hetero-linked Dq1Da1Tp 
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(Da=50%), and Dq1Da2Tp (Da=67%)  COF thin-sheets display enhanced breaking strain of 

5 and 7% respectively when compared to DqTp. Moreover, the DMA of Dq2Da1Tp 

(Da=33%) exhibits the breaking strain of 2.3% only. These results indicate the incorporation 

of anthracene linkers into the COF matrix enhances the mechanical robustness of sheets and 

it is unable to break the Da rich COFs by simple stretching or bending (Figure 3.11). 

Meanwhile, the DqTp COF thin sheet can be broken by a small mechanical force or 

disturbances. It could be due to the insufficient non-covalent interactions in the COF matrix.  

3.2.5 Morphology COF thin sheets 

 

Figure 3.12: TEM images of COF thin sheets. 
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Figure 3.13: SEM images of COF thin sheets. 



Chapter 3                                                            Convergent covalent organic framework…… 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                85 

The morphology of COF thin sheets was investigated by scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). The SEM images provide the uniform, 

crack-free and continuous nature of the COF thin-sheets (Figure 3.12). It is noteworthy to 

mention the dense packing of the crystallites which has been inspected through the SEM 

cross-sectional imaging may be a possible factor of the free-standing character of the thin 

sheets.  Also, the thickness of the sheets ranging within 25-100 µm along with an areal 

scalability of ≥ 15 cm
2
 has been observed (Figure 3b, c & d). The TEM samples of COF thin 

sheets were prepared by acetonitrile dispersion of crushed and fine ground thin sheets. The 

TEM images display the nano-level morphology of the COFs (Figure 3.13). DqTp, DaTp 

and Dq2Da1Tp COFs have been noted with the agglomerated sheet-like morphology, 

meanwhile, a ribbon-like morphology has been displayed for both Dq1Da2Tp and Dq1Da1Tp 

COFs. 

3.2.3 Electrochemical analysis of COF thin sheets 

The fabrication of working for three-electrode experiment:  

 

Figure 3.14: a) The graphical representation and photographs of working electrode fabrication. b) 

The graphical representation of three-electrode assembly. c) The impedance analysis of all COF thin 

sheets. 
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The working electrode for three-electrode configuration has been fabricated from COF thin 

sheets with the area of 0.16 cm
-2

 and the thickness 25 µm (Figure 3.14). An electronic 

screw gauge is used for measuring the thickness for the COF electrode in every case. Then 

we have calculated the weight of each COF thin sheet electrodes in a micro-weighing balance 

instrument. Consequently, the COF electrodes were dipped in 1M H2SO4 acid solution for 

the activation pores prior to the electrochemical analysis. The soaking of electrode in 

electrolyte is an important requirement for the effective contact electrode-electrolyte surface 

in the energy storage systems like supercapacitors. Afterwards, the partially dried COF 

electrodes were assembled in three electrode system as a working electrode. We have pasted 

the COF electrode on a grafoil current collector which is aided by an adhesive carbon tape. 

Importantly, most of COF electrode portion were hanged on the electrolyte solution. 

Furthermore, Hg/Hg2SO4 and Pt mesh were taken as reference and counter electrodes, 

respectively. Cyclic voltammetry (CV) analysis were investigated in a range of scan rate 

from 10 to 500 mV s
-1

 by optimizing a potential window of 1 V (-0.3 to 0.7V). Additionally, 

the galvanostatic charge–discharge (GCD) experiments were analyzed at different current 

densities of 1.56, 3.12 and 6.25 mAcm
-2

. 

Specific capacitance from GCD experiment:  

𝑪 =
 𝑰×∆𝒕 

∆𝑽∗𝑴
………………………………………………………………………………Equation (1) 

Where, 

C= Specific capacitance (mFg
-1

) 

I = Constant current used for charging and discharging (mA) 

Δt = Discharge time (sec) 

ΔV = Potential window (V) 

M = Weight of COF thin-sheet (g) 

The electrochemical analysis of three-electrode assembly: 

The cumulative resistance of three-electrode assembly with COF as working electrode has 

been obtained from the Impedance analysis(Figure 3.14c). It provides a low ESR value of  



Chapter 3                                                            Convergent covalent organic framework…… 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                87 

 

Figure 3.15: The cyclic voltammetry of COF thin sheets in three-electrode assembly. 

the systems and suggest a feasible electrochemical energy storage, especially for the Dq rich 

COFs.  Furthermore, we have measured the CV of each of COF electrodes to understand the 

response in the current by applying a potential window (-0.3 V to 0.7 V) (Figure 3.15). The 

CV profiles of the hetero-linked Dq1Da1Tp and Dq2Da1Tp COFs display a pair of reversible 

redox peaks and which could be attributed from the electrochemical redox reaction of Dq 

linker. It is noteworthy that the reversible redox peaks in the CV profile of DqTp COF  
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Figure 3.16: The galvanostatic charge-discharge curves of all COF electrodes. 

electrode further supports the above observation on anthraquinone redox reactions. 

Meanwhile, the Dq1Da2Tp COF exhibits a modest redox activity in the CV experiment and it 

could be due to the insufficient number of anthraquinone in the respective framework. 

Moreover, the scanning rate ranging from 10 to 500 mVSec
-1

 for all COF electrodes 

showcase the increasing of current in the I-V profile. The galvanostatic charge-discharge 

experiment (GCDC) provide the specific capacitance values of each COF thin sheets which 

were measured at the potential window  of -0.7 to 0.3V in different current densities (1.56 to  
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Figure 3.17: a) The FT-IR spectra of COF thin sheet electrodes after the electrochemical analysis. b) 

The plot of Current density Vs Specific capacitance of all COFs. 

6.25 mAcm
-2

) (Figure 3.16). The hetero-linked Dq2Da1Tp (Dq = 67%) delivered the 

specific capacitance of 122 Fg
-1

at the current density of 1.56 mAcm
-2

 which is comparable to 

the capacitance of DqTp (154 Fg
-1

) at the same current density. Meanwhile, mechanically 

robust Dq1Da1Tp displays the specific capacitance value of 111 Fg
-1 

  at the same conditions. 

However, the poor capacitive performance of DaTp COF could be due to the insufficient 

redox active linkers in the framework. The IR spectra of COFs after the electrochemical 

experiments validates the stable nature of C=O and C–N bonds (from β-ketoenamine) in the 

framework (Figure 3.17). Obviously, the SEM images of all COF thins sheets were verified 

as continuous, uniform and crack-free nature even after the electrochemical analysis (Figure 

3.13).  

Device fabrication for two electrode experiment: 

To fabricate a flexible quasi solid-state supercapacitor, we have used grafoil peeled adhesive 

carbon tape as a current collector (Figure 3.18). In this current collector, a layer of graphite 

is coated during the peeling process of carbon tape on a surface the graphite sheet. It could 

act as an enhanced electrically conductive flexible current collector in the supercapacitor 

device. Again, two COF electrodes were dipped in 1M H2SO4 acid solution for I hour for the 

activation pores prior to the electrochemical analysis. Then the partially dried COF 

electrodes (geometrical area-0.64 cm
-2

) were pressed on the carbon tape current collector, 

and subsequently we have applied a thin coating of PVA- H2SO4 gel electrolyte on the 

surface of the COF thin sheets.  We have fabricated two such electrodes which were act  
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Figure 3.18: a) The diagrammatic and photographic representation of device fabrication. b) The 

flexible COF supercapacitor has been used for power LEDs. 

 

Figure 3.19: The impedance analysis of COF based supercapacitor devices 

as positive and negative electrodes in symmetric supercapacitor device. Again, a 

polycarbonate porous separator was kept in between these two electrodes and the whole 

device coated with an insulation cover. Then the assembled flexible devices were subjected 

to the further electrochemical analysis. Herein, CV analysis were investigated in a range of 

scan rate from 10 to 500 mV s
-1

. Moreover, the GCD experiments were analyzed at different 

current densities of 0.39, 0.78 and 1 mAcm
-2

.  

Specific capacitance, energy and power density calculation from GCD experiment: 

The single electrode areal capacitance of the supercapacitor device, 



Chapter 3                                                            Convergent covalent organic framework…… 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                91 

 

Figure 3.20: a) The CV; b) GCD; c) The long –term cyclic stability test of C.T-DqTp and C.T-

Dq1Da1Tp supercapacitor devices. 

𝑪𝒂 =
 𝟐× 𝑰×∆𝒕 

∆𝑽∗𝒂
……………………………………………………Equation (2) 

Where, 

Ca = The areal capacitance (mFcm
-2

) 

I = Constant current used for charging and discharging (mA) 

Δt = Discharge time (Sec) 

ΔV = Potential window (V) 

a = Geometrical area of COF thin sheet in one electrode (cm
2
) 

The energy density and power density of the electrode were calculated by the equations 

Energy density (Ed) (mWhcm
-2

) = 

                  
𝑪𝒂

𝟖×𝟑.𝟔
𝑽𝟐…………………………………………..Equation (3) 
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Where, 

  

 

Figure 3.21: a) The plot of Current density Vs Specific capacitance and b) the Ragone plot of COF 

based supercapacitors. 

„Ca‟ is the areal capacitance calculated by the charge-discharge (mFcm
-2

) method and „V‟ is 

the voltage window. 

Power density (Pd)  (mWcm
-2

) = 

𝑬𝒅

𝒕
……………………………………………………………Equation (4) 

 

Where, „Ed‟ is the energy density from Equation (3) and „t‟ is the discharge time in hour 

calculated from the discharge curve. 

The electrochemical performance COF supercapacitors: 

The convergent Dq1Da1Tp COF thin sheet has been strategically selected as the electrode in 

the supercapacitor device (C.T-Dq1Da1Tp) based on the good mechanical strength as well as 

the redox-activity compared to the other two hetero-linked COFs. Additionally, we have also 

assembled a supercapacitor device with DqTp as electrode for checking relative performance 

(C.T-DqTp COF) in the energy storage. However, the electrode is mechanically poor 

compared to the convergent COF electrode. Then we have investigated the CV analysis of 

these devices in the potential window of 1 V and it suggest that charge storage property of  
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Table 3.2: The state-of-the-art-of the COF based supercapacitors. 
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the COF electrodes (Figure 3.20a). Furthermore, the areal capacitances of the devices have 

been calculated from the GCD experiment for the single electrode of C.T- Dq1Da1Tp and 

C.T-DqTp supercapacitor devices (8.5 mFcm
-2

 and 12 mFcm
-2

respectively at 0.39 mAcm
-2

) 

(Figure 3.20b). Additionally, the Ragone plot provides the energy and power densities as 

high as of 0.43 µWhcm
-2

 and 980 µWcm
-2

 respectively for the C.T-DqTp supercapacitor 

device. Meanwhile, C.T-Dq1Da1Tp COF displays the energy density of 0.30 µWhcm
-2 

and 

power density of 960 µWcm
-2

 (Figure X). Furthermore, the C.T-Dq1Da1Tp supercapacitor 

device has been subjected to the long-term cyclic stability test for more than 7000 continuous 

charge-discharge cycles (Figure 3.20c). After 2500 cycles, it shows the retention of 90% 

capacitance and then maintain 78% of the capacitance retention at the last cycle (7000
th

). 

Meanwhile, we could observe 80% of the capacitance retention after 2500 continuous 

charge-discharge cycle of C.T-DqTp supercapacitor device (Figure 3.20a). Finally, we have 

present the practical usage of the constructed supercapacitor devices for light-up one LED. 

Herein, we have assembled four C.T-Dq1Da1Tp supercapacitor devices in series connection 

to give the power for a LED by charging for 20 sec and then lighted for 15 seconds which 

indicates the real-life utility of COF based energy storage devices. We have detailed the 

state-of-the-art of the COF based supercapacitors in Table 3.2. 

3.3 Conclusion 

In summary, we have demonstrated a convergent strategy for the fabrication of a 

mechanically robust and redox active COF in a macroscopic 2D thin sheet form. In this 

synthetic method pi electron rich anthracene linker boosts the mechanical strength of the thin 

sheet through the enhancement of non-covalent interaction between the crystallites of COF 

matrix. Meanwhile, the anthraquinone linkers in the framework promote the electrochemical 

redox activity of the material. Importantly, the convergent synthesis upholds the crystallinity 

and porosity of the COFs along with the uniform and crack-free nature of the thin sheets. 

Finally, a mechanically robust flexible quasi-solid-state supercapacitor devices have been 

assembled and then further utilized for light-up a 3.5 V LED. We believe this unique 

convergent method has the potential relevance for the rational designing of the redox-active 

material used in flexible supercapacitor devices. 
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3.4 Experimental procedures 

3.4.1 Materials 

1, 3, 5-triformylphloroglucinol (Tp) and 2, 6-diaminoanthracene were synthesized from 

phloroglucinol and 2, 6-diaminianthraquinone respectively by the reference of reported 

articles [3.14 and 3.15]. Where 2, 6-diaminianthraquinone was purchased from TCI 

Chemicals. 

3.4.2 Synthesis of DqTp COF thin sheet: 

We have synthesized DqTp COF through the solid-state mixing (SSM) of amine and 

aldehyde linkers in the presence of p-Toluenesulphonic acid (PTSA) as a catalyst for imine 

condensation reaction. Herein, we have taken the amine linker Dq (0.3 mmol) and five 

equivalent of the catalyst PTSA (1.5 mmol) together and then it has been mixed with 50 l of 

water. Consequently, we have added 1, 3, 5-triformylphloroglucinol (Tp, 0.2 mmol) to the 

precursor mixture and again thoroughly mixed for the next 10 minutes. We have observed a 

brown colored paste has been formed and which is further coated on a glass slide as thin 

sheet form(2.5 × 8 cm
2
) and then thermally treated (120

°
C ) in a closed condition for 24 

hours (The thickness has been controlled by varying the area of the glass plate. It is possible 

to fabricate 25-40 m thick sheets by the applying the same amount COF mentioned above 

on the three number 2.5 × 8 cm
2
 glass slide). The thermal treatment of COF precursor paste 

allows the β-ketoenamine framework formation and the thin sheet stacked on the glass 

surface was peeled by dipping the glass slides in distilled water. Afterwards, the free-

standing COF thin sheet was thoroughly washed with water, DMA and acetone to remove the 

precursor impurities and PTSA from the material. (Isolated yield: 90%). 

3.4.3 Synthesis of DaTp COF thin sheet: 

We have synthesized DaTp COF through the solid-state mixing (SSM) of amine and 

aldehyde linkers in the presence of p-Toluenesulphonic acid (PTSA) as a catalyst for imine 

condensation reaction. Herein, we have taken the amine linker Da (0.3 mmol) and five 

equivalent of the catalyst PTSA (1.5 mmol) together and then it has been mixed with 50 l of 

water. Consequently, we have added 1, 3, 5-triformylphloroglucinol (Tp, 0.2 mmol) to the 

precursor mixture and again thoroughly mixed for the next 10 minutes. We have observed a 

dark brown colored paste has been formed and which is further coated on a glass slide as thin 
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sheet form(2.5 × 8 cm
2
) and then thermally treated (120

°
C ) in a closed condition for 8 hours 

(The thickness has been controlled by varying the area of the glass plate. It is possible to 

fabricate 25-40 m thick sheets by the applying the same amount COF mentioned above on 

the three number 2.5 × 8 cm
2
 glass slide). The thermal treatment of COF precursor paste 

allows the β-ketoenamine framework formation and the thin sheet stacked on the glass 

surface was peeled by dipping the glass slides in distilled water. Afterwards, the free-

standing COF thin sheet was thoroughly washed with water, DMA and acetone to remove the 

precursor impurities and PTSA from the material. (Isolated yield: 90%) 

3.4.4 Synthesis of convergent COF thin sheets: 

We have synthesized convergent COFs through the solid-state mixing (SSM) of amines and 

aldehyde linkers in the presence of p-Toluenesulphonic acid (PTSA) as a catalyst for imine 

condensation reaction. Herein, we have taken the amine linkers Dq & Da (0.3 mmol) in 

various molar ratios (1:2; 1:1 and 2:1) and five equivalent of the catalyst PTSA (1.5 mmol) 

together and then it has been mixed with 50 l of water. Consequently, we have added 1, 3, 

5-triformylphloroglucinol (Tp, 0.2 mmol) to the precursor mixture and again thoroughly 

mixed for the next 10 minutes. We have observed a brown colored paste has been formed 

and which is further coated on a glass slide as thin sheet form(2.5 × 8 cm
2
) and then 

thermally treated (120
°
C ) in a closed condition for 24 hours (The thickness has been 

controlled by varying the area of the glass plate. It is possible to fabricate 25-40 m thick 

sheets by the applying the same amount COF mentioned above on the three number 2.5 × 8 

cm
2
 glass slide). The thermal treatment of COF precursor paste allows the β-ketoenamine 

framework formation and the thin sheet stacked on the glass surface was peeled by dipping 

the glass slides in distilled water. Afterwards, the free-standing COF thin sheet was 

thoroughly washed with water, DMA and acetone to remove the precursor impurities and 

PTSA from the material. (Isolated yield: 85-90%) 

3.4.5 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD):  The PXRD data were investigated 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 optimized at 30 mA and 40 kV respectively. The 
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COF powder was taken in an Aluminium holder and then scanned between 2 and 40° 2θ 

(step size of 0.02°).  

 (b) Thermogravimetric Analysis (TGA): TGA was investigated on SDT Q 600 TG-DTA 

analyzer instrument. 2 mg of the COF sample was placed in an aluminium crucible and 

heated from 25 to 900 °C under N2 atmosphere at heating rate of 20 °C min
–1

. 

(c) IR Spectroscopy: The Fourier transform infrared spectra (FTIR) of the COFs were 

recorded on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer in ATR mode. 

The FTIR profiles were investiagated within the range of 4000-600 cm
-1

. 

(d) Gas Adsorption: The N2 gas adsorption experiments of COF samples were analyzed in an 

Autosorb automatic volumetric instrument (Quantachrome) (up to 1 bar). COFs were 

degassed under vacuum at 120C for 12 hours prior to the gas adsorption analysis. 

 (e) SEM: SEM images were recorded with a Zeiss DSM 950 scanning electron microscope 

and FEI, QUANTA 200 3D Scanning Electron Microscope with tungsten filament as 

electron source operated at 10 kV. The COF thin sheets were directly mounted vertically and 

horizontally to SEM sample holder with the carbon adhesive tape. The COF samples were 

sputtered with Au (nano-sized film) prior to imaging by a SCD 040 Balzers Union. 

(f) TEM: TEM images were investigated by using FEI Tecnai G2 F20 X-TWIN TEM at an 

accelerating voltage of 200 kV. To prepare the TEM sample for the analysis, The crushed 

and ground COF thin sheet samples were dispersed in acetonitrile solvent and drop cast on 

copper grids TEM Window (TED PELLA, INC. 200 mesh). 

(g) 
13

C CP MAS Solid-state NMR: We have used a Bruker 300 MHz NMR spectrometer, 

and for quantitative analysis 
13

C CP MAS decoupled solid state NMR was taken in Jeol 400 

with scanning rate 849 and Ligand NMR data were taken in Bruker 200 MHz NMR 

spectrometer. 

(h) Electrochemical analysis: We have carried out every electrochemical measurements like 

CV and impedance (Electrochemical Impedance Spectroscopic [EIS]) analysis recorded from 

10
6
 to 0.01 Hz frequency against the open circuit potential (OCP) with a sinus amplitude of 

10 mV [Vrms = 7.07mV]) and galvanostatic charge/discharge analysis (GCD) were 
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conducted by using a Bio-LogicSP-300 PG Stat instrument. Electrochemical data were 

analyzed in EC-Lab softwareV10.19 

(i) Dynamic Mechanical Analysis: The mechanical strength of the COF thin sheets was 

performed by the measurement of the Tensile strength on a TA Instruments dynamic 

mechanical analyzer (DMA, RSA- III). Herein, we have conducted the stretching 

investigations by using the rectangular tension geometry for the COF thin-sheets. We have 

prepared the COF thin sheets in rectangular shapes and then vertically clamped in the DMA 

instrument. Afterwards, the stretching experiment has been performed with constant rate of 

0.1 mm/s. All the DMA were conducted at room temperature (298K). We have calculated the 

stress-strain plot from the obtained results. Stress – strain Calculation: i.e., the engineering 

stress (𝜎𝐸) has been found by the stretching force (𝐹) divided by initial cross-sectional area 

(𝐴) (𝜎𝐸 =
𝐹

𝐴
). Again, the engineering strain has been calculated by using this equation: 

𝜀𝐸 =  
𝑙 −𝑙0

𝑙0
, where, 𝑙 is the final length and 𝑙0 is the initial length.  

NOTE: The experimental observations and results in this chapter have been already 

published in ACS Appl. Mater. Interfaces, 2018, 10, 33, 28139-28146; entitled: “Convergent 

Covalent Organic Framework Thin Sheets as Flexible Supercapacitor Electrodes”. The 

major contribution of this publication was done by the Dr. Rahul Banerjee and his student 

Abdul Khayum M from CSIR National Chemical Laboratory, Pune. The electrochemical 

analysis was investigated by the collaboration with Dr. Sreekumar Kurungot and his student 

Vidyanand Vijayakumar from CSIR National Chemical Laboratory, Pune. 
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CHAPTER 4 

 

Weak Intermolecular Interactions in Covalent Organic Framework-

Carbon Nanofiber Hybrids for the Efficient Energy Storage 

 

Abstract: The 

macroscopic two-

dimensional (2D) form 

of covalent organic 

frameworks (COFs) face 

the challenge of modest 

performance in energy 

storage devices. It could 

be due to the indigent electrical conductivity of COFs in micro as well as macro levels. 

Taking in this to account, in this chapter, we have presented a novel COF-CNF hybrid 

materials in 2D macroscopic thin sheet form as an excellent energy storage platform. In 

these COF-CNF hybrids, the efficient interlayer interaction between COF and CNF provide 

a pure blended matrix with high electrical conductivity compared to the pristine COFs. 

Additionally, they possess inherent crystalline and porous nature. Notably, the excellent 

energy storage performance of COF-CNF hybrids in supercapacitor electrodes indicates the 

prospect of the macro-architecture of COFs in a futuristic direction. Moreover, we have 

fabricated a self-charging power-pack for light energy harvesting and consequent storage as 

electrical energy with a decent performance.  
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4.1 Introduction  

 Covalent organic frameworks are the extended two-or three-dimensional (2D/3D) 

ordered network  constructed from organic building blocks [4.1]. The structural regulation of 

the framework with redox-active backbone and the high surface area can be spectacled as 

outstanding electrochemical charge storage, especially in supercapacitor devices [4.2].  But, 

the commercialization of COF as real-life electrochemical energy storage devices are greatly 

dispirited due to the enormous difficulties to couple the most desired macroscopic free-

standing thin sheet nature of the material with the high capacitive performance. The major  

drawback behind the substandard performance of the COFs are the modest inter & intra 

phase electron transfer in the framework matrix which owing to their insignificant 

conductivity, and the insufficient utilization of redox-active moieties and the active surface 

area for energy storage [4.2d & e]. The numerous grain boundaries and defects in nano-

crystalline COFs obstruct the lucid movement of electrons through the polymeric network. 

So far a few attempts have been made to enhance the electrical conductivity of COFs. 

However, all of them ultimately results in the  drastic mitigation in surface area with the 

production of unappealed granular form of the material [4.3]. Again, the resulted material 

was devoid of any profitable electrochemical performance. Furthermore, the granular nature 

of the material obtained via  this process will be a road-block for the fabrication of the 

flexible supercapacitors [4.4].  Notably, Dichtel et al. developed an in situ PEDOT 

polymerisation in COF thin films for enhancing the electrical conductivity of the COF based 

electrode and hence a high capacitance [4.5]. However, this method face needs a highly 

expensive gold support for the fabrication of COF thin films. Once again, the aforementioned 

method is not scalable for the commercial purpose. Therefore, the further advances in this 

field could be the development of COF based free-standing thin-sheet with the electrically 

conducting nature, which has not been explored so far. Again, the fabrication of thin 

structured free-standing electrode (50-100 m) is highly desirable in the commercial aspects 

[4.6]. Hence, to address all such obstacles, a facile synthetic route for the fabrication of 

porous, crystalline, free-standing COF thin sheet with profitable electrical conductivity has to 

be developed.  
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The enhancement of capacitance through weak intermolecular interactions:  

In the charge storage system, the generated electrons during the electrochemical redox 

reaction should be carried through the entire electrode for the excellent capacitance 

performance. However, most of the redox active plaforms are usually electrically resistive 

and retard the overall capacitance. In contrast, the electrical conductive platforms like 

graphene, CNT etc. exhibit poor capacitance due to the lack charge storage centers. In this 

regrad, it is wise to make a hybrid of both materials to perform as a good electrode in the 

charge storage systems. However, these hybrids should possess robust significant interaction 

for the easy trasfer of electrons from one system to another. In this aspect, weak 

intermolecular inetractions between the constituents could be a powerful technique to make a 

hybrid charge storage system. Interstingly, the DFT calculations and experimental 

observations suggest the existence of weak  - intermolecular interaction between the COF 

and the graphene layers of CNF [4.7a-b]. Such weak intermolecular interactions aid the tight 

binding of COF and CNF together and exhibit as a hybrid system. The similar kind of 

appraoch has been sucssfully done with small molecule with carbon nanotube. Herein, they 

have taken redox-active anthraquinone molecule and clubbed with CNT through a 

solvothermal reaction [4.8]. The resulted powder exhbits higher supercapacitance compared 

to the pristine molecule and CNT. Likewise, the intermolecular interaction of COFs with 

CNT is also reported for the lithium and potassium ion batteries [4.9]. However, all these 

materials are generally granular in nature and the fabrication of a hybrid system into free-

standing thin sheet is a difficult task.  

To attempt on this line, in this chapter, we have demonstrated a novel synthetic method  

consisted of in-situ solid state inclusion of electrically conducting carbon nanofiber (CNF) 

[4.10] into the COF precursor matrix  using facile mechano-mixing deposition technique 

[4.11]. The obtained COF thin sheets, after the thermal treatment, exhibit excellent electrical 

conductivity in contrast to the insulated nature of the pristine COFs. It should be noted that 

the crystalline and porous nature of COF thin-sheets  is well maintained even after the 

incorporation of the CNF within COF matrix.  The synthesized COF-CNF hybrids are 

crystalline and porous even in a free-standing and flexible thin sheet form (~50 m 
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thickness). We have studied these hybrids with different techniques like PXRD, XPS for 

analysing the interaction between the components. Additionally, we have also performed a 

possible structral analysis of COF-CNF system by invetsigating COF and graphene layers 

interactions. These COF-CNF hybrids show an excellent electrical conductivity (0.25×10
-3 

Scm
-1

) as well as outstanding capacitance (464 mFcm
-2

) compared to  the pristine COFs (38 

mFcm
-2

). Herein, the electronic movement along through long channels is highly feasible due 

to the significant intermolecular interactions between the COF and CNF layers.  Notably, the 

CNF facilitates the electron transport through sp
2
 C=C framework.  Therefore, higher 

electronic movement subsequently enhances the efficient utilization of redox-active centres 

which in turn reflects an excellent electrochemical energy storage performance in the 

hybrids.  Additionally,  we have fabricated a solar cell-supercapacitor integrated self-

charging device for the direct harvesting of light energy to be stored as electrical energy 

[4.12]. 

4.2 Result and Discussion 

4.2.1 Synthesis and characterization 

Herein, we have synthesized two different β-ketoenamine based COF-CNF (anthraquinone-

based single linker DqTp-CNF and anthracene-anthraquinone based hetero-linked DqDaTp-

CNF) hybrids through the p-toluenesulphonic acid assisted solid-state synthesis (Figure 4.1). 

These hybrids possess good crystallinity as well as high porosity (472 and 532 m
2
g

-1
 for 

DqTp-CNF and DqDaTp-CNF respectively). Notably, the DqDaTp-CNF hybrid exhibits 

excellent mechanical robustness (5.8% of breaking strain) compared to the single linker 

DqTp-CNF hybrid (1.2% of breaking strain) due to the availability of electronically  
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Figure 4.1: The diagrammatic representation of the COF-CNF hybrids. 

conjugated anthracene moieties [4.13]. The as-synthesized COF-CNF hybrids were found to 

exhibit excellent electrochemical energy storage performance with high areal capacitance 

(464 and 364 mFcm
-2

 for DqTp-CNF and DaDaTp-CNF respectively) which is almost 10 

times greater than the pristine COFs (38 and 28 mFcm
-2 

for DqTp and DqDaTp 

respectively). Additionally, we could fabricate a flexible supercapacitor device using the 

mechanically strong DqDaTp-CNF hybrid as the electrode where it could showcase a high 

capacitance performance of 167mFcm
-2

 (at 0.5 mAcm
-2

) and an excellent energy density of 

5.5 Whcm
-2

.  These findings greatly influence us to further integrate a photo-voltaic 

charged supercapacitor-solar cell device, for its further implementation towards concurrent 

harvest and storage of light energy in the form of electrical energy. Notably, the fabricated 

self-charging power-pack delivered an areal capacitance of 42 mFcm
-2

 at 0.25 mAcm
-2

 for 

300 seconds photo charging. 

2.2.2 The structural characterizations 

The PXRD has been used to deduce the structural information of COF-CNF hybrids (Figure 

4.2). The DqTp-CNF hybrid exhibits a crystalline profile with a sharp [100] and a broad 

[001] peaks at the 2θ of 3.6 and 26-27 respectively. Likewise, the crystalline PXRD profile 

of DqDaTp-CNF hybrid shows a crystalline pattern with [100] and [001] peaks at the 2θ of  
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Figure 4.2: a) The PXRD comparison of DqTp-CNF with DqTp COF, CNF and simulated PXRD in 

eclipsed form. b) The PXRD comparison of DqDaTp-CNF with DqDaTp COF, CNF and simulated 

PXRD in eclipsed form. 

3.4and ~27 respectively. Moreover, the eclipsed honeycom 2D lattice modelling of both 

COFs agree with the obtained experimental PXRDs of the corresponding COFs. Moreover, a 

sharp 002 peak has been noted at the angle of 2θ 26-27 in the PXRD profiles COF-CNF 

hybrids which arised from the 002 planes of the in-situ added carbon nanofibers (CNF). 

 

Figure 4.3: The PXRD of COF-CNF hybrids after the 3M HCl acid treatment for 24 hours. 

However, a lower angle reflection of the 002 planes of CNF in the COF-CNF hybrids 

compared to pristine CNF may indicate that the interplanar widening of the graphene planes 

of the CNF after the pi interaction with COF.  The special structural characters of the 

herringbone/cup-stacked hollow CNF with a fibre axial angle of 30 helps to the growth of 

the COF from its monomers on the surface of inside (the open aperture of CNF is ~100 nm 

with a central core diameter of 70-80 nm) and outside (the large lateral dimension of the CNF 
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makes a negligible curvature for the graphene layers) walls. In this way, the in-situ solid state 

inclusion of CNF allows the deposition of COF crystallites effectively on the CNF graphene  

 

Figure 4.4: The FT-IR profiles of DqTp-CNF and DqDaTp-CNF hybrids and their starting 

materials. 

layers. However, we could not observe a similar growth of COF on CNT with the diameter 

(~20 nm) due to the cylindrical curvature of the graphene layers, hence the ••• interaction 

of CNT and COF becomes very poor. Furthermore, the lack of efficient interaction between 

the units of composites makes free-standing thin sheet into more fragile.  

4.2.3 Chemical characterization 

The chemical bonding of the β-ketoenamine framework of COF-CNF hybrids (DqTp-CNF 

and DqDaTp-CNF) has been confirmed from stretching vibrations [C–N (1225 & 1216 cm
-

1
) and C=O bonds (1663 & 1667 cm

-1
)] in the corresponding FT-IR profiles (Figure 4.4). 

Similarly, the presence of anthraquinone displays a stretching vibration at 1663 and 1667 cm
-

1 
for DqTp-CNF and DqDaTp-CNF hybrids respectively. Furthermore, the 

13
C CP MAS 

solid-state NMR spectroscopy provides the details of the chemical environment of carbon in 

the molecular structure of the COFs. The β-ketoenamine C=O resonance at 183-184 ppm for 

both COF-CNF hybrids. Meanwhile, the enamine carbon(C=C-N) features at 147 (DqTp-

CNF ) and 145 ppm (DqDaTp-CNF) (Figure 4.4). 

The binding energy shifts of COF-CNF hybrids compared to the pristine COFs and CNF 

were investigated by the X-Ray photoelectron spectroscopy (XPS) (Figure 4.6a) [4.14].
 
The 

XPS profile displays the binding energy shifts of C1s of the pristine CNF and DqDaTp 

positioned at 284.5 and 284.8 eV respectively (Figure 4.6b). Whereas, the C1s binding 

energy of DqDaTp-CNF hybrid is shifted to the higher energy of 285.9 eV. It could be due to 
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the interlayer ••• interaction between the COF and the CNF. Again, the peak of C1s profile 

of DqTp-  

 

Figure 4. 5: The 
13

C CP MAS solid-state NMR profiles of -CNF and DqDaTp-CNF hybrids. 

 

Figure 4.6: The XPS profiles of all COF-CNF hybrids, COFs and CNF. b) The XPS profile of 

C1s. c) The XPS profile of O1s.     

CNF hybrid shows at the binding energy of ~285.1 eV. Herein, it has been noted that 

the binding energy of DqTp-CNF is higher than the pristine CNF (284.5 eV). 

However, this hybrid exhibits an energy shift to the lower binding energy compared to 

the pristine DqTp (285.4 eV). Again, this can be explained as the presence of the 

more number of electrophilic Dq moieties in DqTp compared to the DqDaTp COF. 

In DqDaTp-CNF, the Da ( electron rich, which can donate electrons), Dq (electron 

deficient, which can accept electron) and graphene layer (graphenes are amenable to 

accept or donate or partially share their -electrons, depending on the electronic 

property of the neighbouring counter molecules) make the higher binding energy shift  
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Figure 4.7: The XPS profiles of all hybrids and COFs after deconvolution. 

in XPS. Meanwhile, in DqTp, the more number of Dq moieties make the COF is 

willing to accept electron from graphene, hence a mid-positioned binding energy 

compared to the pristine units. Furthermore, the broad peak at the binding energy of 

~287.7 eV (DqDaTp-CNF) and 286.0 eV (DqTp-CNF) originates from the C 1s of 

the C=O linkages. Additionally, it was noted to be the binding energy shifts in the 

XPS  
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Figure 4.8: The TGA curves of COF-CNF hybrids. 

profile of N1s of the COF-CNF hybrid compared to the pristine COFs (Figure 4.7). 

The N1s binding energy is shifted from 400.0 eV (pristine) to 400.5 eV (in the hybrid) 

for DqDaTp. Moreover, a tiny shift towards the higher binding energy is observable 

for the pristine DqTp COF (400.5 eV) to DqTp-CNF hybrid (400.7 eV). Whereas, 

the lowering binding energy shift has been observed for all COF-CNF hybrids in the 

O1s XPS profile of hybrids [DqTp CNF (532.2) and DqDaTp-CNF (531.5 eV)] 

compared to the pristine [DqTp (533.7) and DqDaTp (533.2 eV)] (Figure 4.6c). 

 

4.2.4 Properties of COF-CNF hybrid thin sheets 

Porosity: 

The TGA profiles display good thermal stability of COF-CNF hybrids up to 430C (Figure 

4.7). However, we could notice a slight loss in the weight percentage of both hybrids in the 

temperature range 200-400 C. It could be due to the thermal decomposition of the oligomers 

were trapped in the hybrid matrix. It should be noted that the in-situ carbon nano fibre 

blended COFs preserve the well porous nature unlike many other COF composites [4.15]. 

The N2 adsorption analysis of COF- CNF hybrids provides the BET surface areas of 472 

(DqTp-CNF) and 532 m
2
g

-1
 (DqDaTp-CNF). (Supporting Information, Figure S18). It is 

noteworthy that the surface of hybrids exhibits higher than CNF alone (96 m
2
g

-1
). The non-

local density theorem (NLDF), provided 2-2.2 nm pore diameter for both COF-CNF hybrids 

suggest that the well-organized pore size distribution of the frameworks. 
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Figure 4.9: The N2 gas adsorption of COF-CNF hybrids and CNF. 

 

Figure 4.10: The NLDFT pore size distribution of COF-CNF hybrids. 

 

Electrical conductivity: 

The presence of CNF aids to amplify the electrical conductivity of the COF-CNF hybrid thin 

sheets. To measure the conductivity, the hybrids as well as the pristine DqTp and DqDaTp 

were subjected to current-voltage characteristics (I-V characteristics) (Figure 4.11a). We 

have taken 0.5 × 0.5 cm
2
 COF-CNF hybrid thin sheets sandwiched by two grafoil plates.  
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Figure 4.11: The I-V plot of a) DqTp COF and DqTp-CNF hybrid and b) DqDaTp COF and 

DqDaTp-CNF hybrid. 

Particularly, the edges of grafoils were completely insulated for avoiding the direct contact 

between them. Then the assembled set was carried to a Swagelok cell for investigating the 

current-voltage measurements (-0.1V to +0.1V). Notably, DqTp-CNF exhibits an excellent 

electrical conductivity of 2.5×10
-4 

Scm
-1

. At the same time, DqDaTp-CNF  evince the 

enhanced electrical conductivity of 5.2×10
-5 

Scm
-2

 respectively. Whereas, the pristine COFs 

perform with very high electrical resistance (>10
-14

Scm
-1

) in the I-V plot and the current 

increment is almost parallel to the voltage axis. It signifies even the low percentage of CNF 

doping enhances the conductivity of COF thin sheet to a large extent (>10
9
). We assumed the 

redox active COF matrix with a good flow of electrons may function as an excellent charge 

storage electrode in the electrochemical reaction.  

4.2.5 DFTB optimization of COF-CNF interactions 

To get the information about the interlayer COF-CNF graphene layer interaction of the 

hybrids, we have studied the possible models through the tight-binding density functional 

theory (DFTB). We have optimized the models of COF- planar graphene in vacuum and non-

vacuum mode by considering the slightly curved graphene layers of the herringbone cup/ 

stacked CNF. Due to the large asymmetric unit of DqDaTp in 1:1 ratio, instead of it, we 

have focused on hetero-linked Dq1Da2Tp (1:2) and Dq2Da1Tp (2:1) for DFTB studies 

(Figure 4.12). Notably, we have built up the multilayer optimizations like 2-2-2 [2 graphene 

layers -2 COF layers -2 graphene layers] and 3-3-3 [3 graphene layers -3 COF layers -3 

graphene layers] models to estimate the interlayer interactions of the COF-CNF hybrids 

(Figure 14-16). Firstly, we  
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Figure 4.12: The DFTB optimized unit cells of DqTp, DaTp, Dq2Da1Tp and Dq1Da2Tp COFs for the 

interlayer interaction studies. 

have optimized the structure of COF-graphene monolayer which displays the single layer of 

COF stacks with a slight shift corresponding to 002 plane of the single layer of graphene 

(Figure 13). Moreover, the DFTB results suggest the perlayer stabilization of the COF-

planar graphene has been enhanced by 3-fold times compared to the pristine COFs. The 

perlayer stabilization of each model of COF-planar graphene is given below in Table 4.1. 

Importantly, the DFTB outcomes of COF-planar graphene models suggest a shortening of the 

interlayer distances in the COF-COF (3.36 Å to 3.31-3.21 Å) and COF-graphene (3.21 Å) 

[4.7a-b]. The investigations on the DFTB results of interlayer distances reflect the significant 

interaction between COF and graphene layers. It was found to be the interlayer distance of 

graphene is increased to ~3.41 Å whereas pristine graphene model exhibits only 3.36 Å, 

which signifies the cut down of the •••interaction between the graphene layers. We have  
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Figure 4.13: The DFTB optimized monolayer COF-graphene systems. 

also modelled COF-curved graphene system in armchair the (AC) configuration for 

understanding the interaction COF layers with vertical graphene edges. (Figure 4.16). A 

slight enhancement in the perlayer stabilization energy (~105 kcalmole
-1

layer
-1

) has been 

observed when compared to the pristine COFs (80-84 kcalmole
-1

layer
-1

). We believe, both  
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Figure 4.14: The DFTB optimized 2-2-2 COF-graphene systems. 

 

 

Figure 4.15: The DFTB optimized 3-3-3 COF-graphene systems. 
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Figure 4.16: The DFTB optimized models of vertically stacked COF on a slightly curved graphene. 

 

Figure 4.17: The DFTB optimization of HOMO/LUMO of COFs. 
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Table 4.1: DFTB data of COF-CNF hybrids (Perlayer stabilization in kcalmol
-1

 and band gap in eV). 

COF-planar graphene and curved graphene model could suggest the possible interaction 

happen in the COF-CNF hybrids. 

4.2.6 Morphology COF-CNF hybrid thin sheets 

The nano-level morphologies of DqTp-CNF and DqDaTp-CNF hybrids were inspected 

through the TEM analysis which displayed the COF crystallites associated with an 

aggregated planar ribbon-like morphology which is stacked on the surface of 70-80 nm 

febrile CNF (Figure 4.18). It could possible that the larger diameter of the CNF can 

accommodate the COF crystallites on the inner and the outer walls. We believe, due to the 

••• interactions, covalent linkage formation of the framework starts on the surface of the 

CNF graphene layers.
 

Whereas, the TEM images of the physical mixture of COF and CNF show both entities are 

distinctly separate each other (Figure 4.19). It signifies the importance of the in-situ solid 

state inclusion of the CNF in the COF matrix. Moreover, the TEM analysis of COF-CNT 

hybrids suggest the poor interaction of COF crystallites with the surface of small radii carbon 

nanotubes (CNT) (Figure 4.20). It could be due to the failure of COF growth on the surface 

of CNT with higher curvature nature. Additionally, the vertical cross-section and horizontal 

imaging of both COF-CNF hybrids have been scanned by the SEM. It shows a uniform 

thickness (~50 m) for both of the hybrid thin sheet with a crack-free nature (Figure 4.21). 

In the cross-sectional SEM image of the hybrid thin sheet, the embedded CNFs in COF 

matrix are clearly visible with a fibrillar morphology (Figure 4a&b).  
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Figure 4.18: The TEM images of COF-CNF hybrid thin sheets. 

 

Figure 4.19: The TEM images of the physical mixture COF and CNF. 
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Figure 4.20: The TEM images of the COF-CNT hybrids. The scale bar represents a) 100 nm; b) 50 

nm; c) 5 nm; and d) 20 nm. 

 

Figure 4.21: The SEM images of COF-CNF hybrid thin sheets. a) (i)-(iv) DqTp-CNF hybrid and b) 

(i)-(iv) DqDaTp-CNF hybrid. It shows the surface and vertical cross-section of the thin sheet. Again, 

the CNFs are clearly visible in the zoomed image of vertical cross-section.  
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The synthetic strategy of COF-CNF hybrids advances the smooth surface and large areal 

fabrication (>16 cm
2
) which are evident from the SEM imaging. It is noteworthy to mention, 

the weak, but significant interactions of COF and CNF promote the structural integrity for  

 

 

Figure 4.22: a) Free-standing and flexible DqDaTp-CNF hybrid. b) The graphical representation of 

COF on the surface of CNF. d) The DMA of both COF-CNF hybrids. e)The SEM images of DqDaTp-

CNF hybrid thin sheet. 

the hybrid thin sheet even under continues ultrasonication and thermal treatment in solvents 

with high polarity. 

4.2.7 Electrochemical analysis of COF-CNF hybrid thin sheets 

Three-electrode analysis: 

We have set a three-electrode assembly of COF-CNF hybrids as pure working electrode 

(without any current collector support) for the analysis of electrochemical performance. 

Herein, we have taken the electrodes with a large area of 1 cm
-2

 considering the real-life 

aspects of energy storage devices. Notably, the large current response of the COF-CNF 

hybrids compared to pristine COFs has been evidently shown in the cyclic voltammetry (CV, 

-O.5V to 05V) profile (Figure 4.23 a & b). It could be due to the lucid electron movement in 

the COF-CNF hybrid matrix compared to poor electrical conductive pristine COFs. The 

electronic movement through the COF matrix enhances the efficiency of the charge storage 

and exhibits excellent capacitance. Again, the increasing scan rate displays the large  
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Figure 4.23: a) The CV profile of DqTp-CNF hybrid and DqTp COF at 50 mVsec
-1

. b) a) The CV 

profile of DqDaTp-CNF hybrid and DqDaTp COF at 50 mVsec
-1

. c) a) The CV profile of DqDaTp-

CNF supercapacitor at 50 mVsec
-1

. d) The GCD curves of DqTp-CNF hybrid and DqTp COF at 0.25 

mAg-1. e) The GCD curves of DqDaTp-CNF hybrid and DqDaTp COF at 0.25 mAg
-1

. f) The GCD 

curves of DqDaTp-CNF supercapacitor at 0.50 mAg
-1

. 

 

Figure 4.24: a) CV and b) GCD profiles of DqTp-CNF & DqDaTp-CNF hybrids. 
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Figure 4.25: a) CV profile of CNF at 50 mVsec
-1

; (ii) Comparison of CV profiles of DqTp-CNF 

hybrid with CNF at 50 mVsec
-1

; (iii) The GCD curve of CNF at different current densities. b) a) CV 

profile of physical mixture COF and CNF at 50 mVsec
-1

 ; (ii) Comparison of CV profiles of DqTp-

CNF hybrid with physical mixture at 50 mVsec
-1

; (iii) The GCD curve of CNF at different current 

densities.   

enhancement in the current response in the CV measurements of COF-CNF hybrids (Figure 

4.24a). Furthermore, the galvanostatic charge-discharge experiments (GCDC) provided the 

areal capacitances of the hybrids [DqTp-CNF (464 mFcm
-2

), and DqDaTp-CNF (364 

mFcm
-2

) at a current density of 0.25 mAcm
-2

] (Figure 4.23 d & e). Whereas, the pristine 

COFs displayed comparatively poor areal capacitance values of 38 (for DqTp) and 28 

mFcm
-2

 (for DqDaTp) only. However, it has been observed that an insignificant capacitive 

performance capacitance of CNF (3 mFcm
-2

 at 0.25 mAcm
-2

; Figure 4.25a) in the GCDC 

experiment 1 mgcm
-2 

coated on a carbon paper The poor and excellent performance of 

pristine and hybrids point out: 1) CNF is only responsible for carrying the electrons in the 

hybrid matrix; 2) pristine COFs are almost inert towards the electrochemical condition if it is 

in a direct connection to the circuit and 3) the excellent performance of hybrid is due to the 

concurrent functioning of redox activity and ease of electron movement. Moreover, the 

physical mixture of DqTp and CNF shows a negligible capacitance of 6.25 mFcm
-2

 at 0.25  
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Figure 4.26: a) The CV and b) GCD analysis of DqDaTp-CNF supercapacitor.  

 

Figure 4.27: a) The plot of current density Vs areal capacitance. b) Ragone plot of power density Vs 

energy density. c) The long-term cyclic stability of DqDqTp-CNF supercapacitor.  
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Active material Supercapacitor 

Capacitance 

Nature of 

the electrode 

Reference 

DqDaTp-CNF hybrid 167 mFcm-2 at 0.5 

mAcm-2  

Flexible and free-standing thin sheet 

(Thickness- ~50 m) 

This work 

MOF-PANI 35 mFcm-2 at 0.05 

mAcm-2  

MOF thin film deposited on carbon cloth L. Wang et al., J. Am. Chem. 

Soc. 2015, 137, 4920−4923 

Pen Ink nanoparticles 11.9–19.5 mFcm-2at 

0.083 to 16.7 mA cm-

2  

21 m thick ink film Y. Fu et al., Adv. Mater. 2012, 

24 (42), 5713−5718. 

 

rGO sheets 6.49 mFcm-2 

 

30 m thick rGO on a gold wire Y. R. Li et al., Chem. 

Commun. 2013, 49, 291−293. 

 

DqTp COF 12 mFcm-2 at 0.39 

mAcm-2 

 

Flexible and free-standing thin sheet 

(Thickness- ~25 m) 

A. K. M et al., 

ACS Appl. Mater. Interfaces, 

2018, 10, 33, 28139–28146. 

 

CNT/AC 39.67 mFcm-2 

(For device) 

A carbon composite fiber J. Ren et al., 

Adv. Mater. 2013, 25, 5965–

5970 

 

TpOMe-DAQ 84 mFcm-2 

 

Flexible and free-standing thin sheet 

(Thickness- ~200 m) 

A. Halder et al., 

J. Am. Chem. Soc. 2018, 140, 

10941-10945. 

 

CNT-PEDOT 73 mFcm-2 20 m diameter yarn J. A. Lee et al.,  

Nat. Commun. 2013, 4, 1970 

 

Porous graphene 

foam-based 

supercapacitor (GFSC) 

38 mFcm-2 at 0.67 

mAcm-2 

Sheet thickness ~550 m L. Manjakkal et al., 

Nano Energy 2018, 51, 

604−612. 



Chapter 4                                                                       Weak Intermolecular Interactions in … 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                124 

 

CNT 50 mFcm-2 at 1.4 mA 

cm-2 (for three 

electrode) 

Free-standing film Y. Chen et al., 

2015, 287, 68-74 

 

Graphite 

nanosheets/PANI 

77.8 mFcm-2 Paper based electrode B. Yao et al., 

Nano Energy, 2013, 2, 1071–

1078. 

 

CNT/PPy 280 mFcm-2 (for 

three electrode) 

4.9 F/cm3 at0.05 

A/cm3 (for device) 

Free-standing film (Thickness 50 m) 

with 16 MPa tensile strength 

Y. Chen et al., 

2015, 287, 68-74 

 

CNT/TiO2/ionomer 85 at 5 mV S-1 Electrode thickness 110 m. C. Huang et al.,  

J. Mater. Chem. A 2014, 2, 

11022−11028. 

 

 

Table 4. 2: Areal capacitance of the supercapacitors reported previously. The areal capacitances 

from the three-electrode analysis were specified. 

mAcm
-2

 due to the inefficient interactions with each other (Figure 4.25b). Although pristine 

COFs contain ordered nanopores which enhance the electrode-electrolyte interaction, the 

hindered electronic movement causes the mitigation in the capacitive performance. Whereas, 

the lucid electronic movement through the sp
2
 C=C framework of the graphene layers of 

CNF enhance the efficiency of charge storage where the COF and CNF interact with each 

other. 

4.2.8 Supercapacitor studies: 

Although the DqTp-CNF hybrid has been proved for its good capacitive performance, the 

further fabrication of the electrode into flexible devices is not recommendable due to the poor 

mechanical strength of the thin sheet (the breaking is only 1.2% as evaluated from the stress-
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strain DMA plot; Figure 4.22d). Meanwhile, the DqDaTp-CNF displays good mechanical 

strength of the breaking strain 5.8% due to the existence of anthracene linkers in the 

framework [4.15]. By taking the advantages of the significant mechanical strength and the 

energy storage performance of  DqDaTp-CNF hybrid electrode, we have assembled a 

symmetric quasi-solid state super-capacitor with hybrid as electrodes and PVA/H2SO4 as 

electrolyte gel. From the Nyquist plot, it is noted that a low cumulative resistance value, i.e., 

the ESR of 0.2  (Figure 4.25a). The redox waves in the CV profile (potential window of 

1V) of the device clearly indicate the charge storage behaviour of anthraquinone moiety 

(Figure 4.25b). The areal capacitance had been calculated from the GCDC experiment (160 

mFcm
-2 

at 0.5 mAcm
-2

)( Figure 4.25c). Moreover, we have investigated the long-life cyclic 

stability of the device for 4500  charge-discharge cycles at a current density of 5 mAcm
-2 

which performs the retention of  76% of initial capacitance. (Figure 4.26c). The DqDaTp-

CNF  supercapacitor device displays an excellent areal energy density (Ea) of 5.8 Whcm
-2

 

and areal power density (Pa) of 125.0 Wcm
-2 

at 0.5 mAcm
-2

.  

 

4.2.9 Self-charging power-pack 

In addition, to step the next level of the advanced flexible mobile electronic systems, we have 

integrated a supercapacitor-solar cell device, called as self charging power-pack, for the 

concurrent harvest and storage of energy (Figure 4.26). These photovoltaically self-charging 

(PSC) power-packs have great scientific and technological relevance due to their efficient 

effective storage of green energy and the miniaturization of electronic equipment. The X-ray 

tomography of the fabricated self charging power-pack device clearly shows the close 

packing of the interfaces of supercapacitor electrodes and solar cell (Figure 4.28).In this PSC 

power-pack, the DqDaTp-CNF supercapacitor has been assembled with a perovskite solar 

cell (the power conversion efficiency of 16.7%) (Figure 4.29a). The solar cell converts the 

light energy to the electrical energy under the solar simulator illumination (0.88Sun), which 
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and 

 

Figure 4.28: a) The diagrammatic representation of self-charging power-pack. b) Digital photograph 

of the self power-pack device. 

in turn, charged (0.8 V within 100 seconds) the supercapacitor device bearing with a 

geometrical active area of 1.0 cm
2
. Herein, we have analyzed the galvanostatic discharging 

time of photovoltaically  charged the PSC device for 100, 200 and 300 seconds. (Figure 4.29 

b-d). We could note that a proportional increase discharge time with photovoltaic charging 

time of the PSC device which indicates the relevance of the device in real-life as wearable 

 

Figure 4.29: The X-ray tomography of self-charging power-pack device. 
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Figure 4.30: a) Voltage-current density curve of the perovskite solar cell. b-d) The discharging 

curves of supercapacitor in self-charging power-pack in different time photo charging. 

electronics. We have also investigated at different current densities (0.25 and 0.5 mAcm
-2

 ) to 

calculate the areal capacitance of the supercapacitor device in PSC (42.0 mFcm
-2

 areal 

capacitance at the current density of 0.25 mAcm
-2

 for the photo-charging of 300 seconds). 

 

4.3 Conclusion 

Herein, we have enhanced the electrochemical performance of 2D macroscopic forms of 

COF by integrating the CNF into a hybrid matrix through in-situ inclusion. We could observe 

with the support of DFTB, a significant interaction between COF and graphene layers present 

in CNF. The synthesized COF-CNF hybrid macroscopic thin sheets were displayed as 

continuous and crack-free nature with a large areal scalability. Additionally, the COF-CNF 

hybrids maintain the crystalline and porous nature along with excellent enhancement of 

electrical conductivity. Taking these into account, the fabricated COF-CNF hybrid 

supercapacitor exhibits high performance in the capacitance (167 mFcm
-2

). Notably, it has 

been further ingrated as a self-charging power-pack for the concurrent harvest and storage of 

energy from light to electrical power.  
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4.4 Experimental procedures 

4.4.1 Materials 

1, 3, 5-triformylphloroglucinol (Tp) and 2, 6-diaminoanthracene were synthesized from 

phloroglucinol and 2, 6-diaminianthraquinone respectively by the reference of reported 

articles [3.14 and 3.15]. Where 2, 6-diaminianthraquinone was purchased from TCI 

Chemicals. 

4.4.2 Synthesis of DqTp-CNF hybrid thin sheet: 

We have synthesized DqTp-CNF hybrid through the solid-state mixing (SSM) of amine and 

aldehyde linkers in the presence of p-Toluenesulphonic acid (PTSA) as a catalyst for imine 

condensation reaction. Herein, we have taken the amine linker Dq (0.6 mmol) and five 

equivalent of the catalyst PTSA (1.5 mmol) together and then it has been mixed with 50 l of 

water. Consequently, we have added 1,3,5-triformylphloroglucinol (Tp, 0.4 mmol) to the 

precursor mixture and again thoroughly mixed for the next 10 minutes. At last, 20% (the 

weight percentage of amine and aldehyde were taken for the reaction) of CNF has been 

added and mixed thoroughly until a black colored paste is formed in the reaction vessel. We 

have observed a brown colored paste has been formed and which is further coated on a glass 

slide as thin sheet form (2.5 × 8 cm
2
) and then thermally treated (120

°
C ) in a closed 

condition for 24 hours (The thickness has been controlled by varying the area of the glass 

plate). The thermal treatment of COF precursor paste allows the β-ketoenamine framework 

formation and the thin sheet stacked on the glass surface was peeled by dipping the glass 

slides in distilled water. Afterwards, the free-standing COF thin sheet was thoroughly washed 

with water, DMA and acetone to remove the precursor impurities and PTSA from the 

material. (Isolated yield: 90%). 

4.4.3 Synthesis of DqDaTp-CNF hybrid thin sheet: 

We have synthesized DqTp-CNF hybrid through the solid-state mixing (SSM) of amines and 

aldehyde linkers in the presence of p-Toluenesulphonic acid (PTSA) as a catalyst for imine 

condensation reaction. Herein, we have taken both amine linkers Dq & Da in 0.6 mmol in 

1:1 ratio (0.3 mmol each) and five equivalent of the catalyst PTSA (1.5 mmol) together and 

then it has been mixed with 50 l of water. Consequently, we have added 1,3,5-

triformylphloroglucinol (Tp, 0.4 mmol) to the precursor mixture and again thoroughly mixed 

for next 10 minutes. At last, 20% (the weight percentage of amine and aldehyde were taken 
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for the reaction) of CNF has been added and mixed thoroughly until a black colored paste is 

formed in the reaction vessel. We have observed a brown colored paste has been formed and 

which is further coated on a glass slide as thin sheet form (2.5 × 8 cm
2
) and then thermally 

treated (120
°
C ) in a closed condition for 24 hours (The thickness has been controlled by 

varying the area of the glass plate). The thermal treatment of COF precursor paste allows the 

β-ketoenamine framework formation and the thin sheet stacked on the glass surface was 

peeled by dipping the glass slides in distilled water. Afterwards, the free-standing COF thin 

sheet was thoroughly washed with water, DMA and acetone to remove the precursor 

impurities and PTSA from the material. (Isolated yield: 90%). 

4.4.4 Three-electrode assembly: 

The working electrode for three-electrode configuration has been fabricated from COF-CNF 

hybrid thin sheets with the area of 1 cm
-2

 and the thickness 50 µm. An electronic screw 

gauge is used for measuring the thickness for the COF-CNF electrode in every case. 

Consequently, the COF-CNF electrodes were dipped in 1M H2SO4 acid solution for the 

activation pores prior to the electrochemical analysis. Afterwards, the partially dried COF 

electrodes were assembled in three electrode system as a working electrode. Herein, we have 

directly attached the COF-CNF electrode to the crocodile clip of the electrical wire which is 

aided with a small piece of grafoil for the better electrical contact. Furthermore, Hg/Hg2SO4 

and Pt mesh were taken as reference and counter electrodes, respectively. Cyclic 

voltammetry (CV) analysis were investigated in a range of scan rate from 10 to 500 mV s
-1

 

by optimizing a potential window of 1 V (-0.5 to 0.5V). Additionally, the galvanostatic 

charge–discharge (GCD) experiments were analyzed at different current densities of 0.25, 

0.50 and 1.0 mAcm
-2

. 

Specific capacitance from GCD experiment:  

                                    ……………………………………………………………Equation (1) 

Where, 

Ca= Areal capacitance (mFcm
-2

) 

I = Constant current used for charging and discharging (mA) 

Δt = Discharge time (sec) 



Chapter 4                                                                       Weak Intermolecular Interactions in … 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                130 

ΔV = Potential window (V) 

a = Geometrical area of COF-CNF hybrid thin-sheet (cm
-2

)  

4.4.5 Device fabrication for two electrode experiment: 

To fabricate a flexible quasi soli-state supercapacitor, we have used grafoil sheet as a current 

collector. Two COF-CNF electrodes were dipped in 1M H2SO4 acid solution for 1 hour for 

the activation pores prior to the electrochemical analysis. Then the partially dried COF 

electrodes (geometrical area-1 cm
-2

) were pressed on the grafoil sheet and subsequently we 

have applied a thin coating of PVA-H2SO4 gel electrolyte on the surface of the COF-CNF 

thin sheets.  We have fabricated two such electrodes which were act as positive and negative 

electrodes in symmetric supercapacitor device. Again, a polypropylene porous separator was 

kept in between these two electrodes and the whole device coated with an insulation cover. 

Then the assembled flexible devices were subjected to the further electrochemical analysis. 

Herein, CV analysis were investigated in a range of scan rate from 10 to 500 mV s
-1

. 

Moreover, the GCD experiments were analyzed at different current densities of 0.5, 1.0 and 

2.50 mAcm
-2

.  

Specific capacitance, energy and power density calculation from GCD experiment: 

The single electrode areal capacitance of the supercapacitor device,                       

                                  ……………………………………………………Equation (2) 

Where, 

Ca = The areal capacitance (mFcm
-2

) 

I = Constant current used for charging and discharging (mA) 

Δt = Discharge time (Sec) 

ΔV = Potential window (V) 

a = Geometrical area of COF thin sheet in one electrode (cm
2
) 

The energy density and power density of the electrode were calculated by the equations 

Energy density (Ed) (mWhcm
-2

) = 
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                                       …………………………………………..Equation (3) 

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 (4) 

 

Where, „Ed‟ is the energy density from Equation (3) and „t‟ is the discharge time in hour 

calculated from the discharge curve. 

Calculation of electrical conductivity: 

 

Resistance (R) =          ...........................................................Equation (5) 

 

Where, R = Resistance () 

l = Thickness (cm) 

 A = Area of the COF-CNF hybrid thin sheet (cm
2
) 

 ρ = Electrical resistivity (.cm) 

Conductivity =                .............................................................Equation (6) 

Where,  = conductivity (Scm
-1

) 

 

4.4.6 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD):  The PXRD data were investigated 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 optimized at 30 mA and 40 kV respectively. The 

COF powder was taken in an Aluminium holder and then scanned between 2 and 40° 2θ 

(step size of 0.02°).  

 (b) Thermogravimetric Analysis (TGA): TGA was investigated on SDT Q 600 TG-DTA 

analyzer instrument. 2 mg of the COF sample was placed in an aluminium crucible and 

heated from 25 to 900 °C under N2 atmosphere at heating rate of 20 °C min
–1

. 
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(c) IR Spectroscopy: The Fourier transform infrared spectra (FTIR) of the COFs were 

recorded on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer in ATR mode. 

The FTIR profiles were investiagated within the range of 4000-600 cm
-1

. 

(d) Gas Adsorption: The N2 gas adsorption experiments of COF samples were analyzed in an 

Autosorb automatic volumetric instrument (Quantachrome) (up to 1 bar). COFs were 

degassed under vacuum at 120C for 12 hours prior to the gas adsorption analysis. 

 (e) SEM: SEM images were recorded with a Zeiss DSM 950 scanning electron microscope 

and FEI, QUANTA 200 3D Scanning Electron Microscope with tungsten filament as 

electron source operated at 10 kV. The COF thin sheets were directly mounted vertically and 

horizontally to SEM sample holder with the carbon adhesive tape. The COF samples were 

sputtered with Au (nano sized film) prior to imaging by a SCD 040 Balzers Union. 

(f) TEM: TEM images were investigated by using FEI Tecnai G2 F20 X-TWIN TEM at an 

accelerating voltage of 200 kV. To prerepare the TEM sample for the analysis, The crushed 

and ground COF thin sheet samples were dispersed in acetonitrile solvent and drop cast on 

copper grids TEM Window (TED PELLA, INC. 200 mesh). 

(g) 
13

C CP MAS Solid-state NMR: We have used a Bruker 300 MHz NMR spectrometer, 

and for quantitative analysis 
13

C CP MAS decoupled solid state NMR was taken in Jeol 400 

with scanning rate 849 and Ligand NMR data were taken in Bruker 200 MHz NMR 

spectrometer. 

(h) Electrochemical analysis: We have carried out every electrochemical measurements like 

CV and impedance (Electrochemical Impedance Spectroscopic [EIS]) analysis recorded from 

10
6
 to 0.01 Hz frequency against the open circuit potential (OCP) with a sinus amplitude of 

10 mV [Vrms = 7.07mV]) and galvanostatic charge/discharge analysis (GCD) were 

conducted by using a Bio-LogicSP-300 PG Stat instrument. Electrochemical data were 

analyzed in EC-Lab softwareV10.19 

(i) Dynamic Mechanical Analysis: The mechanical strength of the COF thin sheets was 

performed by the measurement of the Tensile strength on a TA Instruments dynamic 

mechanical analyzer (DMA, RSA- III). Herein, we have conducted the stretching 
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investigations by using the rectangular tension geometry for the COF thin-sheets. We have 

prepared the COF thin sheets in rectangular shapes and then vertically clamped in the DMA 

instrument. Afterwards, the stretching experiment has been performed with constant rate of 

0.1 mm/s. All the DMA were conducted at room temperature (298K). We have calculated the 

stress-strain plot from the obtained results. Stress – strain Calculation: i.e., the engineering 

stress (𝜎𝐸) has been found by the stretching force (𝐹) divided by initial cross-sectional area 

(𝐴) (𝜎𝐸 =
𝐹

𝐴
). Again, the engineering strain has been calculated by using this equation: 

𝜀𝐸 =  
𝑙 −𝑙0

𝑙0
, where, 𝑙 is the final length and 𝑙0 is the initial length. 

(j) X-ray tomography: 3D X-ray imaging of photovoltaic self-charging power-pack device is 

investigated by non-invasive X-ray microtomography using Xradia Vesra 510 Microscope 

(Zeiss X-ray Microscopy, Pleasanton, CA, USA). 

(k) Solar simulator: The I–V analysis of the perovskites solar cell were investigated by  

using a Newport solar simulator (with AM1.5G filter) having light intensity of 0.88 sun 

(calibrated through the Silicon reference cell provided by Newport) connected to the Keithley 

2420 I–V measurement system. 

 

 NOTE: The experimental observations and results in this chapter have been already 

published in ACS Appl. Mater. Interfaces 2019, 11, 34, 30828−30837; entitled: “Weak 

Intermolecular Interactions in Covalent Organic Framework-Carbon Nanofiber based 

Crystalline, Yet Flexible Devices Organic Framework-Carbon Nanofiber Hybrids for the 

Efficient Energy Storage.” The major contribution of this publication was done by the Dr. 

Rahul Banerjee and his student Abdul Khayum M from CSIR National Chemical Laboratory, 

Pune. The electrochemical analysis were investigated by the collaboration with Dr. 

Sreekumar Kurungot and his students Vidyanand Vijayakumar and Meena Ghosh from CSIR 

National Chemical Laboratory, Pune. 
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CHAPTER 5 

 

3D-Printable Covalent Organic Framework Aerogels for Water 

Purification 

 

Abstract: The software controlled 

three dimensional (3D) macro-

architecture of functional porous 

materials gains tremendous scientific 

and technological attention towards 

the molecular uptake. Meanwhile, the 

exceptional intrinsic porous features 

of covalent organic frameworks (COFs) shows excellent molecular uptake through the 

adsorptive interactions. However, the molecular pollutant uptake from water requires a high 

exposure of the intrinsic pores towards the external environments for the lucid diffusion of 

water through the internal porous matrix. In this regard, we have demonstrated the 

integration of crystalline and porous COFs into template-free 3D printable objects with 

intrinsic micro- and extrinsic macro porosity.  The interconnected 3D openings in these COF 

aerogels further enhances the rapid and efficient uptake of organic and inorganic pollutants 

from water (>95% of removal within 1 minute).   
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5.1 Introduction  

Covalent organic frameworks (COFs) with exceptional intrinsic micro or meso porosity, have 

been investigated for the successful removal of hazardous chemicals from water by 

considering both adsorption and separation methods [5.1]. Moreover, the water purification 

by using COFs is mostly confined either in its powdered form or more advance membrane-

based technique [5.2]. However, membrane or thin film based separation techniques are 

restricted due to the difficulty to maintain the crack-free form, otherwise which resulted poor 

separation of toxic materials from water. In this regard, the adsorption technique is much 

more reliable, as a lucid diffusion of guest molecules through the adsorptive matrix can 

enhance the interaction and promote effective separation [5.3]. However, to facilitate the 

easy transportation of these big molecules throughout the framework matrix, the intrinsic 

pores should be interconnected by extrinsic macropores. In this regard, an air-filled 

macroscopic three-dimensional (3D) monolithic architecture, called aerogels, can be a 

potential and distinctive adsorbent material for the water purification [5.4]. Notably, 

graphene; supra-molecular and polymeric based aerogels are developed as benchmark 

adsorbents [5.5]. However, tunable functionalities; well-ordered nano-pores; and chemical 

and thermal stabilities into a single aerogel system still remain as an unbeatable challenge. In 

this perspective, two-dimensional (2D) COFs can be a potential candidate towards the 

construction 3D macroscopic architecture of crystalline and intrinsic-extrinsic porous 

aerogels.  

Keeping this in mind, to induce the macropores inside bulk monolithic COF, we strategically 

doped graphene oxides as spacers into the water which contained precursor matrix of COFs. 

Thus, the obtained COF aerogels after the freeze-drying process exhibit well macroporous 

structure with a higher fraction of void volume compared to the pristine COFs. Moreover, to 

take the applicability of these aerogels to the advanced level, it is crucial to control the 

manipulation of the 3D patterning of the monoliths [5.6].  

A brief account on 3D printing:  

3D printing is an advanced technology to fabricate the prototypes of the material objects in a 

fast and low-cost method. Due to the additive manufacturing nature of the 3D printing, it has 

minimum loss of the precursors material compared to the mould depended object 



Chapter 5                                                                3D-Printable Covalent Organic organic… 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                136 

fabrications. The industrial and academic interest on 3D printing technology leads to the 

advanced research on the fabrication of both micro and macro level structures. Notably, the 

applications of 3D printed objects extended to energy storage; various electronic equipments; 

biotechnology; micro-structuring; purifications; and different macro-structuring. It should be 

noted that, the progress in 3D printing technology directs the construction of the objects with 

precisely and incorporate smart functional behavior. Although software controlled 3D 

printing technology has been widely used for such additive manufacturing, it is mainly 

limited to the fabrication of graphene-based aerogels and polymers [5.6b]. Moreover, the 3D 

manufacturing of hierarchical intrinsic and extrinsic porous structures with desired 

functionalities can be facilitated advanced level applications.  

 

Scheme 5.7: The Chem-Draw image of synthetic scheme of COFs. 

In this regard, by taking the advantage of good shear thinning behaviour and controllable 

viscosity of the COF-GO precursor paste, we have 3D-printed self-supported COF aerogel on 

the desired shape and size. Again, these COF aerogels had further been used as excellent 

adsorbents for the rapid purification of water from different organic and inorganic chemicals 

(~95% removal within less than 1 min). 
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5.2 Result and Discussion 

5.2.1 Synthesis and characterization 

In the synthetic process,  the COF precursor paste was synthesized from C3 building units of 

1, 3, 5-triformylphloroglucinols aldehyde (Tp: 0.2 mmol) and C2 symmetric amine (BD-

benzidine/ Dq-2,6-diaminoanthraquinone/ Azo-4,4‟-Azodianiline: 0.3 mmol)  in the presence 

of excess amount of PTSA as catalyst (4.5 mmol) and water (50 l) as green solvent 

(Scheme 5.1). It is noteworthy that, the solid-state synthesis of 2D-COFs although provides 

monolithic and free-standing macroscopic forms, the obtained high-density material suffers 

several disadvantageous like volume shrinking and subsequent blocking of internal pores. As  

 

Figure 5.1: The rheology analysis of COF aerogel precursor paste. 
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To analyze the properties of COF-GO precursor paste as 3D print ink, we have performed the 

rheological studies of them in different conditions. We have measured the shear rate and then 

analyzed the viscosity of a flowing precursor paste. The rheological analysis suggests the 

good shear thinning and viscosity of the COF-GO precursor paste (Figure 5.1). In general, a 

good 3D-print ink should possess the physicochemical properties like suitable viscous  

 

 

Figure 5.8: a) Rheology analysis of Time Vs Storage and Loss modulus; and b) COF precursor 

synthesis. 

 

Figure 5.9: The fabrication 3D-printed COF aerogel. 

behaviour for the easy flowing of the material under a stress along with good shear thinning 

nature for the precise printability [5.8]. The presence of graphene oxide aids to form a self-

assembled hydrogel which features the inter-molecular hydrogen bonding between GO layers 

in water. Furthermore, we have investigated any transformation of physical properties like 

elasticity and viscosity of the precursor paste with time (Figure 5.2). The plot of the time (15 

min) against storage modulus and loss modulus (G'') clearly indicates the little changes in the 
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physical property of the paste for a printable time of the concerned material. All these 

rheological results signify the physical character of the material is suitable for 3D-printing. 

5.2.3 3D-Printing of COF aerogel 

 Keeping the advantageous of good shear thinning behaviour and controllable viscosity of the 

COF-GO precursor paste, herein, we have 3D-printed self-supported COF aerogel in 

different shapes includes grids; cubes; and letters by using widely-used software controlled  

 

Figure 5.4: a) 3D printing of a nine numbered square grid; and b) 3D printing of 13 layers square 

object. 
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FDM 3D Printer (Figure 5.3 & Figure 5.4). The assembly speed was set for 10 mmsec
-1

 to 

pump 1 ml per minute of the 3D print ink material. It is important to note that we could 

leverage the printing possibility of aerogel in a layer by layer mode up to 13 layers. 

Interestingly, it is noted that the structural maintenance of the printed object even after the 

13
th

 layer integration.  Notably, this could offer the 3D architecting of COF into different 

shapes. Afterwards, the precursor kept at 90 C at the closed condition for 8-10 hours. During 

the thermal treatment, PTSA catalyzes the imine  

 

Figure 5.5: The COF aerogels are floating in water after the removal of PTSA. 

bond formation between the organic building units and subsequent formation of β-

ketoenamine COF after the π-π interaction of each framework layers [5.9]. The 3D network 

of GO maintains the volume of the aerogel matrix by providing enough intrinsic space for the 

growth of COF. After the thermal treatment, to remove water, the COF-GO hybrid is treated 

for freeze-drying process (Figure 5.3). The obtained dried monolith exhibits a physical 

nature of very hard and heavy in mass due to the excessive content of PTSA which is washed 

with water and again subjected to freeze-drying process. It is worth mentioning that once 

PTSA is getting removed, aerogel became light-weight and floated in water (Figure 5.5). 
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Additionally, after the freeze-drying, the COF aerogel becomes soft and light-weight in 

nature along with well maintain its porosity and crystallinity in 3D shapes. 

5.2.3 The structural characterizations 

 

 

Figure 5.6: The comparison of the experimental PXRD of COF aerogel with simulated AA eclipsed 

PXRD and their corresponding models. 
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The crystallinity of COF aerogels was investigated by the PXRD analysis. The PXRD 

profiles of all COF aerogels exhibit a crystalline pattern and matched well with the simulated 

PXRD of pristine COFs thus indicating the formation of a regular π-π stacked framework 

 

Figure 5.7: The IR spectra of COF aerogels with the monomers. 

structure (Figure 5.6).  The first intense peak originated from 100 planes diffracted at the 2θ 

angle 3.8, 3.7, 3.5 (2θ) correspond to the COFs BDTp-GO , DqTp-GO, and AzoTp-GO 

respectively. A weak and broad peak is visible at angle 26-27 (2θ) which signifies the π-π 
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stacking of hexagonal COF layers in the aerogel matrix. Again, a weak and merged peak is 

appeared at 2θ angle 5-6 for each COF in PXRD profile. The FT-IR spectroscopy has been 

performed for checking the bond formation in the framework.  

 

Figure 5.8: The 
13

C CP MAS Solid-state NMR of COF aerogels. 

It displays the formation of C=C (1560-1570 cm
-1

); C=O (1590-1620 cm
-1

); and C-N (1220-

1250 cm
-1

) stretching frequencies which are originated from β-ketoenmine framework of 

each COFs (Figure 5.7).  Moreover, the FT-IR profiles of each COF aerogel suggest the 

materials are free from the presence of starting materials. Again, the atomic level 

constructions of COF aerogels were analyzed by 
13

C solid-state NMR spectroscopy (Figure 

5.8). A broad peak resonance at 183-186 ppm for all COF aerogels represents the carbon 

atom from C=O functionality originated during β-keto-enol tautomerism.  Again, the COF 
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aerogels display the enamine and α-enamine carbon positioned at 146-147 and 107 ppm 

respectively. 

5.2.4 Properties of COF aerogels 

 

 

Figure 5.9: The TGA curves of COF aerogels. 

 

Figure 5.10: a) N2 Gas adsorption analysis; and b) NLDFT pore size distribution of COF aerogels. 

Additionally, the TGA analysis under N2 atmosphere displayed thermal stability of COF 

aerogels up to 400°C with 90% of the retention of mass (Figure 5.9). The slight weight-loss 

from 200-400 C of aerogels could be due to the thermal degradation of oligomers present 

inside of the COF matrix. To investigate the porosity and surface area of COF aerogels, we 

have analyzed N2 adsorption isotherm at 77K after activating the samples at 130 C under 

vacuum.  It showed a typical type II isotherm which represents the microporous nature of the 

COFs confined in aerogels. It has been noted with a typical type II isotherm represents the 
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microporous nature of the COFs in aerogels. BDTp-GO; DqTp-GO; and AzoTp-GO show 

the BET surface area of 971; 500 and 624 m
2
g

-1
 respectively. Furthermore, the pore size 

distribution (~2 nm) of COF aerogels have been detailed in the NLDFT profiles. Whereas, 

the small hysteresis loop in each isotherm could be an indication of the extrinsic mesoporous 

nature of the typical 3D-architectured aerogels. 

5.2.5 The Morphology of COF aerogels 

 

Figure 5.11: The SEM images of BDTp-GO aerogel. 

The tailored micro and nano level assembly of all COF aerogels have been revealed through 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The 3D 

construction of macropores is clearly visible in the SEM images of BDTp-GO aerogel 

(Figure 5.11). Additionally, a diligent observation of the SEM images clearly displays the 

presence of several macropores ranging from 5-100 m which is believed to originate from 

the doped graphene oxide flakes confined within the aerogel matrix. Along with the GO 

which has a sheet-like morphology, the inside of the macropores have been occupied with the 

nanometer-sized ribbon like BDTp COFs. Whereas, the COF crystallites present in the 



Chapter 5                                                                3D-Printable Covalent Organic organic… 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                146 

 

Figure 5.12: The SEM images of DqTp-GO aerogel. 

 

Figure 5.13: The SEM images of BDTp-GO before and after washing with water. 
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DqTp-GO aerogel matrix exhibit a sheet-like morphology with macropores ranging between 

5-100 m (Figure 5.12).  However, the lateral size of the COF nanoflakes are much shorter 

(1-2 mm) compared to several tens of micrometer-sized graphene oxide. Furthermore, we 

have 3D printed a small grid of BDTp-GO on the top of a glass surface to analyze the 

resolution of the printed material. We have performed the SEM image of the four square grid 

sample without washing and found to be the maximum resolution of ~700 m thickness 

(Figure 5.13). To get the insight of the nano-level construction of aerogel, we have also 

recorded the TEM images (Figure 5.14). To prepare the sample, we have dispersed the 

aerogels in acetonitrile solvent and then drop cast on Cu TEM grid. TEM images display the  

 

Figure 5.14: The TEM images of a) BDTp-GO; and DqTp-GO. 

  morphological features of COF along with the GO layers with large lateral sizes. Notably, 

due to the inter disconnection of the particles, it seems difficult to visualizing the macropores 

inside the aerogel matrix. However, it has been observed that the mesopores are well 

arranged from 2-50 nm associated with the self-assembling of the COF crystallites. Again, 

the confocal microscopic images display the well-interconnected porous crystallites of 

aerogel with respect to a non-porous self-assembly structure associated with the pristine 
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COFs. Herein, we have performed the confocal fluorescent microscopic 3D imaging of COF 

aerogels for substantiating the porous features of the synthesized materials. The observation 

of BDTp-GO and DqTp-GO powder aerogels after staining with fluorescent Rhodamine B 

(RhB) solution suggests a scattered particle morphology of both materials which contains 

many micrometer sized pores. Specifically, in BDTp-GO, the particles size is too small 

compared to DqTp-GO. Meanwhile, the particles in the pristine COFs are more closely 

packed compared to the aerogels. The numbers of bigger pores present in the pristine COFs 

are very less, especially for close-packed sheet morphology of DqTp.    

 

Figure 5.15: Fluorescent microscopic images of COF aerogels and pristine COFs: a)BDTp-GO; b) 

BDTp; c) DqTp-GO; and d) DqTp. 

Furthermore, to get the true 3D image of the monolith aerogels, we have analyzed the 

concerned monoliths in X-ray micro tomography instrument (Figure 5.17). As expected, it 

provides the three-dimensional morphology of the aerogel mostly exhibited in the 

micrometer range. BDTp-GO and DqTp-GO were considered as illustrative examples for 

the tomographical analysis. Notably, it distinctively proved the 3D interconnected macro-

pores inside aerogel matrix. The vertical and horizontal cross-sectional view of the 3D image  



Chapter 5                                                                3D-Printable Covalent Organic organic… 
 

 
2019-Ph.D. Thesis: Abdul Khayum M, (CSIR-NCL), AcSIR                                                                                                149 

 

Figure 5.16: The X-ray tomographic 3D images of COF aerogel and pristine COFs.  
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Figure 5.17: The X-ray tomographic 3D images of macroporous structure of BDTp-GO aerogel. 

 

Figure 5.18: The X-ray tomographic 3D images of macroporous structure of DqTp-GO aerogel. 

of the aerogels displays the presence of macropores not only on the surface but also in the 

entire aerogel matrix. Moreover, the DqTp-GO is associated with more number of smaller 

size such as 20% of the pores with a diameter of 9-11 m pores outside as well as inside of 

the matrix compared to BDTp-GO which exhibit only 7% of the pores with a diameter of 9-  
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Figure 5.19: The X-ray tomographic calculation of pore size distribution of COF aerogels in the m 

range. 

 

Figure 5.20: The X-ray tomographic 3D images of macroporous structure of pristine BDTp COF. 

11 m (Figure 5.18 & Figure 5.20). Additionally, we have performed the tomographical 

analysis for the pristine COF monoliths to validate the potential structural importance 

associated to COF aerogels. Notably, the 3D tomographic image of pristine COF display 

nonporous solid structures and the inter-connected macropores were not visible in the pristine 

COF matrix (Figure 5.21). Therefore, it proves the simple solid-state synthesis of COF 

majorly provides a non-macroporous dense structure associated with only the intrinsic 

microporosity.  
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In order to get the deep understanding of the inter-connected macroporous character of the 

aerogel, we have analyzed the pore size distribution of the matrix. The calculation of pore  

 

 

Figure 5.21: The macroscopic features COF aerogel and pristine COF. 

 

Figure 5.22: The X-ray tomographic water flow analysis of BDTp-GO. 

size is done by considering the pores as spheres which are fitting into the empty volume of 

the aerogel (Figure 5.19) The BDTp-GO aerogel exhibits 55% of macroporous volume in 

the entire matrix which very larger than the corresponding BDTp COF (11% of the macro-

porous volume). In addition, the 90% of the macropores are less than 188 m in diameter. 

Wide range diameters (30-180 m) of 3D interconnected macro-pores are present in the 

BDTp-GO aerogel. Meanwhile, the 90% of the pristine COF contains only the macropores 

up to 37 m in diameter. Furthermore, DqTp-GO aerogel provides 74% of the macro-porous 
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volume of the entire matrix.  Out of this porous volume fraction, 90% of the macropores are 

in the diameter up to 80 m. The strategic incorporation of the higher fraction of the 

macroporous volume in the COF aerogel aid the effective access of the adsorbent active sites  

 

 

Figure 5.23: The X-ray tomographic water flow analysis of DqTp-GO. 

 

Figure 5.24: The X-ray tomographic water flow analysis plot of „Position Vs Pressure drop‟ of COF 

aerogels. 

in the COF crystallites. Whereas, from the pore size distribution analysis of pristine COF 

suggests the fewer number of macropores in the monolith blocks the passage of solvent and 

the most possible way is the meso and ordered micro-pores inside the aerogel. The figure 

5.22 explains how the induced void volume inside COF matrix helps for increasing the size 

of the macroscopic object. The X-ray tomography suggests the void volume of BDTp-GO 
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aerogel is 60% to the total volume of the material. Whereas, in the pristine, the void volume 

is only up to 12% only. The fraction of this void is reflected in the size of 50-55 mg of the 

aerogel and their corresponding COF.  

5.2.6 COF aerogel for micropollutants removal 

 

Figure 5.25: a) The organic and inorganic micropollutants; and b) The bar diagram of the efficiency 

of the removal each micropollutants by using COF aerogels. 

The porous aerogel matrix has further been used as the adsorbents of inorganic and organic 

chemicals from water. The COF aerogel gets into the interaction with adsorbate molecules 

during the water (containing different pollutants) flow through the entire porous matrix. As a 

result, we could observe a rapid adsorption (>90% in less than 1 min time) of seven different 

pollutant chemicals from water into the COF-GO aerogels (Figure 5.26 & Figure 5.27). We 

have introduced herein all three different COF aerogels (BDTp-GO, DqTp-GO, and 

AZOTp-GO) for the adsorption of methylene blue (MB); congo red (CR); Rhodamine B 

(RhB); Basic Fuschin (BF); Bisphenol-A; KMnO4; and K2Cr2O7 as different chemical 

pollutants. The BDTp-GO performs rapid uptake of >80 % all these chemicals within 1 min. 

It should be noted that BDTp-GO adsorbs 95% of the organic dye MB from the water just in 

5 seconds, which indicates the rapid diffusion and subsequent adsorption of MB in the COF 

matrix. We have noted the similar for other dyes too, especially a highly toxic organic 
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pollutant BF which has been removed >99% in 30 seconds time of adsorption. At the same 

time, DqTp-GO adsorbs BF; MB; and RhB >90% from the water. The similar removal 

efficiency of BF, and MB was also observed for AzoTp-GO aerogel as adsorbent. 

Again, very high uptake of 196 mgg
-1

 has been observed for BDTp-GO aerogel as adsorbent 

even in high concentration  

 

Figure 5.26: The UV spectroscopic characterizations the adsorption properties of COF aerogels. 

solution of MB (1000 m) with the removal efficiency as high as 65%. We have also 

performed the uptake study of dangerous plastic pollutant such as BPA in water [5.10]. 

Notably, BDTp-GO aerogel performs an excellent uptake of 156 mgg
-1

 of BPA with the 

removal efficiency exceeds 85%. The rapid and efficient removal of various organic and 

inorganic pollutants in water signifies the macroporous matrix decorated with intrinsic 

micropores of COF aerogels enhances the potential adsorptive capacity. The water flow 
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analysis in Flow-Dict software provides the velocity distribution of water in COF-GO 

aerogel under a pressure drop (Figure 5.24 & Figure 5.25). The water accessibility into the 

inner core of the aerogel matrix suggests the maximum possible solid (COF-GO)-pollutant 

solution interaction.  

 

Figure 5.27: The Kinetic study of micropollutant removal from water. 

 

Figure 5.28: The concentration study of micropollutant removal from water. 
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We have performed the kinetic study of the adsorption of three different organic micro 

pollutants (MB; BF and BPA) in water by using BDTp-GO aerogel (Figure 5.28). It 

suggests the uptake of >95% of pollutants within 5 seconds. Whereas, the BDTP-GO 

adsorbed 65% of the BPA within 5 seconds. Again, we have tested the adsorption capacity of  

 

 

Figure 5.29: The pH study of micropollutant removal from water. 

 

Figure 5.30: a) The UV spectra of COF aerogel adsorption; b) The digital photograph of COF 

aerogel adsorption of MB; and c) The diagrammatic representation of the interaction of 

micropollutant with the 3D tomographic images of COF aerogel and pristine.  

BDTP-GO towards MB and BPA pollutants (Figure 5.29). We have taken 100; 250; 500; 

and 1000 m concentration of pollutants in water. Notably, the BDTp-GO has adsorbed 

~99% of lower concentration (100 and 250 m) and 90% uptake at 500 m concentration. 

Similarly, for BPA, we could observe more than 85% of uptake even at high concentrations. 

Furthermore, the adsorption analysis of BDTp-GO aerogel of MB at various pH (calculated 
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from 1 to 13) display an excellent rapid and efficient uptake (>99% in less than a minute) 

signifies the potential utility of material under real-life conditions (Figure 5.30). Again, the 

excellent recyclability (5 times) of BDTp-GO aerogel for MB dye indicates the pollutants 

are only physically adsorbed and they can be desorbed back from the surface of aerogel upon 

treatment with an organic polar solvent. As a proof of concept, we have used the 3D printed 

monolith of BDTp-GO aerogel for the adsorption of MB from water. The COF aerogel could 

take 99% of the MB from water within 10 hours. Whereas the pristine COF monolith exhibits 

only 40% of the uptake after 10 hours which  indicates the potential applicability of 

monolithic COF aerogel for water purification in a simple dipping method. Additionally, it 

can avoid any the tedious separation process of the adsorbents dispersed in water. 

5.3 Conclusion  

In summary, the strategic inclusion of macro-pores by means of GO as spacers in a COF 

matrix creates crystalline and porous aerogel. Thegood shear-thinning and optimum viscosity 

of the precursor paste allow us to perform the software controlled 3d printing of the 

concerned material in different shapes and multiple layers. Moreover, the interconnected 

macroporous matrix decorated with intrinsic microporos showsanexcellentt adsorption 

capability of pollutants from water. We believe, the blending of advanced 3D printing of 

aerogel can pave as a leading water purification materialin the industrial level in future. 

5.4 Experimental procedures 

5.4.1 Materials  

1, 3, 5-triformylphloroglucinol (Tp) was synthesized from phloroglucinol and all other 

chemical were purchased from sigma-aldrich and TCI chemicals. 

5.4.2 Synthesis of COF aerogels 

We have prepared the precursor paste of COF aerogels through the solid-state mixing (SSM) 

of amine and aldehyde linkers in the presence of p-Toluenesulphonic acid (PTSA) as a 

catalyst for imine condensation reaction. Herein, we have taken the amine linker (BD; Dq; 

and Azo: 0.6 mmol) and 15 equivalent of the catalyst PTSA (9 mmol) together and then it 

has been mixed with 50 l of water. Afterwards, we have added 1,3,5-

triformylphloroglucinol (Tp, 0.4 mmol) to the precursor mixture and again thoroughly mixed 
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for next 10 minutes. Again, 15% (We have dispersed 120 mg of GO in 7.5 ml water and the 

15% of weight percentage of amine and aldehyde were taken for the reaction) of graphene 

oxide dispersion in water has been added and mixed thoroughly until a brown colored 

hydrogel is formed in the vessel. This precursor paste has been used for 3D printing process. 

After the 3D printing, the material was subjected for thermal treatment at 60 C for 8-12 

hours under closed condition. Again, the obtained material is undergone for freeze-drying 

process in lyophilization instrument. After freeze-drying, the COF was observed as very hard 

and brittle due to the presence of PTSA. We have dipped the COF in water and removed 

PTSA from the material. During PTSA was come out from the COF and dissolving water, 

COF was floated in water layer. Again, the COF was subjected to freeze-drying process and 

the obtained material was low-weight aerogel (Isolated yield: 80-90%). 

5.4.3 Water purification 

We have taken pollutants in 5 ml of water with different concentration (50 M; 100 M; 250 

M; 500 M; and 100 M) and 5 mg of COF aerogel was used for the adsorption studies. 

We have dispersed the aerogel into pollutant solution and separated through a filter paper 

which is separating COF only. The filtered solutions were subjected to UV spectroscopy 

analysis to find percentage of dye removal from water.  

To study the kinetics, we have analyzed the adsorption of 50 M concentration of pollutants 

with 5 mg of COF aerogel in water. In order to perform this, we have prepared 100 M 

pollutant in 5 ml water. Then, we have added 2.5 ml of this prepared solution into 2.5 ml of 

water which contained 5 mg of aerogel. Then we have stirred the solution and perform the 

experiment by using a stop watch. 

The pH variation analysis has been by taking 50 M concentration of MB solution and 5 mg 

COF in different concentration of HCl. We have prepared pH = 1; 2; 3; 4; 5; and 6 by 

varying the concentration HCl in 5 ml of water. Again, pH = 9; and 11 have been made by 

varying the concentration of NaOH in 5 ml of water. Then, 50 M concentration of MB was 

added. Afterwards, we have performed the adsorption studies. 

To understand the adsorption properties of aerogel monolith; we have directly dipped the 50 

mg of COF aerogel monolith into the 50 M MB in 5 ml water. Afterwards, we have simply 

removed the aerogel from water and rest solution was carried for further UV analysis. 
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5.4.4 General methods for characterization  

(a) Powder X-Ray Diffraction (PXRD):  The PXRD data were investigated 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 optimized at 30 mA and 40 kV respectively. The 

COF powder was taken in an Aluminium holder and then scanned between 2 and 40° 2θ 

(step size of 0.02°).  

 (b) Thermogravimetric Analysis (TGA): TGA was investigated on  SDT Q 600 TG-DTA 

analyzer instrument. 2 mg of the COF sample was placed in an aluminum crucible and heated 

from 25 to 900 °C under N2 atmosphere at heating rate of 20 °C min
–1

. 

(c) IR Spectroscopy: The Fourier transform infrared spectra (FTIR) of the COFs were 

recorded on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer in ATR mode. 

The FTIR profiles were investiagated within the range of 4000-600 cm
-1

. 

(d) Gas Adsorption: The N2 gas adsorption experiments of COF samples were analyzed in an 

Autosorb automatic volumetric instrument (Quantachrome) (up to 1 bar). COFs were 

degassed under vacuum at 120C for 12 hours prior to the gas adsorption analysis. 

 (e) SEM: SEM images were recorded with a Zeiss DSM 950 scanning electron microscope 

and FEI, QUANTA 200 3D Scanning Electron Microscope with tungsten filament as 

electron source operated at 10 kV. The COF samples were sputtered with Au (nano sized 

film) prior to imaging by a SCD 040 Balzers Union. 

(f) TEM: TEM images were investigated by using FEI Tecnai G2 F20 X-TWIN TEM at an 

accelerating voltage of 200 kV. To prerepare the TEM sample for the analysis, The COF 

Samples were dispersed in acetonitrile solvent and drop cast on copper grids TEM Window 

(TED PELLA, INC. 200 mesh). 

(g) 
13

C CP MAS Solid-state NMR: We have used a Bruker 300 MHz NMR spectrometer, 

and for quantitative analysis 
13

C CP MAS decoupled solid state NMR was taken in Jeol 400 

with scanning rate 849 and Ligand NMR data were taken in Bruker 200 MHz NMR 

spectrometer. 
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(h) 3D Printer: 3D printing is an additive manufacturing technique wherein the material is 

deposited layer by layer to create the desired shape object. We have used the Fused 

Deposition Modeling (FDM) printer for the printing of COF aerogels. Upon thermal 

treatment, the aerogel solidifies and maintains the shape given. In this work, we customized 

the widely-used FDM 3D printer to meet our requirements. An external syringe pump 

(HOLMARC Syringe Pump HO-SPLF-2) was used to pump the material till the printer bed 

for printing. The pump was connected to the printer assembly head through a commercially 

available flexible silicon tube. The final print resolution is governed mainly by the diameter 

of the tube. In this work, we used a tube with an internal diameter of 1.5 mm. The pumping 

flow rate and the assembly movement speed are the critical parameters for the best print. The 

optimum values of pumping rate and assembly speed should be maintained. Higher material 

pumping rate compared to the assembly movement leads to local accumulation of material 

which is undesirable. Also, higher assembly speed relative to the material flow leaves 

unfilled spaces in the object. The material was pumped at 1 ml/min and the assembly speed 

was set at 5 mm/s for good synchronization. Another critical parameter that governs the 

smooth printing process is the viscosity of the material. Very high viscosity of the material 

leads to high pressure drop in the flow channel leading to undesirable rupture of the tube at 

the weakest joint. Too low viscosity leads to spreading of the material after deposition on the 

bed or on previous layers which affects the spatial resolution of the object.  

(h) Confocal laser scanning microscope: (CLSM) (Zeiss, Oberkochen, Germany Model 

LSM 710) has been used for background-free high resolution images of COF aerogels and 

pristine COFs. The instrument has EC Epiplan-APOCHROMAT objective of 50X 

magnification and a numerical aperture of 0.9. Fluorescence from the sample was excited 

with the 488-nm line of an Argon laser. The fluorescence was separated from the excitation 

light by band pass sliders (493 nm-619 nm) in front of spectral detectors. The microscope 

objective has been attached to an opto-electronically coded focus z-driver to scan the 

objective along the vertical z direction and produce three dimensional images. A pinhole was 

used to reject the out-of-plane light for background rejection hence better signal to noise 

ratio. We typically acquired 150–200 sliced stacks of 512 X 512 pixel images in the 

horizontal x–y plain separated by 0.25 um in the z direction. The length of the full-sized field 

of view is approximately 283um and a depth approximately 40 μm. The images were 
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processed using the Zen software (Zeiss, Oberkochen). Images of each plain were converted 

to 2.5 dimensional (2.5D) images to understand the absorbed dye intensity profile on the S5 

surface and internal microspores (graphical illustration of intensities per pixel for each plain 

using grayscale). 

(h) X-ray tomography: We have characterized the 3D images COF aerogels by using X-ray 

microtomography of Xradia Versa 510 X-ray Microscope (Zeiss X-ray Microscopy, 

Pleasanton, CA, USA). The aerogels were directly placed to the sample holder for the 

analysis which is in between the X-ray source and detector assembly. Detector assembly 

consists of a scintillator, objective lens and a CCD camera. X-ray source is ramped up to 80 

kV and 7 W. The tomographic image acquisitions were completed by acquiring 3201 

projections over 360° of rotation with a pixel size of 2.25 microns. In addition, projections 

without the samples in the beam (reference images) were also collected and averaged. 

Filtered back-projection algorithm is used for the reconstruction of the projections to 

generate two-dimensional (2D) virtual cross-sections of the specimens. Image processing 

software, Dragonfly Pro (Version 3.1) is used to generate volume-rendered three dimensional 

(3D) image of specimens. 

 

NOTE: The experimental observations and results in this chapter have not been published in 

any medium.The major contribution of this work was done by the Dr. Rahul Banerjee and his 

student Abdul Khayum M from CSIR National Chemical Laboratory, Pune. 
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CHAPTER 6 

 

Conclusion and Future Directive 

 

6.1 Conclusions 

In this thesis work, we have dealt about the macroscopic architecture of COFs for 

energy storage and water purification from micropollutants. In this regard, we have described 

the potential features of COFs in the 1
st
 Chapter of thesis for introducing the importance 

among other porous materials. Again, apart from the properties, this chapter explained the 

synthetic strategies; chemistry of the framework formations; and the applications of the 

material. In the later section of the chapter narrated the paramount importance of the 

macroscopic architecture of functional materials and significance of buildup of COFs into 

different macroscopic forms like thin films; thin sheets; and 3D monoliths.  

Keeping these in perspective, we have introduced a facile strategy to fabricate free-standing 

films of COFs in nanometer thickness in the 2
nd

 Chapter. Herein, we have approached a 

Diels-Alder reaction based chemical exfoliation of an anthracene linked β-ketoenamine COF 

into N-hexylmaleimide functionalized CONs. Consequently, the planar anthracene is bent to 

an angle of 107 which result in the breaking - stacking between the interlayers of COF 

and bring out the chemical exfoliation of the COF layers. Notably, the DaTp CONs exhibit 

good dispersion nature in the various polar organic solvents due to the presence of long alkyl 

chains. Considering this, we have fabricated centimeter scale free-standing CON thin film 

through the layer by layer self-assembly at the air-water interface. The fabricated DaTp 

CON thin film displays a defect-free and continuous nature.  

To introduce the macroscopic form of COFs in real-life applications like energy storage, in 

the 3
rd

 Chapter, we have fabricated mechanically strong and redox-active COF thin sheet 

through convergent solid-state mixing strategy. In this synthetic method  electron rich 

anthracene linker enhances the mechanical strength of the thin sheet through the better non-

covalent interaction between the crystallites of COF matrix. At the same time, the Dq linkers 
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in the framework bring out the electrochemical charge storage of the material. Importantly, 

the convergent synthesis maintains the crystallinity and porosity of the COFs along with the 

uniform and crack-free nature of the thin sheets. Finally, a mechanically robust flexible 

quasi-solid-state supercapacitor devices have been integrated and then further utilized for 

giving power to 3.5 V LED. We believe this unique convergent method has the potential 

relevance for the rational designing of the redox-active material used in flexible 

supercapacitor devices. 

However, the flexible supercapacitors made of the pristine COFs exhibit poor areal 

capacitance (8-12.5 mFcm
-2

). It could be due to the high electric resistance of COF which 

restricts the smooth of electrons though entire matrix of COF. Keeping this in mind, in the 4
th

 

Chapter, we have presented the enhancment of electrochemical energy storage of 2D 

macroscopic forms of COF by integrating the CNF into a hybrid matrix through the in situ 

inclusion. We could observe a predominant weak interaction between COF and graphene 

layers present in CNF with the support of DFTB. The COF-CNF hybrid macroscopic thin 

sheets were observed as continuous and crack-free nature with a large areal scalability. 

Moreover, the COF-CNF hybrids could uphold the porous-crystalline nature with excellent 

electrical conductivity. Notably, the fabricated COF-CNF hybrid supercapacitor exhibits high 

performance in the capacitance (167 mFcm
-2

). Again, it has been further ingrated as a self-

charging power-pack for the concurrent harvest and storage of energy from light to electrical 

power. 

The 5th Chapter recounted the 3D macroarchitere of COFs for water purification 

applications. Herein, the strategic inclusion of macropores by means of GO as spacers in a 

COF matrix creates crystalline and porous aerogel. The good shear-thinning and optimum 

viscosity of the precursor paste allow us to perform the software controlled 3d printing of the 

concerned material in different shapes and multiple layers. Moreover, the interconnected 

macroporous matrix decorated with intrinsic micropores shows rapid and efficient adsorption 

capability of molecular pollutants from water. We believe, the blending of advanced 3D 

printing possibilities of the aerogel can be delivered fruitful industrial level water purification 

in future. 
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6.2 Future directive 

Developing the macroscopic forms of COF as the smart resposive materials 

6.2.1 Introduction 

The technological advancement to create an intelligent environment requires properly placed 

stimuli-responsive smart materials. In this regard, the research on responsive materials gets 

wide scientific and technological attention considering to their ongoing and futuristic 

relevance [6.1]. In most cases, smart materials are functional molecular integrated polymers 

which responsive towards the stimuli like light; heat; mechanical pressure etc [6.2]. Herein, 

light responsive materials are widely researched due to their importance in light controlled 

drug delivery applications; various sensors; morphological transformations; etc. Considering 

to their exceptional features, the fabrication of smart responsive COF into the macroscopic 

form can have a potential future in the commercial level applications. The presence of 

intrinsic micropores with controllable size and geometry as well as decorated tunable 

functional molecules can deliver excellent properties for COFs in the macroscopic form. 

Moreover, the controlling of properties of COF by triggering light or any other external 

stimuli is very interesting in the scientific and technological aspects.  

6.2.1 The synthesis light responsive macroscopic forms of COF   

Azobenzenes are light responsive molecules which will form trans configuration in visible 

light and cis configuration in UV light [6.3]. Taking this into consideration, it is possible to 

fabricate 3D COF aerogel (TpBD(NO2) COF) decorated with azobenzenes inside the pores 

for the controlled molecular uptake in various conditions.  

The nitro benzene linker of the aerogel can be reduced and functionalized with azobenzenes 

through a post-modification reaction. As a result, it is expected that intrinsic micropores will 

be closed at the normal visible light condition, whereas, the UV light can trigger the pore 

opening for molecular uptake from the environment or release to the environment (Figure 

6.2).  This could be useful for the light triggered water purification by using COF aerogel or 

membrane in industry where the automotive controlled systems are highly required. We 

surmise, it can assist the size selective separation of molecules from a mixture and drug 
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loading of drug molecules. Herein, we need to develop COF with varying pore-size for the 

different molecular separations.   

 

Figure 6.1: a) The schematic representation of the post modification of COF into azobenzene 

decorated pores. b) The diagrammatic representation of COF aerogel activity towards molecular 

uptake under visible or UV light condition. 
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