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PREFACE

The over growing population in worldwide not only demands an urgent need for
efficient, sustainable and clean sources of energy but also new technologies associated with
energy conversion and storage. The use of fossil fuel greatly increases the environment
pollution. Therefore, modern research focuses on the developments of novel materials and
technologies. Porous materials have been extensively used for gas storage, separation,
catalysis and also recently for electrochemical energy conversion and storage. Fine tuning in
their structures and morphologies greatly improved efficiency for electrochemical energy

conversion and storage.

Covalent organic frameworks are the emerging class of crystalline organic porous
materials formed by reversible covalent bond formation reaction between light elements like
C, H, N, O, S etc. By the virtue of reticular chemistry, COFs can be rationally designed by
judicious choice of monomers, which is very important to develop novel materials. But the
low chemical stability of COFs largely prevents their uses in many fields including energy

production and storage.

Chapter 2 represents the synthesis of a series of isoreticular chemically stable two-
dimensional COFs by Schiff base condensation reaction. The high chemical stability
originates due to the enol-keto tautomerization. Further, we were successfully delaminated
all COFs into covalent organic nanosheets (CONs) by safe, and environmentally friendly
mechanical grinding route. These exfoliated CONs are also highly chemically stable and

have graphene-like layered morphology.

Chapter 3 will present the synthesis of two new chemically stable functional
crystalline covalent organic frameworks (Tp-Azo and Tp-Stb). Both COFs show the
expected keto-enamine form, and high stability toward boiling water, strong acidic, and basic
media. The protonation of azo based COF (Tp-Azo) by H3PO, shows its potential as proton
conducting materials. The extension of the azobenzene monomeric unit in higher dimensions
with a 1D channel facilitates unidirectional proton transport. H3PO,4 doping in Tp-Azo leads
to immobilization of the acid within the porous framework, which shows proton conduction
in both the hydrous (c = 9.9x10™* S cm™) and anhydrous state (c = 6.7x10S cm ™). This

report constitutes the first emergence of COFs as proton conducting materials.

Vi



Chapter 4 describes the synthesis of a sulfonic-acid-based covalent organic
framework (TpPa-SOzH) that exhibits intrinsic proton conductivity under anhydrous
conditions. The sulfonic acid groups are aligned on the two-dimensional (2D) layers at
periodic intervals and promote the proton hopping inside the hexagonal one-dimensional
channel. The intrinsic proton conductivity of TpPa-SO3H was measured as 1.7x10° S cm !
at 120 °C under anhydrous conditions. To enhance the proton conductivity, we have
synthesized a hybrid COF TpPa-(SO3sH-Py) by a ligand-based solid-solution approach that
contains sulfonic acid as the acidic site, as well as pyridine as the basic site, in order to
immobilize acidic proton carrier molecules. Impregnation of phytic acid molecules inside the
framework increases the anhydrous proton conductivity up to 5x10™* S cm™* at 120 °C. Such
an approach highlights the advantage and first-time use of hybrid COF for interplaying

intrinsic to extrinsic proton conductivity.

Chapter 5 describes the synthesis of two redox-active covalent organic frameworks
[TpPa-(OH), and TpBD-(OH),] and their pseudocapacitor application. Of these COFs,
TpPa-(OH), exhibited the highest specific capacitance of 416 F g* at 0.5 A g current
density in three electrode configuration while the highest specific capacitance was 214 F g™
at 0.2 A g * current density in two electrode configuration. Superior specific capacitance was
due to the emergence of excellent pseudocapacitance by virtue of precise molecular level
control over redox functionalities present in the COF backbone. The exceptionally high
specific capacitance of TpPa-(OH), was due to the reversible proton-coupled electron
transfer (2H'/2e") of hydroquinone/benzoquinone (H,Q/Q) moieties wherein H,Q and Q had
comparable chemical stabilities during redox cycling that originated from H-bonding, which

was supported by calculated structures.

Finally, Chapter 6 will describe the summary of the overall work presented in this
thesis. The future direction based on the understanding of this thesis work also presented in

the last section of this chapter.

Suman Chandra
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CHAPTER 1

Covalent Organic Frameworks: Concept, Construction, and Applications

Abstract: The ever increasing demands of

energy and the worst effect of green house

PSS

gases (like CO, etc) in environment gy g
concern scientist to develop new materials
for sustainable energy conversion and
storage. In this respect, Covalent Organic
Frameworks, a class of emerging
crystalline organic porous frameworks
with  predetermined topologies and
functionalities, are ideal materials for gas
storage and separation (such as Hz, CHy,

CO,), proton conduction (in fuel cell),
photoconduction (in solar cell), capacitive energy storage (in supercapacitor and battery),
heterogeneous catalysis, separation, drug delivery and many others field. Despite these
promising applications, the utilization of this porous COF material towards real life application
has not recognized yet, due to complex problems such as chemical instability and scalability. So
scientists are looking for the methodologies to stabilize these COFs and use it for practical

application.
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1.1  General Background

The over growing world population demands a huge amount of sustainable energy source
and their storage medium [1.1]. The diverse effect of global warming due to the CO, emission
restricts the uses of fossil fuels and search for alternative non-emissive renewable energy sources
like solar, wind, wave and another natural source [1.2]. Scientists are not only searching for
alternative energy production sources like nuclear power, hydrogen power, electrochemical etc,
but also focusing on the storage of the energy to use it conveniently [1.3]. So huge amount of
research is going on the development of porous materials to store different gases for clean energy
production like (H,, CH, etc) as well as the storage of ions (like in fuel cell, battery, and
supercapacitor) and their conduction [1.4]. The prime development of novel material is mainly
based on their stability, cheapness (easy to synthesize) and high efficiency towards energy
production and storage

Porous materials can play a pivotal role in the area of sustainable energy since they were
already been used for an application such as gas storage, separation, catalysis, energy storage,
sensing, water purification etc [1.5]. Activated carbons, zeolites, mesoporous silica are some of
the examples of porous materials [1.6]. Due to their high surface area and tailored pore size, they
have used as ion exchange membranes and electrode materials in fuel cell. The efficiency of a
cell depends on the electrode/electrolyte interaction, which mainly depends on the surface area
and the conductively of the materials. So research has been focused to develop novel porous
materials with high surface area, high stability, high conductivity and optimum pore size [1.7].

Designing porous materials with controlled pore size and selective functionality is one of
the main challenges for improving performance in the area of gas storage, energy storage,
electronic properties etc [1.8]. In 1998, Yaghi and coworkers discovered a new type of inorganic-
organic hybrid porous materials, termed as metal organic frameworks (MOFs) [1.9]. Metal
organic frameworks (MOFs) are an open porous framework with single crystalline structure,
constructed from the metal ions clusters and organic linkers. Their ultra high porosity and
controlled pore size make them better materials for adsorption, catalysis, and separation [1.9].
Due to the reversible nature of the coordinate bond generated during the MOF synthesis, their
low physicochemical stability limits their practical applicability [1.10]. One of the ways to

improve the thermochemical stability of the porous frameworks is replaced the weak coordinate
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bond with strong covalent bonds. However, connecting organic building blocks (monomers)
through covalent bonds into periodically ordered frameworks structure is a great challenge for
researchers. Even though scientists were able to impart crystallinity in 1D polymers, attempts to
build 2D or 3D crystalline organic framework with order periodic structure with covalent bonds
often results in the formation of amorphous cross linked polymers [1.11]. In 2005, Yaghi and
coworkers were able to solve this long standing problem by synthesizing the first covalent
organic framework (COF) using the basic rule of reticular chemistry and following the Dynamic
Covalent Chemistry (DCC) [1.12].

1.2  Classification of the porous materials

According to IUPAC, depending upon the size of the pore, porous materials have been
divided into three categories, (a) Microporous materials having pore diameter less than 2 nm; (b)
Mesoporous materials having pore diameter in between 2-50 nm and (¢) Macroporous materials
having pore diameter more than 50 nm (Figure 1.1). On the other hand, depending upon the
constituted framework material type, porous materials have been divided into three categories, (i)

Purely inorganic; (ii) Inorganic-organic hybrid and (iii) Purely organic (Figure 1.2).

Classification of Porous Materials
depending on pore size

! ! !

Microporos Mesoporous Macroporous
- o
<2nm 2-50 nm > 50 nm
ZSM-5 MCM-41 Sponge Silicon

Figure 1.1: Classification of porous materials based on the pore size.
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1.2.1 Inorganic porous Frameworks

Zeolites, aluminophosphates, germanosilicates, titanosilicates and metal phosphates
(copper, zinc, gallium, iron phosphates, etc.) are the common examples of inorganic porous
frameworks materials. Zeolites are crystalline aluminosilicates, primarily constructed from the
tetrahedral corner sharing TO4 (T = Si, Al) species. The general formula for zeolites is Mp.xn
[(AlO2)x(SiO2)y]x-WH20O (M= metal). [1.13a]. Pure silica frameworks are formed from SiO4
tetrahedral units and are electrically neutral. When some of the SiO, units are replaced by
aluminium, a charge imbalance is created, and as a result, framework becomes anionic in nature.
To balance the charge, the framework also occupies metal cations such as Na*, K*!, Ca*. The
presence of these metal cations helps to induce ion exchange characteristics to zeolites. The ratio
of the silicon to aluminium (Si/Al) in zeolites varies from zero to one. Most of the zeolites are
strong Bronsted acid due to the presence of bridging hydroxyl group. Zeolite framework
structure contains cavities or pores in the range of 3 to 15 A [1.13b]. Replacement of the silicon
atoms in zeolites with aluminium and phosphorus results in another class of inorganic porous
framework materials called aluminophosphates (AIPOs) [1.14]. Aluminophosphates are usually

formed as neutral, due to the presence of octahedral aluminium sites in the framework.

Classification of Porous Materials
depending on building frameworks

! ! }

Purely Inorganic Organic Inorganic Hybrid Purely Organic

Silica Metal Organic Frameworks
(MOFs)

. Hyper-Cross Linked Polymer (HCPs)

. Polymer of Intrinsic Microporosity (PIMs)

. Congugated Microporous Polymers (CMPs)
. Covalent Triazine Frameworks (CTFs)

. Porous Aromatic Frameworks (PAFs)

. Covalent Organic Framework (COFs)

. Extrinsic Porous Molecules

. Porous Organic Cages

0. Porous Liquids

2 OO NOAOA~WN -

Figure 1.2: Classification of porous materials based on the framework material type.

Replacement of aluminium by bivalent metal ions such as copper, gallium or zinc will lead to the
formation of anionic metal phosphate frameworks [1.15]. Due to the low production costs, high

chemical and thermal stability zeolites were widely employed as industrial adsorbents and
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catalyst. Some of the important applications of zeolites are shaped selective catalysts, water

purifiers or softeners, dehydrating and dehumidification agent and heat storage materials [1.16].
1.2.2 Inorganic-organic hybrid porous frameworks

It is very difficult to functionalize inorganic porous frameworks and therefore limits the
structural diversity of the frameworks. The bonding between organic and inorganic units with
proper arrangement leads to a discovery of novel unprecedented crystalline structures. Metal
organic frameworks (MOFs) are a common example of inorganic-organic hybrid porous
frameworks [1.9]. MOFs possess a three-dimensional framework structure with metal ion
clusters at the nodes separated by organic ligands spacers. The metal ions used in MOF synthesis
varies from transition metals (e.g. Cu, Zn), alkaline earth elements (e.g. Sr, Ba), p-block elements
(e.g. In, Ga), actinides (e.g. U, Th) [1.17]. The commonly used organic spacers in the MOF
construction are di, tri, tetra or poly carboxylate, imidazolate or phosphate anions and bipyridine
ligands [1.17]. MOFs follow basic rules of reticular chemistry and it is easy to predesign the
framework structure and porosity. Functional variation and pore size tuning of MOFs can be
controlled by interchanging the organic spacers in iso-reticular structures. Based on the nature of
the frameworks, MOFs are classified in three groups namely 1) 1% generation, 2) 2" generation,
3) 3" generation [1.18]. 1% generation MOF frameworks only retain their framework structure in
presence of guest/ solvent molecule. After the removal of the guest molecules framework
structure usually get collapsed. 2" generation MOFs are stable and robust. They retain their 3D
framework structure even after the solvent removal. 3 generation MOFs are flexible and their
porosity and surface area changes in a response to the external stimuli [1.18c]. MOFs are usually
crystallized by the solvothermal reaction, with solvents/guest molecule trapped inside pores.
Removal of these solvent/guest molecules generates open framework structures in MOF with
ultra high porosity. MOFs were tested for different gas storage application (Hz, CO,, CHy,
acetylene etc). Selective adsorption/ separation of gas molecules was also performed in MOFs
with precise pore channels. The other important applications of MOFs are catalysis, proton
conductivity, drug delivery etc. [1.19]. Despite the interesting properties, MOFs also suffer from
some disadvantages. It is difficult to extend the porosity of MOF to the mesoporous region, thus
storage of bigger sized guest molecules (e.g. biomolecules) is found to be difficult. MOFs also
lack sufficient chemical and thermal stability, since they are constructed from weak coordinate
bonds [1.10].
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1.2.3 Organic porous frameworks

Scientists are always searching for porous materials which are totally composed of
organic building units [1.20]. Organic porous framework materials are a kind of porous
frameworks exclusively constructed from organic building blocks, with the strong covalent bond
connection. These organic frameworks showed high chemical and thermal stability due to the
formation of strong inter connected covalent bonds. Unlike metal organic frameworks (MOFs)
and zeolites, these organic frameworks consist of only light weight elements which significantly
reduce their framework density and finds application gravimetric gas storage purpose. Depending
on the crystallinity, organic porous frameworks are divided into two categories, (1) porous
polymeric frameworks (POPs) [1.20a-b] and (2) covalent organic frameworks (COFs) [1.20e-f].
Porous polymeric frameworks (POPs) are amorphous in nature while covalent organic

frameworks (COFs) possess a crystalline framework structure and ordered pore channels.

Porous Polymeric Frameworks: Porous polymeric frameworks (PPFs) are a class of highly
cross-linked microporous polymers with disordered (amorphous) structure. PPFs are usually
synthesized by irreversible C-C coupling reaction (like Suzuki coupling [1.21a-b], Sonogashira-
Hagihara [1.21c], Yamamoto coupling [1.21d-e]), acetyl cyclotrimerization [1.21f], oxidative
coupling reaction [1.21g-h], Friedel-Crafts reaction [1.21i] and phenazine ring fusion reaction
[1.21j]. Although irreversible nature of the bond formation resulted in disorder structure which
limits the pre-designed based reticular synthesis (like COFs), these frameworks showed high
physicochemical stability for real life practical applications. Cooper and coworkers reported the
first PPFs (CMP-0 and CMP-5) with surface areas ranging from 1018 m? g* (CMP-0) to 512
m?g™ (CMP-5) [1.211].

1.3 Covalent organic frameworks

The formation of the molecule from the atoms through covalent bond formation had well
documented by G.N. Lewis in the long back. In addition, organic chemists have introduced
“Retrosynthesis” method for the synthesis of targeted new molecules from easily available small
organic compounds. Polymer chemists also have been able to successfully link the organic
molecules in a linear chain to form macro molecular structures (1D polymer) by covalent bonds.
Supramolecular chemists were able to form well defined extended (2D and 3D) organized
structures from the self-assembling of small molecules by weak interactions like H bond and Van

der Waals forces. But, their limited thermal and chemical robustness hinder to modify these

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 6



Chapter 1 Covalent Organic Frameworks:..........

supramolecular structures for the applications. In 2005, Yaghi and coworkers have shown that
organic molecules can be linked periodically precise manner by strong covalent bonds in two or
three dimensions maintaining their molecular integrity [1.22a]. They introduced Covalent
Organic Frameworks (COFs), which holds the chemistry of dynamic covalent bond formation
(also known as Dynamic Covalent Chemistry, DCC) and synthesized predicted rigid porous
crystalline frameworks through reticular synthesis [1.22b]. By the virtue of strong covalent
bonds, COFs are thermally and chemically robust. Their structures can be modified without the
destruction of the frameworks and in addition, their pore can be functionalized and tuned through
the proper selection of the building blocks. As a result, COF materials open up a new direction in
materials chemistry [1.22]. By virtue of their high surface area, low density, robustness and
predesigned functionality, COFs have been used in many applications like gas storage, gas
separation, catalysis, sensing, energy storage and many other fields [1.23].

1.3.1 Reticular approaches to generate COFs:

As the synthesis of targeted large organic molecule can be visualized by the
retrosynthesis approaches in organic chemistry, the frameworks can also be synthesized by using
reticular approaches in supramolecular chemistry [1.24]. In step-1, we chose a target network
topology and deconstruct it to its building blocks. In step-2, we evaluated these building blocks
as per their connectivity (like tetrahedral vs square planar for the connectivity of four) and
geometry. In step-3, we search for organic molecules that are equivalent to the geometric units
and used them as a linker for COF synthesis (Figure 1.3).
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CHO
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Figure 1.3: Reticular synthesis of COFs. Shown are the steps involved in choosing the topology,
deconstructing it into its fundamental geometric units, finding the equivalents of these in molecules.

1.3.2 Mechanism studies and approaches used to improve the quality of COF materials

In the case of two-dimensional polymerization, there are two distinct approaches (i)
thermodynamic approaches where the building blocks are simultaneously assembled and
polymerized by the dynamic covalent bond formation reaction to form 2D-covalent organic
frameworks; (ii) kinetic approaches where building blocks are pre-organized prior to the

polymerization by irreversible bond formation [1.22b].
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Figure 1.4: Possible mechanistic steps during the formation of imine based 2D COF.

In general, the formation of amorphous materials by irreversible covalent bond formation
is thermodynamically favorable. Therefore, microscopic reversibility during the covalent bond
formation is a necessary condition for the formation of extended crystalline solid. In addition, the
reaction rates should be such that it permits the self-correction of defects generated by initial
polymerization. So, the finding of optimized reaction conditions (solvents, temperature, pressure,
time, catalyst, modulator etc) for the reversibility is a challenge for COF researchers. This has
been realized by choosing reversible condensation reactions like boronic acid trimerization
[1.22], boronated ester formation [1.25], nitrile group trimerization [1.26] and Schiff base
reaction [1.27] for COF synthesis. By controlling the concentration of the by-product (generally

water) and pressure, it is possible to control the microscopic reversibility of the reaction.

In order to improve the COF materials quality i.e. crystallinity, porosity, surface area,
crystallite size etc, it is necessary to understand the nucleation and growth process during the
COF synthesis. The better understanding of the kinetics of polymerization and crystallization
process will help for the improvement of the quality of COFs materials. Dichtel and coworkers,
first time, studied the formation of boronate ester based COF from their completely soluble
monomers by optical turbidity measurements and showed the effect of water addition in the

improvement of crystallinity by hydrolyzing the initially formed oligomers precipitate to its
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parent building blocks [1.28a]. Also, they showed that the addition of monofunctional catechol as
a competitor during the polymerization reaction slows down the rate of COF formation but
unable to increase the crystallite size. Bein and coworkers, first time, successfully exhibited the
role of a modulator (competitor, here mono-functionalized boronic acid) to increase the
crystallinity of COFs and further functionalize the COF surface [1.28b]. In another report,
Banerjee and coworkers also showed the role of monohydrate p-toulenesulfonic acid
(PTSA.H,0) as a modulator to form highly crystalline COFs via the mechanochemical method in
a few minutes [1.28c]. Here, monohydrate PTSA not only acts as a solid Bronsted acid catalyst
for the Schiff base reaction but also acts as a water reservoir to gain the reversibility by
controlling the amount of water in the reaction. Dichtel and coworkers also synthesized highly
crystalline COFs at room temperature within a few minutes (10-30 min) by using metal triflates
especially, Sc(OTf); as water resistant Lewis acid catalyst [1.28d]. Another approach to improve
the COF crystallinity has been to design monomers which will pre-organize to form periodic
order structures. In this respect, Banerjee and coworkers used 2,5-dihydroxy terephthaldehyde
for the Schiff based COF synthesis where the H-bonding between the newly formed imine N and
the —OH group co-planarized the whole structure, and hence enhanced the stacking of 2D layers
resulting improved crystallinity and surface area [1.28e]. Similarly, Lotsch and coworkers also
able to minimize the dihedral angle by introducing N atom of the central ring of 1,3,5-triphenyl
benzene based COFs to planarized the whole structure for better stacking and therefore better
crystallinity [1.28f]. Jiang and coworkers also showed the improve COFs crystallinity by
minimizing the repulsion caused by the same polarity of imine bonds (C=N) between the pi-pi
stacking layers via introducing methoxy groups in the building blocks [1.28g]. Here oxygen lone
pairs are conjugated with the imine bond causing less charge separation in imine bond, which
helps in stacking the 2D layers, resulting in good crystallinity. In another way, the same group
minimized the repulsion between the layers by using terephthaldehyde and its perfluorinated
analogs for mix link COF synthesis [1.28h]. They suggested that the pi-pi stacking force was
greatly improved between the electron rich benzene in one layer and electron deficient benzene
in another. Salonen and co-workers also showed that the cancellation of dipole moments in the
building blocks can help to get better crystalline COF materials [1.28i]. Recently, Bein and

coworkers introduced propeller like monomer (tetraphenyl ethylene units) which stack in a
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distinct way to give a better chance of fusion between grain boundaries of COFs resulting good

crystalline COF materials [1.28]].
1.4 Types of reversible reaction used for the synthesis of COFs
1.4.1 Boronic acid trimerization reaction:

In 2005, Yaghi and coworkers introduced a new class of emerging materials, known as
Covalent Organic Frameworks, by synthesizing first COF (COF-1) from the self condensation
reaction of 1,4-benzene diboronic acid to form boronic acid anhydride (boroxine) based
crystalline two dimensional frameworks (Figure 1.5a). After that many boroxine based COFs
have been synthesized e.g COF-102, COF-103, PPy-COF [1.22]. Due to the high reversibility of
this self-condensation reaction, boroxine based COFs exhibit high crystallinity and porosity, but

at the same time low chemical stability.

1.4.2 Boronate ester formation reaction:

Yaghi and coworkers, for the first time, showed that the condensation esterification
reaction between boronic acid and aromatic diols was reversible and used it for the synthesis of
boronate ester based COFs (Figure 1.5b) like COF-5, COF-8, COF-10 etc [1.25]. The generated
boronate ester five member ring (C,0,B) is completely planar with the building block motif.
These frameworks exhibit high crystallinity and surface area due to the high reversibility of the
esterification reaction. The major drawback of these kinds of frameworks is its low chemical
stability.

1.4.3 Aminoborane trimerization reaction:

El-Kaderi and coworkers have successfully synthesized crystalline borazine based
polymer BLP-2(H) by the thermal decomposition of 1,3,5-(p-aminophenyl)-benzene-borane in
solvothermal condition (Figure 1.5c). The borazine based COFs exhibit high thermal stability
(~420 °C) and high surface area (SAger = 1178 m?g™). It also showed high hydrogen uptake of
2.4 wt% at 77 K and 15 bar along with isosteric heat of adsorption of 6.8 kJ mol™ [1.29].

1.4.4 Schiff base reaction:

One of the major breakthrough in early COF chemistry was the introduction of the
reversible Schiff base reaction (Figure 1.5d) in the synthesis of COFs by Yaghi et al. They
successfully synthesized first three dimensional COF-300 by the Schiff base reaction between
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Figure 1.5: Different reversible organic reaction used for the synthesis of COFs.

tetra-(4-anilyl) methane (Td) and terephthaldehyde (C2) [1.27]. After this seminal works, many
Schiff based 2D COFs (e.g COF-42, COF-43, COF-366, COF-LZU-1 etc) have been synthesized
by using symmetry combination like C3 + C2 or C3 + C2. Many acid catalysts [aqueous acetic
acid, BF3.Et,0, Sc(OTf)3, PTSA] have been used for the complete reversibility of the Schiff
based reaction. As these imine based COFs have moderately high hydrolytic stability than other
boron based COFs, they were found more practical applications like catalysis, gas storage and
separation, energy application and others. However, at very high acidic or basic condition the
imine based COFs decomposed into its monomers.

1.4.5 Hydrazone Reaction:

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 12



Chapter 1 Covalent Organic Frameworks:..........

After the synthesis of imine based COFs by Yaghi et al., the same group explored
hydrazone reaction for the synthesis of hydrazone link COFs (COF-42 and COF-43) from their
respective monomers (Figure 1.5e). This new linkage reaction generates crystalline COFs with
high surface area, and high chemical stability [1.30a]. Due to its high chemical stability towards
solvents, Dichtel and coworkers exfoliated these 2D layered hydrazone based COFs into few
layer 2D polymer in bulk [1.30Db].

1.4.6 Azine Reaction:

Jaing and coworkers explored new linkage reaction by synthesizing azine based COFs via
the condensation of hydrazine and 1,3,6,8-tetrakis(4-formylphenyl)pyrene (Figure 1.5f) [1.31].
The reaction condition is similar like imine based COF synthesis. Due to the periodically order
pyrene columns and one dimensional porous channel structure, this COF showed highly
luminescent properties and used as sensor for explosive like 2,4,6-trinitrophenol detection. After
this seminal work, many azine based COFs have been synthesized by using hydrazine and Cs-
symmetric trialdehydes. These azine based frameworks showed good crystallinity, high porosity
and high chemical stability. Synergetic effect of chemical stability and order porous structure
make them better materials for practical application in sensing, catalysis and other field.

1.4.7 Phenazine Reaction:

Jiang and coworkers were able to synthesize phenazine based 2D covalent organic
frameworks by the condensation of triphenyl heaxamine (TPHA) and tert-butyl pyrene tertalone
(PT) in solvothermal condition (Figure 1.5h) [1.32]. The tert-butyl groups increase the solubility
of the monomer to maintain the chemical reversibility during the polymerization. Unlike imine
based COFs, these phenazine based COFs were chemically robust and at the same time fully
conjugated and permanently porous. Unlike conjugated microporous polymer (CMP), phenazine
based COFs are crystalline in nature and can be used as molecular motif for designing ordered
fully conjugated polymeric system. By the virtue of their high chemical stability, extended pi
conjugation and permanently porous structures, these phenazine based frameworks can be used

in organic electronics, energy storage, and fuel cell.
1.4.8 Trimerization of nitriles:

Thomas and coworkers in 2008, were able to synthesize first Covalent triazine based

frameworks (CTF-1) ionothermally from the trimerization of aromatic nitrile in presence of
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molten ZnCl; at 400 °C (Figure 1.5i) [1.33]. The molten ZnCl; used not only acts as solvent but
also as Lewis catalyst for this reaction. Due to the high chemical and thermal stability and high
concentration of basic nitrogen, CTFs found many practical applications like CO, uptake, energy
storage and conversion etc. However, the harsh reaction condition (400 °C) for CTF synthesis

limits the uses of the organic molecules as building blocks.
1.4.9 Polymerization of Nitroso Compounds:

Wouest and coworkers have described the polymerization of nitroso compounds in mild
condition to form monocrystalline azodioxy frameworks e.g. NPN-1, NPN-2 and NPN-3 (Figure
1.5j) [1.34]. The azodioxy bond is quite ionic in character and its bond dissociation energy is in
between 20-30 kcal/mole, which is quite less than pure covalent bonds. This gives the
opportunity to self correct the initially formed polymeric networks into order crystalline
frameworks. Oxidizing the initially synthesized hydroxyamines into nitroso compounds by
Feriton’s reagent followed by filtering and keeping the solution at room temperature gives large

crystals of azodioxy networks.

1.4.10 Cycloaddition Reaction:

Both Schliter and King groups successfully synthesized two-dimensional polymeric
crystal by photochemical reversible [4 + 4] cycloaddition reactions of properly designed
anthracene based monomers (Figure 1.5k) [1.35]. These 2D crystalline frameworks are also
easily exfoliated into nano-meter thin sheets which can be used as membrane and optoelectronic

application.

1.4.11 Imidization Reaction:

In general imidization reaction is irreversible and it generates amorphous polyimide
polymer of high thermal and mechanical stability. With proper choice of reaction condition,
imide bond formation reaction can also become reversible. Yan and coworkers synthesized a
series of 2D and 3D polyimide COFs (PI-COFs) via imidization reaction and showed their ability
to dye absorption for temperature sensitive luminescent property and drug delivery (Figure 1.51)
[1.36].

1.4.12 Knoevenagel Condensation Reaction:

Feng and coworkers, for the first time, synthesized 2D fully conjugated olefinic linkage
(C=C) frameworks by Knoevenegal polycondensation reaction of 1,4-phenylene diacetonitrile
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and C3 symmetric aldehyde (Figure 1.5m) [1.37]. The generated carbanion intermediate partly
stabilized by cyano groups making the Knoevenegal reaction quasi reversible. The synthesized
layered crystalline 2D poly(phenylenevinylene) framework (2DPPV) have an optical band gap of
2.10 eV, less than the non-conjugated counterpart. These COFs further used for the preparation

of porous carbon nanosheets for supercapacitor and electrocatalysis (ORR) applications.

1.4.13 Michel Addition-Elimination Reaction:

Perepichka and coworkers introduced dynamic polymerization based on Michel addition
and elimination reaction between B-ketoenols and aromatic amines for the synthesis of novel 2D
conjugated COFs (Figure 1.5n) [1.38]. The synthesized COFs having chemically robust olefinic
(C==C) bond which is extended conjugated with the aromatic system. Unlike imine (C=N) bond,
the olefinic (C=C) bond has low polarity and enable efficient m-delocalization between
connecting molecular units. These B-ketoenamine based COFs showed good chemical stability
due to the intramolecular C=O~"HN hydrogen bonding as mentioned by Banerjee and
coworkers. Additionally, the m-conjugation significantly reduced the band gap (1.8-2.2) and
showed solid state luminescence. These COFs have been used to directly detect the triacetone

triperoxide (TATP) explosive via fluorescence quenching.

1.4.14 Orthogonal reaction:

Zhao and coworkers, for the first time, introduced the idea of orthogonal reaction for the
synthesis of double stage COFs. They were able to do two different reactions e.g. imine and
boroxine parallelly to synthesized NTU-COF1 and NTU-COF-2 (Figure 1.50) [1.39]. The main
challenge was the design of the monomers and finding the proper reaction conditions where both
the reactions will be reversible. They simultaneously used 4-formyl phenyl boronic acid (FPBA),
a C3 symmetric amine (TAPB) and a C3 symmetric diols (HHTP) to form three components
NTU-COF-2 in solvothermal condition. At high temperature, boronic acid reacts with diols to
form boroxine ring and aldehyde reacts with amine to form imine bond. This strategy shows the
synthetic feasibility for generating complicated COF based system using multi-component

reaction in near future.

1.5  Basic symmetric rules of combination

MOFs and COFs are the ideal examples of materials whose topology can be designed
from the symmetry of the building blocks. In order to build a rigid crystalline frameworks from
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Figure 1.6: Schematic representation of different organic symmetric combination used in COF
framework construction.
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their building blocks (linkers and knots), it is necessary that the building blocks should

maintained their rigidity during the polymerization. In addition, to make close porous structures,

the building blocks should follow some basic symmetric rules of combination. According to the
direction of reactive groups, they were classified different symmetric groups like 2D-C,, 2D-Cs,

2D-C,4, 3D-T4 and 2D-Cg. Only some combinations are possible to generate a closed pore with

(a) Boronic acid units
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Figure 1.7: Different boronic acid based building blocks used for the synthesis of boron based COFs.
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2D or 3D extended structure. For example, (2D-C, + 2D-C,), (2D-C, + 2D-C3) and (2D-C3 + 2D-
C3) can lead to 2D-COFs with hexagonal pores (Figure 1.6a-c). Again, (2D-C4 + 2D-C,) can lead
2D-COFs with rectangular pore (Figure 1.6d). On the other hand, (2D-Cg + 2D-C,) will give 2D-

(b) Catechol units
R
HO. OH HO OH HO OH \l/
20®
HO OH HO OH HO
R

R =H; Me; Et; Pr

HO  OH
M = Ni and Zn oxo
M = 2H and Ni

Figure 1.8: Different catechol based linkers used for the synthesis of boron based COFs.
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COFs with triangular pores (Figure 1.6f). Moreover, (3D-Tq + 2D-C;) can also generate 3D-
COFs with diamondoid structures. Other combinations like (3D-Td + 2D-C3), (3D-Td +3D-Td)
will give 3D-COFs with different crystalline space groups which are hard to ascertain. Also, the
combination of four armed C, (D) and two armed C; can lead to the 2D-COFs with dual pore
kagome structure or rhombic-shaped skeletons (Figure 1.6e, g). Some asymmetric building
blocks can also lead to the hexagonal structure with the dual pore. Recently, triple pore with
kagome structure has been derived from C2 + C2 combination of one knot and two different
linkers [1.40].

(c) Aldehyde units

R = H; F; OH; OMe R= OH. OMe

CHO
X=H;N

CHO CHO

i }‘OHC O O CHO
OHC NN
" s
MeO CHO
- Q O O CHO

Figure 1.9: Different aldehyde building units used for the synthesis of imine based COFs.
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(d) Amine units
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Figure 1.10: Different amine linkers used for the synthesis of imine based COFs.
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(e) Other units
CN CONHNH,
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~
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~o o Yo
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Figure 1.11: Other linkers used for the synthesis of COFs.

1.6 Synthetic methods

Most of the amorphous organic polymers were synthesized by the irreversible reaction
through the kinetically control medium. So the structural characterization is difficult for these
amorphous polymers. On the other hand, COFs are synthesized by reversible covalent bond
formation reactions through thermodynamic control condition [1.22b]. To attain the
thermodynamic reversibility, researchers utilized diffident reaction conductions for a different
type of COFs. Finding the proper conditions for a specific reaction is a trial and error method, by
changing the concentration of the reactants, solvent combination and ratio, temperatures,
catalysts, templates, modulator and others. Here, we discussed six different methods largely used
for the COF synthesis; a) Solvothermal, b) Microwave, c) lonothermal, d) Mechanochemical, e)
Growth on the surface and f) Room temperature (Figure 1.12). Other than these, air-liquid
interfacial [1.41 and 1.42] and continuous flow synthesis [1.43] of COF has been recently

reported.
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Figure 1.12: Different synthetic methods used for the synthesis of COFs.

1.6.1 Solvothermal Synthesis

The solvothermal reaction was widely utilized for COFs synthesis. Yaghi and coworkers,
for the first time, introduced the solvothermal synthesis of boroxine (COF-1) and boronated ester
(COF-5) based COF synthesis [1.22a]. The microscopic reversibility is controlled by the choice
of the solvents and their ratios, temperature, pressure, catalyst, time and presence of the template.
In general, a combination of polar and non-polar high boiling solvents used to optimize the
solubility of the reactants to control the equilibrium. Completely soluble and completely
insoluble reaction medium always give amorphous polymers. In most of the COF reactions, the
side product is water and its amount determines the reversibility of the reaction. Due to this, the
pressure inside the reaction tube maintains very low (50 to 150 mbar) and at least two-third of the

reaction tube remains vacant. The whole reaction is done in a closed sealed tube, so the water

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 22



Chapter 1 Covalent Organic Frameworks:..........
cannot remove from the reaction medium (Figure 1.13). Generally, most of the COF reactions

were carried out at high temperature (80 - 200 °C) and long time (3-7 days), depending on the
type of reactions. The high temperature and long reaction time favored the formation of the more
stable crystalline product (thermodynamic control product) rather than cross linked amorphous
polymer (Kinetic control product). In order to attain the equilibrium faster, depending upon the
reaction types, few catalysts like aqueous acetic acid, pTSA.H,O; BF3.Et,0; Sc(OTf)s;
isoquinoline etc. have been used in COFs synthesis. The main disadvantages of the solvothermal
method are i) long reaction time and ii) the powder form of COFs which hinder its use in device

applications.

ng«\SOIvents
-

Vacuum

» ﬁLﬁLﬁi

Mixed by  Freeze-pump- Sealing Heating Tube Washing
Sonication thaw cycles breaking & drying

Reactants

»

Figure 1.13: Different steps involved in the Solvothermal COF synthesis.

1.6.2 Microwave Synthesis

Cooper and coworkers, for the first time, introduced the microwave synthesis for the
boronate ester based COFs [1.44a]. It has many advantages over solvothermal, (i) it's reduced the
reaction time, so large scale synthesis is possible; (ii) improved yield and porosity due to the
complete reaction and efficient removal of the impurities and residue trapped inside the

frameworks respectively, (iif) No need of sealed tube which simplified the COF synthesis [1.44].

1.6.3 lonothermal Synthesis

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 23



Chapter 1 Covalent Organic Frameworks:..........

Thomas and co-workers have introduced ionothermal method for the synthesis of
covalent triazine frameworks (CTFs) [1.45]. They used cyclotrimerization of aromatic nitrile
compounds (1,4-dicyanobenzene) in presence of molten ZnCl; at high temperatures (400 °C). At
this high temperature, ZnCl, has been melted and acts as a solvent as well as Lewis acid catalyst.
This reaction is partially reversible and therefore it gives less crystalline products compared to
Schiff based and boronic acid based COFs [1.45]. Due to the use of very high temperature, very
limited organic building blocks are available for the COF synthesis.

1.6.4 Mechanochemical Synthesis

The mechanochemical method has also been used for the COFs synthesis. Banerjee and
coworkers, first time, have synthesized keto-enamine based COFs (TpPa-1, TpPa-2, and TpBD)
via mechanochemical (or liquid assisted) grinding method [1.46]. Although it has many
advantages (like solvent free, less reaction time, scalable large production, cost effective) over
solvothermal, the COFs quality (crystallinity and porosity) is not good compared to solvothermal
synthesized COFs.

1.6.5 Room temperature Synthesis

Bein and coworkers have synthesized 2D COFs (COF-5 and BDT-COF) as thin film via
room temperature vapour assisted conversion technique [1.47]. They used acetone and/or ethanol
solution of the reactants and drop cast on to a glass subtracts. Then, the glasses subtracts were
kept into a desiccator along with a vial containing (1:1) volumetric mixture of mesitylene and
1,4-dioxane. The slow diffusion of the solvents into the reaction medium lead to the complete
coverage of the glass subtract by COFs after 72 h. The thickness of the films controlled by the
concentration of the reactants. Recently, Dichtel and co-workers also showed that imine linked
COFs can be synthesized at room temperature (20 °C) in presence of metal triflates (especially,
Sc(OTf)s] as Lewis acid water tolerant catalyst [1.47]. Zhao and coworkers, very recently,
reports the synthesis of imine based COFs by continuous flow method at room temperature

[1.48]. This method opens up the large scale synthesis of COFs.
1.6.6 Growth of mono and multilayer COFs on surface

Bulk synthesis of COFs as powder form has limited its application in many fields like
optoelectronics, energy storage, and conversion etc. So researchers have developed techniques to

synthesize a single layer COF on support like HOPG and metal surfaces [Ag(111)] by the

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 24



Chapter 1 Covalent Organic Frameworks:..........
condensation of the building blocks in UHV condition at high temperature [1.49a]. In this

method, building blocks were either solubilized and deposited on support for further heating in
an autoclave or sublimated in presence of a water reservoir (CuSO4.5H,0) under ultra high
vacuum. The surface morphologies pore structures and defects were characterized by scanning
tunneling microscopy (STM).

It is also possible to grow a thin film of COFs on conducting substrate by in-situ solution
based synthesis of COF thin films on supporting subtract. Dichtel and coworkers able to
synthesized oriented 2D COF films on single layer graphene supported by SiO, (SLG/SiOy)
(Figure 1.14). During the solvothermal synthesis of COFs, they kept SLG/SIO, support in the
reaction medium to grow COF films onto it. Finally, highly crystalline vertically aligned COF

films were found by grazing incidence X-ray diffraction studies [1.49b].
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Figure 1.14: (a) Synthesis of COF-5 on the surface of few layer graphene. (b) & (c) STM images of COF-
1 and (d) STM images of COF 10 on HOPG surface. [Reprinted with permission from Ref. [1.49b],
Copyright Science, 2010].

1.7  Applications of COFs

By virtue of its high porosity, order predesigned structure, and easy functionalization,
COFs have found many applications in gas storage, gas separation, catalysis, energy storage,
photoconduction, sensing and many others (Figure 1.15). Due to its robust porous structure with
low density, COFs have been widely used in gas storage purpose. Many gases like H,, CH4, CO;
and NH; etc can be stored in COFs. The control over the pore sizes, high chemical stability, and
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good mechanical stability makes them better materials for membrane based gas/molecules/ions
separation. The easy pre or post functionalization of COFs with catalytic sites makes them better
heterogeneous catalysts or electrocatalyst by incorporating redox active functionality or metal
ions. Also the high surface area, tunable pore size (micro or meso) and extended n-conjugated
structure make them better materials for energy storage purpose such as supercapacitor and
battery. In addition, the 1D porous channel structure of COFs helps to transport ions (like H”,
Li*, Na*, OH" etc) and can be used as solid electrolytes in fuel cell and battery. Moreover, the 2D
layer columnar structure of COFs offers a good platform for photoconduction and
semiconduction applications. Among many applications of COF, some selected important

applications of are listed below.

#  Proton
' conduction

Figure 1.15: Various applications of COFs such as gas storage, photo-conducting materials,
heterogeneous catalysis, energy storage, separation and drug/bio molecules storage.
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1.7.1 Gas storage application

COFs are considered as ideal nanoporous materials for gas storage application due to its
low density, high surface area, high pore volume and comparable pore size with guest gas
molecules. Especially 3D COFs showed high gravimetric gas uptake capacities due to its
exceptionally low mass density. Moreover, the pore can be functionalized by suitable groups
(like acidic or basic) for better interaction with gas molecules. Theoretical studies suggest that
COFs doped with alkali metals could improve the gas uptake capacity significantly. Gases like

H,, CH,4, CO,, and NH3were adsorbed in COFs are summarized below.
1.7.2 Hydrogen storage:

To reduce the uses of fossil fuel, scientists have searched for clean energy sources with
high energy density. Hydrogen is one of the alternatives for that and it is also environment-
friendly. The US Department of Energy (DOE) has set the target of H, storage for 2017 to be 5.5
wit% at a temperature of -40 to 60 °C and a maximum pressure of 100 atm. Till now, many
porous materials have been tested for H, storage. There are two ways to increased H, uptake in
COFs; (i) Increasing the surface area and pore volume without changing the optimum pore size
and (ii) metallation of the COFs by ions like Li*, Ca**, Sc*, Pd** etc. Therefore, COFs having a
very high surface area (> 3000 m?g™), optimized pore size (in between 0.7-1.2 nm) and high
density of metal ion (like Li*, Ca?*, Sc**, Pd®* etc) can reach the DOE target. In this regards, 3D
COFs like COF-102 and COF-103 showed the highest H, uptake of 7.24 and 7.05 wt% at 77K
and 85 bar, which is comparable to MOF-5, MOF-177 and PAF-1 [1.50a]. Among 2D COFs,
COF-10 (Sger = 1760 m?g™) showed the highest H, uptake of 3.9 wt% at 77K and 85 bar
[1.50b]. Various theoretical and experimental studies show that metal ion (like Li*, Ca®*, Sc**,
Pd** etc) doped COFs can exceptionally increase the H, uptake and meet the DOE target at
ambient temperature. As for example, lithium ion intercalated COF-105 and COF-108 exhibit H,
uptake of 6.84 and 6.73 wt% respectively at 100 bar and 298 K [1.51]. The reason for the high H,
uptake might be the dative bond formation between the lithium ion and hydrogen molecules. In
another similar report, Pd-doped COF, COF-301-PdCl,, can exceed the DOE target at room

temperature.
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[Reprinted with permission from Ref. [1.37], Copyright American Chemical Society, 2009].

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

reported in the literature.

BET Surface H, uptake CO, uptake CH, uptake
COF Name - ) ) References
area (m°g") (wt%) (mg g™) (mg g™)
COF-102 3620 7.24 1200 187 1.23
COF-103 3530 7.05 1190 175 1.23
COF-10 1760 3.92b 1010 80 1.37
CTC-COF 1710 1.12 — — 1.38
COF-5 1670 3.58b 870 89 1.37
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COF-8 1350 3.50b 630 87 1.37
COF-18A 1263 1.55 (1 bar) — — 1.28e
COF-14A 805 1.23 (1 bar) — — 1.28e
COF-16A 753 1.40 (1 bar) — — 1.28e

COF-6 750 2.26 310 65 1.37

COF-1 628 1.28 (1 bar) — — 1.37
COF-11A 105 1.22 (1 bar) — — 1.28e

1.7.3 Methane storage:

Methane, major component of natural gases, is abundant, cheap and an alternative to the
fossil fuel for clean energy. But finding a safe and effective storage medium for methane storage
at ambient temperature and pressure is a challenge for researcher. The current US DOE target for
methane storage is 180 (v/v) at 298K and 35 bar. The basic criteria for high methane uptakes in
porous materials are (i) High sorption capacity, (ii) Good adsorption enthalpy and (iii) An
efficient charge—discharge rate. Many porous materials like zeolites, MOFs etc have been widely
tested for methane storage. Like H, uptake, CH, uptake also depends on the surface area and the
density of the metal ions (like Li* etc) doped inside COFs. Among COFs, 3D COF-102 and
COF-103 showed the highest gravimetric methane uptake of 187 mg g* and 175 mg g*
respectively at 35 bar and 298K [1.52]. Wang and coworkers, theoretically, shown that the
lithiated 3D COF-102 and COF-103 exhibited gravimetric methane uptake of 303 and 295
V(STP)/v respectively at 298K and 35 bar, which is more than double from their parents COF-
102 (127 v(STP)/v) and COF-103 (108 v(STP)/v). These improvement of the uptakes attributed
to the increased induced dipole interaction and London dispersion forces between methane

molecules and doped lithium ions.
1.7.4 Carbon dioxide removal:

Carbon dioxide (CO,) is considered as major contributor to the global warming. Scientists
are developing porous materials for their storage and sequestration. Various porous materials
such as porous carbon, silicas, zeolites, MOFs have been widely used for CO, uptake. Yaghi and
coworkers, first time, used a series of COFs for CO, uptake and found that COF-102 exhibits the
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highest uptake of 27 mmol g™ at 298 K and 35 bar, which is higher than the uptake of both
zeolites (5-8 mmol g*) and MOF-5 (22 mmol g [1.52]. Calculation shows that the lithium ion
doping can increased significantly the CO, uptakes e.g. lithium doped COF-102 and COF-105
showed a CO2 storage capacity of 409 and 344 mg g™ respectively, which is eight and fourfold
increase of CO, uptake than their pristine COFs [1.53]. Further improvement of CO, uptake
done by Thomas group by synthesizing triazine based COFs such as CTF-1 by ionothemal
method. The high CO, uptake capacity for triazine based, azine based and imine based COFs
arises due to the dipole-induced dipole interaction of polar functional groups and the CO,
molecules inside the frameworks and their sub-nanometer (< 1 nm) pore which selectively
adsorbed CO, over N, and CH, [1.54]. Further, Jiang and coworkers successfully post

synthetically modify the COFs for enhancing the CO, uptake capacities [1.55].
1.7.5 Ammonia storage:

Ammonia is widely used for the production of fertilizer and therefore suitable storage

medium is necessary for safe storage and transportation purpose of both liquid and gaseous
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Figure 1.17: (a) Ammonia adsorption isotherms of COF-10 powder (black) and tablet (blue). (b) Lewis
adducts formation between ammonia and boronate ester. [Reprinted with permission from Ref. [1.56],
Copyright Nature Chemistry, 2010].

ammonia. As the handing of liquid NHs is very risky due to its toxicity and corrosive nature,
scientists have searches for various porous materials to reversibly adsorbed gaseous ammonia for
safe storage and transportation. Yaghi and coworkers have successfully synthesized boroxine and
boronated ester based COFs for better storage of gaseous ammonia. The boronate ester COF-10,
synthesized by the condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 4,4°-
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biphenyldiboronic acid (BPDA), exhibited the highest ammonia uptake of 15 mol kg™ at 1 bar
and 298K [1.56]. The electron deficient Lewis acidic boron center strongly binds with the basic
ammonia molecules via Lewis acid-base interactions. Due to the reversible nature of these

interactions, the adsorbed ammonia can easily be recovered by heating of the porous materials.
1.7.6 Heterogeneous catalysis

Being a part of porous crystalline solid framework family and its insolubility, COFs are
ideal materials for the heterogeneous catalyst. Its modular nature enables us to design COFs with
suitable catalytic sites with tunable pore size. Their high surface area and an optimized pore size
can control the reactivity and selectivity of a catalysis reaction. But to use these COFs as a
heterogeneous catalyst, it should be chemically robust. Wang and coworkers synthesized imine
based COF-LZU1 and loaded Pd(Il) in between the adjacent layer and bonded to the imine
nitrogen. The Pd/COF-LZU1 tested for the Suzuki-Miyaura C-C coupling reaction. The broad
scope of the reactants, high yields (96-98 %), short reaction time, less catalyst loading, high
stability and easy to recycle makes it better heterogeneous catalyst than other porous materials
[1.57a]. Zhang and coworkers also synthesized metal free porphyrin based H,P-Bph-COF from
Schiff base reaction of 5,10,15,20-tetra(p-aminophenyl)porphyrine and 4,4'-biphenyldialdehyde.
This porphyrin based COF showed high yield for Suzuki coupling reaction in mild condition
[1.57b]. Banerjee and coworkers showed the use of chemically stable Pd(0)/TpPa-1 and
Pd(I1)/TpPa-1 in Heck and Suzuki coupling reaction [1.57c]. In another report, this keto-enamine
based COF (TpPa-1) was loaded with (AuCl,. 3H,0) precursor by simple stirring and incubation
process and subsequent reduction with sodium borohydride (NaBH,) to afford Au nanoparticles
doped TpPa-1(Au/TpPa-1) [1.57d]. This (Au/TpPa-1) showed good catalytic activity towards the
reduction of 4-nitrophenol. Again they have synthesized bifunctional 2,3-DhaTph COF for
cascade reaction which involved the hydrolysis of dimethyl ketal to afford the corresponding
aldehyde which further reacts with malononitrile through Knoevenegal condensation reaction to
give the final product [1.57e]. Yan and co-workers have successfully synthesized base
functionalized BF-COF-1 and BF-COF-2 from Schiff base reaction between 1,3,5,7-
tetraaminoadamantane (TAA) and 1,3,5-triformylbenzene (TFB) for (BF-COF-1) or
triformylphloroglucinol (TFP) (for BF-COF-2) respectively. These COFs showed high
conversion yields, efficient size selectivity, and good recyclability for Knoevenegal condensation

reaction [1.57f]. More recently, Jiang and coworkers were able to synthesized alkyne
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functionalized [HC=C]x-H,P-COFs and reacted it with pyrrolidine azide to give [Pyr]x-H.P-
COFs which contain hanging chiral pyrrolidine moieties and used as chiral organocatalysts for
asymmetric Michael addition reaction [1.57g]. In another report, the same group also synthesized
mix link [HC=C]x-TPB-DMTP-COF by three component reaction of 1,3,5-tris(4-aminophenyl)-
benzene (TPB), 2,5-bis(2-propynyloxy)terephthalaldehyde (BPTA) and 2,5-
dimethoxyterephthalaldehyde (DMTA) in solvothermal condition. Further modification of the
pore through click reaction with pyrrolidine azide give [(S)-Py]x-TPB-DMTP-COFs [(S)-Py, (S)-
pyrrolidine] where hanging chiral pyrrolidine moieties are responsible for asymmetric C-C

coupling reaction in neat water at ambient condition (25 °C and 1 bar) [1.57h].
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R-CH = CH-R’ R-CH=CH, + R'-X
Au@TpPa-1 Pd@TpPa-1

Figure 1.18: (a) Schematic representation of synthesis of nano particle loaded COFs. (b) and (c)
Catalysis performed by nano particle immobilized COF-TpPa-1. [Reprinted with permission from Ref.
[1.57(c-d)], Copyright Royal Society of Chemistry, 2014-15].

1.7.7 Photoelectric and semi conduction applications
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The efficient n-n stacking, order pore for high mobility of charge carriers (hole or
electron) and the molecular control of the arrangement of donor and acceptor moieties make 2D
COFs good materials for the organic solar cell. Jiang and coworkers synthesized PPy-COF from
the self-condensation of pyrene diboronic acid and shown its ability towards photoconductivity
upon irradiation with visible light (Figure 1.19) [1.58a]. Similarly, TP-COF, formed by the
condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and pyrene diboronic acid
(PDBA), showed luminescent property and p-type semiconductive behavior because of the
eclipsed arrangement of pyrene and triphenylene units. Yaghi and coworkers synthesized
porphyrin based p-type semiconductor COF-366, formed by the Schiff base reaction between
tetra(p-amino-phenyl)porphyrin and p-phenylenediamine, which showed highest charge carrier
mobility value of 8.1 V* s cm? among all the 2D-COFs [1.27d]. Donglin Jiang et al. have also
formed three porphyrins containing COFs, with different metal ions (Zn®* and Cu®*) at the
porphyrin system via boronate esterification reaction (Figure 1.19c) [1.58c]. These COFs were
highly crystalline with tetragonal pore structure created by the eclipsed stacking. Due to the
different electron densities, the flash photolysis time resolved microwave conductivity
measurement shows different charge transport behavior in these three COF. The metal ions
present in the COF layers significantly affect the charge transfer properties. The metal free
porphyrin COF (H,P-COF) shows hole transport capabilities, where as the Cu®* doped porphyrin
COF (CuP-COF) shows electron transport ability (Figure 1.19c). The Zn?* doped porphyrin COF
(ZnP-COF) showed ambipolar characteristics [1.58c]. Bein and coworkers have synthesized
thiophene based TT-COF by co-condensing thieno[3,2-b]thio-phene-2,5-diyldiboronic acid
(TTBA) and hexahydroxytriphenylene (HHTP) [1.58d]. These TT-COF infiltrated with PCBM
used to make a photovoltaic cell ITO/TT-COF: PCBM/AI with an efficiency of 0.053 and open
circuit voltage of 0.62 V. Later on Jiang and coworkers integrate donor and acceptor building
blocks in COF to form layered periodic structure of donor and acceptor molecules (D-A COFs).
They synthesized D-A COF by condensation of 2,1,3-benzothiadiazole-4,7-diboronic acid
(BTDADA) and hexahydroxyterphenylene (HHTP) [1.58e]. The vertically ordered p-n
heterojunctions with large donor—acceptor interface significantly increase the photoconductivity
of the material. The flash photolysis time-resolved microwave conductivity measurement of this

D-A COF showed both holes and electrons mobilities of 0.04 and 0.01 Vs cm? respectively.
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Figure 1.19: (a) Schematic representation of device set up used for the measurement of the photocurrent
of TP-COF-.(In the device COF powders (blue) were sandwiched between two electrodes). (b) I-V profiles
as-synthesized TP-COF (blue) and iodine doped TP-COF (red). (c) Hole (u,) and electron (l) carrier
mobilities of H,P-COF (blue), ZnP-COF (green) and CuP-COF (red). [Redrawn with permission from
Ref [1.58b,c], Copyright with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2009
and 2012].

1.7.8 Energy storage

Owing to the high surface area, tunable pore size and ability to control the functionality,
COFs are regarded as ideal electrode materials for energy storage purpose. They have been used
as both active electrode materials for battery and electrochemical capacitor (Supercapacitor).
Dichtel and co-worker introduced redox active anthraquinone moieties into the keto-enamine
based DAAQ-TFP COF and used as capacitive energy storage materials [1.59a]. Due to the high
chemical stability, high surface area and the presence of redox active groups, it shows specific
capacitance of 40+9 Fg™* after 5000 cycle. The low capacitance arises due to the low conductivity
of the COF materials which significantly decrease the electrochemical accessibility of the redox
active groups (3%). When the same COF synthesized in orientated thin films of thickness up to

200 nm on the gold surface to enhance the conductivity, it shows an increased areal capacitance
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of 3.0 mF cm 2 compared to 0.4 mF cm 2 for powder COF modified electrode at a current
density of 150 mA cm 2 [1.59b]. Further, the same group improved the capacitance through the
electropolymerization of 3,4-ethylenedioxythiophene (EDOT) inside the porous DAAQ-TFP
COF to give a composite of COF and conductive poly(3,4-ethylenedioxythiophene) (PEDOT)
polymer [1.59c]. This PEDOT-COF composite shows an enhanced volumetric capacitance of
350 Fg* and stable performance after 10000 charge cycles. Shengbin Lei and co-workers
synthesized the imine based DAAQ-TFA on graphene surface to improve the conductivity and
the electrochemical accessibility of redox groups [1.59d]. Tang, Li, and coworkers synthesized
pyridine functionalized TaPa-Py COF and showed redox activity of pyridine groups with a
specific capacitance value of 209 Fg™ along with high capacitance retention (92%) after 6000
cycles [1.59e]. Jiang and coworkers were post synthetically modified the alkyne based
[HC=C]x%-NiP COF (where X = 0, 50, 100) into organic radical based redox active
[TEMPO]100-x)%-NiP-COF  through click reaction. The TEMPO modified COF i.e.
[TEMPO]100%-NiP-COF showed a specific capacitance of 167 Fg™ at a current density of 100
mA g [1.59f].

1.7.9 Proton conduction

The channel structure of COFs has been used for loading and transporting of proton
carrier molecules inside COFs. Banerjee and coworkers, for the first time, showed the proton
conductivity in COFs [1.60a]. They synthesized azo (N=N) functionalized chemically stable Tp-
Azo COF for phosphoric acid loading. The high chemical stability and Lewis basic azo groups in
Tp-Azo COF help to bind phosphoric acid and proton hopping inside the nanochannel. The
HsPO,@Tp-Azo COF exhibit proton conductivity of 9.9 x 10 Scm™ in hydrous condition. To
know the role of the azo groups in proton conductivity, they also synthesized ethylene-based Tp-
Stb COF where azo groups are replaced by ethylene (C=C) groups. The Tp-Stb COF shows very
low proton conductivity after loading with phosphoric acid suggest the importance of azo groups
in proton conduction. They also synthesized sulfonic acid based COF (TpPa-SO3zH) for intrinsic
proton conduction [1.60b]. The sulfonic acid groups are aligned on the two-dimensional (2D)
layers at periodic intervals and promote the proton hopping inside the hexagonal one-
dimensional channel. The intrinsic proton conductivity of TpPa-SOsH was measured as 1.7x10 >
Scm ! at 120 °C under anhydrous conditions. To enhance the proton conductivity, they have also

synthesized a hybrid COF TpPa-(SO3H-Py) by a ligand-based solid-solution approach that
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contains sulfonic acid as the acidic site, as well as pyridine as the basic site, in order to
immobilize acidic proton carrier molecules. Impregnation of phytic acid molecules inside the
framework increases the anhydrous proton conductivity up to 5x10* Scm™ at 120 °C. Such an
approach highlights the advantage and first-time use of hybrid COF for interplaying intrinsic to
extrinsic proton conductivity. In another work, Banerjee and coworkers synthesized bipyridine
based TpBpy-COF via mechanochemically and used as proton exchange membrane [1.60c]. It
showed proton conductivity of 1.4 x 10 Scm™ at 120 °C and an open circuit voltage of 0.93 V.
This clearly indicates the potential of COFs as solid electrolytes in hydrogen fuel cell. Later on,
Jiang and coworkers also synthesized chemically stable imine linked TPB-DMTP-COF by the
Schiff  base  reaction of  1,3,5-tri(4-aminophenyl)benzene  (TPB) and  2,5-
dimethoxyterephthalaldehyde (DMTP). The high loading (up to ~160 wt%) of N-heterocyclic
proton carrier molecules (like triazole, imidazole) into the one-dimensional mesoporous channel
afforded trz@TPB-DMTP-COF and im@TPB-DMTP-COF; which exhibited proton conductivity
of 1.1 x 10° and 4.37 x 10 Scm™ at 130 °C respectively [1.60d].

1.7.10 Separation

By virtue of the designing frameworks shape and their pore size, COFs have been widely
used for selective gas adsorption and separation. The order channel and functionalities of COFs
open the door of adsorption based gas separation. Gao and coworkers successfully synthesized
COF-320 on porous alumina ceramic support and used as a membrane for H,/CH,; and N/H,
separation [1.61a]. The membrane fabrication is done by the functionalization of porous a-Al,O3
support with 3-aminopropyltriethoxysilane and reacts with 4,4'-biphenyldicarboxaldehyde to
form covalent linkage followed by the synthesis of COF-320 on an alumina support. The surface
synthesized COF-320 hold by the grafted a-Al,O3 support by imine linkage. Although they were
able to synthesized thin film COF membrane the presence of a large number of inter crystallite
voids hamper the overall selectivity performance of the membrane. Banerjee and coworkers also
synthesized COF based hybrid membrane with PBI polymers [1.61b]. These hybrid membranes
were highly flexible, thermally and chemically stable and showed moderate selectivity for CO,
IN, and CO, /CH,. Recently, the same group has developed a method to synthesized highly
porous, crystalline, free standing Covalent Organic Framework Membranes (COMSs) over a large
scale length [1.61c]. Due to the high order pore of these membranes (M-TpBD and M-TpTD) it
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does not only show very high permanence for acetonitrile, water but also reject dyes, bacteria,

APIs, organic pollutants, food additive from both aqueous as well as organic solvents.
1.7.11 Drug delivery

Mesoporous materials have widely been used as drug storage and delivery due to its large
pore size (2-50 nm) to incorporate the large drug/bio molecules. Similarly, mesoporous COFs
also can be synthesized by proper choosing of the building blocks. Yan and co-workers used
porous polyimide based 3D-COF (PI-COF-4), formed by pyromellitic dianhydride and 1,3,5,7-
tetraaminoadamantane, for drug loading and control delivery [1.62a]. Due to its high surface area
(SAger = 2403m?g™) with sufficient thermal and chemical stability, it had been used for high (20
wt %) ibuprofen loading and good release control. From UV-Vis spectroscopy, it was observed
that 95 wt % of IBU have been released within six days. Recently, Zhao and coworkers also able
to synthesized biocompatible imine based COFs with different pore sizes and shown the
influence of the pore size to the release of the anti-cancer drug (5-Fluorouracil) in vitro [1.62b].
1.8  Chemical stability of COFs

Real time applications of COFs depend on its stability, processability, easy synthesis,
porosity and other factors. Some practical applications such as (i) gas storage/separation from
natural gases, (ii) CO, removal from flue gases, (iii) H, adsorption for a fuel cell, for that the

chemical stability of the frameworks is essential.

Figure 1.20: Schematic representation of (a) as-synthesized COF (b) partial hydrolysis and release of
monomers into solution upon submersion in water (c¢) completely hydrolyzed COF. [Reprinted with
permission from Ref. [1.63a], Copyright American Chemical Society, 2011].

On the other hands, reversible condensation reactions were used for the synthesis of
COFs (Boronic acid, Schiff base etc) and therefore there is always remains a possibility of

backward reaction to generate its parent components (building blocks) in presence of
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nucleophiles or electrophiles (like H,O, acid, and base) (Figure 1.20) [1.63a]. For this reason,

most of the boronic acid based COFs are hydrolytically unstable and limited their practical uses.

a) Q b)

O-H

N
/
N

-
H-0

R—B*R ; H
c) 0 d) :
<
MeO. N O O 1 NN O O N
‘~ O “mo\me 5@;”“ \ O N°/©/\
o TN / ® ey o
O o YoV |90 B O

Dloxane AcOH

MeO. 6
O _© ______ 2 ovd @ rt, 2 days @ 9 7
QA
.e
OMe

N
Z 2 NH
@ ) @ g
OMe N
OMe ‘*Néch N P NaClO, / z
N o [ 2 methyl-2-butene

O Resonance effect of oxy
lone pairs sofftens the @
O O . interlayer charge repulsion " O O

OMe a O l@ O
MeO N N O ‘~ N N
5@% ¢ O J V©A J ® J

Figure 1.21: Attempts done to improve the chemical stability in COFs (a) alkylation and doping of
pyridine, (b) Intralayer hydrogen-bonding interaction in DhaTph COF, (c¢) Resonance effect in TPB-
DMTP-COF, and (d) Conversion of imine TPB-TP-COF to amide TPB-TP-COF under oxidative reaction
conditions [inset showing the reaction condition used for the oxidation]. [Redrawn with permission from
Ref [1.63(a-e)], Copyright American Chemical Society, 2011 and 2016; Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, 2013 and Royal Society of Chemistry, 2012].
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Although Schiff base COFs are relatively more stable in water, their low chemical
stability in acidic and basic medium also limited their application. There are two methods used to
enhance the hydrolytic stability of boronic acid based COFs; (i) via pore functionalized with
alkyl chain by Lavigne and coworkers in 2011 [1.63a] and (ii) by pyridine vapors doping by
David Calabro and coworkers (Figure 1.21a) [1.63b]. Although these modifications increase the
frameworks stability towards humid air to some extent, the porosity and surface area of the
resulting materials have been decreased. Moreover, direct treatment of these COFs with water
decomposed its framework. To improve the chemical stability of imine based COFs, Banerjee
and coworkers have introduced the intramolecular H-bonding in hydroxyl functionalized imine
based frameworks (Figure 1.21b) [1.63c]. These H-bonding not only increases the crystallinity
but also increases the n- 7 stacking forces, which boots the chemical stability of the frameworks.
Jiang and coworkers also introduced methoxy (-OMe) substitutes in the phenyl ring and
increased the stability of imine based COFs. The inter-layer charge repulsion generated due to
the imine bond (C=N) polarity largely diminished by the delocalization of the lone pair of
oxygen into the phenyl ring (Figure 1.21c) [1.28g]. Recently, Yaghi and coworkers also stabilize
the imine based COFs via linkage conversion. They post-synthetically modified the imine
linkage into amide one and therefore stabilized the COFs (Figure 1.21d) [1.63d]. COFs
synthesized by semi-reversible reactions such as Imide reaction, Triazine reaction, Knoevenegal
reaction, Micheal addition-elimination reaction etc have shown improved chemical stability due
to the formation of new linkage with high chemical stability. To use the modular COF materials
in a wide verity of applications there is a high demand for developing a new methodology which
could make COFs stable in extreme condition (water, acid etc) without affecting the porosity and
crystallinity.

Banerjee and coworkers also introduced a new protocol for the synthesis of highly acid
and base stable COFs by a combination of reversible imine reaction and irreversible
tautomerization of imine to keto-enamine (Figure 1.22) [1.63e]. They used 1,3,5-
triformylphloroglucinol as aldehyde and p-phenylene diamine (for TpPa-1 COF) or 2,5-dimethyl-
p-phenylenediamine (for TpPa-2 COF) as amine. Initially formed imine based enol form very
quickly tautomerizes to keto form. Due to the three hydroxyl groups conjugated to the three
imine bond in the enol form, the hydroxyl proton quickly transfers to imine nitrogen through o
bond (i.e. tautomerizes) to form B-keto-enamine COF. Crystallinity gained by the reversible
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imine reaction will not hamper by the fast tautomerization process because tautomerization did
not change any atomic position (except hydrogen). Although during this tautomerization phenyl
aromaticity is lost, the gaining of three new carbonyl bond makes this conversion
thermodynamically feasible. As a result, without any post-synthetic modification, they were able
to synthesize more stable p-keto-enamine COF containing carbonyl and secondary amine

functionality in one step.
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Figure 1.22: Schematic representation of the synthesis of TpPa-1and TpPa-2 by the combined reversible
and irreversible reaction of 1,3,5-triformylphloroglucinol with p-phenylenediamine and 2,5-dimethyl-p-
phenylenediamine, respectively. The total reaction proceeds in two steps: (1) reversible Schiff-base
reaction and (2) irreversible enol-to-keto tautomerism. [Redrawn with permission from Ref. [1.63¢],
Copyright American Chemical Society, 2012].
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CHAPTER 2

Mechanical Delamination of Chemically Stable Isoreticular 2D Layer
Covalent Organic Frameworks (COFs) into Covalent Organic Nanosheets

(CONs)

After grinding

Abstract: In this chapter, we have .

. i i CHO i NH, R, R
synthesized a series of eight O:C;@S:JR)@[:, HZNNHI !
OH T ONH, R ‘

thermally and chemically stable R=H, F, NG, Me, OMe and R,= F or H

keto-enamine based covalent

organic  frameworks (COFs),

Mechanical
Delamination

namely, TpPa-1, TpPa-2, TpPa-
NO,, TpPa-F4, TpBD, TpBD-Me,,
TpBD-(OMe), and TpBD-(NO,), by employing the solvothermal aldehyde-amine Schiff base
condensation reaction. All COFs were fully characterized by powder X-ray diffraction (PXRD),
Fourier transform Infra red (FT-IR) spectroscopy, *C CP MAS solid-state NMR spectroscopy,
and thermo gravimetric analysis (TGA). These COFs are crystalline, permanently porous, and
stable in boiling water, acid (9 N HCI), and base (3 N NaOH). The synthesized COFs were
successfully delaminated using a simple, safe, and environmentally friendly mechanical grinding
route to transform into covalent organic nanosheets (CONs) and were well characterized via
transmission electron microscopy (TEM) and atomic force microscopy (AFM). Further PXRD
and FT-IR analyses confirm that these CONs retain their structural integrity throughout the
delamination process and also remain stable in aqueous, acidic, and basic media like the parent
COFs. These exfoliated CONs have graphene-like layered morphology (delaminated layers),
unlike the COFs from which they were synthesized.
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2.1 Introduction

It has been observed that with the size of the materials properties can change
drastically [2.1a]. Nanomaterials, having at least one dimension in nanometer scale, could differ
from its bulk form in many physicochemical properties [2.1b]. Not only the size, but the
dimensionality plays a vital role to determine the properties of the materials. It is clearly
observed in the different properties of 0D fullerenes, 1D nanotube, 2D graphene and 3D graphite,
all form of sp” carbon materials. Graphene, a single atom thick two-dimensional nanomaterial
and recently isolated from the layered 3D graphite, showed outstanding properties which are
completely different from their bulk graphite materials [2.1c]. Huge amounts of research have
been performed for basic understanding and controlling their properties [2.1d]. Inspired by the
development of the graphene chemistry, scientists are also interested in other inorganic based 2D
materials like metal dichalcogenides [2.2 (a-d)], oxides [2.2 (e, f)], hydroxides [2.2 (f, g)],
hexagonal boron nitride [2.2 (h-j)] etc. However, the less control over structural architectures and
physicochemical properties drive the scientists to find alternative materials with fine control of
the properties and architectures. In this aspect, reticular materials like metal organic frameworks
(MOFs) and covalent organic frameworks (COFs) open up the opportunity to design a wide
variety of structural architectures, cavities and chemical functionalities for tuning the property of
materials. The structural periodicity (i.e. crystallinity) in two dimensions can be achieved by
spatially confined polymerization method where the shape-persistent monomers either self-
organized first and then react or follow the dynamic covalent bond formation followed by the

cleavage technique to form a 2D crystalline polymer.
2.1.1 Synthetic methods for two-dimensional nanosheets

In general, the synthesis of the 2D nanosheets can be done via two approaches: 1) top-
down, where a bulk 2D layered polymer is delaminated into one or few atom thick monolayer.
and 11) bottom-up, where the molecular building blocks react to form 2D polymeric sheet or

monolayer. The top down method can be divided into two categories:
a) Micromechanical Cleavage Technique,

b) Mechanical Force-Assisted Liquid Exfoliation, which includes sonication assisted liquid

exfoliation, ion intercalation-assisted liquid exfoliation, oxidation-assisted liquid
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exfoliation, selective etching-assisted liquid exfoliation, and ion exchange-assisted liquid

exfoliation.
Further, bottom up approaches can be divided into two categories:
a) Chemical vapor deposition (CVD),

b) The wet chemical process, which includes hydro/solvothermal synthesis, self-
assembly of nanocrystals, 2D-templated synthesis, hot-injection method, interface-
mediated synthesis, on-surface synthesis etc.

Bottom up approaches generates high quality 2D nanosheet materials with less number of

defects and useful in electronic devices. But the low yield and expensive production

techniques hinders their use in large scale production of two dimensional materials. On
the contrary, top down approaches are simple and low cost effective and can be used for

large scale production.
2.1.2 Advantages of mechanochemical exfoliation
Mechanochemical or mechanical exfoliation of 2D layer materials has several advantages like
1) Environmentally friendly green method i.e. use of no or less amount of solvents,
i) Simple and efficient,
iii) Cost effective,
iv) Large scale production,
v) Control the thickness by tuning the frequency of milling and time,

vi) Introduction of defects which sometimes can improve the properties of the materials.

2.1.3 Advantages of few or single layer 2D Nanosheets

There are many unprecedented physical, chemical, electronic, optical, mechanical
properties arises when one bulk 3D materials converted into 2D single layer or few layers
nanosheets. The confinement of electrons in two dimensions generates new electronic and
optoelectronic properties which can be useful for electronic and optoelectronic device
applications [2.6]. Also, the strong in-plane covalent bond and atomic thickness of the layers
ascertain good mechanical strength, optical transparency and flexibility, an important
requirement for next generation device applications [2.7]. Moreover, the large lateral size along
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with nanometer scale thickness of these materials endowed with high specific surface area which
are extremely useful for surface related applications like catalysis, supercapacitor etc [2.8]. In
addition, the easy solution based processability of these nanosheets help to fabricate self standing
thin film which can have some useful applications such as supercapacitor, solar cell, membrane

based separation etc [2.9].
2.1.4 Applications of two dimensional nanosheet materials

Here, we discuss some of the major application of 2D nanosheet materials like electronic,

optoelectronics, photocatalysis, electrocatalysis, supercapacitor, battery, sensing and solar cell.
2.1.4.1 Electronic/Optoelectronic Devices application

With the discovery of graphene in 2004, it replaces most of the 1D nanomaterial like
CNT and silicon nanowires in next generation electronic devices due to its high carrier mobility
and mechanical stability. Although it shows high electron mobility, the lack of band gap hinders
its use in the electronic application. The band gap was generated in graphene by nitrogen or
boron doping. Recently, other 2D materials like transition metal dichalcogenides (TMD) and
black phosphorus (BP) have been widely used as semiconducting materials with high carrier
mobility. The ultrathin/nanosheets of the semiconducting materials show intriguing mechanical
and electronic properties and found application in nanoelectronics. Because of their very low
thickness, it shows resistant to short-channel effects while keeping the flexibility. Also, the
absence of dangling bond on the surface of 2D materials reduces the surface scattering effects.
Due to these unique interesting properties, 2D semiconducting materials like MoS,, WS,, GaTe,
BP etc. find many applications in electronics and optoelectronics.
2.1.4.2 Electrocatalysis

The ultrahigh surface area, high conductivity, tunable structures of 2D nanosheet
materials open various application in electrocatalysis including HER, OER, ORR and carbon
dioxide reduction.
(a) Hydrogen Evolution Reaction (HER)

In HER, the proton from solution combines with electron on electrode surface to form

hydrogen gas. Scientists are constantly searching for an HER electrocatalyst with low over

potential, cheap and earth abundant to replace costly Pt based HER electrocatalyst. For an good
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HER catalyst, the Gibbs free energy of atomic hydrogen absorption (AGy) on active catalyst
should be close to zero. MoS2-2H has proposed to be a good HER catalyst due to its low AGy
(+0.08 eV). The catalytic activity of an active HER catalyst depends on the number of active
sites and the intrinsic activity i.e. turnover frequency of each site. The edge of pristine TMD
consider as an active site for HER and the activity can be increase the exposing the edge as high
as possible. One of the way to increase the activity of 2D nanomaterials by reducing the size of

the materials which basically increase the number of active sites per unit volume of the materials.

(b) Oxygen Evolution Reaction (OER)

During the water splitting, the slow kinetics of oxidation half reaction leads to the high
over potential loss. Many transition metal oxide (TMOs) and hydroxides have been used for
OER. The commonly used highly efficient catalyst IrO, and RuO,. But their high cost and low
earth abundant force to search for low cost, efficient OER catalyst with low over potential. Layer
double hydroxides (LDHs) based on Fe, Ni, Co shows good activity towards OER. To overcome
the low electronic conductivity, these LDHs are grown on conducting supports like CNTs, rGO
and 3D graphene resulting high activity towards OER. The high exposed surface of 2D nanosheet
materials help to absorbed the intermediate and enhanced the intrinsic activity of the
electrocatalyst. Doped graphene has recently been used as OER catalyst due to its low cost and
easy preparation. Further development of highly efficient and electrochemically stable catalyst

needed to fulfill the full potential application in water splitting.

(c) Oxygen Reduction Reaction (ORR)

The efficiency of fuel cell and metal-air battery mainly depends on the oxygen reduction
reaction. In ORR, oxygen get reduce by two ways: i) by 4-electron reduction pathway to water
(in acidic medium) or hydroxide ion (in basic medium) and ii) by 2-electron reduction pathway
to H,O; (in acidic medium) or HO2- (in basic medium) intermediate. Pt based catalyst shows
excellent activity in ORR, but their high cost and less durability forces researcher to develops
low cost metal free or non-precious metal based catalyst to fasten the oxygen reduction reaction.
In this aspect, metal (Fe and/or Co) doped carbon, N-doped CNT and 2D graphene sheets doped
with heteroatom were tested for ORR. The heteroatom effective modulates the electronic and
chemical properties of graphene, generating charged sites for favorable oxygen adsorption.

Moreover, the extended pi-electron of graphene helps to reduced oxygen easily. Recently, Ni-
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based MOF, Ni(HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotriphenylene) has also shows good
activity for ORR in alkaline condition. The exposed surface area and hence activity has greatly
improve by making nanosheets of the MOFs. The well defined structure and tunable pore size

with functionality makes COFs an efficient electrocatalyst for ORR.
2.1.4.3 Batteries application

From last decade research has focused to develop novel porous materials for a
rechargeable battery with high energy density, long cycle life, high charge rate, relatively low
cost and low fire risk. Graphite is commonly used for anode materials in LIB and has a
theoretical capacity of 372 mAh/g. After exfoliation of the graphite into mono/few layer
graphene nanosheet, it shows double (744 mAh/g) theoretical capacity. This is because now both
the sides are utilized. There are many advantages of the 2D nanosheets over graphite which
includes facilitating intercalation and deintercalation of the electrolyte ions, relaxing the volume
expansion of the materials due to the flexibility of 2D nanosheet materials and increasing the
surface lithium storage property. Moreover, the defects generated from the exfoliation process
can act as active sites for lithium storage. Due to the high conductivity and high surface area,
graphene also used as the matrix material to prevent the aggregation of other active materials like

metal oxides/sulfides.
2.1.4.4 Supercapacitors application

Supercapacitor is also a promising device for energy storage like battery. Unlike battery
supercapacitor exhibits high power density, high life cycle, fast charge discharge rate. But their
low energy density hinders its used in many power suppliers. A great amount of research has
been carried out on the development of novel porous materials with high surface area and
conductivity for high energy density capacitive materials. Activated carbon is widely used
capacitive materials which storage charge on the electrical double layer. Although activated
carbon has high surface area, their broad pore size distribution with high density of inaccessible
pore results low specific capacitance. 2D nanosheets materials having high surface area and high

electrical conductivity are ideal materials for supercapacitor application.

2.1.4.5. Photocatalysis application
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Photocatalysis generally consists of three steps, 1) generation of charge carrier by photo
excitation, i1) charge separation and migration to the catalyst surface and iii) redox reaction on
the catalyst surface. For a good photocatalyst, the materials should possess suitable band gap to
harvest solar energy, efficient charge separation and sufficient stability. Hugh amount of research
has been dedicated to develop a cost effective photocatalyst materials which can absorb sunlight
and initiate catalysis for solar fuel production and pollutant remediation. In this aspect, 2D thin
nanosheet materials have several advantages over bulk counterparts. Firstly, the high surface area
of 2D thin nanosheet materials ensures efficient light harvesting and mass transport. Secondly,
the nanosheet nature reduces the charge migration distance and enhancing charge separation.
Thirdly, rational design of multicomponent photocatalyst for the requirement of various
photocatalysis is possible for these 2D nanosheet materials. As a result, these materials have been

widely used in photocatalytic water splitting and CO; reduction.
2.1.5 Covalent Organic Nanosheets as Two Dimensional Ultrathin Materials

Covalent organic nanosheets consider as a two dimensional ultrathin (few layers)
materials synthesized by the top down exfoliation of 2D layer covalent organic frameworks or by
the interfacial bottom up approaches. The strong in-planar covalent bond assures the good
mechanical stability and robustness of the 2D crystalline polymer. But the inter layer Van der
Waal interaction is weak and it can break easily to generate single layer or few layer nanosheets
by thermally, sonochemically, mechanochemically etc. as the preparation of graphene from
graphite. Scanning electron microscopy (SEM), transmission electron microscopy (TEM),
Dynamic light scattering measurement studies revealed the exfoliation of 2D-COF stacks into
ultra thin 2D-COF nanosheets. The thickness of these 2D few layers or a single layer can be
measured by TEM and/or AFM. The first attempts to prepare nanosheets of COFs made by
Zamora group taking 2D boronic acid based COFs as starting materials via liquid phase
exfoliation [2.4]. But due to the instability of the boronic acid based COFs, they performed the
experiment in an inert atmosphere using dry solvent. This hinders the large scale synthesis of 2D
nanosheets of COFs in ambient condition. Also, they have used organic pure dry solvents which
increases the overall cost of the exfoliation process and at the same time, it is not environment-
friendly. Therefore, a green approach is highly demanding for the bulk scale synthesis of

chemically stable covalent organic nanosheets (CONSs) with long time stability. In this chapter,
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we have used a greener mechanochemical top-down exfoliation approach to exfoliate a series of
layered 2D COFs with different functionalities into covalent organic nanosheets (CONs) and
examined their gas as well as water uptake capacities. Also, these 2D crystalline nanosheets
exhibit permanent pore with definite size and shape, moderate surface area and accessible pore
volume. These features of 2D crystalline materials ascertained their use in selective separation,
sensing, catalysis, optoelectronics, energy storage and many others [2.5]. Their high surface area
can be used for post synthetically functionalization as well as in tune of their physicochemical
properties as per the requirement. However, the one-step synthesis of pre-functionalized
nanosheets with high surface area and crystallinity has not been realized until COFs have used
for exfoliation. In addition, the role of functionalities in the COF nanosheets towards the
enhancement of properties has not explored yet. In future, the mechanical, optical, catalytic,
optoelectronic, separation, sensing and other properties of these COF nanosheets will be

examined.

As previously discussed, the covalent organic frameworks (COFs) are light weight,
crystalline porous materials ingeniously formed by strong covalent linkages between C, Si, B, N
and O. These materials contain well-defined, predictable 2D or 3D ordered porous architectures
and follow reticular chemistry protocols similar to that of metal-organic frameworks (MOFs)
[2.3]. COFs are well-known for their various potential applications like gas storage, catalysis,
sensing, and optoelectronics. The majority of the COFs have been synthesized utilizing selected
reversible organic reactions. Reversibility in bond formation during COF synthesis is an essential
condition for achieving good crystallinity. However, the possibility of reversible reactions makes
the crystalline COFs prone to hydrolysis and subsequently hampers their sustainability even at
ambient humidity. In order to address the stability issue in COFs, we have developed a synthetic
protocol using combined reversible and irreversible Schiff base reactions [2.10] and synthesized
three stable 2D COFs (TpPa-1, TpPa-2 and TpBD), where the concept of proton tautomerism
has given exceptional stability to the framework towards water, acid, and base. Moreover, we
could synthesize these COFs via alternative solvent-free rapid mechanochemical grinding
method [2.11] to substitute harsh experimental conditions (e.g., reaction in a sealed pyrex tube at
high temperature and inert atmosphere) required to synthesize COFs with decent crystallinity.

Interestingly, we observed some extent of delamination of the 2D COF layers during this

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 48



Chapter 2 Mechanical Delamination of ...

mechanochemical synthesis, although the extent of delamination was very poor. Inspired by these
observations, we altered our strategy and applied mechanical grinding to as-synthesized
chemically stable COFs (TpPa-1, TpPa-2 and TpBD) to produce thin covalent organic
nanosheets (CONs) with high chemical stability. We could further extend this strategy to
synthesize covalent organic nanosheets from a library of eight crystalline, porous, functionalized
COFs namely TpPa-1, TpPa-2, TpPa—-NO,, TpPa-F4, and TpBD, TpBD—(NO,),, TpBD-
Me; TpBD—(OMe); (Figure 2.1).

TpBD-(NO,),

Figure 2.1: Schematic representation of the synthesis of highly stable p -Keto-enamine COFs from their
parent compounds by Schiff base reaction along with their hexagonal pore.
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There are few reports on 2D COFs or CONs grown on surfaces [2.12] or synthesized by
ultrasonication [2.4]. These processes are highly energy consuming and need special precautions,
such as the usage of dry solvents, ultra high vacuum and also the need of expensive supports.
Hence, a strategy to synthesize CONs by employing a simple, safe, eco-friendly and energy
efficient process is highly desirable [2.13]. Although this delamination method using mechanical
grinding has already been utilized to synthesize graphene from graphite [2.14], not a single effort
has been made to delaminate these chemically stable COFs into nanosheets. A possible reason
could be the instability of most COF materials under ambient conditions, which forbids the use

of mechanical force [2.15].

A) T@

\ O
H0

N

Y, = \ O
Nowg 7B O 2 W8T

‘N
N

TpPa Y
Series @;

(o]

NH,

»o,
J

NH, O:N

NH;

Pa-2 Pa-NO, TpPa-NO, BD-(NO,),

.‘ .
R NH, O
NH, S
L e
F F
NH, NH, 0 O
NH,
Pa-F, Pa-1 BD-OMe, TpBD-(OMe),

Figure 2.2: (A) TpPa series and (B) TpBD series COFs with the diamine linkers and models showing
pore apertures (ascending order) of corresponding TpPa series (15—18 A) and TpBD series (22—24 A).
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Hence, we decided to apply mechanical grinding on as-synthesized stable bulk COFs in
order to extensively produce CONs. These CONs retain their structural integrity throughout the

delamination process and also remain stable in aqueous, acidic and basic media.

2.2 Preparative methods and characterization

2.2.1 Synthesis of COFs

The detail synthetic procedure for TpPa-1, TpPa-2 and TpBD was described in our
recent publications [2.11]. In the typical synthesis, a pyrex tube ( 0.d. x i.d. = 10 x 8 mm? and
length 18 cm) is charged with Triformylphloroglucinol (Tp) (0.3 mmol), corresponding diamine
{[2-Nitro-1,4-phenelynediamine (Pa-NO,), 2,3,5,6-Tetrafluoro-1,4-phenylenediamine (Pa—Fa),
3,3’-Dinitrobenzidine [BD—(NO;),], o-Tolidine (BD-Me;), and o-Dianisidine [BD-(OMe),]}
(0.45 mmol), 1.5 mL of mesitylene, 1.5 mL of 1,4-dioxane, 0.5 mL of 3 M aqueous acetic acid.
This mixture was sonicated for 10 minutes in order to get a homogeneous dispersion. The tube
was then flash frozen at 77 K (liquid N, bath) and degassed by three freeze-pump-thaw cycles.
The tube was sealed off and then heated at 120 °C for 3 days. A dark red (few COFs are yellow)
coloured precipitate was collected by centrifugation or filtration and washed with acetone/THF
thrice. The powder collected was then solvent exchanged with acetone 5-6 times and dried at 180

°C under vacuum for 12 hours to get corresponding COFs in ~80 % isolated yield.

FT-IR (TpPa—NO,, powder, cm™): 1586 (), 1518 (s), 1444 (m), 1228 (s), 1098 (w), 987 (w),
814 (m). Elemental Analysis; Anal. Calcld. For C3012NgH2:: C, 56.03; H, 2.72; N, 16.34;
found: C, 53.26; H, 3.09; N, 13.98. FT-IR (TpPa-F4 powder, cm™): 1586 (s), 1555 (s), 1426 (s),
1247 (s), 1012 (w), 987 (m), 845 (w). Elemental Analysis; Anal. Calcld. For C¢F,H,ON: C,
50.67; H, 1.40; N, 9.85; found: C, 51.9; H, 1.83; N, 11.29. FT-IR (TpBD—(NO,), powder, cm™):
1580 (s), 1512 (s), 1432 (m), 1333 (m), 1209 (m), 981 (w), 809 (m). Elemental Analysis; Anal.
Calcld. For CgO3N,Hs: C, 57.14; H, 2.64; N, 14.81; found: C, 54.06; H, 3.09; N, 11.93. FT-IR
(TpBD-Me, powder, cm™): 2921 (s), 1617 (w), 1580 (s), 1450 (s), 1247 (s), 1117 (w), 987 (m),
802 (s). Elemental Analysis; Anal. Calcld. For C190HgON: C, 75.96; H, 5.06; N, 8.86; found: C,
73.26; H, 5.27; N, 10.25. FT-IR (TpBD-(OMe),, powder, cm™): 1574 (s), 1438 (m), 1271 (s),
1254 (s), 1123 (w), 987 (w), 796 (m). Elemental Analysis; Anal. Calcld. For C;00,HgN: C,
68.96; H, 4.59; N, 8.04; found: C, 63.65; H, 4.51; N, 9.09.
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2.2.2 Synthesis of covalent organic nanosheets (CONs) from COFs by mechanical grinding
approach

50 mg of as-synthesized COF was placed in a mortar (inner diameter = 3 inch or 75 mm)
and with 1-2 drop of methanol, ground using pestle at room temperature for 30 minutes (Figure
2.3). The dark red colour (some COFs are yellow) powder collected after 30 minutes of grinding
was then dispersed in 100 mL of methanol; the resulting suspension was centrifuged at 8000 rpm
for 5 min, obtaining a clear solution. The concentration of the material transferred from the
settled solids to the solution as a result of mechanical grinding was calculated as 0.04 mg mL™
(~8 wt %) from the dry residue obtained after the complete evaporation of solvent as CONs. The
dry powdered samples of CONs were used as such for characterization like PXRD, TGA, FT-IR
etc. to ensure their structural stability after grinding. Similar experiments of COF delamination
was also performed in a ball mill (Restch MM 400) operating at 25 Hz, for 30 minutes, which
also produces the same CONSs in high isolated yield. For TEM and AFM imaging, we used 1 mg
of CONs in 10 mL of isopropanol, sonicated for 5 minutes and subsequently coated on the
carbon-coated copper grid (TEM) and Si-wafer or mica (AFM), and dried at room temperature
prior to imaging.

Mechanical
Delamination

Figure 2.3: Schematic representation of the formation of CONs from as-synthesized COFs via
mechanical grinding.

2.2.3 Structural simulation and characterization

Since COFs are synthesized as polycrystalline powder, powder X-ray diffraction (PXRD)
is used for determining the crystallinity and investigating the structural details of the material. As
revealed by PXRD analysis, COFs belonging to TpPa-series (TpPa-1, TpPa-2, TpPa—NO,,
TpPa-F,) show high crystallinity, exhibiting the first intense peak at low angle ~4.7° (26), which
corresponds to the (100) reflection plane, along with the minor peaks at ~8.1, ~11.1 and ~27°
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(26), attributed to the (200), (210) and (001) reflection planes, respectively (Figure 2.4).
Similarly, for the COFs belong to TpBD—-series [TpBD, —Me;, — (OMe),, —(NO,),], the first and

most intense peak corresponding to the (100) reflection plane appears at ~3.3° (26), with other
minor peaks at ~6.3, ~11.7 and ~25° (26), attributed to the (200), (210) and (001) reflection
planes respectively. The shift of the reflection (26) towards the lower value of 3.3° from 4.7° for
COFs belonging to TpBD—series compared to TpPa—series COFs is due to the isoreticulation,
which results in larger pore aperture. The centre-to-centre pore distance varies from ~1.5 to ~2.4
nm and the 2D sheets are stacked by a distance of ca. ~3.5 A (Figure 2.2). Peaks at higher 20
correspond to the m-m stacking between the COF layers and could be assigned to the 001
reflection planes (Figure 2.4). In order to elucidate the structure of these COFs and to calculate
the unit cell parameters, a possible 2D model was built with eclipsed and staggered stacking
using Self- Consistent Charge Density Functional Tight-Binding (SCC-DFTB) Method [2.16].
The experimental PXRD pattern matches well with the simulated pattern of the eclipsed stacking

TpPa-F,
TpPa-F (Simu.)

TpBD
TpBD (Simu.)

35 5 10 15 20 25 30 35

Intensity (a.u.)

TpBD-(NO,),

TpBD-Me,

TpBD-Me,(Simu.)

i o TpBD-(OMe), (Simu.) TpBD-(NO), (Simu.)

U
"5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
20 (Degree) 20 (Degree) 20 (Degree)

Figure 2.4: Comparison of PXRD spectra of solvothermal synthesized (red) with the simulated eclipsed
(black) stacking models for (a) TpPa-NO,, (b) TpPa-F,. (c) TpBD, (d) TpBD-Me,, (¢) TpBD-(OMe), and
(f) TpBD-(NO,), (Inset showing the hexagonal porous structure and m-m stacking distance of all the
COFs.)
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model (Figure 2.4). Hence, we propose a structure close to the hexagonal space group (P6/m) for
both the TpPa and the TpBD-series COFs. In order to find out the unit cell parameters, Pawley
refinements were done for all the COFs (Figure 2.5) using Reflex module of Material studio
[2.17]. The proposed 2D models and the detailed structural description of TpPa—1 (a = b = 22.1
A, c=33A), TpPa-2 (a=b=22.1A,c=33A)and TpBD (a=b=22.1A, c=33 A) were
presented in our previous publications [2.11]. However, the unit cell parameters for other COFs
such as TpPa—NO, were found to be a = b = 21.8 A, ¢ = 3.2 A and for TpPa—F4 the values
obtained were a = b = 22.1 A, ¢ = 3.3 A. Similarly, the unit cell parameters have been obtained
for TpBD—(NO3); (a = b=31.5 A, ¢ = 3.5 A), TpBD-Me, (a = b =293 A, ¢ = 3.2 A), and
TpBD—(OMe), (a=bh=29.3 A, c=3.2 A) (Table 2.1-2.3).

Atomic positions and cell sizes of modeled COF layers were optimized using Self-
Consistent Charge Density Functional Tight-Binding (SCC-DFTB) Method. Stacking of layers is
affected by the Coulomb repulsion between the partial atomic charges in adjacent layers [2.18].
Hence, we performed Mulliken population analysis for the charges. The adjacent layers were
shifted with respect to each other in different directions in order to avoid Coulomb repulsion
from charges alike. Several possibilities were considered, however, the best was taken from the
comparison of simulated PXRD pattern with the experimental. Interlayer separation was also
determined from the comparison of PXRD patterns. The fractional coordinates of TpPa-NO; and
TpPa-F4 are given in Table 2.1 and 2.2. Similarly, the fractional coordinates of TpBD-Me,,
TpBD-(OMe), and TpBD-(NO3); are given in Table 2.2 and 2.3.

Table 2.1: Fractional atomic coordinates for the unit cell of TpPa-NO..

TpPa-NO;,
Triclinic P1
a=b=218Ac=324A
0=90, p=90,y=119.03

Atom X y z Atom X y z
0] 0.02829 | 0.76093 | 0.48167 C 0.9691 | 1.67864 | 0.48167
0] 0.83835| 0.98147 | 0.48167 C 0.89799 1.6626 | 0.48167
0] 0.56757 | 1.27332 | 0.48167 c 0.84191 | 1.59228 | 0.48167
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0] 0.54522 | 1.16495| 0.48167 C 0.85912 | 1.53755| 0.48167
0 0.94546 | 1.50211| 0.48167 C 0.511 | 0.91811] 0.48167
0] 0.77822 | 1.57789 | 0.48167 C 0.92993 1.5511 | 0.48167
0] 0.52554 | 1.03133 | 0.48167 C 0.80523 | 1.47008 | 0.48167
0 0.72531 | 1.00432 | 0.48167 C 0.77456 | 1.34967 | 0.48167
0] 0.50269 | 0.80708 | 0.48167 C 0.70336 | 1.32313 | 0.48167
0] 0.37007 | 0.69531 | 0.48167 C 0.88404 | 1.71737 | 0.48167
0 0.26248 | 0.61116 | 0.48167 C 0.79513 | 1.75025 | 0.48167
N 0.39688 | 0.82479 | 0.48167 C 0.83894 | 1.82132 | 0.48167
N 0.70949 | 0.88163 | 0.48167 C 0.67102 | 1.09096 | 0.48167
N 0.64708 | 1.13591| 0.48167 C 0.68833 | 1.20642 | 0.48167
N 0.81887 | 1.70331| 0.48167 C 0.76101 | 1.23523 | 0.48167
N 0.82055 | 1.41939| 0.48167 C 0.55313 | 0.99281 | 0.48167
N 0.11274 | 0.71832 | 0.48167 C 0.64154 | 0.85903 | 0.48167
N 0.30638 | 0.67343 | 0.48167 C 0.73847 | 0.83918 | 0.48167
N 0.8609 | 0.93954 | 0.48167 C 0.69545 | 0.76661 | 0.48167
N 0.58607 | 1.22846 | 0.48167 C 0.81116 | 0.86569 | 0.48167
N 0.39688 | 0.82479 | 0.48167 C 0.66033 | 1.25206 | 0.48167
N 0.70949 | 0.88163 | 0.48167 C 0.80344 | 1.30542 | 0.48167
C 0.54027 | 0.87216 | 0.48167 C 0.72303 | 0.72298 | 0.48167
C 0.21035 | 0.69676 | 0.48167 C 0.6274 | 1.02099 | 0.48167
C 0.18266 | 0.74128 | 0.48167 C 0.66014 | 0.97777 | 0.48167
c 0.22589 | 0.81325| 0.48167 c 0.61514 | 0.90373 | 0.48167
C 0.29619 | 0.84001 | 0.48167 C 0.44079 | 0.89255| 0.48167
C 0.0628 | 0.65358 | 0.48167 C 0.32626 | 0.79644 | 0.48167
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C 0.00514 | 0.64067 | 0.48167 C 0.28166 0.7239 | 0.48167
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Figure 2.5: Experimental (Red) compared with refined (Blue) PXRD profiles of an eclipsed arrangement
for (@) TpPa-F, (b) TpPa-NO,, (c) TpBD, (d) TpBD-Me;, (¢) TpBD-(OMe), and (f) TpBD-(NO,),;
difference plot is given in (Green).

Table 2.2: Fractional atomic coordinates for the unit cell (eclipsed) of TpPa-F4and TpBD-Me,.

TpPa-F4

TpBD-Me;

Hexagonal P6/m
a=b=2090Ac=34A

Hexagonal P6/m
a=b=3361Ac=303A

Atom X y z Atom X y z
F 0.42831 0.3566 0 0] 0.28755 | 0.56179 0
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F 0.35777 | 0.42603 0 N 0.38477 [ 0.57293 0
0 070395 | 0.47093 0 C 0.30922 | 0.60977 0
N 057967 | 0.43562 0 C 0.39846 | 0.62504 0
C 068597 | 0.40653 0 C 0.42288 | 0.55812 0
C 061379 | 035215 0 C 0.4797 | 0.59233 0
C 0.5612 0.36839 0 C 0.50767 | 0.56659 0
C 05379 | 046432 0 C 0.48375 | 0.51191 0
C 042812 | 0.46239 0 C 0.42892 | 0.48087 0
C 046465 | 0.42778 0 C 0.39964 | 0.50379 0

C 0.36596 | 0.64285 0

Table 2.3: Fractional atomic coordinates for the unit cell (eclipsed) of TpBD-(OMe); and

TpBD-(NOz)z.

TpBD-(OMe); VEEDANO):
Hexagonal P6/m Hexagonal P6/m
a=b=2836A,c=325A a=b=439A c=370A
Atom X y z Atom X y
0 0.2956 | 0.5612 0 0 0.30539 | 0.57108
0 0.3431 | 04714 1 N | 0.40525 | 0.59303
N 0.3872 [ 05781 0 C 0.31857 | 0.61439
C 0.32579 | 0.48675 | 1.22717 c 040982 | 0.64127
C 0.3135 | 0.6107 0 C 0.43874 | 0.57305
C 0.4039 | 0.6298 0 c 0.49214 | 059702
C 0.4195 | 0.5569 0 C 0.51373 | 0.56669
C 0.4739 | 0.5883 0 C 0.48726 | 0.51517
C 0.5046 | 0.5656 0 C 0.43624 | 0.4934
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0.4829 | 05112 0.41338 | 0.52122
0.4281 | 0.4803 0.372 | 0.65149
0.3968 | 0.5027
0.3684 | 0.6472

2.2.4 Chemical characterization

The FT-IR spectra obtained for all these COFs clearly indicate the complete
disappearance of IR bands correspond to the characteristic N-H stretching (3100-3300 cm™) of
free diamine [Pa—1, Pa-2, Pa-NO,, Pa—F4, BD, BD—(NO,),. BD—-Me, and BD—(OMe);] and
carbonyl stretching band (1639 c¢cm™) of 1,3,5—triformylphloroglucinol (Tp) (Figure 2.6).
Interestingly, the FT-IR spectrum of any COF reported in this work does not show the
characteristic stretching bands of hydroxyl (-OH) or imine (C=N) functional groups, which
should have been present if the compound existed in the enol form. Instead, it shows a strong
peak at ~1582 cm™ for both the TpPa—series [TpPa—1, TpPa—2, TpPa—NO,, TpPa—F,] and the
TpBD-series [TpBD, TpBD—-(NQO;);, TpBD-Me,, TpBD—(OMe);], which arises due to the
C=C stretching band. This C=C stretching band at 1582 cm™ appears due to the enol to keto
tautomerism, which has been observed in the FT-IR spectrum of the reference compound {2,4,6-
tris [(phenylamino)methylene] cyclohexane-1,3,5-trione} (Figure 2.7). All eight COFs reported in
this work showed similar FT-IR spectra. The little variation in the peak positions that is observed
arises due to the different functional groups present at the diamine linkers. In some cases, the
peak broadening was observed in the extended structures, when C=0 peaks (~1616 cm™) get
merged with C=C stretching bands (~1582 cm™) and appear as shoulders. This confirms the
overall s-cis structure in each COF presented in this study. The appearance of two peaks at ~1445
cm™ and ~1256 cm™ correspond to the aromatic C=C and newly formed C—N bond in the keto
form of all COFs. The FT-IR spectrum of TpPa-2 and TpBD-Me, shows an extra peak at
~2885 cm’™', which is due to the C—H stretching from the methyl (~CH3) functionality. Similarly,
for TpPa—NO, and TpBD—(NO,), a peak appears exactly at 1506 cm™, which corresponds to the

—NO; functionality and confirms its presence in the framework.
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We carried out °C CP-MAS solid state NMR spectroscopy to verify the atomic-level

construction of COFs presented in this paper. The individual spectrum obtained was compared

with other members of the same series (Figure 2.8). The solid state NMR of the reference
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Figure 2.6: FT-IR spectra of (a) TpPa-NO,, (b) TpPa-F, (c) TpBD, (d) TpBD-Me,,(e) TpBD-(OMe),,
and (f) TpBD-(NO,), compared with triformylphloroglucinol (red) and corresponding amines (blue).

compound {2,4,6-tris-[(phenylamino)methylene]} has also been presented in (Figure 2.8) for

comparison. All COFs reported in this work showed a signal at ~180-182 ppm, which could be

ascribed as the carbonyl carbon [C=O] of the keto form. The peak at ~144 ppm confirms the
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presence of the C—N bond, instead of the C=N bond (~165 ppm), which could have been a
signature peak if these COFs would have existed in the enol form. The unobserved peak at~190

ppm (for — CHO) gives clear evidence for the complete consumption of the starting material
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Figure 2.7: FT-IR spectra of (a) TpPa series COFs [TpPa-1 (green), TpPa-2 (blue), TpPa-NO, (red),
TpPa-F, (black)] and (b) TpBD series COFs [TpBD (green), TpBD-Me; (blue), TpBD-(OMe), (red),
TpBD-(NO,), (black)] compared with reference compound (brown).
(Tp). The appearance of a peak at ~124 ppm is due to the carbons present at the biphenyl
junction of benzidine (BD) in the TpBD—series. Such peak is also present in the °C spectra of
TpPa-2 and TpPa-NO; due to unsymmetrical substitution and absent in TpPa—1 and TpPa-F,
COFs due to the symmetrical substitution at 2,3,5,6 positions of the aromatic diamines (Pa-1 and
Pa-F,). In the case of TpPa-2 and TpBD-Me;, there is a °C NMR peak exactly at 14 ppm which
arises due to the presence of an extra methyl (—CHj3) functionality, unlike the other COFs (Figure
2.8). However, for TpBD-(OMe),, the methyl carbon peak (52.9 ppm) gets deshielded as it is
attached to the oxygen of the methoxy (~OMe) functionality.

External morphologies of these as-synthesized COFs were investigated by employing
SEM and TEM imaging which showed that COFs belonging to the TpPa and TpBD-series
crystallize with a flower like morphology (Figure 2.10). Each individual flower can be considered

as a result of the aggregation of a large number of petals which have a length in the micrometer
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range (1-3 pum). In case of the TpPa—series COFs, petals (width 70—150 nm and thickness 30—40
nm) have spike shaped tips and have grown out from a core, whereas, for the TpBD-series

COFs, petals are grown with a broader width to form plate like structures (1-5 um length, 100—
200
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Figure 2.8: *C CP-MAS spectrum of (a) TpPa series COFs [TpPa-1 (green), TpPa-2 (blue), TpPa-NO,
(red), TpPa-F4 (black)] and (b) TpBD series COFs [TpBD (green), TpBD-Me; (blue), TpBD-(OMe),
(red), TpBD-(NO,), (black)].
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Figure 2.9: TGA data of activated COFs belonging to (a) TpPa-series and (b) TpBD-series in comparison
with corresponding CONs under N, atmosphere.

Figure 2.10: SEM images of (a) TpPa-1; (b) TpPa-2; (c) TpPa-NO; (d) TpPa-F,; (e) TpBD; (f) TpBD-
Me,; (g) TpBD-(OMe), and (h) TpBD-(NO,),.
width and 50-70 nm thickness). We would assume that individual petals have a sheet like

structures and can be formed as a result of n-x stacking of different COF layers.

In order to check the thermal stability of all eight COFs, we have performed the TGA
under a flow of N, gas. It has been observed from the TGA profiles that all COF pores are guest
free and have almost identical thermal stabilities up to ~350 °C (Figure 2.9) except for TpPa—
NO, and TpBD—(NO,),, where the framework is stable up to 300 °C. After 350 °C, these COFs
start decomposing with gradual weight loss between 45-60 % for all COFs till 800 °C.

2.2.5 Gas adsorption studies

N adsorption isotherms at 77 K were performed to examine the architectural rigidity and
permanent porosity of all aforementioned COFs. All COFs showed typical type-I reversible
isotherms (Figure 2.11a and 2.11b). The Brunauer-Emmet-Teller (BET) surface area for the
activated TpBD was found to be 537 m”g", which is the highest among the TpBD-series COFs,
whereas, for other COFs of this series, the values are 468 m’g™ [TpBD-Me;], 330 m’g’ [TpBD-
(OMe),] and 295 m’g” [TpBD—(NO,),]. TpPa—1 possesses the highest BET surface area value
of 535 m’g”, than the other COFs of the TpPa—series such as TpPa—F, (438 m’°g™"), TpPa—2
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(339 m’g") and TpPa-NO, (129 m’g"). The lower surface area values for TpPa-NO, and
TpBD—-(NO3), could possibly be due to bulkiness of the -NO, group and the poor affinity of
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Figure 2.11: N, adsorption of (a) TpPa series COFs [TpPa-1 (black), TpPa-2 (red), TpPa-NO, (blue),
TpPa-F, (green)] and (b) TpBD series COFs [TpBD (black), TpBD-Me, (red), TpBD-(OMe), (blue),
TpBD-(NO,), (green)]. (c) H, adsorption of TpPa-NO, (black), TpPa-F, (red), TpBD-(OMe), (violet),
TpBD-Me, (green) and TpBD (blue). (d) CO, adsorption isotherms of TpPa-1 (black), TpPa-2 (red),
TpPa-NO; (blue), TpPa-F4 (green) TpBD (violet), TpBD-Me; (brown), TpBD-(OMe), (dark green) and
TpBD-(NO,), (grey brown) . The filled symbols correspond to adsorption and empty symbols represent
desorption isotherms.

the COFs towards N». Often in these kinds of porous COFs, some oligomeric impurities remain
inside the pores during synthesis, which subsequently blocks the pores and impose low surface
area. However, we could not find any signatures of such impurities in the COFs reported here.
The pore size distributions for all COFs (both TpPa-series and TpBD-series) have been
calculated on the basis of nonlocal density functional theory (NLDFT) and found to be in

between 1.0—-1.7 nm, (Figure 2.12). It is well-known that polar functional groups present in porous
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materials like MOFs and COFs have an impact on the H, uptake. Since these COFs contain a

variety of functional groups decorated throughout the framework, we decided to perform H, and
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Figure 2.12: NLDFT pore size distribution of (a) TpPa-F,, (b) TpPa-NO,, (c)TpBD-Me,, (d) TpBD-
(OMe), and (e) TpBD-(NO,),.
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Figure 2.13: Water adsorption isotherms of TpPa—NO, (black), TpPa-F, (red), TpBD-Me, (blue),
TpBD—(OMe), (green) and TpBD—(NO,), (pink) respectively collected up to P/P,=0.9 (STP) at 293 K.
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CO; adsorption experiment at 77 K and 273 K respectively. The H; uptake capacity of TpPa—F,
was found to be highest (136 cm’g™") among all the COFs presented in this paper, such as TpPa—
1(110 cm’g™"), TpPa—2 (89 cm’g™), TpBD (69 cm’g™), TpPa—NO; (53 cm’g"), TpBD—Me; (62
cm3g'l), TpBD—-(OMe), (67 cm3g'1) and TpBD—(NO,), (40 cm3g'1) respectively (Figure 2.11c).
The presence of fluorine functionality with polar interactions with the H, gas molecules could be
the reason for high H, uptake in TpPa-F;. Interestingly, the CO, uptake of TpPa—1 (80 cm’g™ at
273 K) is the highest among all COFs presented in this work, such as TpPa-NO, (73 cm’g™),
TpPa-2 (63 cm3g'l), TpBD-(NO»); (52 cm3g'l) , TpBD (40 cm3g'l), TpBD-Me, (37 cm3g'1),
TpPa-F,; (35 cm’g™") and 27 cm’g” for TpBD—(OMe), respectively (Figure 2.11d). We have also
collected the water vapour adsorption isotherms for all COFs and found that TpBD possesses the
highest water vapour uptake of 265 (:rn3g'1 at 0.9 (P/P,) and 20 °C (at STP), closely followed by
TpBD-Me, (255 cm’g™"), TpBD—(OMe), (250 cm’g’) and TpPa-NO, (223 cm’g’) (Figure
2.13).

2.2.6 Mechanical Delamination of Covalent Organic Frameworks

Since the synthesis of 2D organic nanomaterials is currently of emerging interest in the
field of nanoscience, one would assume that covalent organic nanosheets (CONSs), synthesized
via delamination of 2D COF layers, could be a potential 2D organic nanomaterial. It is
noteworthy to mention that only two reports on the delamination of as-synthesized COFs, where
bulk layered COFs have been exfoliated into thin flat nanostructures by ultrasonication are
available in the literature [2.4]. This delamination of COFs via ultrasonication requires ultra-pure
and absolutely dry solvents. On the other hand, 2D COFs have also been grown on expensive
graphite (e.g., HOPG), single-layer graphene (SLG) or Ag support using an ultra high vacuum.
Such precautions required for the delamination is mainly due to the instability of COFs under
ambient conditions. Hence, in order to delaminate COFs in a more efficient manner, we used the
mechanical grinding approach and applied this to all eight as-synthesized COFs [both TpPa and
TpBD-series] discussed here. We anticipated that mechanical grinding will facilitate the

separation of existing n-n stacking (AA) between the stable COFs layers. All these COFs have
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COFS/TEM Before Grinding After Grinding
: R

Figure 2.14: TEM images of COFs (before grinding) and CONs (after grinding) belonging to TpPa-
series at different magnifications.

many similarities to graphite with respect to dimensionality, periodic, parallel lattices, along with
almost identical stacking distance between consecutive layers (~3.4-3.6 A). Like graphite, due to
the presence of strong in-plane bonds and weak Van der Waals interactions between layers in
COFs, there is sufficient opportunity to delaminate such materials into individual layers either by
chemical or mechanical delamination. This mechanical delamination approach was found to be
more effective over ultrasonication or layer growth as it does not require ultra-pure and dry
solvents or expensive supports. In order to test the existence of nanosheet like structures, well
dispersed mechanically ground COFs were suspended in isopropanol. This suspension has been
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COFs/TEM Before Grinding After Grinding

,[

TpBD-(NO,),

Figure 2.15: Packing diagrams with HR-TEM images of COFs (before grinding) and delaminated
COFs (after grinding i.e. CONSs) belonging to TpBD-series at different magnifications.

deposited on a carbon-coated copper grid and observed by means of TEM technique. Figure 2.14
and Figure 2.15 shows typical images observed using TEM technique. As a result of
delamination, we observed very thin graphite like layered structures (100 nm to 1 um length)

from TEM images for all COFs (Figure 2.14 and Figure 2.15).

The laminar structure of the materials (CONSs) obtained by mechanical grinding of as-
synthesized COFs was assessed by atomic force microscopy (AFM) measurements in order to
obtain precise information about the existence of single-/few-layer materials. In order to isolate a
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few thin layers of CONs on surfaces, the sufficiently dilute solution of CONs were drop-casted
on mica and SiO, surfaces. These CONs show flat nanosheet like structures with lengths and
widths of several micrometers and thicknesses ranging from 3 to 10 nm, which corresponds to
the existence of only ~10-30 COF layers (Figure 2.16). The images obtained in some cases clearly

show terraces with steps indicating distinct levels of delamination in the same nanostructures,
suggesting multilayer structures.
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Figure 2.16: AFM images; a) TpPa-2 (CONs) b) TpBD (CONSs) ¢) TpBD-(OMe), (CONs) and d) TpPa-
NO, (CONs) collected on mica support.
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Figure 2.17: TEM images of CONs belonging to TpPa-series showing graphite like periodic layers along
one direction (fringes).

s)

Figure 2.18: TEM images of COFs belonging to TpBD-series showing graphite like periodic layers
along one direction (fringes).
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The information obtained from AFM imaging is in good agreement with the TEM
images. As shown in HR-TEM images some fringes have been observed like graphite-type
layered material with a periodic distance of ~0.34 nm along one direction (Figure 2.17 and 2.18).
We believe that when subjected to strong mechanical force, the 2D layers of these COFs get

easily delaminated producing nanosheet like structures.

This kind of mechanical delamination by grinding has already been known for graphene
and other 2D materials but this is the first report of mechanical delamination of as-synthesized
COFs to CONSs. After the mechanical grinding process, we suspended some CONs material into
methanol and subsequently passed green laser light (532 nm) into the solution to check the
dispersive nature of the particles. Interestingly, the suspension showed the Tyndall effect (Figure
2.19), which the characteristic phenomenon is typically seen in colloidal solution under a light
source, which further confirms the highly dispersive and fine particle nature of these CONSs.

TpPa-1 TpPa-1 | TpBD (CONs) TpBD

Methanol Methanol Methanol Methanol

Figure 2.19: Photographs of a) TpPa-1 (CONSs), ¢) TpBD (CONSs) showing the Tyndall effect under laser
light (532 nm) in methanol (HPLC, Sigma), whereas b) TpPa-1, d) TpBD does not show Tyndall effect.

In order to further characterize these CONs, we have used FT-IR which showed exactly
similar spectra like as-synthesized COFs and revealed that the compositions, as well as the mode
of bonding, are still intact after the mechanical grinding (Figure 2.20 and 2.21). Similarly, to check
the crystallinity after grinding, we carried out the PXRD of these CONs and observed that the
PXRD profile remained the same as that of the as-synthesized samples (Figure 2.22 and 2.23).
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Figure 2.20: FT-IR spectra of as-synthesized TpPa-series COFs (red) with corresponding delaminated
COFs (CONS) (green).
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Figure 2.21: FT-IR spectra of as-synthesized TpBD-series COFs (red) with corresponding delaminated
COFs (CONS) (green).
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Figure 2.22: PXRD patterns of as-synthesized TpPa-series COFs (red), corresponding delaminated
COFs (CONBs) (green), and acid-treated CONs (cyan).
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Figure 2.23: PXRD patterns of as-synthesized TpBD-series COFs (red), corresponding delaminated
COFs (CONs) (green), and acid-treated CONs (cyan).
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Figure 2.24: N, adsorption of (a) TpPa series CONs [TpPa-1 (black), TpPa-2 (red), TpPa-NO, (blue),
TpPa-F, (green)] and (b) TpBD series CONs [TpBD (black), TpBD-Me, (red), TpBD-(OMe), (blue),
TpBD-(NO,), (green)].

However, a decrease in intensity of the first peak (100 plane) and the broadening of the last peak
(001 plane) has been observed, which is the only difference between the PXRD of the COFs and
the CONs (Figure 2.22 and Figure 2.23). This could be due to the random displacement of the 2D
layers (delaminated) as the distributions of eclipsed pores get affected. As a result, the reflection
corresponding to the 100 plane becomes weak. The broader peak at higher 26 (~27°) is due to the
lack of n-n stacking between the COF layers, which is strongly affected by the reduction of the
number of stacked layers in these thin CONs. TGA was performed for all CONs to get the
information about the thermal stability. Comparison of the TGA curves of CONs and COFs
reported in this paper shows that they have almost similar decomposition profiles (Figure 2.9).

N, adsorption experiments have also been performed for these CONSs to check the effect
of surface area upon mechanical grinding. The isotherms obtained are type-I like as-synthesized
COFs but the surface area decreases drastically (Figure 2.24). The exact reason for the lower
surface area for these CONs is not fully clear to us, but we speculate that due to the mechanical
delamination that results in thin layered structures, the long range pore structure gets hindered

followed by only fewer depth pores accessible for N, sorption.

As far as the chemical stability is concerned, it has been found that these CONs retain

their structural integrity throughout the delamination process and also remain stable in aqueous,
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acidic (3-9N HCI) and basic (3N NaOH) media like the parent COFs, which is confirmed by
PXRD and IR analyses (Figure 2.25).
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Figure 2.25: PXRD profiles showing stability and instability of a) TpPa-2 (CONs) b) TpPa-1 (CONs) c)
TpPa-NO, (CONs), d) TpPa-F, (CONs) e) TpBD-(NO,), (CONs) f) TpBD-Me, (CONs), g) TpBD-
(OMe), (CONSs), h) TpBD (CONSs) after treatment in boiling water (100 <C) for 7 days and in NaOH (3N)
for 3 days. (Note: TpPa-1 (CONs), TpPa-F, (CONs) TpPa-NO, (CONs), TpBD-(NO,), (CONs) are not
stable in base).
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2.2.7 Chemical stability investigation

In real life gas storage and separation application, chemical stability of the host
framework material is highly important. Natural gases saturated water vapors, humid operating
conditions in fuels cells, CO, capture from humidified biofuel stream are some of the practical
examples where chemical stability plays a detrimental role in determining the performance of
adsorbents. The porous framework adsorbent must be chemically stable to water and various acid
impurities for their practical implementation in storage application. To investigate the chemical
stability of these COFs in water, we have submerged 50 mg of COF materials in 10 mL of
deionized water and allowed it to stand for 7 days under boiling condition (100 °C). After the
mentioned period, we took the PXRD to confirm the crystallinity and found that all PXRD peak
positions and the intensity retained even after 7 days, which indicates the stability of these COFs
in boiling water for a period of 7 days or beyond (Figure 2.26). This water stability arises due to
the irreversible nature of the enol-to-keto tautomerism, where the equilibrium is driven by the
relative base strength of the imine nitrogen (C=N) over the phenolic oxygen (O—H) existing in
the tris(N-salicylideneanilines) moiety. Previously, it has been observed that TpPa-1 and TpPa-2
were quite stable in acid (9N HCI) up to a period of 7 days. Similarly, other COFs of both the
TpPa and TpBD series are also stable in acid (3-9N HCI), as well as in base. This has been
confirmed by the identical peak positions and intensities in the PXRD profile collected after the
acid treatment for 3-7 days. It is to be noted that TpBD and TpBD-(NO,); is stable up to 7 days
in 9N HCI like TpPa-1 and TpPa-2, whereas the rest of the COFs are stable up to 3 days (Figure
2.26). The characteristic IR peaks of as-synthesized COFs do match very well with the acid
treated COFs (Figure 2.27). In terms of base stability, TpPa-2, TpBD, TpBD-Me; and TpBD-
(OMe), are stable in 3N NaOH for 3 days whereas TpPa-1, TpPa-NO,, TpPa-F, and TpBD-

(NO,), are not stable in the basic medium for even a day (Figure 2.26).
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Figure 2.26: PXRD spectra of a) TpPa-NO,, b) TpPa-F, c) TpBD, d) TpBD-Me,, ¢) TpBD-(OMe),,
and f) TpBD-(NO,); after treatment in boiling water (100 °C) for 7 days, acid (3-9N HCI) and base (3N
NaOH) for 3 days. (Note: TpPa-F, TpPa-NO,, and TpBD-(NO,), are not stable in base (3N NaOH) for
3 days with respect to the crystallinity which has been confirmed by the PXRD analysis but the IR spectra
does not show any drastic change in the peak positions or not showing the characteristic peaks
correspond to the starting materials).
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Figure 2.27: FT-IR spectra showing stability and instability of a) TpPa-NO,, b) TpPa-F, c) TpBD. d)

TpBD-Me,, €) TpBD-(NO,),, and f) TpBD-(OMe), after treatment in boiling water (100 <C) for 7 days,

acid (3-9N HCI) and base (3N NaOH) for 3 days.
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Figure 2.28: PXRD of a) TpBD-Me,, b) TpBD-(OMe),, c¢) TpPa-(NO), and d) TpBD-(NO,), after
treatment with NaOH (3N) for 3 day.

TpBD-(Me), and TpBD-(OMe), showing the base stability (3N NaOH) for 3 days whereas
TpBD-(NOy), and TpPa-(NO), are not stable in base as seen from the PXRD profiles (green) the
first and intense peak disappears after dipping in base (3N NaOH) for 3 days.
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l

Figure 2.29: Photographs of TpPa-F, (left) and TpPa-F, (CONs) (right) showing the instability in the
basic (3N NaOH) media, which constantly going into the solution and after the end of 3 days almost no
solid material left in the vial.
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2.3 Summary

In summary, we have, for the first time, synthesized a library of five chemically stable
covalent organic frameworks, namely TpPa-NO,, TpPa-F;, TpBD-(NO;),, TpBD-Me;,
TpBD-(OMe), along with previously reported three (TpPa-1, TpPa-2 and TpBD) using the
simple Schiff base reaction. By adopting different functionalized diamines, we could construct
these COFs with variable pore apertures ranging from 15 to 24 A. These COFs are crystalline,
porous and exceptionally stable in aqueous, acidic as well as in basic media. The synthesized
COFs (all eight) were successfully delaminated by using a simple, safe and environmental-
friendly mechanical grinding route, leading to their transformation into thin layered CONs. These
CONs were seemed to have graphene like layered morphology (exfoliated layers), unlike parent
COFs. We believe that the stability of these COF layers is the main reason for this delamination.
Since these individual layers with intrinsic chemical stability are stacked on top of each other
with m—r stacking interactions, a mild mechanical force easily delaminates the layers from each
other. As mechanical grinding is a scalable and energy efficient method compared to other
existing methods like ultrasonication, CVD and layer growth, we believe that this ‘top-down’
strategy will provide a cost effective and scalable approach for the preparation of novel bulk 2D
layered materials in the near future. Also, the observed 2D layered structures of these CONs have
the potential to act as a graphene like supportive material for a wide variety of energy or imaging

applications.

24 Experimental Procedures

2.4.1 Materials

Triformylphloroglucinol was prepared from Phloroglucinol using literature procedure [2.19]. All

other reagents and solvents were commercially available and used as received.

2.4.2 Synthesis of 2,4,6-tris((phenylamino)methylene)cyclohexane-1,3,5-trione (Reference
compound)

The reference compound was synthesized by the reaction between 1,3,5-triformylphloroglucinol
(0.163 g, 0.8 mmol) and aniline (0.500 g, 5.4 mmol) in 70 mL ethanol under refluxing condition
for one day. After this time period, the heating was stopped and the solution was allowed to reach

the RT. The product gets precipitated after cooling was then separated by filtration. After this,
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the powders were thoroughly washed with ethanol and allowed to dry under vacuum (0.210 g,
82% yield).

'H NMR (300 MHz, CDCl5): & 13.0-13.4 (m, NH), 8.90 (d, HC-N), 8.77 (d, CH), 8.75 (d, CH),
7.44-7.17 (m, Ph) ppm.

IR (powder, cm™): 1616 (s), 1581, 1553, 1465, 1444, 1340, 1287, 1236, 1041.

2.4.3 General methods for characterization

(a) Powder X-Ray Diffraction (PXRD): The PXRD patterns were collected on a Phillips
PANalytical diffractometer on a Cu Ka radiation (. = 1.5406 A), with a scan speed of 2° min™".
The tube amperage and voltage were set at 50 mA and 40 kV respectively. The sample plate
containing the COF powders was scanned between 2 and 50° 26 (step size of 0.02°).

(b)  Thermogravimetric Analysis (TGA): TGA was performed on an SDT Q 600 TG-DTA
analyzer instrument. Approximately 5 mg of the sample was added to an aluminum crucible and

heated from 25 to 800 °C under an N, atmosphere (heating rate of 10 °C minfl).

(d) IR Spectroscopy: The Fourier transform (FT) infrared spectra of the MOFs were taken
on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr samples (2 mg in 20 mg
of KBr) were prepared and 10 scans were collected at 4 cm™ resolution for each sample. The

spectra were measured over the range of 4000-600 cm .

1)) Gas Adsorption: The gas adsorption experiments for the activated COF powders were

performed on the Autosorb-1 automatic volumetric instrument (Quantachrome).

COF powder activation procedure: Approximately 50 mg of the COF powders were immersed in
dry acetone at room temperature for 48 h. After this time period, the solvent was removed and
the COF powders were evacuated under vacuum at room temperature for 24 h. Then the
temperature was raised to 150 °C and evacuation continued for 48 h. Finally, the activated

samples are treated for gas adsorption (H,, N, and CO,).

(9) Water adsorption measurements: Low-pressure volumetric water adsorption
measurements were performed at 293K, with pressure ranging from 0 to 0.9 [relative pressure

(P/P,)] on a Quantachrome Autosorb-iQ-MP automatic volumetric instrument.

2.4.4 Structure Modeling of COFs
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Atomic positions and cell sizes of modeled COF layers were optimized using Self-
Consistent Charge Density Functional Tight-Binding (SCC-DFTB) Method. Stacking of layers is
affected by the Coulomb repulsion between the partial atomic charges in adjacent layers. Hence,
we performed Mulliken population analysis for the charges. The adjacent layers were shifted
with respect to each other in different directions in order to avoid Coulomb repulsion from
charges alike. Several possibilities were considered, however, the best was taken from a
comparison of simulated PXRD pattern with the experimental. Interlayer separation was also
determined from the comparison of PXRD patterns. Refinements of PXRD pattern were done

using Reflex module of the Material studio.

NOTE: The results of this chapter have already been published in J. Am. Chem. Soc., 2013, 135,
17853. with the title: “Chemically Stable Multilayered Covalent Organic Nanosheets from
Covalent Organic Frameworks via Mechanical Delamination” respectively. These publications
were the results of the collaboration among the group of Dr. Rahul Banerjee and his students
Suman Chandra, Sharath Kandambeth and Bishnu P. Biswal along with Shrikant M. Kunjir,
Minakshi Chaudhary from National Chemical Laboratory, Pune, India; Dr. Thomas Heine and
his students Binit Lukose from Jacobs University, Germany; Dr. Ravichandar Babarao from

CSIRO, Australia. Apart from computational study major works contributed by Suman Chandra.
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CHAPTER 3

C
Rational Design and Synthesis of Covalent Organic Frameworks for

Proton Conduction

Abstract: In this chapter, we have
synthesized two new chemically stable
functional crystalline COFs (Tp-Azo and
Tp-Stb) by using the Schiff base reaction

between triformylphloroglucinol (Tp) and

@0=99x10*Scm o

4,4'-azodianiline  (Azo) or  4,4'- “°°'._.. .

°

diaminostilbene (Stb), respectively. Both

COFs show the expected keto-enamine 0: ,{l 332K, 8% RH {3‘

0 100 200 300 400 500
(Q)

form, and high stability towards boiling
water, strong acidic and basic media. HsPO, doping in Tp-Azo leads to immobilization of the
acid within the porous framework, which facilitates proton conduction in both the hydrous
(6=9.9x10 Scm™) and anhydrous state (¢=6.7x10" Scm™). This report constitutes the first

time emergence of COFs as proton conducting materials.
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3.1 Introduction

The increasing demands of energy due to the rapid urbanization, population growth,
and increasing number of industry along with the depletion of fossil fuel with their huge
pollution effect to the environment [3.1] initiate researcher to develop alternative sustainable
and renewable energy sources like solar, wind, tidal, geothermal, nuclear, electrochemical etc
[3.2]. But most of the naturally available sustainable energy sources are intermittent in nature
and therefore we cannot be fully dependent on these sources [3.3]. On the other hand,
electrochemical energy is portable and can be used for next generation device fabrication.
Electrochemical energy device converted chemical energy into electric energy and vice
versa. Fuel cell, Li ion battery, supercapacitor, Zn-air battery, water electrolyzer etc. are the
example of some electrochemical devices [3.4]. Among all the electrochemical energy
sources, fuel cell considers to be a better substitute to the fossil fuel based energy devices due
to its high energy conversion efficiency, environment-friendly, easy and safe operation [3.5].
In general, a fuel cell consists of three components i.e. cathode, anode and an ion conducting
solid electrolyte membrane to separate them [3.5€].

T
e Oa e
f A

Flow Field Plate

Gas Diffusion Electrode | Gas Diffusion Electrode
(Cat?\oge (Anode)

Proton Exchange Membrane (Electrolyte)

Figure 3.1: Schematic presentation of the components of PEMFC and its working principle.
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Under the acidic condition, hydrogen gets oxidized to H" in anode (Equation 3.1) and
transported to the cathode through proton exchange membrane where as oxygen reduction
occurs in the cathode (Equation 3.2) and the reduced oxygen reacts with transported H* to
form neutral water. Furthermore, in alkaline condition similar kind of reaction occurs in
anode (Equation 3.4) where as in cathode oxygen get reduced to OH™ (Equation 3.5) and

transported to anode through OH" conduction membrane.

Acidic Condition

Atanode: 2H, — 4H" + 4e E°=0.00V (3.2)
At cathode: O, + 4H" + 4¢¢ ———» 2H,0 E°=-1.23V (3.2)
Overall: H, + O, — 2H,0 E°=1.23V (3.3)

Alkaline Condition

Atanode: H, + 20H  —  2H,0 + 2¢ E°=0.83V (3.4)
At cathode: % 0, + 2H,0 + 2¢¢ ———» 20H" E°=040V (3.5)
Overall: H, + % 0O, — 2H,0 E°=1.23V (3.6)

In an H; fuel cell, also known as proton exchange membrane fuel cell (PEMFC),
hydrogen and oxygen or air were used as fuel along with a proton exchange membrane
(PEM) which conducts proton (H") from anode to cathode [3.6]. For a good proton exchange
membrane, the materials should possess high proton (H") conductivity with no electron
conductivity and it should be nonporous to prevent the mixing of H, and O, or air. Besides
these basic criteria of the proton exchange membranes, it should also be solid, flexible,
thermochemically stable, cheap and compatible to assemble with the other parts of the fuel
cell. Depending on the operating temperature in a fuel cell, it divided into two categories: i)
Low temperature (LT) fuel cell and ii) High temperature (HT) fuel cell. There are many
advantages of high temperature (HT) fuel cell, for example, i) at high temperature the
kinetics of the electrode reaction is very fast; ii) the CO poising of the Pt catalyst is
minimized at high temperature, which improves the reactivity and durability of the catalyst
and iii) there is no need of extra water management system. Nafion, a state of the art

membrane consist of sulfonated fluoropolymer, widely used for low temperature (<80 °C)
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proton exchange membrane in hydrogen fuel cell [3.7]. But its high cost, low conductivity at
high temperature (> 100 °C), the requirement of water management system forced the
scientist to develop materials which will show good proton conductivity at high temperature
(like phosphoric acid doped PBI membrane). On this regard, designing of stable reticular
materials (MOF and COF) to control the functionality and pore size for maximizing the
proton conductivity is a challenge for researchers. Although many MOFs and their
composites have been used for proton conduction [3.8], their high gravimetric weight, low
chemical stability and difficult to make membrane motivate scientists to develop stable
organic crystalline porous materials to overcome these limitations. In this aspect, covalent
organic frameworks have many advantages like tunable pore size and functionalities, high
surface area and pore volumes, low density, easy to fabricate membrane [3.9] make scientists
believed that this kind of reticular materials can be used for proton conduction. But, their low
chemical stability (both acidic and basic medium) hindered its use in proton conduction.
Here, for the first time, we solve this problem by synthesizing chemically stable B-keto-
enamine azo based (-N=N-) Tp-Azo COF, where azo groups act as Lewis basic site to load
phosphoric acid in its pore through cation-anion interactions and hydrogen bonds [3.10]. The
phosphoric acid loaded Tp-Azo COF (H3PO,@Tp-Azo) has been tested for proton

conduction like phosphoric acid loaded PBI membrane.

3.2  COFs as Polymer Electrolyte Membrane

7\
e 7% Y s A
- Anode _COF Cathode T
ty, e
;’@», o ‘
= 2
= b &
S H 2 k:
o 2 | §_
T | @
H,< > 2H" + 2¢- O,+4H" + 4e = 2H,0

Figure 3.2: Schematic presentation of COF as proton exchange membrane in PEMFC.
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As discuss earlier, covalent organic frameworks (COFs) are two or three-dimensional
crystalline materials made by linking lighter elements (e.g. B, C, N, O) via covalent bonds in
a periodic manner [3.9]. COFs are synthesized and subsequently crystallized by means of
reversible covalent bond formation reactions like boronic acid trimerization, boronate ester
formation, and the Schiff base reaction. Structurally, COFs are closely related to metal-
organic frameworks (MOFs), where coordination bonds link metal ions and organic struts.
Although COFs have shown excellent promise as semiconductive devices [3.11], sensors
[3.12], and in gas storage and separation [3.13]; proton conductivity in COFs is still
unexplored. In recent years, proton conducting materials have spurred tremendous interest
among researchers due to their application in fuel cells, sensors and electronic devices [3.14].
Nafion based proton conducting membranes are considered as the benchmark in this field.
Such membranes exhibit high proton conductivity (ca. 10" Scm™) at moderate temperature
(60-80 °C) under high relative humidity (98% RH) [3.7]. However, the high cost of
perfluorinated membranes with less efficiency at fuel cell operating temperatures (ca. 120
°C) has always encouraged researchers to search for alternative materials. In this context,
MOFs with loaded carrier molecules (e.g. imidazole, triazole, mineral acids) have been
envisaged for high temperature proton conduction applications [3.8(c-g)]. However, MOFs
suffer poor hydrolytic stability with very low pH tolerance of the occluded guests. As a
result, rupture of the coordination bonds and the framework backbone limits its applicability
in fuel cell operating conditions. In addition, the high gravimetric weight of MOF, difficulty
in forming compact membranes and instability at higher temperatures are major limitations
for the future development of proton conducting materials. On the other hand, COFs have the
advantages of low density, high thermal stability, pre-required functionality and membrane
processability like polymers. These features ensure their sustainability in a harsh fuel cell
operating condition and the high degree of internal ordering as in MOFs facilitates loading
and transport of proton conducting substrates. Despite these promising features, COFs have
never been tested for proton conduction due to their instability [3.15] in ambient humidity

conditions.

We have recently been able to overcome this stability problem and developed a
general strategy for synthesizing COFs that showcase the stability towards strong acid (9N

HCIl) and moderately strong base (6N NaOH), even upon isoreticulation and
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functionalization [3.16]. Moreover, the COF backbone can be suitably functionalized, which
can further enhance the interaction with carrier molecules to aid proton conduction pathways.
H3PO, loaded PBI based membranes are well documented in the literature for high proton
conductivity (ca. 10% Scm™) at fuel cell operating temperatures [3.17]. Other than the
benzimidazole group, the azo group can also play a vital role in stabilizing H3PO, [3.18]. The
crystal structure of the protonated azobenzene unit [Ref code: WEVXAX] [3.18a] with the
hydrogen bonded H,PO, anion hints at the potential of azo functionalized COFs to act as
proton conducting materials. The extension of the azobenzene monomeric unit in higher
dimensions to form a porous COF with a 1D channel may facilitate unidirectional proton
transport, while crystallinity and chemical stability may be a boon for providing mechanistic
insight. In this regard, we present an azo functionalized COF (Tp-Azo) made by the Schiff
base reaction between 1,3,5-triformylphloroglucinol (Tp) and 4,4'-azodianiline (Azo). This
COF exhibits excellent structural stability, porosity, and crystallinity even after acid
treatment. As mentioned before, we conceived this idea of H3PO, loaded azo functionalized
COF (PA@Tp-Azo) being a good proton conductor after noticing the crystal structure of
H3PO, treated 4-aminoazobenzene, where H3PO, finds an anchoring site at the azo center by
protonating it, while the H,PO, anions are stabilized via hydrogen bonds [3.18a]. PA@Tp-
Azo shows proton conductivity in both humid and anhydrous conditions (9.9 x 10“ and 6.7 x
10™ Scm™, respectively). In order to elucidate the structure-property relationship, we have
also synthesized the non-azo counterpart, i.e. stiloene functionalized COF (Tp-Stb) which
shows less stability, crystallinity, porosity and much less proton conductivity than Tp-Azo

because of the non-availability of anchoring site.
3.3  Preparative methods and characterization
3.3.1 Synthesis of COFs

The synthesis of Tp-Azo and Tp-Stb were done by reacting Tp (63 mg, 0.3 mmol)
with Azo (96 mg, 0.45 mmol) or Stb (128 mg, 0.45 mmol) using (1:1) dimethylacetamide
and o-dichlorobenzene as solvent (3 mL) (Figure 3.3). The reactants were first dispersed by
ultrasonication for 10 minutes and then degassed through three freeze—pump-thaw cycles.
The tubes were then vacuum sealed, and placed in isotherm oven for 3 days at 120 °C.
Finally, the material was filtered out and washed with acetone and dried under vacuum at 150
°C for 12 h.
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Figure 3.3: Synthesis of Tp-Azo and Tp-Stb via Schiff base condensation reaction.

3.3.2 Structural simulation

The PXRD patterns of Tp-Azo indicate an intense peak at 20 = 3.2°, which
corresponds to 100 plane reflections (Figure 3.4a), with minor peaks at 5.5, 6.4, 8.4 and 27°
(001 plane). The n-n stacking distance between COF layers was calculated to be 3.3 A from
the d spacing between 001 planes. On the other hand, Tp-Stb exhibits an intense peak at 20 =
3.2° followed by a broad peak at 5.5°. In order to elucidate the structure of these COFs and to
calculate the unit cell parameters, a possible 2D model was built with an eclipsed structure in
the hexagonal space group (P6/m) and a staggered structure in the P1 space group, by using
the software Crystal 09 [3.19]. Several stacking possibilities were considered for reasons
reported in the literature [3.20]. The experimental PXRD patterns are agreeable with the
simulated patterns of eclipsed stacking models (Figure 3.4). Hence we propose structures
having hexagonal space group (P6/m) for Tp-Azoand Tp-Stb by comparing the
experimental and simulated PXRD patterns. In order to find out the unit cell parameters,
Pawley refinements were done for both the COFs using Reflex module of Material studio
[3.21]. The unit cell value was found to be (a=b =31.5A, c=3.3 A) for Tp-Azoand (a=b
=30.500 A, ¢ = 3.49 A) for Tp-Stb. The intensity ratio of the 1% and 2" peak in the eclipsed
form matches with the PXRD of Tp-Stb. The energy calculation of both eclipsed and

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 89



Chapter 3

Rational Design and Synthesis of ...

staggered forms of Tp-Stb also suggests an eclipsed stacking model with lower energy. The

fractional coordinates of Tp-Azo and Tp-Stb are given in Table 3.1 and 3.2 respectively.
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Figure 3.4: PXRD spectra of as-synthesized (green) compared with the eclipsed (red) and staggered
(black) stacking models for (a) Tp-Azo and (b)Tp-Stb. Experimental (red) PXRD profiles of (¢c) Tp-
Azo and (d) Tp-Stb compared with refined (black) with an eclipsed arrangement; difference plot is

given in (green).

Table 3.1: Fractional atomic coordinates for the unit cell of Tp-Azo.

Tp-Azo
Hexagonal; P 6/m

a=b=315A, c=3.49 A,

a=90, =90,y =120.
01 0.29695 0.57697 0
N2 0.38245 0.58505 0
C3 0.31382 0.61757 0
C4 0.39342 0.63145 0
C5 0.41468 0.5699 0
C6 0.46145 0.59947 0
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C7 0.49111 0.58277 0
C8 0.47494 0.53664 0
C9 0.42853 0.50701 0
C10 0.39878 0.52354 0
C11 0.36359 0.64675 0
H12 0.42849 0.65656 0
H13 0.47589 0.63531 0
H14 0.34922 0.55946 0
H15 0.36308 0.50007 0
H16 0.52692 0.60571 0
H17 0.41558 0.4712 0
N1 0.50627 0.52081 1
Table 3.2: Fractional atomic coordinates for the unit cell of Tp-Stb.
Tp-Stb
Hexagonal; P 6/m;
a =b=30.5; c = 3.4919;
a = =90.0000; y=120.0000.

01 0.29695 0.57697 0
N2 0.38245 0.58505 0
C3 0.31382 0.61757 0
C4 0.39342 0.63145 0
C5 0.41468 0.5699 0
C6 0.46145 0.59947 0
C7 0.49111 0.58277 0
C8 0.47494 0.53664 0
C9 0.42853 0.50701 0
C10 0.39878 0.52354 0
C11 0.36359 0.64675 0
H12 0.42849 0.65656 0
H13 0.47589 0.63531 0
H14 0.34922 0.55946 0
H15 0.36308 0.50007 0
H16 0.52692 0.60571 0
H17 0.41558 0.4712 0
C12 0.50627 0.52081 1

3.3.3 Chemical characterization

The FT-IR spectra of Tp-Azo and Tp-Stb indicate total consumption of starting
materials due to the disappearance of the N—H stretching bands (3100-3300 cm™) of Azo or
Stb and the carbonyl stretching bands (1639 cm™) of Tp (Figure 3.5a).
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Figure 3.5: (a) FT-IR spectra of Tp-Azo and Tp-Stb compared with starting material Tp, Azo and
Stb. (b) **C NMR comparison of Tp-Azo (blue), Tp-Stb (green) against the reference compound Tp-
Azo monomer = 2,4,6-tris(((4-((E)-phenyldiazenyl)phenyl)amino)methylene)cyclohexane-1,3,5-trione
(red).

The strong peak at 1578 cm™ arises due to the C=C stretching in keto-form similar to the FT-
IR spectrum of the reference compound 2,4,6-tris((phenyldiazenyl)phenylamino-
methylene)cyclohexane-1,3,5-trione. Most of the FT-IR peaks of Tp-Azo and Tp-Stb match
well with that of the reference compound (Figure 3.5a). The C=0 peaks (1619 cm™) of Tp-
Azo and Tp-Stb get merged with the C=C stretching band (1582 cm™). The isolation of Tp-
Azo and Tp-Stb as keto form was confirmed by **C CP-MAS solid state NMR. Both the
COFs show carbonyl (C=0) carbon signals at 6=181 and 186 ppm for Tp-Azo and Tp-Stb
respectively. In the starting material, the trialdehyde carbonyl (C=0) carbon resonates at a
downfield position around &=192 ppm. The absence of peak at =192 ppm in the *3C CP-
NMR spectrum also indicates the total consumption of the starting materials (Figure 3.5b).
To investigate the protonation of the azo bond by phosphoric acid in PA@Tp-Azo, we have
done *'P CP-NMR, which shows two distinct peaks at § -1.31 ppm and & -14.3 ppm. The *'P
resonance peak at 6 -1.31 ppm is attributed to the undissociated H3PO, and the shoulder at 6 -
14.3 ppm corresponds to the H,PO,4 anion, which indicates the protonation of the azo bond.

However, in PA@Tp-Stb, only a single intense peak at & -0.88 ppm, corresponding to

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 92



Chapter 3 Rational Design and Synthesis of ...

undissociated H3PO,, has been observed and the peak at & -14.3 ppm was absent. This
explains the absence of the H,PO,4 anion due to the lack of protonation sites in Tp-Stb
(Figure 3.6a).
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Figure 3.6: (a) Comparison of solid state CP-MAS *P NMR spectra of phosphoric acid loaded Tp-
Azo (PA@Tp-Azo) with phosphoric acid loaded Tp-Stb (PA@Tp-Stb). (b) N, adsorption isotherms of
phosphoric acid loaded Tp-Azo (PA@Tp-Azo) (blue) and phosphoric acid loaded Tp-Stb (PA@Tp-
Stb) (green).[Inset showing the colour change due to the protonation of azo-bond in Tp-Azo COF by
phosphoric acid].

SEM and TEM images showed that Tp-Azo and Tp-Stb crystallize with a flower like
morphology with the aggregation of a large number of petals with an average length of 40-50

nm (Figure 3.7).

Figure 3.7: SEM images of (a) Tp-Azo and (b) Tp-Stb respectively. TEM images of (c) Tp-Azo and
(d) Tp-Stb respectively.
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Thermogravimetric analysis (TGA) of the activated Tp-Azo and Tp-Stb show thermal
stability up to 350 °C, with a gradual weight loss of 50% after 360 °C due to the
decomposition of the framework (Figure 3.8).
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Figure 3.8: TGA data of activated COF (a) Tp-Azo (black) compared with PA@Tp-Azo (red) and

(b) Tp-Stb (black) compared with PA@Tp-Stb (red) under N, atmosphere.[Inset showing the
derivative plot].
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Figure 3.9: (a) N, adsorption of as-synthesized Tp-Azo (black), after 9(N) HCI treatment (red) and
after 1(N) NaOH treatment. (b) CO, adsorption of Tp-Azo at 273 K (red) and 298 K (blue), (c) H,
adsorption of Tp-Azo. (d) Vapor adsorption isotherm of Tp-Azo, water (black), methanol (red),
ethanol (blue), n-propanol (green), iso-propanol (cyan), n-butanol (pink) and toluene (brown). The
filled symbol corresponds to adsorption and empty symbols represent desorption isotherms.

3.3.4 Gas adsorption studies

The permanent porosity of Tp-Azo and Tp-Stb were evaluated by the N, adsorption
isotherm at 77 K, which showed a reversible type IV adsorption isotherm. The surface areas
of the activated COFs, calculated using the BET model, were found to be 1328 and 422 m?/g
for Tp-Azo and Tp-Stb, respectively (Figure 3.9). The lower surface area of Tp-Stb may be
due to the poor crystallinity and not so uniform channels resulting from the lower solubility
of Stb precursors in organic solvents. The pore size distribution of Tp-Azo and Tp-Stb
shows a narrow distribution in the range 1.6-2.5 nm (Figure 3.10).
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Figure 3.10: NLDFT Pore size distribution of (a) Tp-Azo and (b) Tp-Stb.

3.3.5 Chemical stability investigation

The stability of Tp-Azo and Tp-Stb were assayed by immersing 50 mg of COFs in
either 20 ml boiling water or standing in 20 ml strong mineral acids (9 N HCI/1.5 M H3PO,)
and bases (3-6 N NaOH). Interestingly, both Tp-Azo and Tp-Stb remain stable, crystalline
and porous while directly submerged in boiling water for several days (7 days), as verified by
PXRD, FT-IR spectra and N, adsorption isotherm studies (Figure 3.11). They also exhibit
strong acid (9 N HCI) stability with near retention of molecular crystallinity (Figure 3.11).
However, base treated (3-6 N NaOH) COFs show moderate base stability with partial
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Figure 3.11: (a) PXRD patterns of HCI (red), boiling water (orange) treated and as-synthesized Tp-
Azo (blue). (b) PXRD patterns of HCI treated (blue) and as-synthesized Tp-Stb (green). (¢) N
adsorption isotherms of Tp-Azo (blue), boiling water (orange) and acid treated Tp-Azo (red). (d) N,
adsorption isotherms of as-synthesized Tp-Stb (green) and 9 N HCI treated Tp-Stb (Blue). [Inset
showing the changes in the morphology after phosphoric acid loading in COFs].
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Figure 3.12: PXRD comparison of as synthesized and base treated (a) Tp-Azo and (b) Tp-Stb
samples respectively.
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retention of crystallinity (Figure 3.12). The N, adsorption isotherm of the 9 N HCI treated
Tp-Azo indicates the retention of its intrinsic porosity, while Tp-Stb shows a decrease in
porosity after the acid treatment (Figure 3.9a and 3.11c,d). However, 1.5 M H3PO,
treatments show significant loss of porosity in both cases, (Figure 3.6b) which is indicative of
H3PO,4 loading.

3.3.6 Proton conductivity studies

The protonation of the -N=N- functionality in 4-aminoazobenzene [3.18a] by H3PO,
and the well established phenomena of colour change of methyl orange in acidic medium
[3.18b] suggested to us that azo-groups are susceptible for the protonation and can stabilize
the counter anions like phosphate or dihydrogen phosphate.
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Figure 3.13: (a) Protonation of the 4-Aminoazobenene and the crystal structure of 4-[(E)-phenyl-
diazenyl]anilinium dihydrogen phosphate.[Inset showing the colour change due to the protonation of
azo bond in Tp-Azo COF unlike Tp-Stb COF]. (b) IR comparison of as synthesized, water, acid and
base treated Tp-Azo samples.(c) Comparison of solid state CP-MAS *C NMR spectra of as
synthesized and phosphoric acid loaded Tp-Azo samples.

Moreover, HsPO, exhibits high proton conductivity (10™ Scm™) due to low volatility
(>158 °C) and high proton mobility resulted from the extended hydrogen bonding utilizing
three ionizable O-H bonds. So we decided to apply this concept in covalent organic
frameworks for the synthesis of azo based proton conducting COFs. H3PO, loading in Tp-
Azo and Tp-Stb was achieved by simply immersing the evacuated COF materials in 1.5 M
HsPQO, for 2 h. Further washing with a copious amount of water (x 2) followed by activating
overnight at 353K under dynamic vacuum lead to H3PO, loaded PA@Tp-Azo and PA@Tp-
Stb (Figure 3.14a). It is noteworthy that the H3PO, loaded COFs exhibit identical IR spectra

and *C NMR spectra along with moderate crystallinity and porosity compared to the parent
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Figure 3.14: (a) Schematic representation of H3PO, doping in COFs. The proton conductivity of
PA@Tp-Azo in (b) anhydrous condition (c) hydrous condition. (d) The proton conductivity of
PA@Tp-Stb in hydrous condition. (e) Arrhenius plot for PA@Tp-Azo in hydrous condition. Inset
showing the equivalent circuit model representation for the proton conduction in COFs.

COFs (Figure 3.13). Tp-Azo possesses a higher acid loading (5.4 wt%) as compared to Tp-
Stb (2.8 wt%), which is evident from the TGA analysis. The proton conductivities of Tp-
Azo, Tp-Stb, PA@Tp-Azo, and PA@Tp-Stb were measured in both hydrous and
anhydrous conditions. The conductivities were determined from the semicircles in the
Nyquist plots (Figure 3.14). Interestingly, both Tp-Azo and Tp-Stb exhibit almost zero
conductivity, which signifies that the COF backbones are acting as a support. The proton
conductivity of PA@Tp-Azo and PA@Tp-Stb were measured from 295K to 415 K.
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Conductivity values gradually increase upon heating, which reaches a maximum at a
temperature ca. 332-340 K and then decreases gradually upon increasing the temperature.
The proton conductivity of PA@Tp-Azo was measured as 6.7 x 10° S cm™ at 340K under
anhydrous conditions. This value was highly humidity-dependent and increased upon
humidification. Finally, PA@Tp-Azo exhibited a proton conductivity of 9.9 x 10* S cm™ at
332K under 98% relative humidity (RH) (Figure 3.15).
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Figure 3.15: (a) and (c) are the Nyquist plots for PA@Tp-Azo at different temperatures in hydrous
and anhydrous condition respectively. (b) and (d) are the variation of proton conductivity as a
function of temperature in hydrous and anhydrous condition respectively.

The proton conductivity of PA@Tp-Azo is lower than its MOF counterparts i.e. ferrous
oxalate dihydrate (1.3 x 10° S cm * at 298K, 98% RH) and 1,2,4-triazole loaded g -
PCMOF2 (5 x 10* S cm™ at 423K, 20% RH) (Figure 3.17). Surprisingly, PA@Tp-Stb
shows almost zero proton conductivity in anhydrous conditions, while exhibiting a poor
proton conductivity value of 2.3 x 10° S cm™ at 332 K under 98% RH. Notably, PA@Tp-

Azo exhibited an activation energy value of 0.11 eV (Figure 3.14e), which is much lower

than Nafion (0.22 eV) and its MOF counterparts operating under humid conditions.
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Figure 3.16: (@) Selected Nyquist plots for PA@Tp-Stb in hydrous condition at different
temperatures. (b) Activation energy fitting for PA@Tp-Stb.

Clearly, PA@Tp-Azo and PA@Tp-Stb show distinct proton conductivity behavior under
similar conditions, although they are treated with the same amount of H3PO,4. Nevertheless,
Tp-Azo exhibits a distinct color change (red to black) upon HzPO, treatment, while the color

of Tp-Stb remains almost unchanged (gray).

The (Figure 3.17) shed light on the comparison between prototypical MOFs and the
new COFs as proton conducting materials. Clearly, the state of the art polymer membranes
has two order higher proton conductivity than these COFs, while MOFs have one order
higher to comparable conductivity. The conductivity values in MOFs are highly dependent
on the amount and nature of the dopants used for enhancing conductivities. We presume
similar control over conductivity along with the boon of polymeric materials in COFs with

@)

N
I
m

.
~—
™M

—

X)6l3 * 3H,0

—_ = f
2 = x
E = o)
N 2

= D

o

[MIL-53(Fe)-(COOH),]

PA@Tp-Azo (98% RH)

2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18

Reference no. (details table S3)

1

Figure 3.17: Comparison of proton conductivity of Tp-Azo and Tp-Stb compared with standard
proton conducting materials.
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higher dimensionality, porosity, and stability to facilitate higher loading of guest conductors
in future.

The UV-Vis spectra of H3PO, treated Tp-Azo monomer are red shifted from 380 nm
to 496 nm due to the protonation of the azo bond (Figure 3.18). However, the -NH- and the —
C=C- group remain unaffected after acid treatment, which can be proved from the intact UV-
Vis spectra of 2,4,6-tris(([1,1’-biphenyl]-4-ylamino)methylene)cyclohexane-1,3,5-trione

(monomer of TpBD) and stilbene.

a) —— stilbene in CH,CN/H,0=1:1 b) —— 4-Aminoazobenzene-CH,CN:H,0=1:1
381(free azo grs)
[H,PO,IX10"M
294 306 . (protonated 20.4——
[H,PO,] X 10"M amine grs.) 14.4
o A 316 84 —— | I )nno ),
E] —— 60 ) 6.0 ——
8 o (protonated azo 36 —— H,PO,
2 319 < >;cn=c.+© 2 ars) 495 12— - -
< 2 ig—— a
H,PO, by
O
Doy
No change
250 300 350 400 250 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
C) —— Monomer of TpBD in CHCI, d) —— Tp-Azo-monomer in CH,CN/H,0=1:1 @
418 CF,COOH]X10"'M 8
[CF, o 52) free azo grs)380 (PO X 10°M ©
— 26 ur‘%
— 52 M
= — 104 o IO
5 ——20.8 ) >4 O;.
S 416 L oL Hpo, O
3 3 X 4
< X / < O\\ @
/ CF,CO, H ©
~_— ]
No change = @
250 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 3.18: Changes in the absorption spectra with increasing concentration of H3;PO, for (a)
Stilbene, (b) 4-Aminoazobenzene and (d)Tp-Azo monomer (ca. 2.5x10 > M in CH;CN-H,0). (c)
Changes in the absorption spectra of TpBD monomer (ca. 2.5x10 ° M in CHCI;) with increasing
concentration of CF;CO,H.

These observations hint at the interaction between the proton responsive azo group and
H3PQO4, which is the governing factor for the high proton conductivity value of PA@Tp-Azo
in both humid and anhydrous conditions, a mechanism absent in PA@Tp-Stb. We anticipate
that the loaded H3PO, along with adsorbed water molecules get hydrogen bonded with the
protonated azo groups stacked along crystallographic an axis, which conduct the proton

through the framework (Figure 3.19).
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2D Tp-Azo COF provides periodic one dimentional channel containing azo groups (-N=N-)
as carrier site that can facilitate proton transport.

Figure 3.19: (a) Crystal structure of 4-[(E)-phenyl diazenyl]anilinium dihydrogen phosphate and (b)
Graphical representation of proton conduction along the 1D channels.

3.4  Summary

In this chapter, we have for the first time reported azo and alkene functionalized
COFs (Tp-Azo and Tp-Stb) as proton conducting materials. Exceptional chemical stability,
low density, and high thermal stability make them advantageous over their MOF
counterparts. We have demonstrated a simple impregnation strategy to load mineral acid viz.
H3PO, inside the framework. Interestingly, after the acid treated samples are washed, the
COFs retain their crystallinity, porosity, and stability, which makes them attractive for proton
conduction applications. While the parent COFs exhibit negligible conductivity, PA@Tp-
Azo shows decent proton conductivity values under both hydrous and anhydrous conditions.
PA@Tp-Stb, on the other hand, exhibits poor proton conductivity and, that too, only under
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hydrous conditions. Thus, minute changes in functionality lead to a drastic change in proton
conducting ability, which establishes the crucial role of the proton responsive azo group in
facilitating proton conduction pathways. Although 2D COFs lack long range ordering in bulk
solid and generate a grain boundary (like MOFs) which may decrease proton conductivity,
3D COFs [3.22] with the azo group (-N=N-) acting as phosphoric acid anchoring site could
prove advantageous in the long run. In addition, the membrane compatibility of COFs may
serve as a boon towards the preparation of COF-polymer composites, an ongoing effort in
our laboratory. We believe that our findings will encourage further work in COF based

functional proton conducting materials in near future.
3.5  Experimental Procedures
3.5.1 Materials

1,3,5-triformylphloroglucinol was prepared from phloroglucinol using literature
procedure [3.23]. All other reagents and solvents were commercially available and used as
received from Sigma Aldrich.

3.5.2 Synthesis of Tp-Azo COF

The Synthesis of Tp-Azo COF was carried out by utilizing a mixture of 1,3,5-
triformylphloroglucinol (Tp) (0.3 mmol) and 4,4’-azodianiline (Azo) (0.45 mmol) in
presence of 6 M acetic acid ( 0.5 mL) using dimethylacetamide and o-dichlorobenzene (1:1)
as a solvent combination (3 mL). This mixture was sonicated for 10 minutes in order to get a
homogeneous dispersion. The tube was then flash frozen at 77 K (liquid N, bath) and
degassed by three freeze-pump-thaw cycles. The tube was sealed off and then heated at 120
°C for 3 days. A dark red coloured precipitate was collected by centrifugation or filtration
and washed with dimethylacetamide thrice. The powder collected was then solvent
exchanged with acetone 5-6 times and dried at 180 °C under vacuum for 12 hours to get
corresponding COFs in ~75 % isolated yield. FT-IR (powder, vmax cm™): 1619 (w), 1568
(s), 1450 (m),1284 (w), 1240 (s), 1147 (s), 987 (w), 839 (m). Elemental Analysis; Anal.
Calcld. For CoON,Hg: C, 68.35; H, 3.79; N, 17.72; found: C, 48.12; H, 5.27; N, 11.12.

3.5.3 Synthesis of Tp-Stb COF

The synthesis of Tp-Stb COF was carried out by utilizing the same protocol with a

mixture of triformylphloroglucinol (Tp) (0.3 mmol) and 4,4’-diaminostilbene
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dihydrochloride (Stb) (0.45 mmol) in presence of 6 M acetic acid ( 0.5 mL) using
dimethylacetamide and o-dichlorobenzene (1:1) as solvent combination (3 mL). This mixture
was sonicated for 10 minutes in order to get a homogeneous dispersion. The tube was then
flash frozen at 77 K (liquid N, bath) and degassed by three freeze-pump-thaw cycles. The
tube was sealed off and then heated at 120 °C for 3 days. A dark red coloured precipitate was
collected by centrifugation or filtration and washed with dimethylacetamide thrice. The
powder collected was then solvent exchanged with acetone 5-6 times and dried at 180 °C
under vacuum for 12 hours to get corresponding COFs in ~75 % isolated yield. FT-IR
(powder, vmax cm™): 1574 (s), 1518 (w), 1450 (s), 1255 (m), 991 (w), 958 (w), 824 (m).
Elemental Analysis; Anal. Calcld. For C;0HsON: C, 76.92; H, 3.84; N, 8.97; found: C,
69.84; H, 4.50; N, 7.89.

3.5.4 General methods for characterization

All reagents were commercially available and used as received. Microscopy images

of these hollow fibers were taken in Zeiss SteREO Discovery V20.

a) Wide-angle X-Ray Diffraction (WAXD): The wide-angle X-Ray Diffraction
(WAXD) analysis of MOFs and the composite membranes were carried on a Rigaku
SmartLab X-ray diffractometer in reflection mode using CuKa radiation (A = 1.54 A). The 20
range from 5° to 40° was scanned with a scan rate of 3° min™. The instrument was previously

calibrated using a silicon standard.

b) FT-IR spectroscopy: The Fourier transform infrared spectra (FT-IR) were taken on a
Bruker Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total
reflection) accessory in the 600-4000 cm ™ region or using a Diamond ATR (Golden Gate).

The spectra were measured over the range of 4000-400 cm™.

C) Scanning Electron Microscopy: Scanning Electron Microscopy (SEM) was
performed on an FEI Quanta 200 3D ESEM (dual beam) instrument with a field emitter as an
electron source and in FEI Nova Nano SEM 650 Scanning Electron Microscope. SEM
images of membrane cross section were taken after freeze cut off membranes in LN,.

Samples for SEM were gold sputtered before analyses.

3.5.5 Structure modeling and optimization
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Atomic positions and cell sizes of modeled COF layers were optimized using Self-
Consistent Charge Density Functional Tight-Binding (SCC-DFTB) Method. Stacking of
layers is affected by the Coulomb repulsion between the partial atomic charges in adjacent
layers. Hence, we performed Mulliken population analysis for the charges. The adjacent
layers were shifted with respect to each other in different directions in order to avoid
Coulomb repulsion from charges alike. Several possibilities were considered, however, the
best was taken from a comparison of simulated PXRD pattern with the experimental.
Interlayer separation was also determined from the comparison of PXRD patterns.

NOTE: The results of this chapter have already been published in J. Am. Chem. Soc.2014,
136, 6570—6573 with the title: “Phosphoric Acid Loaded Azo (—N=N—) Based Covalent
Organic Framework for Proton Conduction.” These publications were the results of the
collaboration between the group of Dr. Rahul Banerjee and his students Suman Chandra,
Tanay Kundu, Sharath Kandambeth, Yogesh Marathe, Shrikant M. Kunjir from National
Chemical Laboratory, Pune, India and Dr. Ravichandar BabaRao from Commonwealth
Scientific and Industrial Research Organization (CSIRO), Australia. Apart from

computational study major works contributed by Suman Chandra.
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CHAPTER 4

Covalent Organic Frameworks as Intrinsic and Extrinsic Proton

Conducting Materials

Abstract: In this chapter, we have
synthesized a sulfonic acid based covalent

organic framework (TpPa-SOsH) which

exhibits intrinsic proton conductivity under

Phytic@TpPa-(SO,H-Py)

= Arrhenius plot
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conductivity of TpPa-SOsH was measured as 1.7 x 10 Scm™ at 120 < under anhydrous
condition. To enhance the proton conductivity, we have synthesized a hybrid COF TpPa-(SO3;H-
Py) by a ligand-based solid solution approach that contains sulfonic acid as the acidic site, as
well as pyridine as the basic site in order to immobilize acidic proton carrier molecules.
Impregnation of phytic acid molecules inside the framework increases the anhydrous proton
conductivity up to 5 x 10 Scm™ at 120 °C. Such an approach highlights the advantage and first-
time use of hybrid COF for interplaying intrinsic to extrinsic proton conductivity.
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4.1 Introduction

Design and development of anhydrous proton conducting materials for high temperature
(> 100 °C) polymer electrolyte membrane fuel cells (HT-PEMFCs) is a challenge for researchers
[4.1]. The use of higher temperature in the PEMFCs is advantageous because it creates faster
kinetics and less CO poisoning at the Pt electrode. In addition, the energy and water management
becomes considerably easier as the process does not require an additional humidifier [4.2]. At
present, the industrial standard Nafion [4.3], a perfluorinated sulfonated polymer, shows highest
proton conductivity (10" S cm™) at 60 °C. However, high cost, difficult synthetic strategy, and
very low conductivity at higher temperatures (>100 °C) restrict its usage in the HT-PEMFCs. In
this context, researchers have explored a few relatively inexpensive and easy to synthesize
polymers like phosphoric acid (H3PO,) doped polybenzimidazole [H3PO,@PBI] [4.4] and
sulfonated polyethylether ketone (SPEEK) [4.5] with good proton-conductivity values under
anhydrous conditions and higher temperatures (> 100 °C). More recently, crystalline porous
materials [4.6-4.12] such as metal-organic frameworks (MOFs)/porous coordination polymers
(PCPs) and their composites [4.13-4.23] have been used as proton conducting materials.
Although inherent proton conducting materials based on PBI [4.24], CsHSQO, [4.25], poly(vinyl
phosphoric acid) (PVPA) [4.26] are known, inherent proton conducting MOFs/PCPs [4.27-4.30]
are quite limited. Moreover, the possibility of fuel crossover across the porous MOF membranes
and their instability in a harsh fuel cell operating conditions might hinder their potential
applicability in PEMFCs [4.10]. In addition, metal ion coordination to the sulfonic/phosphonic
acids mostly decreases the number of free protons, which results in low proton concentration and
conductivity of the sulfonated/phosphonated linker bearing MOFs [4.10]. Such shortcomings
have been addressed by acid doping (e.g. H3PO4, H,SO4, TfOH ) inside the MOF pores [4.15,
4.23], but the toxicity of the constituting transition metals and long term sustainability of this

acid loaded MOF raises further concerns about their real-time applicability.

Covalent organic frameworks (COFs) are the metal-free counterpart of the MOFs,
constructed by spacers linked through different covalent bonds [4.31, 4.32]. However, unlike
MOFs, these materials have been used primarily for gas storage, catalysis and photoconductivity
[4.33-4.35]. Recently, the emergence of chemically stable COFs [4.36] has paved the way for
electrochemical applications such as charge storage [4.37] and proton conductivity [4.21].

However, the proton conductivity reported so far has been achieved by the immobilization of the
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mineral acid H3PO, within the COF backbone, thereby reducing the number of available protons
for transportation [4.21]. As a result, the values are low and these COFs lack high-temperature
operational behavior. This has led us to design COFs to circumvent these shortcomings by
adopting two distinct approaches namely, i) by decorating the COF backbone with suitably
functionalized acidic units (such as sulfonic [4.12] /phosphonic groups) that can conduct protons
intrinsically without the aid of any other external carriers, and ii) by immobilizing guest
molecules with very low pKa to ensure high proton concentration and facile proton conduction
inside the COFs even at high temperature and anhydrous conditions. Herein, for the first time, we
report the combination of both these aspects within a single regime to realize both intrinsic and
extrinsic proton conduction phenomena in the COFs. We have synthesized sulfonic acid
functionalized COF (TpPa-SO3H) that can act as an intrinsic proton conductor. The free —SO3;H
groups stack within the COF backbone to provide a continuous array of proton conducting sites.
To implement the second possibility, we have also synthesized pyridine functionalized COF by
incorporating a pyridinic site within the COF structure (TpPa-Py) and a hybrid COF containing
both pyridinic and sulfonic acid groups [TpPa-(SO3sH-Py)] by the ligand-based solid solution
approach (Figure 4.1) [4.38, 4.39]. This was further followed by the impregnation of the phytic
acid [myo-Inositol hexakis-(dihydrogen phosphate)] in TpPa-Py and TpPa-(SO3sH-Py) to give
phytic@ TpPa-Py and phytic@TpPa-(SO3sH-Py) respectively. The phytic@TpPa-(SO3;H-Py)
can conduct proton (intrinsically) through the sulfonic groups in combination with neighboring
pyridinic units and also transport protons (extrinsically) via the immobilized phytic acid at the
pyridinic sites. As a proof of the concept, phytic@ TpPa-(SO3sH-Py) shows the higher anhydrous
proton conductivity (5 x 10 Scm™ at 120 °C) than phytic@ TpPa-Py and phytic@ TpPa-SO3H.
4.2  Preparative methods and characterization

4.2.1 Synthesis of COFs

Synthesis of TpPa-SO3sH was accomplished by reacting 1,3,5-triformylphloroglucinol
(Tp, 0.3 mmol) and 2,5-diaminobenzenesulfonic acid (Pa-SOsH, 0.45 mmol), 3 mL (4:1, v/v)
solvent mixture of mesitylene and 1,4-dioxane with 0.6 mL of 6(M) acetic acid (Figure 4.1).
After sonication for 10 min reaction mixture was flash frozen at 77 K and degassed by three
freeze-pump-thaw cycles. The reaction tube was sealed off and heated at 120 °C for 3 days. After

filtration, a red coloured precipitate was collected and washed with 1,4-dioxane for several times
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followed by solvent exchanged with acetone 5-6 times and dried at 120 °C under vacuum for 12

h to get corresponding COFs in ~70% isolated yield.
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4.2.2 Phytic acid loading inside COFs (Phytic@COFs5)
Activated COFs (150 mg) were added to 10 mL phytic acid (50% aqueous solution) and

suspensions were stirred for 60 min at room temperature. Then the suspension was filtered and
washed with a copious amount of water to remove the surface absorbed acid followed by drying
under vacuum at 80-90 °C for 6 h.

4.2.3 Structural simulation and characterization

The Powder XRD analysis of the three COFs revealed diffraction peaks at 26 of 4.8°,
8.3°, 26.8-27.2°, which have been assigned for the (100), (110) and (001) planes, respectively
(Figure 4.2). The broadening of the PXRD peaks results from a combination of small particle
size and small crystalline domain zone as observed from SEM and TEM images (Figure 4.14).
The pi-pi stacking distances between 001 planes are ca. 3.3 A for TpPa-SO3H, -Py, and -(SO3H-
Py). Possible 2D models were built and optimized employing the Self-Consistent Charge Density
Functional Tight Binding (SCC-DFTB) method with London dispersion corrections with four
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different stacking modes including eclipsed (AA), slip-AA-x, slip-AA-y and staggered (AB). All
possible relative positions of the -SOzH and —Py functional groups were optimized and the
lowest energy configurations were used to simulate the PXRD patterns. The simulated PXRD
patterns of the slip-AA eclipsed stacking model match well with the experimental PXRD patterns
of all the COFs. The simulated PXRD patterns obtained from eclipsed (AA), slip-AA-x and slip-
AA-y stacking mode were quite similar except (001) plane (Figure 4.3). In order to determine the
unit cell parameters, Pawley refinements of the observed PXRD patterns were performed for all
the COFs (Figure 4.2).

Structures of TpPa-SOs;H and TpPa-Py were modeled using Self-Consistent Charge
Density Functional Tight-Binding (SCC-DFTB) method including Lennard-Jones dispersion as
implemented in DFTB+ version 1.2. Parameters for all atoms were taken from the mio-0-1 set.
Lattice dimensions and atomic positions were optimized simultaneously. From the optimized
monolayers, the bulk structure was simulated using a bilayer model and investigating AA, AB
and slipped-AA structures [4.2, 4.3]. In the bilayer model, there may be disorder in the stacking
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Figure 4.2: PXRD spectra of as-synthesized (green) compared with the eclipsed (red) and staggered
(black) stacking models for (a) TpPa-SO3H, (b) TpPa-Py and (c)TpPa-(SO3;H-Py). Experimental (pink)
PXRD profiles of (d) TpPa-SOsH, (e) TpPa-Py and (f) TpPa-(SO3;H-Py) compared with Pawley refined
(blue) of an eclipsed offset arrangement COF based on P1 symmetry; difference plot is given in (black).

of the —Py and —SO3H functional groups, all possible permutations were optmised and the lowest

energy structure was kept. Interlayer separation was initialized at 3.5A, except in the AA
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stacking of TpPa-SOsH, which was initialized at 5A to account for the bulky functional groups.
The fractional coordinates of TpPa-SO3H, TpPa-Py, and TpPa-(SO3sH-Py) are given in Table
4.6, 4.7 and 4.8 respectively. The experimental PXRD patterns are agreeable with the simulated
patterns of eclipsed offset stacking models (slip-AA-x/y) (Figure 4.3). Hence we propose
structures having triclinic space group (P 1) for both TpPa-SO3H and TpPa-Py by comparing
the experimental and simulated PXRD patterns. Refinements of PXRD pattern were done using
Reflex module of Material Studio 6.0 [4.4].

a) b) c)
) TpPa-(SO,H-Py)-Experimental
TpPa-SO,H-Experimental TpPa-Py-Experimental

L TpPa-SO,H-Eclipsed-1.5A offset L A TpPa-Py-Ecllpsed-1.0A‘i)ffset L TpPa-(SO,H-Py)-Eclipsed-1.5A offset
ol S Y o A A 3 e

J{ TpPa-SO,H-Eclipsed J i TpPa-Py-Eclipsed J i TpPa-(SO,H-Py)-Eclipsed
A H

TpPa-SO,H-Staggered 1 TpPa-Py-Staggered J l
o Lo Ju. AL A o
== 5 1

T "o 15 20 25 30 3 40 b5 10 15 20 25 30 35 40 0 15 20 25 30 35 40
20 (Degree) 20 (Degree) 20 (Degree)

JTpPa-(SOJH-Py)-S!aggered
| W W j I

Figure 4.3: PXRD comparison of the experimental (green), simulated offset with (1.0-1.5A) parallel
layer displacement (blue), simulated perfectly eclipsed (AA) (red) and simulated perfectly staggered (AB)
(black) for (a) TpPa-SO3H, (b) TpPa-Py and (c)TpPa-(SOsH-Py).

Table 4.1: The total DFTB energies, Lennard-Jones contributions (LJ), and the crystal stacking
energies per monolayer as well as the corresponding HOMO-LUMO energy gap for TpPa-
SO3H.

Slipped Per unit
dist Total LJ Crystal HOMO-
_ istance DETB rys é LUMO
Stacking along a c [A] energy Stacking
Energy gap
and/or b [a.u] energy
L [a.u.] .. [ev]
direction [kcal.mol™]
monolayer --- -142.189055 0.4629 2.021
AA 490 -284.603159 0.7269 -70.61 1.953
slipAA-x  15Aina 3.43  -284.600204 0.7256 -69.68 1.922
slipAA-y  15Ainb 341  -284.602439 0.7290 -70.38 1.879
AB 3.39  -284.596298 0.7504 -68.46 1.972
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Table 4.2: The total DFTB energies, Lennard-Jones contributions (LJ), and the crystal stacking
energies per monolayer as well as the corresponding HOMO-LUMO energy gap for TpPa-Py.

Slipped Per unit
dist Total LJ Crystal HOMO-
| istance DETB rys z_al LUMO
Stacking along a c[A] energy Stacking
Energy gap
and/or b [a.u.] energy
o [a.u] N CY

direction [kcal.mol™]
monolayer --- -105.643914 0.3794 2.057
AA --- 348  -211.435512 0.5912 -46.34 1.778
slipAA-x  1.0Aina 3.35  -211.455577 0.5893 -52.63 1.976
slipAA-y  1.0Ainb 3.33  -211.456513 0.5887 -52.93 1.976
AB 3.28  -211.392325 0.6585 -32.79 1.979

Table 4.3: The total DFTB energies, Lennard-Jones contributions (LJ), and the crystal stacking
energies per monolayer as well as the corresponding HOMO-LUMO energy gap for TpPa-

(SO3H-Py).
Slipped Per unit
. PP Total
distance LJ crystal HOMO-
. DFTB .
Stacking along a c[A] energy stacking LUMO gap
Energy
and/or b ] [a.u] energy [eV]
a.u.
direction [kcal.mol™]
monolayer -130.005261 0.4351 --- 2.031
AA 4.95 -260.220380 0.6793 -65.84 1.919
slipAA-x 15Aina 341 -260.214902 0.6698 -64.13 1.872
slipAA-y 15Ainb 337 -260.222460 0.6746 -66.50 1.841
AB 3.43 -260.219834 0.6829 -65.67 1.816
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Figure 4.4: Simulation of the unit cell content calculated in an eclipsed-AA-1.5 A off set arrangement

114

axis.

TpPa-SO;H: top view onto the ab-plane and view perpendicular to the ¢
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Figure 4.5: Simulation of the unit cell content calculated in an eclipsed-AA-1.0 A off set arrangement of
TpPa-Py: top view onto the ab-plane and view perpendicular to the c-axis.
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Figure 4.6: Simulation of the unit cell content calculated in an eclipsed-AA-1.5 A off set arrangement of
TpPa-(SOz;H-Py): top view onto the ab-plane and view perpendicular to the c-axis.
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4.2.4 Chemical characterization

The FT-IR spectra of TpPa-SO3H, TpPa-Py, and TpPa-(SO3;H-Py) indicated complete
consumption of the reactants (Figure 4.7) by absence of the characteristic N—H stretching band
(3335-3425 cm %) of the free diamine and aldehydic -CH=O (1650 cm™) of the free Tp.
Moreover, the absence of C=N stretching peaks (1620 cm™) and the occurrence of a new C=C
peak at 1576 cm ' indicates the presence of the keto tautomer rather than the expected enol
tautomer [4.36]. The aromatic C=C peak appeared at 1438 cm* and the newly formed C—-N
bonds of the keto tautomer in the COF were observed at 1231 cm ™. The peak at 1005 cm* for
TpPa-SO3H and -(SO3H-Py) indicated the S-OH stretching mode of the -SO3H unit (Figure 4.7a
and 4.8a).
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Figure 4.7: FT-IR spectra of (a) TpPa-SO;H (Blue) and (b) TpPa-Py (Blue) compared with starting
material Tp (Red), (Pa-SO3H) (Black) and (Pa-Py) (Black).

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 117



Chapter 4 Covalent Organic Frameworks as Intrinsic ...

O
~—"

a)

TpPa-(SO,H-Py)

3
0,
2
‘@
c
2
£
=
©
o [ TPPa-SOH 250 200 150 100 50 O
e Chemical shift (ppm)
«
= C) Monomer of TpPa-SO,Na d.s0.Na
E 133.2 3@:
2
g Monomer of TpPa-Py

100

°
11
)
o
~
o
o
-
Intensity (a.u.)
N
)
N
N
o
o
o
o
o
w,
o

Monomer of TpPa-SO,Na

1578 < 1228" \1179
(C=C) (C-N) (asym SO,)
——r——r——r— ) \SSY B : . >
4000 3500 3000 2500 2000 1500 1000 200 150 100 50 0
Wave number (cm™') Chemical shift (ppm)

Figure 4.8: (a) FT-IR spectra of TpPa-SOsH and TpPa-Py compared with their reference (monomer)
compounds. (b) Solid state *C CP-MAS spectrum comparison of TpPa-SOsH (black), TpPa-(SO;H-Py)
(red) and TpPa-Py (blue). (c) Solid state *C CP-MAS spectrum of the reference compound TpPa-SO;Na
monomer = Trisodium salt of 2,4,6-tris[(2-sulfophenylamino)methylene]cyclohexane-1,3,5-trione and
TpPa-Py monomer = (2,4,6-tris[(3-pyridylamino)methylene]cyclohexane-1,3,5-trione). (*) represent the
spinning side band.

The Cross-Polarization Magic Angle Spinning (CP-MAS) 3C solid state NMR
spectroscopy indicated the existence of the keto tautomer rather than the enol by the presence of
the peak at ~184 ppm due to the keto (-C=0) group [4.36] (Figure 4.8b). In addition, *C solid-
state NMR spectra for these COFs matched well with the reference compound, which signifies a
similar structural environment in all the COFs (Figure 4.8b and 4.8c). The slightly broad peak at
75 ppm for phytic acid doped COFs [phytic@TpPa-SOsH, phytic @TpPa-Py and phytic
@TpPa-(SO3H-Py)] appeared due to the presence of the phytate anions irrespective of their
degree of ionization (Figure 4.9a).The down field shift of the peaks for phytic acid loaded COFs
as compared to the pure phytic acid in 3P CP- MAS indicates the H-bonding between the phytic

acid molecules with the COF framework (Figure 4.9b).

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 118



Chapter 4 Covalent Organic Frameworks as Intrinsic ...

a) 2 b)

Phytic@ s
TpPa-(SO,H-Py) Ol

A

+1.08 H-bonded phytic acid

* % 5

KT W ! N gt
N T NI P o p o

Phytic@TpPa-(SO,H-Py)

TpPa-(SO,H-Py)

* *

Phytic@ Phytlc@TpPa-Py
TpPa-Py

F o 7R
PRV S Y VYo WRRPCY i WO

Intensity (a.u.)

Phytic@TpPa-SO,H

TpPa-Py

100 80 60 40 20 0 -20 -40 -60 -80 -100
3, (ppm)

Phytic@
TpPa-SO,H A

% % i /R
P /
Mh«ﬁ\*‘)‘"\.{'\mﬁ«: N g N

-0.26

Phytic acid

Intensity (a.u.)

TpPa-SO,H

4 B -8 -10

_‘
o

-
&
el

250 200 150 100 50 O
Chemical shift (ppm)

Figure 4.9: (a) Solid state **C CP-MAS spectrum comparison of TpPa-SO;H (solid black line), TpPa-Py
(solid blue line) and TpPa-(SO;H-Py) (solid red line) with their phytic acid loaded COFs (dotted line).
(b) Solid state *'P CP-MAS spectra comparison between phytic acid loaded TpPa-SO;H (black), TpPa-Py
(red) and TpPa-(SO3H-Py) (green) with pure phytic acid (blue). (*) represent the spinning side band.

We have performed XPS analysis of the three COFs [TpPa-SOz;H, TpPa-Py, and TpPa-
(SO3H-Py)] in order to get further insight into the compositions and interaction. The binding
energy of N1s of TpPa-SOsH shows two types of nitrogens, one at 400.2 eV for the free
secondary amine (—-NH) and another at 402.3 eV for the protonated secondary amine (—-NH,").
Similarly, the XPS study of TpPa-Py shows two different types of nitrogens; one at 398.5 eV for
the pyridinic (-CsH3N) nitrogen and the next one at 400.2 eV that alludes to the free secondary
amine (-NH). To ensure that the hybrid COF [TpPa-(SO3H-Py)] contains both pyridinic and
sulfonic acid functionality within the COF backbone, we have compared the XPS data of all
three COFs. The N1s peak at 401.1 eV and S2p peak at 167.0 eV in TpPa- (SO3H-Py) originate
from the pyridinium (-CsH3sNH™) and sulfonate (SO3) ions respectively which form due to the
protonation of the pyridinic N by the -SO3zH group. Notably, the N1s peak of pyridinium ion (-
CsH3NH™) is absent in the case of TpPa-Py and -SOsH (Figure 4.10).
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Figure 4.10: (), (b), (c) are the probable chemical structures of TpPa-SOsH, TpPa-Py, TpPa-(SOz;H-
Py) and (d), (e), (f) are the corresponding binding energy of N1s respectively.
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Figure 4.11: Binding energy of S2p for hybrid COF TpPa-(SOz;H-Py).

The weight percentage ratio of N/S for hybrid COF TpPa-(SO3H-Py), as obtained from the
elemental analysis, matches well with the simulated structure where the sulfonic acid unit (Pa-
SO3H) and pyridinic unit (Pa-Py) are distributed in 1:1 ratio. To further confirm that the hybrid
COF TpPa-(SO3zH-Py) is not a physical mixture of TpPa-SOsH and TpPa-Py, we have
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compared the values with an equimolar (1:1) physical mixture of the individual COFs where the
ratio of sulfonic group unit and the pyridinic unit is 1:1 (Figure 4.12).
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Figure 4.12: (a) IR, (b) PXRD, (c) *C-SSNMR, (d) N, adsorption isotherms, (e) TGA and (f) Water
adsorption comparison between hybrid COF TpPa-(SO3;H-Py) (Black) and physical mixture of TpPa-

SO;zH and TpPa-Py (Red).
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Figure 4.13: Difference between the SEM images of (a) Physical mixture of TpPa-SOsH and TpPa-Py,

(b) TpPa-(SOsH-Py).
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The morphological homogeneity observed in the SEM images of hybrid COF TpPa-(SO3;H-Py)
clearly omits the possibility of formation of a mixture of TpPa-SO3zH and TpPa-Py (Figure
4.13). All the three COFs [TpPa-SOsH, -Py and -(SOsH-Py)] have a fibrous type of morphology
that were analyzed from their FESEM and TEM images (Figure 4.14). The EDX- mapping of all
three phytic acid loaded COFs revealed a uniform distribution of phytic acid (Figure 4.17).

TpR-SO,H
%,

f) TpPa-(SO,H-Py) TpPa-(SO,H-Py)

ey e R 1 _mciem  aTine e

Figure 4.14: (a)-(c) SEM images and (d)-(f) TEM images of TpPa-SOs;H, TpPa-Py and TpPa-(SOz;H-Py)
respectively.

The TGA of the activated COF samples shows no weight loss till 250 °C (Figure 4.15a).
However, the as-synthesized TpPa-SOzH and -(SO3H-Py) exhibit three stage weight loss 50-
120 °C, 220-380 °C and above 380 °C. The initial weight loss is due to the removal of occluded
solvent molecules, second stage weight loss is account for the disintegration of sulfonic acid
groups and the third one due to the decomposition of COF backbones (Figure 4.15a). Above 200
°C both the crystallinity and porosity decreases suggesting framework decomposition. The
thermal stability of the pristine COFs have also been tested by IR and PXRD (Figure 4.15b and
4.15c). In the case of phytic acid loaded samples the gradual weight loss above 130 °C can be
attributed to the self-condensation of the phosphonic acid groups (Figure 4.16). The phytic acid
doped COFs were also stable at 150 °C, which confirm from their IR spectrum (Figure 4.15d).
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Figure 4.15: (a)TGA of TpPa-SOz;H (black), TpPa-Py (red) and TpPa-(SOsH-Py) (green) under N,
atmosphere after. (b) FT-IR spectra of 250 < activated TpPa-SOs;H (black), TpPa-Py (red) and TpPa-
(SO3H-Py) (green). (c) PXRD comparison between 250 < activated (solid line) and 150 < activated
(dash line) TpPa-SOsH (black), TpPa-Py (red) and TpPa-(SOsH-Py) (green). (d) FT-IR spectra of 150
C activated phytic acid loaded COFs; Phytic@ TpPa-SOzH (black), Phytic@TpPa-Py (red) and
Phytic@ TpPa-(SOsH-Py) (green).

The amount of the phytic acid in the COFs will surely affect the measurement results. For this
purpose, in our conductivity experiments, we have considered the COFs with the optimum
loading of phytic acid to ensure the reproducibility of the results. The optimum loading was
achieved by impregnating with 1:1 aqueous phytic acid solution and washing with a copious
amount of water to remove surface adhered phytic acid that might otherwise hinder
reproducibility. It was observed from TGA that the optimum loadings of phytic acid are 3.18,
5.62 and 4.11 wt% for TpPa-SO3H, TpPa-Py and TpPa-(SO3;H-Py) respectively (Figure 4.16).

The loading of phytic acid and the proton conductivity is not linear suggests that in addition to
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the amount of loaded phytic acid, the number of —SO3H groups present in the framework plays a
vital role in the proton conductivity.
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Figure 4.16: TGA data of activated (a) TpPa-SO3;H (black) compared with Phytic@ TpPa-SOsH (red);

(b) TpPa-Py (black) compared with Phytic@TpPa-Py (red) and (c) TpPa-(SOs;H-Py) compared with
Phytic@ TpPa-(SO3H-Py) (red) under N, atmosphere.
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Figure 4.17: Elemental distribution of phytic@COFs probed by EDS-mapping: (a) FETEM image, (b)
distribution of phosphorus, (c) distribution of sulfur for phytic@ TpPa-SOsH; (d) FETEM image, (e)

distribution of phosphorus, (f) distribution of sulfur for phytic@TpPa-(SO3;H-Py); (g) FETEM image and
(h) distribution of phosphorus for phytic@TpPa-Py.
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4.2.5 Gas and water vapour adsorption studies

The BET surface areas for TpPa-SOsH, TpPa-(SO3H-Py) and TpPa-Py are 215, 235
and 370 m”g™* respectively (Figure 4.18). The low surface area of the sulfonic acid based COFs
[TpPa-SO3H and TpPa—(SO3H-Py)] results due to the steric bulkiness of the functional —-SOsH
groups [4.12] which can be explained by calculated the the Nitrogen Accessible Surface Areas
(NASA) of the lowest energy geometry of TpPa-SOsH, TpPa-Py and TpPa-(SO3H-Py) by
using the geometric method as performed by Snurr et. al. [4.40] and implemented in the Pore
Blazer program [4.41]. Using this method, the surface area varies little (Table 4.4) but the key
thing is that the pore limiting diameter of TpPa-SO3H is only 7.6 A compared to 14 A for TpPa-
Py and 11 A for hybrid TpPa-(SO3H-Py). So these pores are significantly obstructed by the
bulky SO3H groups. The total DFTB pore volume for TpPa-SO3H, -(SO3H-Py) and —Py are
0.431, 0.273 and 0.281 cm®g™ respectively.

Table 4.4: Calculated Nitrogen Accessible Surface Areas (NASA) and pore size of the lowest
energy geometry of TpPa-SO3H, TpPa-Py, and TpPa-(SOsH-Py).

TpPa-SO3H | TpPa-Py | TpPa-(SO3H-Py)
Accessible surface area in A” 349.08 325.65 310.83
Accessible surface area per volume in m’cm™ | 1264.77 1109.49 1067.66
Accessible surface area per mass in m°g™ 1199.58 1534.34 1235.33
Pore limiting diameter in A 7.63 14.14 11.44
Maximum pore diameter in A 11.15 14.43 12.01
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Figure 4.18: N, adsorption isotherms of (a) COFs; TpPa-SO3;H (black), TpPa-Py (red), TpPa-(SO3H-
Py) (green) and (b) phytic acid loaded COFs; Phytic@TpPa-SO3H (black), Phytic@TpPa-Py (red) and
Phytic@TpPa-(SOsH-Py) (green). (c) Water adsorption of TpPa-SOs;H (black), TpPa-Py (red) and
TpPa-(SO3;H-Py) (blue) collected up to P/P,=0.9 (STP) at 293 K_[filled symbols for adsorption and empty
symbols for desorption.]
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Pore size distributions of TpPa-SO3H and TpPa-(SO3H-Py) suggests a pore diameter of ~14.5
A and for TpPa-Py it is ~14.8 A (Figure 4.19), a value also obtained from the modeled structure.
The irregular pore size distribution is expected to arise from few inter-particle voids as well as
lack of sufficient long range ordering (as evident from the XRD) of these 2D COFs, especially

sulfonic acid based one.
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Figure 4.19: NLDFT Pore size distribution of (a) TpPa-SO3;H , (b) TpPa-Py and (c) TpPa-(SOsH-Py).
4.2.6 Chemical stability investigation

It is to be noted that the impregnation of phytic acid molecules inside the COFs and the
pelletization of the COF powders did not rupture their framework architecture, confirmed by
checking the bulk crystallinity (Figure 4.20 and 4.21c), IR (Figure 4.21a), *C NMR (Figure
4.21b) and SEM (Figure 4.21d) of these COF samples. However, the absence of low angle peaks
in PXRD for phytic acid loaded COFs is due to the X-ray absorption and/or scattering by
impregnated phytic acid (Figure 4.20).

a
) After proton conduction study- b) After proton conductivity study- )
Phytic@TpPa-Py After proton conduction study-

Phytic@TpPa-SO,H
% A Phytic@TpPa-(SO,H-Py)
After pellet making-

After pellet making-

TpPa-Py TpPa-(SO,H-Py)

After pellet making- Before pellet making- Before pellet making-
TpPa-SO,H TpPa-Py TpPa-(SO,H-Py)
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Intensity (a.u.)
Intensity (a.u.)

Figure 4.20: PXRD comparison of as synthesized COFs (black) with before proton conductivity studies
(red) and after proton conductivity studies (green) for (a) Tp-SO;H; (b) TpPa-Py and (c) TpPa-(SOs;H-
Py) respectively.

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 126



Chapter 4 Covalent Organic Frameworks as Intrinsic ...

Notably, the crystallinity of all three pristine COFs were largely restored upon prolonged water
treatment of the phytic acid loaded COFs (phytic@ COFs) (Figure 4.21c).
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Figure 4.21: (a) FT-IR spectra of Phytic@TpPa-SOsH (black), Phytic@TpPa-Py (red) and
Phytic@TpPa-(SOsH-Py) (green). (b) Solid state **C CP-MAS spectrum of Phytic@ TpPa-SOz;H (black),
Phytic@TpPa-Py (red) and Phytic@ TpPa-(SOsH-Py) (green). (c) PXRD comparison phytic acid treated
TpPa-SOsH (black), TpPa-Py (blue) and TpPa-(SOsH-Py) (red). (d) Comparison of SEM of COFs with
phytic acid treated COFs.

4.2.7 Proton conductivity studies

All the proton conductivities were measured in the anhydrous medium in a temperature
range between 25-130 °C. The TpPa-SO3H exhibits a conductivity of 1.2 x 10° Scm™ at 25 °C
under the anhydrous condition, as evident from the Nyquist plots. The conductivity reaches a
maximum of 1.7 x 10 Scm™ at 120 °C (Figure 4.22c). The proton conduction is aided by the
sulfonic acid units within the linker backbone, which acts as a proton source and the polar groups
(S=0, NH, C=0) situated in very close proximity act as a proton transporter within the COF
backbone. However, the TpPa-Py and TpPa-(SO3H-Py) didn’t exhibit proton conductivity
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under similar conditions. The absence of protogenic groups in TpPa-Py and immobilization of
the proton by the pyridinic nitrogen in TpPa-(SO3;H-Py) are presumed to be the main reasons for

their non-conductiveness. Notably, this observation also establishes the necessary structure to

property relationship of the COFs for proton conduction.
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Figure 4.22: (a) and (b) are the graphical representations of proton conduction pathways inside the
hexagonal nanochannels of TpPa-SO3H and phytic acid loaded TpPa-(SO3H-Py)respectively. Nyquist
plots for (c) TpPa-SOsH, (d) phytic@TpPa-SOzH, (e) phytic@TpPa-Py and (f) phytic@ TpPa-(SOs;H-Py)
respectively in anhydrous condition at different temperatures.
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The proton conductivity (c = X n.g.p) in solid state materials can be improved by tuning three
independent functions, i.e. the density of mobile protons (n), charge (q) and the mobility (u) of
the protons. Notably, in previous accounts, the conductivity was achieved by impregnating
H3sPO, molecules inside COF pores [4.21]. Herein, we have decided to enhance the proton
conductivity by introducing phytic acid as the proton source and carrier inside the porous
architecture of the COFs.
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Figure 4.23: (a) Digital image of the pallet of TpPa-SO;H used for proton conductivity measurements
with dimension.( b) (Ri/Q1)(R2/Q>) as an equivalent circuit for the proton conduction in COFs wherein Ry,
R, represent resistors and Qi, Q, represent imperfect capacitors in the circuit. Black dots (@) are
experimental data and the red line ( ) are the simulated data from the (Ri/Q1)(R/Q>) as equivalent
circuits on Nyquist plots for (c) TpPa-SOsH, (d) phytic@TpPa-SOz;H, (e) phytic@TpPa-Py and (f)
phytic@TpPa-(SO3;H-Py) respectively.
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We have chosen phytic acid over H3PO, as i) the low volatility of phytic acid over H3PO,
increases the higher temperature operational possibilities, and ii) the dimension of phytic acid
(ca. 11 A) is comparable with the COF pores (ca. 14.5 A) that may prevent the leaching problem.
The phytic acid loaded TpPa-SO3H (phytic@TpPa-SO3H) shows only slightly improved proton
conductivity of 7.5 x 10° Scm™ at 120 °C (Figure 4.22d). On the other hand, in the case of
phytic@ TpPa-Py, the conductivity was 3.0 x 10 Scm™ at 120 °C that was comparatively higher
due to the immobilization of the phytic acid by the basic pyridinic nitrogen (Figure 4.22¢). The
phytic@ TpPa-(SO3H-Py) exhibits highest proton conductivity of 5 x 10* Scm™ at 120 °C due to
the operation of both the phenomena a) the intrinsic conductivity due to the — SO3zH group and b)
the extrinsic conductivity via the immobilization of the phytic acid by the pyridinic nitrogen
(Figure 4.22f). The aforementioned phenomena establish the logic behind the preparation of the
hybrid COF for proton conduction, where properties of both the linkers could be leveraged to
achieve higher proton conductivity. The temperature dependent proton conductivity values were
utilized to calculate the activation energy of the systems. For example, phytic@ TpPa-Py exhibits
an activation energy of 0.10 Ev while phytic@TpPa-(SO3;H-Py) has an activation energy of 0.16
Ev (Figure 4.24).
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Figure 4.24: (a), (b) and (c) are the activation energy plot for phytic@ TpPa-SOsH, phytic@TpPa-Py
and phytic@TpPa-(SO3;H-Py) respectively.

To check the reproducibility of proton conductivity we have performed the proton
conductivity of COF pellets at variable conditions and using different pellet widths to ensure the
reproducibility of measurements. The proton conductivity of three different pellets made from
three different batches of TpPa-SO3;H having an almost same width (0.92-0.94mm) yielded a
value of 1.7(+1) x 10 Scm™ at 120 °C for at least 24h and has been reproduced for 3 different
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runs (Figure 4.25a). Such reproducibility has also been demonstrated for Phytic@ TpPa-(SO3H-

Py) under similar condition. Moreover, to assay the role of pellet width on proton conductivity

we have made two different batches of pellets, one having a width of 1.35 mm and another
having 0.75 mm (as thinner pellets are more desirable in fuel cell systems). Interestingly, both

the pellets exhibit same proton conductivity of 5(+2) x 10 Scm™ at 120 °C (Figure 4.25b).
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Figure 4.25: (a) proton conductivity of three different pellets of TpPa-SOsH (prepared using samples
from three different batches) having the same width (0.92-0.94mm) of the pellets.(b) the proton
conductivity of phytic acid loaded TpPa-(SOsH-Py) with different pellet widths; 0.75 mm (green) and
1.35 mm (red and blue).

It is noteworthy that the values are lower than Nafion, but are comparable to the previously
reported PA@Tp-Azo COF, and most of the state of the art MOFs (Table 4.5).

Table 4.5: Comparison of proton conductivity of phytic acid loaded COFs with state of the art
MOFs and COFs.

Compound Name Conductivi | Ea | Conditions | References
ty (Scm-Y) | (EV)
1 | Im@{Al(u-OH)(1,4-ndc)}, [ 2.2x 10> |06 | 120 °C, | Nat. Mater. 2009, 8, 831.
Anhydrous
2 | Im@{Al(u2-OH)(1,4-bdc)}, | 1.0x 107 [0.9 |120 °C, | Nat. Mater. 2009, 8, 831.
Anhydrous
3 | B-PCMOF-2(Tz)o.45 50x 10" [0.34 | 150 °C, | Nat. Chem. 2009, 1, 705.
Anhydrous
4 | Mgy(dobdc) - 0.35LiO'Pr - | 3.1 x 10* 0.4 |27 °C, | J. Am. Chem. Soc. 2011,
0.25LiBF4- EC - DEC Anhydrous | 133, 14522,
5 | His@[AI(OH)(ndc)], 1.7x10° ]0.25 | 150 °C, | Angew. Chem. Int. Ed.
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Anhydrous | 2011, 50, 11706.
6 | [Zn(HPO4)(H2PO4),] 25x10" [0.47 |130 °C, | J. Am. Chem. Soc. 2012,
(ImHy), Anhydrous | 134, 7612.
7 | [Zn(H2PO4)2(TzH),]n 1.2x10" [0.6 |[150 °C, | J. Am. Chem. Soc.2012,
Anhydrous | 134, 12780.
8 | H,SO,@MIL-101 1.0x10% [0.42 | 150 °C, | J. Am. Chem. Soc.2012,
0.13% RH | 134, 15640.
9 | H:PO,@MIL-101 3.0x10° [0.25 | 150 °C, | J. Am. Chem. Soc 2012,
0.13% RH | 134, 15640.
10 | [Zny(2,5-DOTP)]-His 4.3 %107 146 °C, N, | Dalton Trans. 2012, 41,
atmosphere | 13261.
11 | In-1A-2D-2 2.7x10° [0.48 |77 °C, | Chem. Commun.2013,49,
Anhydrous | 6197.
12 | [Zn3(H2PO4)s](Hbim) 1.3x10° |05 [120 °C, | J. Am. Chem. Soc. 2013,
Anhydrous | 135, 11345.
13 | (NHa)2(adp)[Zn,(0x)3] 10 ™ 25°C, J. Am. Chem. Soc., 2014 ,
Anhydrous | 136, 7701.
14 | PA@Tp-Azo 6.7x10° |0.11 |67 °C, | J. Am. Chem. Soc.
Anhydrous | 2014, 136, 6570.
15 | [ImH2][Cu(H:PO,)15(HPO4 | 2.0x10% |1.1 |130 °C, | Chem. Commun.
) 05 :Clos] Anhydrous | 2014, 50, 10241.
16 | {[(MesNH,)3(S04)]2[Zno(0ox | 1.0 x 10* [ 0.13 | 150 °C, N, | Angew. Chem. Int. Ed.
)3l atmosphere | 2014, 53, 2638.
17 | Im@Td-PPI 2 3.49x10* [0.30 |90 °C, | J. Am. Chem. Soc. 2015,
Anhydrous | 137, 913.
18 | TFTOH@MIL-101 8x 10~ 0.18 | 60 °C, 15% | ACS Appl. Mater.
RH Interfaces 2014, 6, 5161.
19 | phytic@TpPa-(SO3H-Py) 5x 10 0.16 | 120 °C, | This work
Anhydrous
20 | phytic@TpPa-SOzH 7.5x10° 120  °C, | This work
Anhydrous
21 | phytic@TpPa-Py 3.0x10" |0.10 [120  °C, | This work
Anhydrous
22 | TpPa-SO3H 1.7 x 10” 120 °C, | This work
Anhydrous
4.3 Summary

In this chapter, we have synthesized a sulfonic acid (-SOzH) functionalized COF TpPa-

SO3H for intrinsic anhydrous proton conduction at 120 °C. Further enhancement of conductivity
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was achieved by synthesizing a hybrid COF TpPa-(SO3H-Py) and subsequent phytic acid
loading. The combined effect of intrinsic and extrinsic proton conductivity in COFs has also been
demonstrated for the first time to show anhydrous proton conductivity of 5 x 10 Scm™ at 120
°C. We believe that such structure-conductivity relationships in COFs will provide a roadmap

towards COF based anhydrous proton conductors in the near future.
4.4  Experimental Procedures
4.4.1 Materials

1,3,5-triformylphloroglucinol was prepared from phloroglucinol using literature
procedure [4.42]. All other reagents and solvents were commercially available and used as

received from Sigma Aldrich and TCI chemicals.
4.4.2 Synthesis of reference compound for TpPa-SO3H

To prevent the solubility problem we have first synthesized the sodium salt of the 2-
aminobenzenesulfonic acid by taking (1:2) eq ratio of 2-aminobenzenesulfonic acid and sodium
hydroxide and solubilized it in the methanol-water medium. Then, the reference compound was
synthesized by the reaction between 1,3,5-triformylphloroglucinol (0.210 g, 1 mmol) and sodium
2-aminobenzenesulfonate (0.624 g, 3.2 mmol) in 30 MI water-methanol mixture (v/v =5 Ml : 25
MI) under refluxing condition for 72h. After this time the solution was cooled to room
temperature and the precipitate was collected by filtration, washed with ethanol and dried under
vacuum to give 0.130 g (0.192 mmol, 64%) of the sodium salt of reference compound i.e. 2,4,6-

tris[(2-sulfophenylamino)methylene]cyclohexane-1,3,5-trione as yellow solid.

IR (powder, cm-1): 1611 (m), 1576 (s), 1438 (s), 1310 (s), 1228 (m), 1168 (m), 1081 (m), 1016
(m), 829 (s).

4.4.3 Synthesis of reference compound for TpPa-Py

The reference compound i.e. 2,4,6-tris[(3-pyridylamino)methylene]cyclohexane-1,3,5-
trione) was synthesized by the reaction between 1,3,5-triformylphloroglucinol (0.210 g, 1 mmol)
and 3-aminopyridine (0.302 g, 3.2 mmol) in 20 Ml ethanol under refluxing condition for three
day. After this time the solution was cooled to room temperature and the precipitate was
collected by filtration, washed with ethanol and dried under vacuum to give 0.90 g (0.205 mmol,
68.4%) of a yellow solid.
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IR (powder, cm™): 1605 (m), 1570 (s), 1438 (s), 1382 (s), 1260 (w), 1231 (m), 1142 (m), 1096
(s), 980 (5).
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Figure 4.26: (a) Liquid state 'H-NMR for trisodium salt of  2,4,6-tris[(2-
sulfophenylamino)methylene]cyclohexane-1,3,5-trionend) i.e TpPa-SOsNa monomer and (b) HR-MS of
2,4,6-tris[(3-pyridylamino)methylene]cyclohexane-1,3,5-trione i.e TpPa-Py monomer.
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4.4.4 Synthesis of TpPa-SO3H, TpPa-Py and hybrid COF TpPa-(SO3;H-Py)

In the typical synthesis, a pyrex tube ( 0.d. x i.d. = 10 x 8 mm? and length 18 cm) is
charged with 1,3,5-triformylphloroglucinol (Tp) (0.3 mmol), 2,5-diaminobenzenesulfonic acid
(Pa-SO3H, 0.45 mmol), 3 MI (4:1) solvent mixture of mesitylene and 1,4-dioxane with 0.6 Ml of
6(M) acetic acid. This mixture was sonicated for 10 min. In order to get a homogeneous
dispersion. The tube was then flash frozen at 77 K (liquid N, bath) and degassed by three freeze-
pump-thaw cycles. The tube was sealed off and then heated at 120 °C for 72h. A red coloured
precipitate was collected by filtration and washed with 1,4-dioxane thrice. The powder collected
was then solvent exchanged with acetone 5-6 times and dried at 120 °C under vacuum for 12 h to

get corresponding COFs in ~70% isolated yield.

The same synthesis procedure is followed for the synthesis of TpPa-Py except for this
COF we have taken 2,5-diaminopyridine (Pa-Py, 0.45 mmol) and 3 ml (3:1) solvent mixture of
dimethylacetamide and o-dichlorobenzene with 0.6 ml of 6(M) acetic acid. The yield of this COF
is ~68%.

In the case of hybrid COF TpPa-(SO3;H-Py), we have taken 2,5-diaminobenzenesulfonic
acid (Pa-SO3H, 0.225 mmol) and 2,5-diaminopyridine (Pa-Py, 0.225 mmol). The same synthetic
procedure and same solvent mixture [mesitylene, 1,4-dioxane and 6M acetic acid in (4:1:1) ratio]
as like TpPa-SO3H was followed to give ~60% isolated yield.

FT-IR (TpPa-SOsH powder, cm™): 1608 (w), 1572 (s), 1438 (m), 1231 (s), 1084 (w), 1005 (m),
814 (m).

FT-IR (TpPa-Py powder, cm™): 1608 (w), 1581 (s), 1501 (m), 1451 (m), 1400 (m) 1231 (s),
1145 (w), 1091 (w), 827 (m).

FT-IR {TpPa-(SOsH-Py) powder, cm™}: 1608 (w), 1572 (s), 1500 (w), 1442 (m), 1234 (s),
1092 (w), 1026 (w), 1003 (w), 822 (m).

4.4.5 Phytic acid loading inside COFs
Activated COFs (150 mg) were added to 10 mL phytic acid (50% aqueous solution) and

suspension were stirred for 60 min at room temperature. Then the suspension was filtered and
washed with a copious amount of water to remove the surface absorbed acid followed by drying
under vacuum at 80 °C for 5 h. Yield: ca. 190 mg for phytic@TpPa-SOzH; 220 mg for
phytic@TpPa-Py and 198 mg for phytic@ TpPa-(SO3H-Py).
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4.4.6 General methods for characterization

All reagents were commercially available and used as received. Microscopy images of

these hollow fibers were taken in Zeiss SteREO Discovery V20.

a) Wide-angle X-Ray Diffraction (WAXD): The wide-angle X-Ray Diffraction (WAXD)
analysis of MOFs and the composite membranes were carried on a Rigaku SmartLab X-ray
diffractometer in reflection mode using CuKa radiation (A = 1.54 A). The 20 range from 5° to
40° was scanned with a scan rate of 3° min™. The instrument was previously calibrated using a

silicon standard.

b) FT-IR spectroscopy: The Fourier transform infrared spectra (FT-IR) were taken on a
Bruker Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection)
accessory in the 600-4000 cm™ region or using a Diamond ATR (Golden Gate). The spectra

were measured over the range of 4000-400 cm™.

C) Scanning Electron Microscopy: Scanning Electron Microscopy (SEM) was performed
on an FEI Quanta 200 3D ESEM (dual beam) instrument with a field emitter as an electron
source and in FEI Nova Nano SEM 650 Scanning Electron Microscope. SEM images of
membrane cross section were taken after freeze cut off membranes in LN,. Samples for SEM
were gold sputtered before analyses.

d) Proton Conductivity Studies of COFs: Proton Conductivities of the COFs were measured
using Solartron 1287 Electrochemical Interface with 1255B frequency response analyzer via the
quasi-four-probe method. ca.180mg of activated samples were pressed in a pellet maker to obtain
uniform pellets of 0.110-0.180 cm thickness, which was subject to the anhydrous chamber and
subsequently measured the conductivities at different conditions. Proton conductivity was
measured by the following equation; ¢ = L/(R.A) where ¢ = proton conductivity, L = thickness
of the pellet, R = resistance of the pellet and A = area of the pellet. For high-temperature proton
conductivity measurements, the pellets were inserted within an anhydrous chamber with flushing
of dry N, The chamber was encircled with a controlled heating coil jacket attached with an
automated temperature controller. The heat flow within the chamber was controlled by a
dimmerstat and monitored by an infrared temperature sensor accordingly, having a sensing

accuracy of 0.5 °C.
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e) Fractional coordinates of the unit cell of COFs:

Table 4.6: Fractional atomic coordinates for the unit cell of TpPa-SO3H.

TpPa-SO3H
Triclinic; P 1
a=22.8345A; b =229434 A; c = 6.8744 A
a = 89.8514, p = 89.7964, y = 120.5433.

Atom list X y z
C1 0.98279 0.92925 0.0095
C2 0.05503 0.97458 0.00825
C3 0.08084 0.04513 0.00496
c4 0.03711 0.07238 0.0031
C5 0.96568 0.02714 0.00449
C6 0.93926 0.95715 0.00849
H1 0.13655 0.07961 0.00182
H2 0.9306 0.04722 0.00313
H3 0.88342 0.92403 0.0104
H4 0.98762 0.83785 0.01264
H5 0.02451 0.15804 0.99712
N1 0.06081 0.14214 0.99801
N2 0.95546 0.85875 0.01047
C7 0.12646 0.19405 0.9922
H6 0.16812 0.18221 0.99266
C8 0.88815 0.81122 0.00781
H7 0.84996 0.82775 0.00482
C9 0.8637 0.7416 0.00753

C10 0.90961 0.71324 0.01014
Cc11 0.78871 0.69738 0.00219
C12 0.87845 0.63823 0.00461
C13 0.75953 0.62297 0.9944
Cl4 0.80359 0.59215 0.99475
C15 0.14354 0.26192 0.98661
C16 0.09077 0.2818 0.98518
C17 0.21758 0.31335 0.98249
C18 0.11334 0.35508 0.98558
C19 0.23785 0.38608 0.98425
C20 0.18658 0.40774 0.98779
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o1 0.97276 0.75079 0.01578
02 0.26049 0.29468 0.97844
03 0.20588 0.46984 0.99174
04 0.02844 0.23808 0.98327
05 0.75157 0.72321 0.00385
06 0.77763 0.52929 0.98662
C21 0.30622 0.43777 0.98344
H8 0.3181 0.49126 0.98548
C22 0.92352 0.61378 0.00552
H9 0.9788 0.65139 0.01222
C23 0.68946 0.57863 0.98582
H10 0.67115 0.52354 0.97927
C24 0.06251 0.37237 0.98353
H11l 0.00841 0.33119 0.98161
H12 0.34201 0.3724 0.97929
H13 0.84919 0.51519 0.99311
C25 0.94517 0.51847 0.99439
C26 0.91664 0.44641 0.9885
C27 0.01729 0.56102 0.99485
C28 0.96053 0.41969 0.98279
C29 0.06005 0.53384 0.99049
H14 0.041 0.61666 0.99873
C30 0.03214 0.46249 0.98505
H15 0.93836 0.3642 0.97576
H16 0.11578 0.56812 0.99156
C31 0.42822 0.47122 0.97793
C32 0.47221 0.44413 0.97768
C33 0.45734 0.54257 0.97367
C34 0.54254 0.48699 0.97864
H17 0.45075 0.3888 0.97885
C35 0.52868 0.58694 0.97195
H18 0.42382 0.56446 0.97045
C36 0.57242 0.55873 0.97864
H19 0.57467 0.46361 0.98165
N3 0.35801 0.42471 0.98018
N4 0.90276 0.54655 0.99812
H20 0.66611 0.65352 0.9915
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N5 0.64345 0.60012 0.9849
H21 0.13021 0.47375 0.98548
N6 0.07741 0.43785 0.98329
S1 0.55614 0.67867 0.97247
o7 0.57333 0.70295 0.17359
o8 0.50477 0.68604 0.86287
09 0.62908 0.71473 0.85618
H22 0.63223 0.72229 0.71554
S2 0.11605 0.94359 0.99049
010 0.12115 0.93074 0.78383
011 0.09933 0.89166 0.14156
012 0.18825 0.01269 0.04338
H23 0.20044 0.02233 0.18066
S3 0.82363 0.38783 0.98132
013 0.80042 0.39125 0.78502
014 0.79294 0.39905 0.15666
015 0.81846 0.31346 0.99578
H24 0.81908 0.29579 0.12503
C37 0.97307 0.97721 0.50687
C38 0.92968 0.00451 0.49166
C39 0.95529 0.07517 0.48475
C40 0.02744 0.12074 0.49565
C41 0.07063 0.09257 0.51121
C42 0.04446 0.02265 0.51564
H25 0.12631 0.12594 0.52147
H26 0.0795 0.00271 0.52807
H27 0.98517 0.89126 0.52243
H28 0.02306 0.21213 0.49152
N7 0.0554 0.19129 0.49132
N8 0.94909 0.90744 0.51247
C43 0.12279 0.23876 0.48615
H29 0.16098 0.22224 0.48117
C44 0.88334 0.8558 0.50489
H30 0.84213 0.86814 0.49512
C45 0.86576 0.78773 0.50765
C46 0.91871 0.76794 0.51789
C47 0.7921 0.73619 0.49917
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C48 0.89684 0.69488 0.51132
C49 0.7723 0.6636 0.4944

C50 0.82392 0.64211 0.50079
Cs1 0.14693 0.30838 0.48568
C52 0.10044 0.33588 0.48977
C53 0.22186 0.35388 0.47899
C54 0.13056 0.41067 0.48653
C55 0.25006 0.42837 0.48687
C56 0.20502 0.45774 0.49417
016 0.98046 0.81156 0.53245
017 0.25972 0.32905 0.46825
018 0.22999 0.52097 0.50831
019 0.03725 0.29811 0.4949

020 0.74844 0.75429 0.49785
021 0.80464 0.58014 0.49661
C57 0.32027 0.47359 0.48862
H31 0.33845 0.52864 0.49644
C58 0.94829 0.67833 0.51367
H32 0.00224 0.71975 0.51952
C59 0.70433 0.61159 0.48539
H33 0.69268 0.55818 0.48765
C60 0.08379 0.43311 0.48251
H34 0.02869 0.39461 0.4864

H35 0.34353 0.39906 0.47551
H36 0.88083 0.57713 0.50369
Co61 0.97832 0.58771 0.50387
C62 0.05018 0.62921 0.50966
C63 0.94858 0.51622 0.49184
Co4 0.09251 0.60074 0.50003
C65 0.9898 0.4873 0.48294
H37 0.89267 0.48334 0.48843
C66 0.06184 0.52872 0.48415
H38 0.96524 0.43166 0.47199
C67 0.43763 0.49364 0.48168
C68 0.46841 0.56539 0.48367
C69 0.48041 0.46433 0.47942
C70 0.53893 0.60698 0.48299
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H39 0.43726 0.58979 0.48767
Cr1 0.55188 0.50741 0.47511
Cr2 0.58202 0.57886 0.47641
H40 0.56119 0.66244 0.48459

N9 0.36647 0.45251 0.48181
N10 0.93361 0.61299 0.50874
H41 0.66906 0.67688 0.46568
N11 0.65242 0.62454 0.47332
H42 0.15642 0.53144 0.46072
N12 0.10341 0.49977 0.47238

S4 0.88948 0.0987 0.44837
022 0.84772 0.05875 0.28372
023 0.91997 0.17279 0.45114
024 0.84128 0.06449 0.64338
H43 0.8554 0.08907 0.76645
H44 0.87411 0.96993 0.48259
H45 0.58476 0.48481 0.46927
H46 0.07377 0.68476 0.52194

S5 0.44393 0.37111 0.48379
025 0.41595 0.34394 0.29139
026 0.40155 0.34371 0.6609
027 0.51288 0.36556 0.50218
H47 0.53256 0.36936 0.63094

S6 0.18602 0.66049 0.49066
028 0.19746 0.72565 0.56178
029 0.20955 0.65366 0.29542
030 0.21526 0.63103 0.65894
H48 0.22924 0.59766 0.62569

Table 4.7: Fractional atomic coordinates for the unit cell of TpPa-Py.

TpPa-Py
Triclinic; P 1;

a=22.6913 A;:b=22.8236 A:c=6.6694 A;
o = 89.4875; p = 91.1500; y = 121.1059.

Atom list X y z
C1 0.96333 0.89674 0.9975
C2 0.03556 0.94005 0.99969
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C3 0.06309 0.01083 0.9984
C4 0.01804 0.03696 0.99473
C5 0.94642 0.98945 0.99275
H1 0.06941 0.9183 0.00263
H2 0.11908 0.04507 0.00045
H3 0.90968 0.00825 0.98972
H4 0.96654 0.80469 0.99946
H5 0.0025 0.12147 0.99214
N1 0.04001 0.10698 0.99307
N2 0.93448 0.82585 0.99864
C6 0.10528 0.16022 0.99264
H6 0.14781 0.14938 0.99306
Cc7 0.86636 0.7798 0.99807
H7 0.83093 0.80009 0.9975
C8 0.84072 0.70933 0.99803
C9 0.88691 0.68098 0.99846
C10 0.7653 0.66387 0.99716
Ci11 0.85641 0.60578 0.997
C12 0.73659 0.58886 0.99459
C13 0.78136 0.55867 0.99478
Cl4 0.12154 0.22844 0.99156
C15 0.06803 0.24758 0.99185
C16 0.19554 0.28087 0.99068
C17 0.08981 0.32116 0.99215
C18 0.21529 0.35391 0.99016
C19 0.16317 0.37489 0.991
01 0.95079 0.71869 0.00016
02 0.239 0.26242 0.9903
(OX] 0.1817 0.43714 0.9908
04 0.00569 0.20286 0.99219
05 0.72711 0.68896 0.99844
06 0.75608 0.49517 0.99316
C20 0.28382 0.40629 0.98914
H8 0.29583 0.46017 0.98892
C21 0.90242 0.58209 0.99796
H9 0.95794 0.62021 0.99935
C22 0.66604 0.54331 0.99147
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H10 0.64723 0.4877 0.98905
C23 0.03828 0.33764 0.99426
H11l 0.98417 0.2957 0.99557
H12 0.32093 0.34132 0.98833
H13 0.82861 0.48184 0.99704
C24 0.92423 0.48579 0.99861
C25 0.8928 0.41359 0.00345
C26 0.99697 0.52489 0.99429
C27 0.93333 0.38344 0.00301
H14 0.83655 0.3813 0.00765
H15 0.02465 0.5816 0.99026
C28 0.00555 0.42662 0.99725
H16 0.90892 0.32734 0.00712
C29 0.40642 0.44068 0.98777
C30 0.43598 0.51287 0.98894
C31 0.51363 0.4499 0.98684
C32 0.50729 0.55377 0.98958
H17 0.4043 0.53706 0.98976
C33 0.54788 0.52254 0.98899
H18 0.54268 0.42256 0.9856
H19 0.53175 0.61001 0.991
N3 0.33611 0.39366 0.98822
N4 0.88223 0.51465 0.99779
H20 0.64119 0.61772 0.99352
N5 0.61946 0.5641 0.99101
H21 0.10454 0.44058 0.99263
N6 0.05194 0.40322 0.99481
N7 0.44547 0.41103 0.98636
N8 0.92023 0.92172 0.99418
N9 0.03558 0.49575 0.9936
C34 0.00147 0.98631 0.49626
C35 0.07376 0.02951 0.49871
C36 0.10156 0.10023 0.49692
C37 0.05661 0.12655 0.49259
C38 0.98496 0.07925 0.49017
H22 0.10747 0.00758 0.50235
H23 0.15755 0.13428 0.49921
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H24 0.9484 0.09826 0.48631
H25 0.00603 0.89523 0.50115
H26 0.04239 0.21204 0.49021
N10 0.07921 0.19662 0.49105
N11 0.97319 0.91548 0.49827
C39 0.14496 0.24876 0.49093
H27 0.18679 0.23693 0.49089
C40 0.90538 0.86807 0.49686
H28 0.86882 0.88696 0.49427
C41 0.88153 0.79798 0.49829
C42 0.92911 0.77115 0.50065
C43 0.80616 0.75117 0.49667
C44 0.90016 0.69625 0.49926
C45 0.77935 0.67649 0.49647
C46 0.8255 0.64817 0.49759
C47 0.1626 0.31736 0.49073
C48 0.11028 0.33796 0.49149
C49 0.23672 0.36856 0.48992
C50 0.13347 0.41186 0.49232
C51 0.25821 0.44209 0.49014
C52 0.20719 0.46487 0.49155
o7 0.99282 0.81054 0.50359
08 0.27965 0.3493 0.48906
09 0.22664 0.52713 0.49202
010 0.04751 0.29458 0.49142
011 0.76727 0.77525 0.4955
012 0.80089 0.58459 0.49692
C53 0.32715 0.49284 0.48935
H29 0.34083 0.54721 0.48984
C54 0.94679 0.67317 0.49903
H30 0.00218 0.71144 0.49998
C55 0.70919 0.62915 0.49416
H31 0.69186 0.57382 0.49413
C56 0.08246 0.42901 0.49355
H32 0.02818 0.38722 0.49416
H33 0.36237 0.42591 0.48777
H34 0.87298 0.57287 0.49838
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C57 0.96836 0.57671 0.49633
C58 0.93691 0.50448 0.50104
C59 0.04101 0.61583 0.48999
C60 0.97752 0.47442 0.49996
H35 0.88064 0.47215 0.50635
H36 0.06849 0.67252 0.48529
C61 0.04977 0.51776 0.49428
H37 0.95307 0.4183 0.50479
C62 0.44908 0.52481 0.48808
C63 0.47873 0.597 0.48819
Cé4 0.5562 0.53377 0.48867
C65 0.54991 0.63772 0.48907
H38 0.44714 0.62124 0.48764
C66 0.59046 0.60643 0.48979
H39 0.58525 0.50638 0.48833
H40 0.57457 0.69396 0.4893
N12 0.37857 0.47853 0.48806
N13 0.92663 0.60584 0.49788
H41 0.68281 0.70214 0.49164
N14 0.66175 0.64857 0.49169
H42 0.14885 0.53182 0.49196
N15 0.09631 0.49458 0.49348
N16 0.48791 0.4949 0.48792
N17 0.9585 0.01137 0.492

N18 0.0797 0.58682 0.48931

Table 4.8: Fractional atomic coordinates for the unit cell of TpPa-(SO3;H-Py).
TpPa-(SO3;H-Py)
Triclinic: P 1;
a=22.7020 A;b=22.6423 A;c=6.6170 A;
o = 85.4098; p = 95.4433; vy =120.6010.

Atom list X y z
C1 0.9628 0.94431 0.9856
C2 0.05953 0.05322 0.98975
C3 0.01915 0.08452 0.99282
C4 0.94722 0.04171 0.99372
C5 0.91849 0.97106 0.98983
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H1 0.11613 0.08432 0.99018
H2 0.91435 0.06421 0.99766
H3 0.86261 0.93781 0.99131
H4 0.97473 0.85805 0.97987
H5 0.01085 0.1729 0.99566
N1 0.04566 0.15515 0.99569
N2 0.93891 0.87419 0.9807
C6 0.11175 0.2055 0.99592
H6 0.15222 0.19203 0.99608
Cc7 0.87215 0.82398 0.97613
H7 0.83275 0.83891 0.9755
C8 0.84974 0.75457 0.97301
C9 0.89766 0.72864 0.97505
C10 0.77466 0.70798 0.97074
Cl1 0.86865 0.65352 0.97749
C12 0.74798 0.63341 0.98217
C13 0.79416 0.60532 0.98475
Cl4 0.13071 0.27451 0.99603
C15 0.07969 0.29645 0.99347
C16 0.20469 0.32444 0.99623
C17 0.10481 0.37088 0.99376
C18 0.22755 0.39814 0.99658
C19 0.17837 0.42172 0.99955
01 0.96088 0.76883 0.97476
02 0.2462 0.30347 0.99597
03 0.1993 0.48508 0.00877
O4 0.01672 0.25455 0.99057
05 0.73602 0.73228 0.96149
06 0.76967 0.54185 0.99479
C20 0.29693 0.44822 0.99515
H8 0.31201 0.50296 0.99242
C21 0.91499 0.63065 0.97441
H9 0.97004 0.66958 0.9708
C22 0.67858 0.58639 0.99638
H10 0.66164 0.53107 0.00807
C23 0.05523 0.39009 0.98859
H11l 0.00073 0.34919 0.98633
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H12 0.32734 0.37856 0.98922
H13 0.8416 0.53025 0.97449
C24 0.93769 0.53564 0.97317
C25 0.90923 0.46309 0.96958
C26 0.00992 0.57922 0.97649
C27 0.95389 0.43719 0.97389
C28 0.05326 0.55259 0.97893
H14 0.03314 0.6352 0.97744
C29 0.02559 0.48079 0.97929
H15 0.93194 0.38133 0.97252
H16 0.10909 0.58748 0.98215
C30 0.4167 0.47632 0.0002
C31 0.45912 0.44899 0.97422
C32 0.44701 0.54673 0.03613
C33 0.52983 0.49185 0.97577
H17 0.43625 0.39383 0.95046
C34 0.51834 0.59053 0.04117
H18 0.41453 0.56798 0.06336
C35 0.56072 0.56304 0.00627
H19 0.56134 0.46927 0.95136
N3 0.34593 0.4316 0.99452
N4 0.8951 0.5633 0.9742
H20 0.6532 0.65982 0.99437
N5 0.63152 0.60605 0.00048
H21 0.12374 0.49224 0.98541
N6 0.07104 0.45617 0.98454
S1 0.55113 0.67901 0.11277
o7 0.60226 0.69433 0.28218
08 0.49197 0.68757 0.12919
09 0.59426 0.72431 0.91743
H22 0.56943 0.72779 0.79331
S2 0.81679 0.39776 0.9639
010 0.80914 0.3355 0.88681
011 0.77685 0.42799 0.86678
012 0.80457 0.38193 0.20453
H23 0.80639 0.41666 0.29111
C36 0.01065 0.88683 0.48234
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C37 0.08204 0.93484 0.48202
C38 0.06516 0.02712 0.49025
C39 0.99318 0.98343 0.49008
C40 0.96573 0.91268 0.48649
H24 0.95924 0.00472 0.49341
H25 0.90985 0.87839 0.48657
H26 0.02589 0.80241 0.47591
H27 0.06244 0.11938 0.49599
N7 0.09422 0.09827 0.49405
N8 0.98871 0.81688 0.47815
C41 0.16231 0.1444 0.49506
H28 0.19693 0.12348 0.49305
C42 0.92369 0.76381 0.47958
H29 0.88155 0.77479 0.48238
C43 0.90676 0.69534 0.4782
C44 0.95934 0.67549 0.47687
C45 0.83319 0.64343 0.48228
C46 0.93636 0.60133 0.4738
C47 0.81237 0.57013 0.48236
C48 0.86305 0.54881 0.46992
C49 0.18915 0.21502 0.4981
C50 0.14426 0.2445 0.49887
Cs1 0.26466 0.25956 0.49846
C52 0.17599 0.31999 0.49933
C53 0.29476 0.33499 0.49783
C54 0.25106 0.36593 0.50043
013 0.0217 0.71908 0.47864
014 0.30151 0.23339 0.49931
015 0.27757 0.42954 0.50268
016 0.08045 0.20697 0.49881
017 0.78999 0.66208 0.48537
018 0.84367 0.48598 0.45589
C55 0.36514 0.37981 0.49484
H30 0.3864 0.436 0.49337
C56 0.9875 0.58425 0.4759
H31 0.04155 0.62627 0.47757
C57 0.74362 0.51838 0.48903
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H32 0.7307 0.4643 0.4889
C58 0.13113 0.34495 0.49732
H33 0.07572 0.3068 0.49391
H34 0.38847 0.30411 0.49696
H35 0.92153 0.48171 0.48011
C59 0.02007 0.49501 0.48176
C60 0.09169 0.53874 0.47918
Co61l 0.99305 0.42325 0.48694
C62 0.03672 0.39685 0.4921
H36 0.93734 0.38799 0.4877
C63 0.10888 0.44049 0.49192
H37 0.0136 0.3408 0.49773
Coe4 0.48159 0.39986 0.49574
C65 0.52365 0.37003 0.5091
C66 0.59446 0.41274 0.51099
H38 0.50083 0.31395 0.51893
C67 0.57601 0.50976 0.48777
C68 0.62216 0.48462 0.49858
H39 0.62751 0.39004 0.52311
N9 0.41055 0.35775 0.49431
N10 0.97383 0.51875 0.47831
H40 0.70888 0.58468 0.49395
N11 0.69252 0.53195 0.49586
H41 0.20517 0.44519 0.50388
N12 0.15168 0.4125 0.49896
H42 0.11867 0.91633 0.47822
H43 0.59596 0.56584 0.47919
H44 0.11326 0.59464 0.47238
N13 0.10812 0.00252 0.48613
N14 0.50801 0.46854 0.48618
N15 0.03163 0.98518 0.98652
C69 0.13663 0.51309 0.4829
S3 0.22916 0.5804 0.48122
019 0.25997 0.58596 0.68761
020 0.23084 0.64022 0.37188
021 0.26199 0.54764 0.3539
H45 0.24765 0.53628 0.20883
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NOTE: The results of this chapter have already been published in Chem. Mater.2016, 28,
1489—-1494. with the title: “Interplaying Intrinsic and Extrinsic Proton Conductivities in
Covalent Organic Frameworks.” These publications were the results of the collaboration
between the group of Dr. Rahul Banerjee and his students Suman Chandra, Tanay Kundu, and
Koushik Dey from National Chemical Laboratory, Pune, India and the group of Dr. Thomas
Heine and his post doctorate student Matthew Addicoat from Jacobs University, Germany. Apart

from computational study major works contributed by Suman Chandra.
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CHAPTER5

C
Redox Active Covalent Organic Frameworks as Pseudocapacitor and the

Role of Hydrogen Bonding in Capacitance

Abstract:  Two-dimensional  redox-active
covalent organic frameworks (COFs) are ideal
materials for energy storage applications due

to their high surface area, extended w

conjugated structure, tunable pore size, and o
H-bonding $¢~N/

adjustable functionalities. In this chapter, we Ho. B %@\7
report the synthesis and supercapacitor L I ¢

w
=}

application of two redox active COFs [TpPa-
(OH), and TpBD-(OH),] along with the role of
their redox active functional groups for the .
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enrichment of specific capacitance. Of these Potenil (Ve 5589
COFs, TpPa-(OH), exhibited a highest specific capacitance of 416 F g at 0.5 A g current
density in three electrode configuration while highest specific capacitance was 214 F g™ at 0.2 A
g™ current density in two electrode configuration. Superior specific capacitance was due to the
emergence of excellent pseudocapacitance by virtue of precise molecular level control over
redox functionalities present in the COF backbone. This COF also demonstrated 66%
capacitance retention after 10,000 cycles along with 43% accessibility of the redox-active
hydroquinone (H,Q) moieties in three electrode configuration while capacitance retention was
88% after 10,000 cycles in two electrode configuration. The exceptionally high specific
capacitance of TpPa-(OH), was due to the reversible proton-coupled electron transfer (2H*/2¢")
of hydroquinone/benzoquinone (H.Q/Q) moieties wherein H,Q and Q had comparable chemical
stability during redox cycling originated from H-bonding which was supported by calculated

structures.
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5.1 Introduction

Global energy consumption has been increasing due to the over growing human
population and the rapid development of global economy. Fast growing market of portable
electronic devices and the development of hybrid electric vehicles accelerating the energy
consumption [5.1-5.3]. The consumption of global energy in current consumption rate will soon
become inevitable in future. It has been reported that the global energy demands will roughly
double in mid-century and triple by 2100 [5.4]. Therefore, there has been an urgent need of rapid
development not only clean, sustainable and renewable energies (solar, tide, winds) but also
cheap, advanced, environmentally friendly energy conversion and storage devices to fulfill the
needs of modern society [5.2,5.5]. Among various energy conversion and storage devices,
lithium ion batteries (LIBs) [5.6] and supercapacitors [5.7, 5.8] are the widely used. Although
LIBs exhibited high energy density, their low power density hinders its use in energy storage
systems where fast and high power delivery is needed [5.5, 5.9]. As a result, a considerable
responsibility has been given to the supercapacitor [5.10].

5.1.1 Supercapacitor

Supercapacitors, also known as electrochemical capacitors (ECs), have found great
attention due to its high power density, high rate of charging/discharging, long cycle life (>100
000 cycle), easy to handle and low maintenance cost [5.7,5.8]. As observed from the Ragone
plot (Figure 5.1), supercapacitor bridges the power gap between the battery and electrolytic
capacitor. The supercapacitors can be divided into two categories based on their charge storage
mechanism; i) electrical double layer capacitor (EDLC) and ii) pseudocapacitor. In electrical
double layer capacitor, charges are storage by adsorption of ions on the surface of the material,
whereas in pseudocapacitor, faradic reactions are happening on the surface or near to the surface.
To take the advantage of both high energy density of the battery and high power density
supercapacitor, scientists are made hybrid or asymmetric supercapacitor where one electrode acts
as a supercapacitor and other one acts as a battery. The activated carbons, carbide—derived
carbons, carbon fabrics, carbon nanotubes, nanoonions, and nanohorns have been tested for
EDLC applications [5.13]. Among these carbon materials, the activated carbons are the most
widely used electrode materials because of their high surface area, better stability, and low cost.
Similar to the carbon electrode materials, the conducting polymers (polyaniline, polypyrrole,

PEDOT) and metal oxides (Co3O4, MNO,, RUO; etc.) are being continuously investigated to get
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high capacitance; however, the ECs derived by using these materials have very low cycling
stability [5.13-5.17]. Moreover, to get higher energy density, the operating potential window is
also being tuned by using the organic electrolytes and ionic liquid [5.18, 5.19]. To improve the
energy density of supercapacitor researchers focus on the development of new materials with the
high accessible surface area, high electric conductivity, optimized pore size, high density of

redox active units and high electrochemical stability [5.20-5.25].

1000000
100000
10000
1000~ Supercapacitors
100+

104

Power density (W/L)

0 T T T T
0.01 0.1 1 10 100 1000 10000

Energy density (Wh/L)

Figure 5.1: Ragone plot for the electrochemical energy devices with rough guidelines of the power
density and energy density.

5.1.2 Two dimensional nanomaterials as capacitive energy storage

2D nanomaterials having at least one dimension in nanometer scale, are promising
materials for supercapacitor because of their high surface area. 2D nanomaterials like Graphene
[5.26], transition metal oxide [5.27-5.29], transition metal dichalcogenides [5.28, 5.30], transition
metal carbides and nitrides (MXenes) [5.31-5.35] have recently been used as capacitive energy
storage materials.

Inorganic 2D nanomaterials have reactive basal planes and edges that can provide
pseudocapacitance. They can be modified by chemical functionalization and doping to provide
additional reactive sites. This is the case also for reduced graphene oxide (rGO) that holds
oxygen-containing chemical functionalities. 2D nanomaterials have the ability to intercalate ions
and thus can provide intercalation pseudocapacitance. Moreover, 2D nanomaterials can store
energy in the 2D channels between nanosheets by a fast ion adsorption mechanism enabled by

the pre-intercalation of water molecules and a rapid expansion and contraction of the
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multilayered and flexible 2D nanomaterials [5.36]. Unlike rigid porous 3D materials, such as
hard carbons undergoing slow diffusion processes, the nature of 2D nano-materials favors a fast
ionic transport through 2D channels that are free to expand and contract. Due to their sub-
nanometer thickness, 2D nanomaterials have a high packing density that leads to a high
volumetric capacitance, which is important for manufacturing thin-film supercapacitors. The
flexibility of 2D nanomaterials, good mechanical properties, and high packing densities make
them suitable for the development of thin, flexible and all-solid state supercapacitors and micro
supercapacitors [5.29, 5.37].

5.1.3 Advantages of Covalent Organic Frameworks as electrode materials
There are several advantages of covalent organic frameworks as electrode materials, such as

(a) Porous structure: Porous structure of COFs will improve the permeability of the electrolytes

and mobility of the ions.

(b) Rigidity: High rigidity and robustness of the framework will help to maintain the

electrochemical stability during the electrochemical reaction on the electrode surface.

(c) Control Pore size: The control pore size will improve the capacity of the materials. As we
know that sub nanometer pore is more effective towards the improvement of capacitance than

micro/meso pore.

(d) The Precise introduction of redox active units with proper design strategies via reticular
chemistry: It will enable us to design high energy density electrode materials by incorporating a

large number of redox active moieties within a given structure.
(e) High crystallinity: It will help to characterize these materials easily and give us the
opportunity to study the mechanism during the electrochemical process.

(f) High surface area: It will help to maximize the interaction between the electrolytes and
electrodes which improve the double layer capacitance of the materials.

(9) Band gap tuning: By proper design strategies it is possible to made semiconducting COFs
and their band gap can be tuned.

(h) Insolubility: As COFs are two and three-dimensional organic crystalline polymers, it
completely insoluble in any solvents. So the loss of capacitance due to the leaching of the active

materials (COFs) will be completely prevented.
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(i) Eco-friendly: As COFs are metal free organic crystalline polymer and composed by only

light atom like C, H, N, O, S etc, it will completely harmless to the environment.

5.2 Hydroquinone based COF as 2D capacitive energy storage nanomaterials

As discussed earlier, covalent organic frameworks (COFs) are lightweight, porous,
crystalline, high surface area materials comprising of strong covalent bonds between light atoms
such as B, C, H, N, O etc [5.38, 5.39]. Employing reticular chemistry, COF backbone can be
functionalized with pre-requisite groups and tuned pore size. Although COFs have been used in
applications like gas storage, gas separation, catalysis, and optoelectronics, their use as energy
storage materials (like carbon,[5.40] graphene,[5.41] porous polymers[5.42]) is limited due to
their low electrochemical stability. In this regard, recently we have demonstrated the construction
of chemically stable p-ketoenamine-linked two-dimensional COFs by using a combined
reversible and irreversible bond formation route [5.43]. Since then, applications such as catalysis
[5.44], proton conduction [5.45] and also in a few cases supercapacitor [5.46-5.50] have been
envisaged with these chemically stable f-ketoenamine-linked COFs.

Literature reports suggest that the physisorption of hydroquinone on activated charcoal
can also provide electrochemical reversibility in hydroquinone (H,Q)/benzoquinone (Q) because
of a proton shuttling mechanism between H,Q and oxide sites of activated charcoal due to
intermolecular H-bonding [5.51]. But the chemical instability of the oxidized benzoquinone
species also jeopardizes its application in the field of capacitors [5.52]. Furthermore, some
conducting polymers [5.53-5.56], and graphene based materials [5.57] had been successfully
functionalized with hydroquinone (H,Q) to enhance the pseudocapacitance. However, the precise
control over redox functionalization, porosity, structural diversity, and stability has been found to

be inadequate for most of the carbon based materials, conducting polymer along with COFs.

Excited by the fascinating H,Q/Q electrochemistry, we hypothesized that this chemistry
could be incorporated in the COF backbone wherein intramolecular H-bonding can provide much
superior electrochemical stability for the H,Q/Q system and simultaneously redox
functionalization can be incorporated in a controllable manner which can significantly improve
pseudocapacitance (redox contribution). Hence, we synthesized a H,Q based COF, namely
TpPa-(OH),, by the Schiff base condensation between 1,3,5-triformylpholoroglucinol (Tp) and
2,5-dihydroxy-1,4-phenyldiamine [Pa-(OH),] via the solvothermal method. In order to confirm
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the role of the H,Q functionality in the pseudocapacitance, we have also synthesized the phenolic
and methoxy functionalized COFs [TpBD-(OH),, TpPa-(OMe), and TpBD-(OMe);] along with
their non-functionalized counterparts [TpPa-1 and TpBD] (Figure 5.2).

5.3  Preparative methods and characterization

5.3.1 Synthesis of COFs

Synthesis of  TpPa-(OH), was  accomplished by  reacting 1,3,5-
triformylphloroglucinol(Tp) (0.3 mmol), 2,5-diaminohydroquinone dihydrochloride [Pa-
(OH),.2HCI, 0.45 mmol], 3 mL (1:1) solvent mixture of mesitylene and 1,4-dioxane with 0.5
mL of 6(M) acetic acid. This mixture was sonicated for 10 min. in order to get a homogeneous
dispersion. After flash froze in liquid N, the reaction tube was degassed by freeze-pump-thaw
cycles thrice. Finally, the reaction tube was vacuum sealed and heated at 120 °C for 3 days. A
black coloured precipitate was collected by filtration and washed with dimethylacetamide
followed by water and finally acetone for several times. Then, the powder was dried at 120 °C

under vacuum for 12 h to get corresponding COFs in ~75% isolated yield.
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Figure 5.2. Schematic representation of the synthesis of TpPa-R, [TpPa-1, TpPa-(OH), and TpPa-
(OMe),] and TpBD-R, [TpBD, TpBD-(OH), and TpBD-(OMe),] where R = H, OH and OMe.

The similar synthesis procedure along with the same amount of solvent mixtures and
catalyst [mesitylene, 1,4-dioxane and 6M acetic acid in (1.5mL: 1.5mL: 0.5mL) ratio] is
followed for the synthesis of TpBD-(OH), and TpPa-(OMe), except for these COFs we have
taken 3,3'-dihydroxybenzidine [BD-(OH),, 0.45 mmol] and 2,5-dimethoxy-p-phenylenediamine

[Pa-(OMe),, 0.45 mmol] respectively as amine counterpart.
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5.3.2 Structural simulation and characterization

The PXRD profiles of TpPa-(OH),, TpPa-(OMe), and TpPa-1 exhibit peaks at 26 ~
4.9°, ~ 8.1° and ~ (26.5°-27.5°). On the other hand, TpBD-(OH),, TpBD-(OMe), and TpBD
show 20 peaks at ~ 3.4°, ~ 6.3° and ~ 26°. The low angle [20 ~ (3.4°-4.9°)] peaks were assigned
to (100) reflection planes that exhibited the highest intensity, indicating high crystallinity and
periodicity of these COFs. On the other hand, the high angle broad peaks [20 ~ (26°-27.5°)]
correspond to the n-m stacking between COF layers and could be assigned to the (001) reflection
planes. In order to further determine the exact structure of these COFs, a 2D model of the COF

was made using the Self-consistent charge density functional tight-binding (SCC-DFTB) method.

a)

l TpPa-(OH),-Predicted L TpPa-(OMe),-Predicted o TpPa-1-Predicted
ﬂ Difference M\,w Difference : A Difference
10 20 30 40 10 20 30 40 10 20 30 40
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TpBD-(OMe),-Predicted
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Figure 5.3. Comparison of the observed (blue), predicted (green) and refine (red) PXRD patterns with
their difference (black) for (a) TpPa-(OH),, (b) TpPa-(OMe),, (c) TpPa-1, (d)TpBD-(OH),, (¢) TpBD-
(OMe), and (f)TpBD. Inset figures show the pore structure and m-r stacking distance for each of the
COFs.

These COFs crystallize in 2D serrated hexagonal network structures (slight slipping along the ab
plane to stabilize the entire framework). The experimental PXRD profiles agree well with the
simulated PXRD profiles of the serrated (slip-AA) stacking mode [especially the (001) peaks]
(Figure 5.3 and 5.4) except TpPa-1 and TpBD, which crystallize in a hexagonal space group
(P6/m), as reported earlier [5.43 ]. The H,Q based TpPa-(OH), COF crystallizes in the P1 space

2017-Ph.D. Thesis: Suman Chandra, (CSIR-NCL), AcSIR 157



Chapter 5 Redox Active Covalent Organic Frameworks...
group with unit cell parameters a = 224 A; b =223 A; c=6.7 Aand a =90.7; p =90.3; y =
119.3 along with an Rp = 3.4% and Rwp = 5.7%.

Structures of TpPa-(OH),, TpBD-(OH),, TpPa-(OMe), and TpBD-(OMe), were
modeled using Self-Consistent Charge Density Functional Tight-Binding (SCC-DFTB) method
including Lennard-Jones dispersion as implemented in DFTB+ version 1.2. Parameters for all
atoms were taken from the mio-0-1 set. Lattice dimensions and atomic positions were optimized
simultaneously. From the optimized monolayers, the bulk structure was simulated using a bilayer
model and investigating AA, AB, and slipped-AA structures. In the bilayer model, there may be
disorder in the stacking of the —OH and —OMe functional groups, all possible permutations were
optimised and the lowest energy structure was kept. The fractional coordinates of TpPa-(OH);,
TpBD-(OH),, TpPa-(OMe), and TpBD-(OMe), are given in Table 5.11, Table 5.12, Table
5.13 and Table 5.14 respectively.

a) (100) b) | (100) c) |(100)
TpPa-(OH),-Exp
(001) (001)TpPa—(OMe)_/-Exp
(110) (001)  TpPa-1-Exp

l L - TpPa-(OH),-slip-AA | TpPa-(OMe),-slipAA
A Ve 1 TpPa-(OH),-AB

SR Lo Aa A } F TpPa-(OMe),-AB

P TpPa-1-AA J y ToPaOH)AA |  TpPa-(OMe),-AA
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TpBD-AA | . TpBD-(OH),-AA o TpBD-(OMe),-AA
20 25 30 35 40 5 1o 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 (Degree) 20 (Degree) 26 (Degree)

Figure 5.4: Comparison of the experimental PXRD (Blue) with their simulated PXRD patterns for (a)
TpPa-1; (b) TpPa-(OH),; (c) TpPa-(OMe),; (d) TpBD; (e) TpBD-(OH), and (f) TpBD-(OMe),. [parallel
layer displacement (slip-AA) (Green) (see Table 5.1-5.4 for magnitude of slip), perfectly staggered
fashion (AB) (Red) and perfectly eclipsed fashion (AA) (Black)].

The experimental PXRD patterns are agreeable with the simulated patterns of eclipsed offset
stacking models (slip-AA-x/y) (Figure 5.4). Hence we propose structures having triclinic space
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group (P 1) forall four COFs by comparing the experimental and simulated PXRD patterns.
Refinements of PXRD pattern were done using Reflex module of Material studio 6.0.
Table 5.1: The total DFTB energies, Lennard-Jones contributions (LJ), and the crystal stacking

energies per monolayer as well as the corresponding HOMO-LUMO energy gap for TpPa-
(OH)s.

Slip Total DFTB Per unit crystal HOMO-LUMO
distance Energy LJ energy stacking  energy 9apP
Stacking  [A] c[A] [aul] [a.u] [kcal.mol™] [eV]
monolayer -124.751610 0.4240 1.833
AA 3.53 -249.673605 0.6524 -53.46 1.673
slipAA-x 2.2 3.37 -249.695398 0.6563 -60.30 1.722
slipAA-y 2.4 3.34 -249.697614 0.6586 -60.99 1.723
AB 3.13 -249.6166892 0.7506 -35.60 1.720

Table 5.2. The total DFTB energies, Lennard-Jones contributions (LJ), and the crystal stacking
energies per monolayer as well as the corresponding HOMO-LUMO energy gap for TpPa-
(OME)z.

HOMO-

Slip Total DFTB Per unit crystal -YMO

distance Energy LJ energy stacking  energy 9ap
Stacking  [A] c[A] [au] [a.u.] [kcal.mol™] [eV]
monolayer -139.400643 0.4926 1.869
AA 411 -279.042068 0.7568 -75.55 1.718
slipAA-x 2.5 3.43 -279.031677 0.7539 -72.29 1.830
slipAA-y 2.5 337  -279.034539 0.7589 73.18 1.791
AB 3.40 -278.9731087 0.8266 -53.91 1.770

Table 5.3: The total DFTB energies, Lennard-Jones contributions (LJ), and the crystal stacking
energies per monolayer as well as the corresponding HOMO-LUMO energy gap for TpBD-
(OH)s.

HOMO

Slip Total DFTB Per unit crystal -OMO

distance Energy LJ energy stacking ~ energy 9ap
Stacking [A] c[A]l [aul] [a.u] [kcal.mol™] [eV]
monolayer -160.104445 0.6000 1.964
AA 3.49 -320.436787 0.9345 -71.50 1.665
slipAA-x 1.6 3.36 -320.461150 0.9308 -79.15 1.891
slipAA-y 1.9 334 -320.463621 0.9345 79.92 1811
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AB 3.17  -320.3375779 1.0729 -40.38 1.875

Figure 5.5: Simulation of the TpPa-(OH), unit cell content calculated in a slip-AA arrangement (2.3A
along the y-axis): top view onto the ab-plane and view perpendicular to the c-axis.

Table 5.4: The total DFTB energies, Lennard-Jones contributions (LJ), and the crystal stacking
energies per monolayer as well as the corresponding HOMO-LUMO energy gap for TpBD-
(OME)z.

HOMO-
Slip Total DFTB Per unit crystal LUMO
distance Energy LJ energy stacking energy 9ap
Stacking  [A] c[A]l [aul] [a.u.] [kcal.mol™] [eV]
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monolayer -174.772527 0.6695 1.958
AA 4.03  -349.834459 1.0388 -90.80 1.799
slipAA-x 2.2 3.38  -349.832518 1.0404 -90.19 1.784
slipAA-y 23 3.34  -349.834945 1.0424 -90.95 1.797
AB 3.26  -349.6981584 1.1861 -48.04 1.856

Figure 5.6: Simulation of the TpPa-(OMe), unit cell content calculated in a slip-AA arrangement (1.9A
along the y-axis): top view onto the ab-plane and view perpendicular to the c-axis.
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Figure 5.7: Simulation of the TpBD-(OH), unit cell content calculated in a slip-AA arrangement (2.5A
along the y-axis) arrangement: top view onto the ab-plane and view perpendicular to the c-axis.

Figure 5.8: Simulation of the TpBD-(OMe), unit cell content calculated in a slip-AA arrangement (2.3A
along the y-axis): top view onto the ab-plane and view perpendicular to the c-axis.
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5.3.3 Calculation of single point energy of hydrated bilayer of oxidized (Q) and reduced
(H2Q) form of TpPa-(OH),

Discrete models of the Q and H,Q forms of TpPa-(OH), were constructed. Each model
included a Tp center and three Pa-(OH), linkers, which were cut at the amine nitrogen and
capped with methyl groups. Bilayer models were created by adding a second model 3.35A above
the first (interlayer separation) and slipped by 2.5A in order to replicate the geometry of the
periodic TpPa-(OH), structure. Each model was solvated in a cylinder 13.5A high with 15A
radius, resulting in a total of 107 water molecules.

Solvated bilayer models were then optimized, without constraint, using DFTB+ version
1.2, mio-0-1 parameters and Lennard-Jones dispersion. Using the fully optimised structures, the
stabilisation energy was calculated as E(stabilisation) = E(hydrated bilayer) - [E(bilayer) +
E(water)], where E(bilayer) and E(water) are single point energies of the bilayer model and water

shell, calculated from the optimised hydrated bilayer model.

The calculated stabilization energy for Q and H,Q form of TpPa-(OH), were 1288 and
1312 kJ mol™ respectively.
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Figure 5.9: Experimental (pink) PXRD profiles of (a) TpPa-(OH),, (b) TpBD-(OH),, (c) TpPa-(OMe),
and (d) TpBD-(OMe), compared with Pawley refined (blue) of an eclipsed offset arrangement COF based
on P1 symmetry; difference plot is given in (black).
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5.3.4 Chemical characterization

The FT-IR spectra of these COFs show strong stretching bands at ~1572 and ~1252 cm™
for the (C=C) and (C-N) bonds respectively, confirming the existence of the keto tautomer
[5.43]. All the FT-IR peaks of TpPa-(OH), and TpBD-(OH), COF match with the reference
compound (Figure 5.10 and 5.11a). In the cross-polarization magic angle spinning (CP-MAS)
carbon-13 solid-state nuclear magnetic resonance spectroscopy, the absence of the characteristic
aldehyde carbon (HC=0) at ~192 ppm and the presence of exocyclic keto carbon (C=0) at ~184
ppm again indicate the formation of a stable keto tautomer instead of the enol tautomer. The
signals at ~148 ppm and ~105 correspond to the sp>C attached with sp*N (C-N) and the exocyclic
sp? C attached with sp>C (C=C) respectively, in the keto tautomer structure. The extra peak at
~55 ppm arises due to the methoxy carbon (C-O) in the case of methoxy substituted TpPa-
(OMe), and TpBD-(OMe), COF (Figure 5.11b).

a) TpPa-(OH), —_— b) TpBD-(OH),

‘*

b—Q‘

? Aw TpBD-(OH),

0
BD-(OH), NH,
*:ig;(

Transmittance (a.u.)
Transmittance (a.u.)

(O-H) 2923 (C-H)

3744

1639 1185 Tp OH 1639 (C=0) "ooH S
T T v T ¥ i T v T v
4000 3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
Wave number (cm™) Wavenumber (cm')
c) ’ d) [TpBD-(OMe), é\,
HNE w

OMe (@ ODY
3,3-Dimethoxybenzidine 1578 (C=C) 1267 (C-N) Yér

Tpelﬁe}‘

OMe
BD-(OMe),

(NH,) 3161 2946

(N-H) 3323 3209
1,3,5-Triformylphloroglucinol

Transmittance (a.u.)
Transmittance (a.u.)

&1 1,3,5-Triformylphloroglucinol

(C-0)
3
& 2
2923 e o
HO. OH
= j& (C=0
(C=0) oHC cHO 1639)

1639 Tp OH

Oy H
()

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wave number (cm') Wavenumber (cm™")
Figure 5.10: FT-IR spectra of (a) TpPa-(OH),, (b) TpBD-(OH),, (c) TpPa-(OMe), and (d) TpBD-
(OMe), compared with starting material Tp (Red), Pa-(OH), (Black), Pa-(OMe),, (Black) BD-(OH),,
(Black) and BD-(OMe),, (Black).
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Figure 5.12: Liquid state "H-NMR for 2,5-Dimethoxy-p-phenlenediamine [Pa-(OMe),]. Inset showing the

zoom portion.
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Both field emission scanning electron microscope (FE-SEM) and transmission electron
microscopy (TEM) revealed a uniform plate-like morphology with ~(100-300) nm size for
TpPa-(OH), and TpBD-(OH),. However, TpPa-(OMe), and TpBD-(OMe), showed ~(100-
300) nm sized flake like morphology (Figure 5.13).

Figure 5.13: (a)-(d) SEM images and (e)-(h) TEM images of TpPa-(OH),, TpPa-(OMe),, TpBD-(OH),,
and TpBD-(OMe), respectively.

The TGA showed that both hydroxyl based COFs [TpPa-(OH), and TpBD-(OH);] are
stable up to 250 °C (Figure 5.14).
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Figure 5.14: TGA of TpPa-(OH), (Black), TpPa-(OMe), (Red), TpPa-1 (Green), TpBD-(OH), (Blue),
TpBD-(OMe), (Cyan) and TpBD (Magenta) under N, atmosphere after pre-activation of all three COFs.
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5.3.5 Gas adsorption studies
Both TpPa-(OH), and TpBD-(OH), exhibit characteristics of type-1 adsorption

isotherms (Figure 5.15). The Brunauer—Emmett—Teller (BET) surface area of TpPa-(OH), and
TpBD-(OH), are 369 and 197 m?g™* with pore volume 0.417 and 0.241 cm® g respectably. The
observed moderate surface areas for these two COFs may be due to the lack of sufficient long
range ordering in their 2D layer structure because of their serrated stacking mode. The pore
width calculated from the N, adsorption isotherm closely matches with the pore width generated
from the serrated (slip-AA) stacking mode rather than the eclipsed (AA) stacking mode.
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Figure 5.15: Comparison of N, adsorption isotherms at 77 K for (a) TpPa series [TpPa-(OH), (blue),
TpPa-(OMe), (green) and TpPa-1 (brown)] and (b) TpBD series [TpBD-(OH), (blue), TpBD-(OMe),
(green) and TpBD (brown)]. [filled symbols for adsorption and empty symbols for desorption.]

Again, both TpPa-(OH), and TpBD-(OH), have a pore size in the range of ~(10-18) A
calculated by non-local density functional theory (NLDFT) model, indicating the formation of

micropores (Figure 5.16).
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Figure 5.16: NLDFT Pore size distribution of (a) TpPa-(OH),, (b) TpBD-(OH), and (c) TpPa-(OMe),
calculated by using DFT method.
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5.3.6 Electrochemical stability investigation

As reported earlier [5.43] keto-enamine COFs are chemically stable, so here we have
checked only the electrochemical stability of the prepared COFs. We have examined the changes
of morphologies for bulk COF TpPa-(OH),, COF with binder PVDF and carbon black before
and after the electrochemical studies. The morphological changes observed from SEM for bulk
COF and COF with binder and carbon was due to the mixing all of them together in NMP
solvent via mechanical grinding (Figure 5.17a and 5.17b). There was negligible change in the
morphology of COF based electroactive material before and after of electrochemical studies

confirms the electrochemical stability (Figure 5.17b and 5.17c).

COF + PVDF + C black- COF + PVDF + C black-
Grinding in NMP-Before  Grinding in NMP-After long
Bulk TpPa-(OH), CQ long term cyclic test term cyclic test

R

Figure 5.17: SEM images of TpPa-(OH), ; (a) Bulk COF after synthesis and activation, (b) After mixing
with carbon black and PVDF follow by grinding in NMP and (c) After long term cyclic test.

5.3.7 Capacitance studies

Capacitor performances of these COFs were evaluated in 1 M phosphate buffer (pH 7.2)
using three electrode configuration. Cyclic voltammograms (CVs) of TpPa-(OH), reveal that the
specific capacitance is predominantly pseudocapacitive (capacitance due to redox transitions of
H,Q/Q) in nature. The highest specific capacitance of 396 F g™ has been obtained at a scan rate
of 2 mV s (Figure 5.18a and Table 5.5). The separation between cathodic and anodic peaks
(AEp) is only 72 mV at a faster scan rate of 20 mV s (Table 5.6), which is indicative of fast
electron transfer kinetics between COF and the electrode interface. Similar capacitance values
were obtained from galvanostatic charge/discharge experiments while the maximum specific
capacitance obtained was 416 F g™ at 0.5 A g™ current density (Figure 5.18b and Table 5.5). To

the best of our knowledge, this is the highest specific capacitance obtained for COF based
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materials and higher than most of the carbon-based materials reported in the literature (Table
5.10).
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Figure 5.18. Electrochemical performance of TpPa-(OH),. (a) CVs at different scan rates (2, 5, 10 and
20 mV s™). (b) Galvanostatic charge/discharge experiments at different current densities (0.5, 1, 2 and 5
A g™). (c) Specific capacitance dependence on scan rates of voltammetry. (d) The Nyquist plot of EIS
results collected at 0.12 V vs SCE (inset: high-frequency region). (e) Long-term cyclic stability

performance at a current density of 5 A g~of galvanostatic charge/discharge experiment. (f) Pourbaix
diagram (E°’vs pH).

Table 5.5: Specific capacitance (F g) of TpPa-(OH),, TpPa-(OMe), and TpPa-1 at different
scan rates (mV s™) of cyclic voltammograms and current densities (A g™) of galvanostatic
charge/discharge experiment.

Scan TpPa- TpPa- TpPa-1 Current | TpPa- TpPa- TpPa-1
Rate (OH), (OMe), density (OH), (OMe),
2 396+1 13+1 6x1 0.5 416+12 10+1 4+1
5 309+11 71 31 1 344+11 4+1 3+1
10 264+12 5+1 21 2 288+13 3+1 21
20 23011 4+1 21 5 214+19 2+1 1+1

Table 5.6: Anodic and cathodic peak separation (AEp) at different scan rates of voltammetry for
TpPa-(OH)..

Scan rate (mV s™) AEp (mV)
2 47
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5 49
10 59
20 72

However, 58% specific capacitance retention was obtained at a high scan rate of voltammetry (20
mV s%) (Figure 5.18c). The drop of specific capacitance at high scan rate during the CV

presumably was due to restriction for ion insertion during rapid potential scanning [5.58].

Electrochemical impedance spectroscopy experiment (EIS) was performed at the formal
potential of H,Q/Qredox transition. The Nyquist plot of TpPa-(OH), revealed the slightly
inclined rise of impedance along the imaginary axis in the low-frequency region, which is
indicative of a good mass transport inside the material (Figure 5.18d). EIS result was fitted using
an equivalent circuit model to assess the resistance for charge/electron transfer due to the H,Q/Q
transition at the electrode/electrolyte interface (R;) and a value of 37.5 Q was obtained (Figure
5.19 and Table 5.7). Detailed justification for the equivalent circuit, fitted result for EIS, and

equivalent circuit parameters values have been provided below.

300
2254
S150-
N
754 d°° o Experimental
,_//P -
O-
0 75 150 225 300
Z'(Q)

Figure 5.19: Nyquist plot of TpPa-(OH), collected at the formal potential (black empty circles) of H,Q
moiety. The solid black line represents best fitted EIS result (¥* <0.05) utilizing the equivalent circuit
shown in the inset.

Justification for equivalent circuit and related results: In this equivalent circuit, Rg, Ret, Qi
Qmt, and Qps represent electrolyte solution resistance, resistance associated with charge/electron

transfer reaction due to proton-coupled electron transfer reaction of H,Q moiety at the
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electrode/electrolyte interface, charging capacity at the electrode/electrolyte interface, electrolyte
ion diffusion inside the nanomaterial in the low frequency region and pseudocapacitive charging
in the low frequency region respectively. The semicircle in the high-frequency region represents
Rt and the value was found to be 37.5 Q. Qqi, Qm: and Qps are constant phase elements where n
represents exponent term (Table 5.7) and the value of n ranges from 0 to 1. n=0 represents an
ideal resistor while n=1 represents an ideal capacitor. In general, a capacitor element (Cq) is used
for EIS fitting, however, Qg has been used here which provided better fitting. The obtained n
value for Qg was less than 1 (Table 5.7) presumably due to electrode roughness. Qg was much
less than Qps indicating pseudocapacitive charging was the dominant process for charge storage
[5.40, 5.41].

Table 5.7: Values of equivalent circuit parameters calculated from EIS results for TpPa-(OH),.

Qui Qmt Qps
Rao Ret @ Ya n Y mt n Y ps n
©@ ) ) ®
18.5 37.5 1.8x10° 0.72 0.0028 0.48 0.015 0.98

In the long term cyclic test, 66% specific capacitance retention was obtained after 10,000 cycles
at a current density of 5 A g™ (Figure 5.18e). Initially, CVs were collected for TpPa(OH), in
different pH solutions (pH 3.6-7.2) and the electrochemistry revealed a reversible redox peak,
presumably due to the presence of the H,Q functionality in the COF (Figure 5.18f) wherein the
formal potential (E”) was pH dependent. The E% values were shifted towards the cathodic
direction with increasing pH and the slope of the Pourbaix diagram [5.59] (E% vs pH) was found
to be 61 mV/pH (Figure 5.18f), suggesting a 2H*/2e” proton-coupled electron transfer (PCET)
[5.60] reaction for the H,Q/Q redox transition.

The coulometric charge calculation of CV revealed that at least 43% H,Q functionalities
responded during an electrochemical experiment. The high redox accessibility presumably was
due to crystalline nature of the material which exposed edges of the interlayer gaps for facile ion
insertion [5.61].

Determination of hydroquinone accessed:

1. TpPa-(OH), COF mass on electrode= 142.9 pg/cm?

H,Q comprises 44 % of this mass.
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142.9 pug em™ *(0.44) = 62.9 pg/cm? of H,Q on surface
2. Convertion of mass to moles

62.9 x 10° g/cm? (mol/140 g) = 4.49 x 107" mol/cm? H,Q present on electrode surface
3. Each hydroquinone involved in a 2 e transfer process.

Determination of the number of moles of e’

-7 mol 2mol —e”
0" — HQ(
cm molH ., Q

2

4.49x1 )=8.98x10"" mol/cm?® e

4. Determination of the maximum charge possible to pass

8.98x107 m02| (96485C

)= 86.6 mC/cm?
cm® mol—e

5. Charge obtained from the integration of the oxidation wave
Example: At 2 mV s™: 37.1 mC/cm? of charge is passed

6. Dividing the integrated charge by the theoretical and multiplying by 100

2
M x100 = 43% of H,Q responded during electrochemistry
86.6C /cm
TpPa-(OH),
@ 30- o
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Figure 5.20: Ragone plot for TpPa-(OH)s.
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The Ragone plot revealed that the TpPa-(OH), showed the maximum energy and power
density of 29 Wh kg™ and 1956 W kg™ respectively (Figure 5.20).

In order to further verify that the obtained specific capacitances are predominantly due to
H.Q functionalities, experiments were performed for COFs that are devoid of H,Q [TpPa-1 and
TpPa-(OMe),]. The highest specific capacitances for TpPa-1 and TpPa-(OMe), were 6 and13 F
gt ata2mV s’ scan rate of voltammetry and CVs were devoid of redox peaks as well (Table 5.5
and Figure 5.21a).
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Figure 5.21: (a) CVs of TpPa(OH), (blue), TpPa-(OMe), (green) and TpPa-1 (black) at 20 mV s™. (b)
CVs of TpBD-(OH),* (blue), TpBD-(OMe), (green) and TpBD (black) at 20 mV s™.

* [The peak appeared at ~0.55 V vs SCE for TpBD-(OH), was due to stepwise proton transfer
followed by electron transfer reaction (PT-ET) of phenolic functional groups to produce phenoxy
radical following literature precedence [5.62] in which proton abstraction was assisted by HPO,*
. We speculate that the weak redox peak appeared at ~0.35 V vs SCE for TpBD-(OH), was due
to concerted electron-proton transfer (EPT) reaction of phenolic functional groups to generate
phenoxy radical in which proton transfer was assisted by HPO,* [5.63]. This redox peak

becomes more prominent at slower scan rates indicating kinetic sluggishness.]
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Figure 5.22: Electrochemical performance of TpBD-(OH),. (a) Cyclic voltammograms at different scan
rates (2, 5, 10 and 20 mV s™). (b) Galvanostatic charge/discharge at different current densities (0.5, 1, 2
and 5 A g™). (c) Specific capacitance dependence on scan rates of voltammetry. (d) Nyquist plot of EIS
results collected at 0 V vs. SCE (inset: high-frequency region) and (e) Long term cyclic stability
performance at a scan rate of 20 mV s in CV.

The supercapacitor studies for TpBD-(OH), revealed a highest specific capacitance of 86
F gt at 2 mV s* scan rate (Figure 5.22 and Table 5.8). Irreversible redox transition due to the
phenol/phenoxy radical was responsible for modest specific capacitances. However, the phenoxy
radical quickly decomposes and hence, in the long term cyclic test, only 2% capacitance

retention was observed (Figure 5.22e) [5.64]. In order to verify that the redox transition is due to
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phenol functionalities, experiments were performed for TpBD and TpBD-(OMe),. For both the
COFs, redox peaks were not observed and the highest specific capacitances were only 29 and 16
Fg* at the 2 mV s™ scan rate for TpBD and TpBD-(OMe), respectively (Figure 5.22b and Table
5.8).

Table 5.8: Specific capacitance (F g*) of TpBD-(OH),, TpBD-(OMe), and TpBD at different

scan rates (mV s™) of cyclic voltammograms and current densities (A g™) of galvanostatic
charge/discharge experiment.

Scan TpBD- TpBD- TpBD  Current TpBD- TpBD- TpBD

Rate (OH); (OMe), density (OH), (OMe),
2 86+9 29+1 16+3 0.5 9010 26+1 27+3
5 57+2 10+1 6+1 1 6715 4x1 205
10 4714 71 3+1 2 48+3 3+1 9+2
20 411 5x1 2+1 5 4415 2+1 31

Recent investigations on the redox interconversion mechanism of H,Q/Q in a buffer
solution [5.65] suggests that during the oxidation, pre-association occurs between H,Q and the
base present in the buffer solution, followed by an occurrence of the concerted electron-proton
transfer (EPT) reaction in which the proton of H,Q was transferred to the base and an electron
was transferred to the electrode to form HQ'. In the final step, HQ was seen to rapidly lose a
proton and transfer the second electron to the electrode. A similar mechanism operates during the
reduction process to regenerate H,Q, in which pre-association occurs between the acid present in
the buffer and the benzoquinone moiety (Figure 5.23).
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(b) & Concerted (b) ® H* Concerted
3 m O electron = ¥ N\ O electron
LIS L -0O-P- —_—> * - - e H-0O-P- — . 2.
8 "a H\JO l'D-OH proton HQ'+H,PO, © i g-OH proton HQ" +HPO,
I% e transfer ﬁ \_} transfer
©) g ©) g
8l 2
% H-Q' —> Q + H*(rapid) .3 HQ + H* —> H,Q (rapid)
@ —
w w

Figure 5.23. Probable redox reaction happening on the electrode surface of TpPa(OH)..
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However, benzoquinone usually decomposes rapidly, resulting in a rapid drop in specific
capacitance within a few cycles [5.52]. Interestingly, in this study, an electrochemical
reversibility was observed, which was confirmed by a long-term cyclic test. In order to explain
the chemical reversibility, we propose that the carbonyl oxygen (C=0) of the benzoquinone
functionality is involved in H-bonding with the neighboring amine functionality present in the
COF, which inhibits the decomposition of Q (Figure 5.24), a mechanism which has precedence
in recent literature [5.66-5.71]. The comparable stability of the Q form (oxidized form) and the
H,Q form (reduced form) in water is also supported by calculated stabilization energies of both Q
and H,Q forms of TpPa-(OH), fragments cut from the optimized bilayer structures, which were
1288 and 1312 kJ mol™ respectively.

H-bonding

H -2H*and -2e

)
+2H* and +2e

H,Q form Q form

Figure 5.24. The proposed H-bonding stabilized both the hydroguinone (H,Q) and benzoquinone (Q).

It is interesting to note that all COFs [except TpBD-(OH),] had surface area higher than
TpPa-(OH),. However, their specific capacitance values were insignificant compared to TpPa-
(OH),. This observation suggests that the pseudo-capacitance is a large contributor to the total
capacitance. The low surface area, the high molecular weight of BD-(OH), units and lower
stability of the oxidized form might be the reasons for the low specific capacitance of TpBD-
(OH),. The comparatively high stability of both the Q and H,Q forms due to the H-bonding
[5.72-5.75] in TpPa-(OH), COF is a possible reason for the high reversibility of the

hydroquinone-quinone redox interconversion, which may also be due to the improved electron
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transfer kinetics. Moreover, the high specific capacitance of TpPa-(OH), arises due to the low
molecular weight of the Pa-(OH), units. The high surface area, excellent chemical reversibility,

and low molar mass make TpPa-(OH), an exceptional pseudocapacitor.
5.3.7.1 Evaluation of supercapacitor performance using symmetric two electrode cell

TpPa-(OH), was tested as a supercapacitor nanomaterial for real-time applications using
Swagelok-cells type two electrode system. Cyclic voltammograms and galvanostatic
charge/discharge experiments were performed in a 0.7 V potential window as used for three
electrode system (Figure 5.25 and Table 5.9). Highest specific capacitances were 211 and 214 F
gtat2mV st of CVand 0.2 A g galvanostatic charge/discharge experiments (Figure 5.25a and
5.25b). These values are 48% lower compared to the results obtained from three electrode
system. The drop in specific capacitance in two electrode system in comparison to three electrode
system was slightly at higher end which presumably was due to the low conductivity of COF
[5.76]. Research directed towards improving the conductivity of COF based material is currently
underway in our laboratory. Nonetheless, the maximum specific capacitance values obtained here
are significantly higher compared to the recent reports on COF based supercapacitor in two
electrode system [5.42-5.50]. Moreover, 35% capacitance retention was obtained by increasing
the scan rate of CV by 10 times (Figure 5.25¢). In the long term cyclic test, 88% capacitance
retention was observed after 10,000 cycles at a current density of 0.8 A g™ (Figure 5.25d).

Table 5.9: Specific capacitance (F g™*) from cyclic voltammetry at different scan rates and
galvanostatic charge/discharge at different current densities for TpPa-(OH), using symmetric
two electrode cell.

Scan rate Specific capacitance | Current density Specific

(mV sY (Fgh (Agh capacitance

(Fg™")

2 211+3 0.2 214+1

139+2 0.3 165+7

11342 0.5 12042

10 96+5 0.8 92+1

20 73+2 1 74+1
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Figure 5.25: Electrochemical performance of TpPa-(OH), in two electrode system. (a) CVs at different
scan rates (2, 5, 10 and 20 mV s™). (b) Galvanostatic charge/discharge experiments at different current
densities (0.2, 0.3, 0.5 and 1 A g™). (c) Specific capacitance dependence on scan rates of voltammetry. (d)
Long term cyclic stability performance at a current density of 0.8 A g of galvanostatic charge/discharge

experiment.

Table 5.10: Comparison of specific capacitances obtained for different COFs and carbon based

materials.
Active material Electrolyte Specific capacitance Reference
(Fg?
TpPa-(OH), 1 M Phosphate 416 at0.5 A g™ This work

buffer (pH =
7.2)
DAAQ-TFP COF 1 M H,SO, 48+10at 10 mV s™ | J. Am. Chem. Soc. 2013, 135,
16821-16824.
[TEMPO]100%-NiP-COF 0.1M (i) 167 at0.1 Ag" | Angew. Chem. Int. Ed. 2015,
[TEMPO]50%-NiP-COF (CsHo)laNCIO4in | (ji) 124 0.1 A g™ 54,6814 6818
CH3;CN
Reduced graphene oxide 1 M H,SO, 348at0.2 A g'1 Carbon 2011, 49, 573-580.
Functionalized carbon 6 M KOH 318at05AQ" Energy Environ. Sci. 2013, 6,
2497
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Interconnected 1 M H,SO, 258at0.5Ag" Energy Environ. Sci. 2014, 7,
microporous 728-135.
carbon
Nitrogen-Doped Porous 6 M KOH 293at1 A Q- Chem. Eur. J. 2014, 20, 564-
Graphitic Carbon 574.
Porous N-doped carbon spheres 6 M KOH 398at0.2Ag" J. Mater. Chem. A, 2014, 2,
3317-3324.
Graphene/Polyaniline Nanofiber 2 M H,S0, 480at0.1Ag" Chem. Mater. 2010, 22, 1392-
Composite 1401.
Hydroquinone physisorbed on 1 M H,SO, 207 at5mVvs” J.Phys.Chem.C,
Activated Charcoal 2015, 119, 11382-11390.
Nitrogen doped carbon nanotube 1 M H,SO, 215at0.2Ag* ACS Appl.Mater.Interfaces,
2015, 7, 20083-20089.
Nitrogen Enriched Porous 1 M H,SO, 388at1AQ! Chem. Mater. 2014, 26, 2820-
Carbon Sphere 2828.
Leaves derived carbon 1 M H,SO, 400at0.5Ag" Energy Environ. Sci. 2013, 6,
1 M LiPFgin 88at2 Ag? 1249-1259.
EC-DEC
Three-dimensional (3D) 6 M KOH 342at02Ag" Nanoscale, 2014, 6, 13831-
honeycomb-like porous carbon 13837.
Hierarchical cashmere-derived 1 M H,SO, 460 at0.5 A g™ Green Chem. 2015, 17, 2373-
micro-/mesoporous carbon 1 M KOH 363at0.5Ag* 2382.
Hair-derived carbon 6 M KOH 340at2 Agt Energy Environ. Sci. 2014, 7,
379.
ZIF-derived porous carbon 6 M KOH 228at0.1Ag" J. Mater. Chem. A, 2014, 2,
12873-12880.
2D quasi-ordered nitrogen- 6 M KOH 426 at1Ag*t Nanoscale, 2016, 8, 10166-
enriched porous carbon 10176.
nanohybrids
Porous nitrogen—doped hollow 6 M KOH 213at0.5Ag" J. Mater. Chem. A, 2014, 2,
carbon spheres 5352-5357.
1D activated carbon nanotube 1 M H,SO, 319at1Ag" J. Mater. Chem. A, 2014, 2,
5236-5243.

5.4 Summary

In this chapter, we have explored the possibility of precise integration of redox-active

hydroguinone moieties (H,Q) into a stable microporous 2D covalent organic framework for

pseudocapacitor applications. In addition, molecular level control of the specific capacitance was
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achieved by tuning the functionality in the COF backbone. The remarkable high specific
capacitance (416 F g™ at 0.5 A g current density) of TpPa-(OH), was due to the reversible
proton-coupled electron transfer (2H'/2e”) redox chemistry of hydroquinone/benzoquinone
(H2Q/Q) along with high accessibility (43%) of redox active hydroquinone units due to
crystalline nature of the COF. These findings are notable which will help to design more energy

efficient pseudocapacitor and other electrochemical devices in the near future.
5.5  Experimental Procedures
55.1 Materials

1,3,5-triformylphloroglucinol was prepared from Phloroglucinol using literature
procedure. All other reagents and solvents were commercially available and used as received.

5.5.2 Synthesis of 2,4,6-tris-((2-hydroxyphenylamino)methylene)cyclohexane-1,3,5-trione
(Reference compound)

The reference compound was synthesized by the reaction between 1,3,5-
triformylphloroglucinol (0.210 g, 1 mmol) and 2-aminophenol (0.349 g, 3.2 mmol) in 20 mL
ethanol under refluxing condition for three days. After this time the solution was cooled to room
temperature and the precipitate was collected by filtration, washed with ethanol and dried under
vacuum to give 0.32 g (0.662 mmol, 66%) of a yellow solid. IR (powder, cm™): 2969 (w), 1610
(m), 1583 (s), 1533(m), 1441 (s), 1299 (m), 1246 (m), 1142 (m), 1046 (s), 977 (w), 852(m).
5.5.3 Synthesis of TpPa-(OH),, TpPa-(OMe), and TpBD-(OH),

In the typical synthesis, a pyrex tube ( 0.d. x i.d. = 10 x 8 mm? and length 18 cm) is
charged with 1,3,5-triformylphloroglucinol (Tp) (0.3 mmol), 2,5-diaminohydroquinone
dihydrochloride [Pa-(OH),.2HCI, 0.45 mmol], 3 mL (1:1) solvent mixture of mesitylene and
1,4-dioxane with 0.5 mL of 6(M) acetic acid. This mixture was sonicated for 10 min. in order to
get a homogeneous dispersion. The tube was then flash frozen at 77 K (liquid N, bath) and
degassed by three freeze-pump-thaw cycles. The tube was sealed off and then heated at 120 °C
for 72h. A black coloured precipitate was collected by filtration and washed with DMACc
followed by water and finally acetone for several times.Then the powder was dried at 120 °C

under vacuum for 12 h to get corresponding COFs in ~75% isolated yield.

The similar synthesis procedure along with the same amount of solvent mixtures and

catalyst [mesitylene, 1,4-dioxane and 6M acetic acid in (1.5mL: 1.5mL: 0.5mL) ratio] is
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followed for the synthesis of TpBD-(OH), and TpPa-(OMe), except for these COFs we have
taken 3,3’-dihydroxybenzidine [BD-(OH),, 0.45 mmol] and 2,5-dimethoxy-p-phenylenediamine
[Pa-(OMe),, 0.45 mmol] respectively as amine counterpart.
FT-IR [TpPa-(OH), powder, cm™]: 3744 (w), 1633 (w), 1580 (s), 1465 (m), 1251 (s), 1130 (s),
853 (m).
FT-IR [TpBD-(OH)2 powder, cm™]: 1610 (w), 1580 (), 1446 (m), 1280 (s), 1186 (w), 1091
(w), 866 (m).
FT-IR [TpPa-(OMe),, powder, cm™]: 2932 (w), 1583 (s), 1442 (m), 1258 (s), 1026 (w), 1003
(w), 836 (m).
Elementary analysis:
TpPa-(OH),, Anal. Calcd. C, 59.09; H, 3.14; N, 11.49. Found C, 50.83; H, 4.01; N 8.67.
TpBD-(OH)2, Anal. Calcd. C, 67.50; H, 3.75; N, 8.75. Found C, 59.73; H, 4.20; N 6.82.
TpPa-(OMe),, Anal. Calcd. C, 61.76; H, 4.41; N, 10.29. Found C, 54.88; H, 4.76; N 8.03.
TpBD-(OMe),, Anal. Calcd. C, 68.96; H, 4.59; N, 8.04. Found C, 63.13; H, 4.40; N 6.48

The difference in the C (wt %) and N (wt %) between the observed and calculated
elemental micro analysis is might be due to the formation of noncombustible carbon nitride
byproducts and hygroscopic nature of these COFs.

Other three COFs [TpPa-1, TpBD, and TpBD-(OMe),] have been synthesized by
previously reported procedure [5.43].
5.5.4 Electrode Fabrication

For electrochemical measurements, glassy carbon electrode was coated with active
materials (COFs). First, glassy carbon electrode was polished to a mirror finish by using 0.05
micron alumina powder, thoroughly cleaned in water by sonication for 15 min and dried in air.
Thereafter, in 500 ul NMP, COF (5 mg; 75%), PVDF binder (1 mg; 15%), and carbon black
(0.66 mg; 10%) were added. The solution was stirred for 20 h to make the solution
homogeneous. In the next step, 1 pul of the solution was drop cast on the glassy carbon electrode.

Finally, the electrode was dried in a hot air oven for 20 min. The total mass loading on an
electrode was 0.2 mg/cm?.
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5.5.5 Electrochemical Measurements

All electrochemical experiments were carried using CH Instruments, Austin, TX
potentiostat (Model CHI 620E). Three electrode cell was used in which SCE, Pt wire, and COF
coated glassy carbon electrode was used as a reference, counter, and working electrode
respectively. 1 M phosphate buffer (pH 7.2) was used as an electrolyte solution. Cyclic
voltammetry (CV) experiments were carried out at different scan rates (2, 5, 10 and 20 mV s™) in
a potential window of 0.7 V. All the CVs were collected at an uncompensated cell resistance of
0.2 Q using iR compensation tool of CH potentiostat, however, long term cyclic stability
experiments were carried out without IR compensation correction. Galvanostatic
charge/discharge experiments were carried out at different current densities (0.5, 1, 2and 5 A g™)
in a potential window of 0.7 V as well. Electrochemical impedance spectroscopy (EIS)
experiments were carried out at the formal potential (E%) with an amplitude of 5 mV over a
frequency range of 100 kHz to 0.1 Hz. All electrochemical experiments were carried out at 25 °C
at ambient condition. The E” of the COFs were calculated by determining the average of anodic

(Epa) and cathodic (Eyc) peak potentials according to eq. 5.1.
— ﬂ
2 (5.1)

E®

Capacitance from CVs was calculated using eg. 5.2 where C, I, E and v are capacitance, current,
potential window and scan rate respectively. The numerator (JI.dE) of the equation was
calculated by integrating the area of CVs using Origin software. Subsequently, the capacitance
was obtained by dividing the area of voltammograms by scan rate and two times the potential
window of CV experiments according to eq. 5.2. Finally, specific capacitances (Csp, F/g) were
determined by dividing the calculated specific capacitances (C) by the weight of COF deposited
on each electrode (m).

[1.dE

C=
2Ev (5.2)

(5.3)
For galvanostatic charge/discharge experiments, capacitances were calculated using eq.

5.4. In this equation, t in the time taken to complete charging/discharging process and | was the
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applied current density. Similar to the CV experiments, specific capacitance (Csp, F/g) was
calculated by dividing the obtained capacitances by the weight of the deposited materials (eq.
5.3).

oIt
2E (5.4)

The energy density and power density were calculated using eq. 5.5 and eq. 5.6 respectively

where C, E, and t are capacitance, potential window and discharging time respectively
Energy Density :%CE2 (5.5)

Power Density = Energy Density/t (5.6)

5.5.6 Two-electrode electrochemical experiment for TpPa-(OH),

For two electrode experiments, both Pt electrodes were used as current collectors and
Whatman no.1 filter paper was used as a separator. In 1 mL of N-methyl-2-pyrrolidone (NMP),
10 mg TpPa-(OH),, 2 mg binder poly(vinylidene fluoride) (PVDF), and 1.3 mg acetylene black
were added. Thereafter, the mixture was stirred for 20 h at room temperature to form a uniform
and homogeneous blend. 100 uL of this homogenous mixture was taken out and spread on 1 cm?
area of clean and dry Pt electrode. Subsequently, the electrode was dried in an oven at 65 °C for
12 h. The weight ratio of TpPa(OH),: acetylene black: PVDF was 7.5: 1.0: 1.5. The mass of
material deposited on each electrode was 1.33 mg. The calculations of specific capacitance (Csp,
F/g) values were done following Eq. 5.7 and 5.8, where m is the weight of active material on
each electrode and a factor of 2 was multiplied as both electrodes were connected in series. Other

terms have a similar meaning as described above.

C. =2* I1LdE
2.mE.v (5_7)
_ o 1t
spP 2.m.E (5.8)

5.5.7 General methods for characterization
All reagents were commercially available and used as received. Microscopy images of
these hollow fibers were taken in Zeiss SteREO Discovery V20.
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a) Wide-angle X-Ray Diffraction (WAXD): The wide-angle X-Ray Diffraction (WAXD)
analysis of MOFs and the composite membranes were carried on a Rigaku SmartLab X-ray
diffractometer in reflection mode using CuKa radiation (A = 1.54 A). The 20 range from 5° to
40° was scanned with a scan rate of 3° min™’. The instrument was previously calibrated using a

silicon standard.

b) FT-IR spectroscopy: The Fourier transform infrared spectra (FT-IR) were taken on a
Bruker Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection)
accessory in the 600-4000 cm™* region or using a Diamond ATR (Golden Gate). The spectra

were measured over the range of 4000-400 cm™.

C) Scanning Electron Microscopy: Scanning Electron Microscopy (SEM) was performed
on an FEI Quanta 200 3D ESEM (dual beam) instrument with a field emitter as an electron
source and an FEI Nova Nano SEM 650 Scanning Electron Microscope. SEM images of
membrane cross section were taken after freeze cut off membranes in LN,. Samples for SEM

were gold sputtered before analyses.

d) Fractional atomic coordinates for COFs

Table 5.11: Fractional atomic coordinates for the unit cell of TpPa-(OH)..

TpPa-(OH),
Triclinic; P 1
a=22.4124 A; b=22.3715A; c=6.7244 A
a=90.7617; p=90.3839; y = 119.3119
Atom list X y z
Cl 0.91715 0.9264 0.06107
C2 0.94948 0.8857 0.04858
C3 0.0198 0.91677 0.00671
C4 0.06006 0.98846 0.97735
C5 0.02785 0.02928 0.99221
C6 0.95737 0.9982 0.03363
H1 0.92023 0.83008 0.0709
H2 0.05723 0.08495 0.97103
N1 0.12956 0.0141 0.93759
C7 0.17802 0.07985 0.90616
H3 0.16225 0.11958 0.90252
C8 0.24705 0.09921 0.8822
C9 0.27144 0.0489 0.89758
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C10 0.29568 0.17324 0.86069
Cl1 0.34611 0.07483 0.91552
C12 0.36997 0.19665 0.86853
C13 0.39618 0.14823 0.89496
o1 0.23075 0.98581 0.9005
02 0.27346 0.21432 0.84001
03 0.45949 0.16941 0.90209
H4 0.14824 0.97908 0.93831
Cl4 0.41913 0.26602 0.87032
HS5 0.47376 0.27989 0.88521
C15 0.36649 0.02755 0.96822
H6 0.3266 0.97351 0.98715
N2 0.40318 0.31661 0.85871
C16 0.4485 0.38659 0.88462
C17 0.51994 0.41473 0.91338
C18 0.42005 0.43112 0.88675
C19 0.56152 0.4852 0.95076
H7 0.54442 0.38258 0.91027
C20 0.46107 0.50132 0.9264
c21 0.53256 0.52935 0.96161
H8 0.43739 0.53429 0.92945
N3 0.43286 0.04483 0.00077
04 0.05313 0.87824 0.99235
05 0.35051 0.40231 0.84807
H9 0.33657 0.43751 0.85292
H10 0.35063 0.30095 0.84531
H11 0.46861 0.09685 0.97938
H12 0.02071 0.82988 0.01768
N4 0.84716 0.89973 0.09788
C22 0.79834 0.83326 0.09488
C23 0.72858 0.81217 0.11533
H13 0.81393 0.79397 0.06961
C24 0.70422 0.86223 0.1396
C25 0.68019 0.7386 0.09029
C26 0.62961 0.83686 0.1438
06 0.74521 0.92515 0.15546
c27 0.60602 0.71549 0.08437
o7 0.70238 0.69682 0.0709
C28 0.60937 0.88664 0.15193
C29 0.57955 0.76345 0.12324
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C30 0.55737 0.64752 0.04087
N5 0.54306 0.87128 0.15059
H14 0.64969 0.94107 0.1566
08 0.51619 0.74106 0.13717
H15 0.50245 0.63317 0.03414
N6 0.57531 0.59895 0.00689
H16 0.50714 0.81877 0.15012
H17 0.62855 0.61769 0.02073
09 0.92383 0.03607 0.04986
H18 0.95541 0.08459 0.02449
010 0.63088 0.50823 0.97941
H19 0.65748 0.55804 0.99723
C3l 0.51808 0.91687 0.12649
C32 0.56054 0.98812 0.09937
C33 0.44567 0.88911 0.12247
C34 0.53047 0.02918 0.06316
H20 0.61682 0.01176 0.10405
C35 0.41558 0.93004 0.08467
C36 0.45804 0.00088 0.05035
H21 0.35929 0.90643 0.07984
011 0.40584 0.81943 0.15591
H22 0.35694 0.80557 0.14535
012 0.57005 0.09911 0.03434
H23 0.61899 0.11327 0.04649
H24 0.82875 0.93475 0.11523
C37 0.97768 0.04046 0.52448
C38 0.00997 0.99969 0.50796
C39 0.08022 0.03077 0.46409
C40 0.12033 0.10252 0.43357
C41 0.08801 0.14314 0.44973
C42 0.01792 0.11211 0.49567
H25 0.98081 0.94406 0.53054
H26 0.11719 0.1988 0.42837
N7 0.18987 0.12883 0.39247
C43 0.23807 0.19523 0.37073
H27 0.22167 0.23445 0.37033
C44 0.30783 0.21621 0.35475
C45 0.333 0.16646 0.36619
C46 0.35589 0.29073 0.34771
Ca7 0.40763 0.19236 0.38098
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C48 0.43026 0.31471 0.36647
C49 0.45726 0.26623 0.37812
013 0.29261 0.10322 0.36762
014 0.33412 0.33229 0.33063
015 0.52056 0.28847 0.38975
H28 0.20899 0.09412 0.39198
C50 0.4784 0.38377 0.39091
H29 0.53284 0.39758 0.41157
C51 0.42814 0.14377 0.41574
H30 0.38821 0.08927 0.42315
N8 0.46208 0.43445 0.3951
C52 0.50691 0.50363 0.43811
C53 0.57817 0.5309 0.47054
C54 0.47918 0.54862 0.45087
C55 0.61996 0.60052 0.51881
H31 0.60237 0.49857 0.46047
C56 0.52037 0.618 0.50106
C57 0.59165 0.64509 0.53694
H32 0.49713 0.65131 0.50804
N9 0.49429 0.16052 0.44516
016 0.11373 0.99281 0.4476
017 0.4093 0.52149 0.41204
H33 0.39776 0.5585 0.41355
H34 0.40979 0.41881 0.37487
H35 0.52982 0.21305 0.43564
H36 0.08239 0.94449 0.4762
N10 0.90832 0.01477 0.56898
C58 0.85931 0.94874 0.58807
C59 0.79078 0.92937 0.62584
H37 0.87388 0.90839 0.56929
C60 0.76744 0.98052 0.64401
Co61 0.74171 0.85535 0.62652
C62 0.69278 0.95585 0.64999
018 0.80906 0.04339 0.64997
C63 0.66768 0.83258 0.63597
019 0.76358 0.8132 0.61538
Co4 0.67227 0.00518 0.63324
C65 0.64228 0.88217 0.65163
C66 0.61794 0.76387 0.61072
N11 0.60571 0.98957 0.62467
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H38 0.71231 0.05953 0.62262
020 0.57912 0.86145 0.66158
H39 0.56314 0.74998 0.61009
N12 0.63504 0.71433 0.58408
H40 0.56987 0.93713 0.63674
H41 0.68844 0.73311 0.58986
021 0.98493 0.15082 0.51486
H42 0.01755 0.19929 0.4919

022 0.6889 0.62239 0.55158
H43 0.71582 0.67217 0.57052
Ce7 0.58016 0.03416 0.58653
C68 0.62223 0.10545 0.55793
C69 0.50776 0.00555 0.57328
C70 0.59182 0.14568 0.51402
H44 0.67849 0.1297 0.56884
C71 0.47732 0.04578 0.52888
C72 0.51939 0.11668 0.49554
H45 0.42105 0.02147 0.51867
023 0.46827 0.93568 0.60511
H46 0.41933 0.9216 0.59362
024 0.63109 0.21539 0.48253
H47 0.67982 0.23084 0.50723
H48 0.89063 0.05036 0.58495

Table 5.12: Fractional atomic coordinates for the unit cell of TpPa-(OMe),.

TpPa-(OMe),
Triclinic: P 1;
a=22.3857 A; b=225758 A; c =6.791 A;
o = 89.6424; = 90.0665; y = 119.1296

Atom list X y z
C1 0.92078 0.93357 0.05748
C2 0.95292 0.89328 0.03333
C3 0.02374 0.9256 0.99762
C4 0.0637 0.99784 0.9844
C5 0.03143 0.03824 0.00753
C6 0.96054 0.00597 0.04441
H1 0.92241 0.83748 0.0425
H2 0.06191 0.09406 0.99753
N1 0.13388 0.02444 0.95124
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188



Chapter 5

Redox Active Covalent Organic Frameworks...

Cc7 0.18247 0.09008 0.9229
H3 0.16684 0.12986 0.91805
C8 0.25172 0.1094 0.90119
C9 0.27644 0.05939 0.91542
C10 0.29993 0.18317 0.87847
Cl1 0.35141 0.08534 0.92374
C12 0.37429 0.20663 0.87913
C13 0.40107 0.15851 0.89976
o1 0.23588 0.99642 0.92336
02 0.27726 0.22414 0.86187
03 0.46456 0.17983 0.89948
H4 0.15263 0.98952 0.95191
Cl14 0.42304 0.2758 0.879

H5 0.4779 0.28993 0.88829
C15 0.37297 0.03815 0.96794
H6 0.33329 0.98419 0.98943
N2 0.40612 0.32573 0.87191
Cl6 0.45079 0.39545 0.89644
C17 0.52249 0.42316 0.92078
C18 0.4214 0.43912 0.90295
C19 0.56341 0.49313 0.95743
H7 0.54526 0.3896 0.91506
C20 0.46244 0.50915 0.93936
C21 0.534 0.53661 0.96872
H8 0.43973 0.54278 0.94505
N3 0.43977 0.05517 0.98907
O4 0.06135 0.89078 0.96959
05 0.35054 0.40636 0.86978
H9 0.35317 0.30924 0.86321
H10 0.47525 0.10721 0.96723
N4 0.85059 0.90585 0.09229
C22 0.80196 0.83949 0.08747
C23 0.73223 0.81844 0.10769
H11 0.81763 0.80049 0.06161
C24 0.70783 0.86829 0.1294
C25 0.68386 0.74488 0.08664
C26 0.63314 0.84318 0.12846
06 0.74852 0.93095 0.14631
C27 0.60953 0.72211 0.0795
o7 0.70576 0.70323 0.07295
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C28 0.61333 0.89314 0.13049
C29 0.58297 0.77008 0.11035
C30 0.5611 0.65447 0.03999
N5 0.54715 0.87834 0.12281
H12 0.65399 0.94726 0.13555
08 0.51945 0.74819 0.11951
H13 0.50621 0.64049 0.0328
N6 0.57828 0.60544 0.00975
H14 0.51093 0.82608 0.12127
H15 0.6312 0.62172 0.02085
09 0.92245 0.03948 0.07407
010 0.63495 0.52587 0.98829
C31 0.52284 0.92447 0.09811
C32 0.56643 0.99571 0.07744
C33 0.45051 0.89714 0.08826
C34 0.53773 0.03827 0.04436
H16 0.62236 0.01714 0.08559
C35 0.4218 0.93966 0.05686
C36 0.46532 0.01073 0.03109
H17 0.36583 0.91807 0.04823
011 0.41195 0.826 0.11524
012 0.57628 0.10937 0.01936
H18 0.83188 0.9404 0.11223
C37 0.95566 0.11278 0.05014
H19 0.0001 0.13937 0.15139
H20 0.97295 0.1285 0.8963
H21 0.91683 0.12771 0.08692
C38 0.02646 0.81784 0.00051
H22 0.00566 0.80382 0.15271
H23 0.98439 0.79068 0.89186
H24 0.06523 0.80146 0.97949
C39 0.33843 0.79363 0.08904
H25 0.31387 0.8107 0.20099
H26 0.32432 0.80273 0.93868
H27 0.3185 0.73835 0.10867
C40 0.65033 0.14129 0.03472
H28 0.66693 0.13285 0.18196
H29 0.67253 0.12296 0.91973
H30 0.67024 0.19648 0.0135
C41 0.31579 0.44583 0.89047
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H31 0.32157 0.46656 0.04201
H32 0.33427 0.48816 0.78106
H33 0.26084 0.41067 0.8622
C42 0.6679 0.48422 0.98306
H34 0.7229 0.51863 0.01363
H35 0.64721 0.44367 0.09787
H36 0.66307 0.46107 0.83534
C43 0.98595 0.05477 0.5386
C44 0.01796 0.01419 0.51375
C45 0.08855 0.04611 0.4722
C46 0.12832 0.1184 0.45406
C47 0.09667 0.15893 0.48282
C48 0.02627 0.12699 0.52489
H37 0.98754 0.95842 0.52626
H38 0.12727 0.21468 0.47208
N7 0.19803 0.14578 0.41198
C49 0.24578 0.21226 0.39473
H39 0.22924 0.25126 0.40181
C50 0.31559 0.23371 0.37383
Csl 0.34115 0.18433 0.37706
C52 0.36315 0.30798 0.36915
C53 0.416 0.21053 0.38616
C54 0.43775 0.33213 0.38024
C55 0.46533 0.28417 0.38413
013 0.30118 0.1212 0.37649
014 0.34066 0.34922 0.35987
015 0.52897 0.30657 0.38906
H40 0.21729 0.11131 0.40398
C56 0.48548 0.401 0.40313
H41 0.54032 0.41533 0.41775
C57 0.43664 0.16169 0.41399
H42 0.39646 0.10739 0.42053
N8 0.46824 0.45078 0.41173
C58 0.51259 0.51981 0.45143
C59 0.58416 0.54692 0.47939
C60 0.48389 0.5639 0.46441
Co61 0.62537 0.61637 0.52269
H43 0.60707 0.51358 0.46773
C62 0.5247 0.63292 0.51394
C63 0.59609 0.65976 0.54348
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H44 0.50212 0.66655 0.52486
N9 0.50281 0.17772 0.43804
016 0.12611 0.01215 0.44002
017 0.41274 0.53278 0.42644
H45 0.41548 0.43436 0.39671
H46 0.53864 0.23002 0.43034
N10 0.916 0.02852 0.57586
Co4 0.86636 0.96263 0.59009
C65 0.79739 0.94364 0.61765
H47 0.88083 0.92218 0.57741
C66 0.77372 0.99451 0.62754
C67 0.74832 0.86961 0.61954
C68 0.69885 0.96976 0.62798
018 0.81515 0.05729 0.63209
C69 0.67415 0.84699 0.62485
019 0.77019 0.82783 0.61391
C70 0.67792 0.01866 0.60821
C71 0.64846 0.89622 0.63221
C72 0.62469 0.77844 0.6043
N11 0.61119 0.00284 0.59692
H48 0.71788 0.073 0.5982
020 0.58512 0.87554 0.6382
H49 0.56995 0.76504 0.60053
N12 0.64092 0.72834 0.58527
H50 0.5755 0.95038 0.60827
H51 0.69376 0.74401 0.59214
021 0.98934 0.16225 0.55733
022 0.69637 0.64807 0.55455
C73 0.5856 0.04769 0.56191
C74 0.62871 0.11897 0.5394
C75 0.51315 0.01983 0.54758
C76 0.59963 0.16093 0.50249
H52 0.68467 0.14105 0.55184
cr7 0.48417 0.06175 0.50764
C78 0.52743 0.13283 0.48199
H53 0.42829 0.03977 0.49469
023 0.4748 0.94884 0.57515
024 0.63793 0.23206 0.47439
H54 0.89819 0.06398 0.58833
C79 0.02565 0.23567 0.53828
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H55 0.06782 0.25994 0.64826
H56 0.04662 0.25227 0.38714
H57 0.98778 0.25271 0.56663
C80 0.09363 0.93937 0.47463
H58 0.07975 0.92653 0.63185
H59 0.0471 0.91089 0.38197
H60 0.13167 0.92379 0.43389
C81 0.40065 0.91697 0.56525
H61 0.37973 0.93744 0.67779
H62 0.38265 0.92298 0.41736
H63 0.38075 0.86218 0.59453
C82 0.71047 0.26565 0.51876
H64 0.72039 0.25583 0.67321
H65 0.73904 0.25025 0.41572
H66 0.72977 0.32087 0.50034
C83 0.38386 0.57748 0.39478
H67 0.38223 0.60263 0.53383
H68 0.41242 0.61666 0.28052
H69 0.33059 0.54492 0.34315
C84 0.73256 0.61499 0.47521
H70 0.78787 0.65167 0.48931
H71 0.72144 0.56815 0.56017
H72 0.72000 0.60219 0.31724

Table 5.13: Fractional atomic coordinates for the unit cell of TpBD-(OH)..

TpBD-(OH),
Triclinic; P 1;

a=29.6712 A; b=30.7116 A; c = 6.7694 A,

o = 89.6435; B =90.5336; y =119.3597

Atom list X y z
C1 0.02545 0.01125 0.99437
C2 0.05019 0.9816 0.99655
C3 0.10324 0.00468 0.99963
C4 0.13443 0.05841 0.00072
C5 0.10995 0.08795 0.99774
C6 0.05689 0.0647 0.99466
c7 0.96923 0.98688 0.9923
C8 0.93849 0.93333 0.99146
C9 0.88541 0.90925 0.9898
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C10 0.8602 0.93804 0.98893
Cl1 0.89063 0.99194 0.98998
C12 0.94382 0.01589 0.99159
H1 0.02844 0.93976 0.99614
H2 0.13227 0.12969 0.99797
H3 0.04016 0.08984 0.99247
H4 0.95571 0.90861 0.99199
H5 0.86368 0.86748 0.98916
H6 0.9652 0.05773 0.99241
N1 0.18702 0.0783 0.005

N2 0.80743 0.91687 0.98681
C13 0.77248 0.86689 0.98724
H7 0.78584 0.83875 0.9902
C14 0.22287 0.12803 0.00659
H8 0.21029 0.15683 0.00439
C15 0.27476 0.14459 0.01018
C16 0.29464 0.10857 0.01105
C17 0.30901 0.20026 0.00973
C18 0.35049 0.12963 0.00653
C19 0.36441 0.21962 0.00937
C20 0.38588 0.18497 0.00786
C21 0.72029 0.84933 0.98452
C22 0.69999 0.8849 0.9809
C23 0.68626 0.79368 0.98707
C24 0.64428 0.86389 0.97808
C25 0.63067 0.77413 0.98573
C26 0.60887 0.80863 0.979

01 0.26555 0.06158 0.0143
02 0.29083 0.22958 0.00957
03 0.43308 0.20257 0.00748
04 0.56171 0.79065 0.97454
05 0.72872 0.93206 0.9802
06 0.70401 0.764 0.99055
H9 0.20127 0.05271 0.00722
H10 0.79244 0.9419 0.98479
C27 0.39927 0.27149 0.00837
H11l 0.44025 0.28334 0.00793
C28 0.36813 0.0949 0.99814
H12 0.33987 0.05388 0.99684
C29 0.62726 0.89918 0.97622
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H13 0.65603 0.94005 0.97656
C30 0.59591 0.72232 0.99102
H14 0.5549 0.71039 0.9896
N3 0.38545 0.30774 0.00781
N4 0.57753 0.88591 0.97458
C3l 0.41829 0.36015 0.00752
C32 0.47179 0.3831 0.00867
C33 0.39652 0.39255 0.0062
C34 0.50204 0.43602 0.00899
H15 0.49052 0.35977 0.00933
C35 0.42703 0.44551 0.00667
C36 0.48094 0.46875 0.00823
H16 0.54349 0.45148 0.00992
H17 0.40787 0.4685 0.00556
C37 0.51358 0.52476 0.00798
C38 0.49268 0.55766 0.00699
C39 0.56744 0.54787 0.00798
C40 0.52309 0.61053 0.00424
H18 0.45122 0.54231 0.00817
C41 0.598 0.60075 0.00541
H19 0.58655 0.52483 0.00956
C42 0.5766 0.6334 0.00252
H20 0.50448 0.63398 0.00337
C43 0.5576 0.91888 0.97415
C44 0.58722 0.97237 0.97401
C45 0.5038 0.89736 0.97401
C46 0.56415 0.00275 0.97336
H21 0.62901 0.99106 0.97444
C47 0.48088 0.92789 0.97351
C48 0.51066 0.98181 0.97294
H22 0.58949 0.04414 0.97306
H23 0.43901 0.90867 0.97391
C49 0.48658 0.01435 0.97334
C50 0.43306 0.99304 0.97058
C51 0.51601 0.06821 0.97741
C52 0.40954 0.02297 0.97517
H24 0.4079 0.95161 0.965

C53 0.49265 0.09835 0.98132
H25 0.55786 0.0876 0.97838
C54 0.4388 0.07642 0.98229
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H26 0.36775 0.00398 0.97329
NS 0.60953 0.68585 0.99772
N6 0.41813 0.10881 0.99068
o7 0.12764 0.97582 0.002

H27 0.1024 0.9395 0.00039
08 0.86517 0.01953 0.98936
H28 0.88943 0.05611 0.99044
09 0.47493 0.8448 0.97468
H29 0.43858 0.83424 0.97491
010 0.52114 0.15092 0.98546
H30 0.55751 0.16153 0.98436
011 0.34414 0.36952 0.0043
H31 0.3333 0.39523 0.00252
012 0.65077 0.6233 0.00504
H32 0.66058 0.59679 0.00809
H33 0.34606 0.29458 0.0078
H34 0.55191 0.84658 0.97443
H35 0.44339 0.14829 0.99375
H36 0.64894 0.69913 0.99797
C55 0.0648 0.08463 0.49487
C56 0.09016 0.05557 0.49739
C57 0.14334 0.07946 0.50045
C58 0.17381 0.13336 0.50135
C59 0.14866 0.16219 0.4978
C60 0.09558 0.13817 0.49458
Co61l 0.00858 0.06027 0.49303
C62 0.97717 0.00681 0.49233
C63 0.92411 0.98352 0.49105
C64 0.89959 0.01303 0.49035
C65 0.93074 0.06676 0.49116
C66 0.9838 0.08989 0.49248
H37 0.06874 0.01373 0.49718
H38 0.17043 0.20396 0.49763
H39 0.0784 0.16292 0.49187
H40 0.99393 0.9817 0.4927
H41 0.90183 0.94178 0.49059
H42 0.00554 0.13172 0.49311
N7 0.22657 0.15444 0.50573
N8 0.84698 0.99306 0.48866
Ce7 0.81123 0.9433 0.48693
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H43 0.8239 0.91458 0.48786
C68 0.2616 0.20441 0.5059
H44 0.24831 0.23261 0.50239
C69 0.31377 0.22186 0.50927
C70 0.33395 0.18619 0.51182
C71 0.3479 0.2775 0.5079
C72 0.38964 0.20707 0.5084
C73 0.40346 0.29692 0.50791
C74 0.42515 0.2623 0.50697
C75 0.75931 0.9266 0.48396
C76 0.73928 0.9625 0.48237
cr7 0.72519 0.87092 0.48325
C78 0.6834 0.94129 0.47871
C79 0.66977 0.8514 0.48034
C80 0.64815 0.88592 0.47682
013 0.30514 0.13906 0.5156
014 0.33024 0.30726 0.50669
015 0.4723 0.28019 0.5049
016 0.60094 0.86821 0.47304
017 0.76827 0.00952 0.48389
018 0.74349 0.8417 0.48533
H45 0.24148 0.12935 0.50868
H46 0.83264 0.01858 0.48803
C81 0.43833 0.34872 0.50753
H47 0.47932 0.36053 0.50729
C82 0.40656 0.17171 0.50398
H48 0.37775 0.13084 0.5053
C83 0.66561 0.97594 0.47809
H49 0.69381 0.01697 0.48053
C84 0.63503 0.7995 0.48293
H50 0.59402 0.78751 0.48134
N9 0.42485 0.38531 0.50745
N10 0.61557 0.96198 0.47501
C85 0.45789 0.43775 0.50785
C86 0.5114 0.46055 0.50901
Cc87 0.43658 0.47048 0.50719
C88 0.54189 0.51341 0.50882
H51 0.52994 0.43703 0.50986
C89 0.46721 0.52335 0.50717
C90 0.52107 0.54639 0.50754
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H52 0.58335 0.52871 0.50958
H53 0.44816 0.54644 0.5066
Cca1 0.55373 0.60239 0.505

C92 0.53257 0.63507 0.50146
C93 0.60764 0.62568 0.50465
C94 0.56276 0.68796 0.49593
H54 0.49112 0.61958 0.5026
C95 0.6381 0.67863 0.49938
H55 0.62683 0.60272 0.50846
C96 0.61626 0.71096 0.49398
H56 0.54398 0.71125 0.49321
C97 0.59485 0.99438 0.47445
C98 0.6241 0.04786 0.47463
C99 0.541 0.97245 0.47371
C100 0.60058 0.0778 0.47485
H57 0.6659 0.06688 0.47494
C101 0.51763 0.00259 0.47384
C102 0.54705 0.05646 0.47493
H58 0.62574 0.11926 0.47523
H59 0.47578 0.98319 0.47356
C103 0.52298 0.08901 0.47769
C104 0.4695 0.06809 0.47863
C105 0.55279 0.14292 0.48076
C106 0.44646 0.09848 0.48428
H60 0.44414 0.02671 0.47487
C107 0.52991 0.17346 0.48635
H61 0.59466 0.16213 0.47917
C108 0.47612 0.15196 0.48946
H62 0.40467 0.07982 0.48483
N11 0.649 0.76337 0.48796
N12 0.45624 0.18493 0.49717
019 0.16873 0.05181 0.50291
H63 0.14443 0.01524 0.50095
020 0.90629 0.09558 0.49058
H64 0.93151 0.13191 0.49131
021 0.51252 0.91986 0.47337
H65 0.47615 0.90925 0.47325
022 0.55881 0.226 0.48988
H66 0.59514 0.23656 0.48574
023 0.38382 0.44802 0.50636
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H67 0.37408 0.47459 0.50529
024 0.69048 0.70172 0.49881
H68 0.70138 0.67608 0.50531
H69 0.38546 0.37214 0.50699
H70 0.59037 0.92248 0.47351
H71 0.48188 0.22425 0.4969

H72 0.68842 0.77664 0.48867

Table 5.14: Fractional atomic coordinates for the unit cell of TpBD-(OMe)s.

a=30.0891A: b =30.2535 A; c = 6.7237 A;

TpBD-(OMe),
Triclinic: P 1;

o =2389.6736; = 89.9639; y = 118.4402

Atom list X y z

Cl 0.02561 0.0134 0.99466
C2 0.05137 0.98449 0.99719
C3 0.10435 0.0082 0.0005

C4 0.13443 0.06204 0.00162
C5 0.10897 0.09086 0.99925
C6 0.05587 0.06686 0.99584
Cc7 0.96931 0.98767 0.99144
C8 0.94012 0.93408 0.98981
C9 0.88703 0.90887 0.98758
C10 0.86063 0.93666 0.98682
C11 0.88945 0.99071 0.98791
C12 0.94262 0.01568 0.99024
H1 0.02972 0.94287 0.9967

H2 0.1305 0.13258 0.99999
H3 0.03824 0.09138 0.99399
H4 0.95846 0.91019 0.9903

H5 0.86633 0.86713 0.98648
H6 0.96367 0.05735 0.99131
N1 0.18706 0.08228 0.00475
N2 0.80788 0.91486 0.98498
C13 0.773 0.86511 0.98663
H7 0.78614 0.83665 0.98963
Cl4 0.22297 0.13177 0.00684
H8 0.21064 0.1609 0.00723
C15 0.27479 0.14753 0.00824
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C16 0.29435 0.11103 0.00609
C17 0.30943 0.20294 0.00993
C18 0.35008 0.13121 0.00245
C19 0.36466 0.22148 0.00933
C20 0.38566 0.18631 0.00567
C21 0.72091 0.84856 0.98502
C22 0.70146 0.88502 0.98126
C23 0.68609 0.79326 0.98823
C24 0.64602 0.86534 0.97902
C25 0.63072 0.77497 0.98757
C26 0.60991 0.81049 0.98149
01 0.26501 0.06412 0.00664
02 0.29162 0.23281 0.01179
03 0.43285 0.20344 0.00508
04 0.56284 0.7936 0.97856
05 0.73056 0.93205 0.97979
06 0.70316 0.76277 0.99156
H9 0.20142 0.05662 0.00477
H10 0.79268 0.9399 0.98291
C27 0.39991 0.27314 0.01037
Hi1l 0.44078 0.28442 0.00945
C28 0.36762 0.09612 0.99435
H12 0.33941 0.05521 0.99181
C29 0.63007 0.90169 0.97536
H13 0.65934 0.94224 0.97434
C30 0.59529 0.72343 0.992

H14 0.55446 0.71235 0.99101
N3 0.38634 0.30966 0.01213
N4 0.58065 0.88941 0.97333
C3l 0.41896 0.36197 0.01202
C32 0.47236 0.38464 0.01314
C33 0.39662 0.39415 0.01025
C34 0.50229 0.43747 0.0121
H15 0.49124 0.36126 0.01479
C35 0.42689 0.44701 0.00938
C36 0.48075 0.47002 0.01005
H16 0.54373 0.4529 0.01301
H17 0.40847 0.47076 0.00797
C37 0.51297 0.526 0.00801
C38 0.49175 0.55882 0.00605
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C39 0.56679 0.54881 0.00742
C40 0.52197 0.61161 0.00267
H18 0.4503 0.54357 0.00692
C41 0.59721 0.60156 0.0044
H19 0.58505 0.52493 0.00902
C42 0.57539 0.63413 0.00139
H20 0.5033 0.6352 0.00101
C43 0.56074 0.92255 0.9715
C44 0.59011 0.97591 0.96823
C45 0.50691 0.90071 0.97338
C46 0.56661 0.00614 0.96754
H21 0.63187 0.99455 0.96595
Ccar 0.48369 0.93115 0.97319
C48 0.51314 0.98493 0.97041
H22 0.59152 0.0475 0.96411
H23 0.442 0.91282 0.97609
C49 0.48808 0.01682 0.97141
Cs50 0.43455 0.99501 0.96547
C51 0.51692 0.07055 0.97918
C52 0.41039 0.02458 0.97077
H24 0.40994 0.95363 0.95653
Cs3 0.49305 0.10044 0.9829
H25 0.55856 0.0891 0.98363
C54 0.43904 0.07788 0.98104
H26 0.36862 0.00541 0.96657
N5 0.60832 0.68642 0.99727
N6 0.41761 0.10983 0.9891
o7 0.13252 0.98203 0.00342
08 0.85971 0.01472 0.98658
09 0.48048 0.84746 0.97605
010 0.51894 0.15356 0.98987
011 0.34363 0.36837 0.00952
012 0.6507 0.62697 0.00352
H27 0.34697 0.29682 0.01226
H28 0.55483 0.85024 0.97474
H29 0.44259 0.14927 0.99334
H30 0.64765 0.69914 0.99749
C55 0.42566 0.82202 0.97561
H31 0.41028 0.83139 0.11059
H32 0.41049 0.83119 0.83971
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H33 0.4127 0.78093 0.97625
C56 0.57392 0.17932 0.98616
H34 0.58981 0.16998 0.11895
H35 0.58869 0.17013 0.84951
H36 0.5866 0.22036 0.9873
C57 0.88466 0.0696 0.98827
H37 0.90806 0.08555 0.12412
H38 0.90906 0.08611 0.85504
H39 0.85426 0.07998 0.9869
C58 0.10495 0.9272 0.99923
H40 0.0801 0.91126 0.1324
H41 0.08173 0.91259 0.86146
H42 0.13371 0.91451 0.00066
C59 0.31762 0.39785 0.00111
H43 0.32589 0.42257 0.13457
H44 0.32756 0.42139 0.86366
H45 0.27659 0.37047 0.99859
C60 0.67574 0.59652 0.01086
H46 0.66585 0.57315 0.14888
H47 0.66665 0.5715 0.87786
H48 0.71699 0.62323 0.01149
C61 0.07425 0.10321 0.49605
C62 0.10091 0.07517 0.49943
C63 0.15407 0.10011 0.50286
Co4 0.18292 0.15415 0.50333
C65 0.15657 0.18198 0.49922
C66 0.10348 0.1568 0.49558
C67 0.01795 0.07749 0.49324
C68 0.98772 0.02402 0.49188
C69 0.93462 0.99999 0.48963
C70 0.90913 0.02878 0.4885
Cr71 0.93918 0.08262 0.48958
C72 0.99217 0.10637 0.49202
H49 0.07983 0.0335 0.49978
H50 0.1773 0.22372 0.49873
H51 0.08517 0.1807 0.49224
H52 0.00538 0.99952 0.49246
H53 0.91312 0.95827 0.48863
H54 0.01379 0.14799 0.49311
N7 0.23566 0.17588 0.50734
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N8 0.85649 0.00846 0.48608
C73 0.82066 0.95894 0.48558
H55 0.8331 0.92989 0.48791
C74 0.27063 0.2256 0.50891
H56 0.25759 0.25415 0.50823
C75 0.32269 0.24201 0.51088
C76 0.34199 0.20541 0.51029
cr7 0.35764 0.29728 0.51181
C78 0.3974 0.22494 0.50801
C79 0.41298 0.31542 0.51142
C80 0.43364 0.27976 0.50894
C81 0.76882 0.94303 0.48237
C82 0.74911 0.9794 0.47884
C83 0.73432 0.88759 0.48321
C84 0.69336 0.95906 0.47533
C85 0.67906 0.86888 0.48077
C86 0.6579 0.90393 0.47653
013 0.31279 0.1584 0.51092
014 0.34069 0.32789 0.51273
015 0.4807 0.29653 0.50723
016 0.6107 0.88667 0.47439
017 0.77834 0.02633 0.47878
018 0.75226 0.85784 0.48619
H57 0.25077 0.15076 0.50842
H58 0.84205 0.03406 0.48428
c87 0.44853 0.36694 0.51148
H59 0.48934 0.3779 0.51081
C88 0.41322 0.18849 0.50316
H60 0.3839 0.14796 0.50237
C89 0.67568 0.99407 0.47195
H61 0.70382 0.035 0.47202
C90 0.64395 0.81719 0.48346
H62 0.60305 0.80578 0.48202
N9 0.43564 0.40406 0.51187
N10 0.62566 0.98029 0.46885
Ca1 0.46865 0.45634 0.51053
C92 0.52207 0.47881 0.51062
C93 0.44689 0.48896 0.50852
C9%4 0.55235 0.5316 0.5084
H63 0.54069 0.45517 0.51223
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C95 0.47736 0.5417 0.50669
C96 0.53118 0.56447 0.50629
H64 0.59379 0.54681 0.50833
H65 0.45914 0.56562 0.50544
Co7 0.56341 0.62043 0.50286
Co8 0.54183 0.65295 0.49948
C99 0.61727 0.64348 0.50211
C100 0.57171 0.70576 0.49443
H66 0.50038 0.63751 0.50055
C101 0.6475 0.69634 0.49735
H67 0.63571 0.61976 0.50494
C102 0.62511 0.72847 0.49279
H68 0.55279 0.7291 0.49214
C103 0.60418 0.01223 0.46838
C104 0.63283 0.0656 0.46668
C105 0.55017 0.98965 0.4705
C106 0.60867 0.09518 0.46913
H69 0.67461 0.08483 0.46381
C107 0.5263 0.01954 0.47319
C108 0.55513 0.07331 0.4737
H70 0.6333 0.13662 0.46764
H71 0.48464 0.00094 0.47608
C109 0.53006 0.10518 0.47927
C110 0.47659 0.08398 0.47952
Cl11 0.55952 0.15895 0.48494
Cl12 0.45309 0.11419 0.48573
H72 0.45166 0.04263 0.47456
C113 0.53631 0.18937 0.49033
H73 0.60122 0.17729 0.48521
Cl14 0.48248 0.16754 0.49177
H74 0.41133 0.09557 0.48578
N11 0.65766 0.78078 0.48803
N12 0.46262 0.20069 0.49882
019 0.18376 0.07605 0.50676
020 0.91096 0.10875 0.48811
021 0.52429 0.9365 0.47074
022 0.56275 0.24261 0.49624
023 0.3934 0.46362 0.50852
024 0.70049 0.72215 0.49559
H75 0.39632 0.39143 0.51196
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H76 0.60073 0.94081 0.46959
H77 0.48847 0.23985 0.50029
H78 0.69704 0.79371 0.48884
C115 0.46931 0.91076 0.4731
H79 0.45431 0.92002 0.60895
H80 0.45365 0.92004 0.33946
H81 0.45661 0.86972 0.47269
Cl16 0.61754 0.26809 0.48851
H82 0.634 0.25858 0.61956
H83 0.63162 0.25911 0.34896
H84 0.63048 0.30918 0.49129
C117 0.93851 0.16359 0.4882
H85 0.96227 0.17888 0.6243
H86 0.96282 0.17889 0.35329
H87 0.90973 0.17625 0.48701
C118 0.15878 0.02118 0.50284
H88 0.13364 0.0043 0.63393
H89 0.13615 0.00565 0.365
H90 0.18915 0.01076 0.50677
C119 0.36846 0.49415 0.50071
HI1 0.37731 0.51899 0.63414
H92 0.37866 0.51771 0.36315
H93 0.32719 0.46749 0.49872
C120 0.72655 0.69282 0.51158
H94 0.71685 0.67076 0.65283
H95 0.71811 0.66671 0.38254
H96 0.76758 0.72024 0.51152

NOTE: The results of this chapter have already been published in Chem. Mater.2017, 29,
2074-2080. with the title: “Molecular Level Control of the Capacitance of Two-Dimensional
Covalent Organic Frameworks: Role of Hydrogen Bonding in Energy Storage Materials.” These
publications were the results of the collaboration among the group of Prof. Rahul Banerjee and
his student Suman Chandra from National Chemical Laboratory, Pune, India along with Dr. Amit
Paul and his student Debarati Roy Chowdhury and Prof. Thomas Heine and his post doctorate
student Dr. Matthew Addicoat from Jacobs University, Germany. Apart from computational
study major works contributed by Suman Chandra.
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CHAPTER 6

L____________________________________________________________________________|
Summary of All Chapters and Future Directive

6.1 Summary

The first chapter of the thesis includes the introduction of different kinds of porous
materials and special focus given on the porous covalent organic framework (COFs). It also
describes the reticular approaches, different reversible reactions used, basic symmetry rules
of combination and mechanism of formation of COFs. Further, it discussed the synthetic
methods of preparation and important applications in gas uptake, gas separation, energy
storage, catalysis, photoelectric, drug delivery, and proton conduction. In the last part of the
thesis, we have discussed the different approaches used to improve the chemical stability of
COFs.

In the second chapter, we have briefly discussed the synthetic methods used for the
preparation of 2D nanomaterials and their importance. Here we have, for the first time,
synthesized a library of five chemically stable covalent organic frameworks, namely TpPa-
NO,, TpPa-F4, TpBD-(NO,),, TpBD-Me, TpBD-(OMe), along with previously reported
three (TpPa-1, TpPa-2 and TpBD) using the simple Schiff base reaction. By adopting
different functionalized diamines, we could construct these COFs with variable pore
apertures ranging from 15 to 24 A. These COFs are crystalline, porous and exceptionally
stable in aqueous, acidic as well as in basic media. The synthesized COFs (all eight) were
successfully delaminated by using a simple, safe and environmental-friendly mechanical
grinding route, leading to their transformation into thin layered CONs. We believe that the
stability of these COF layers is the main reason for the delamination. Since these individual
layers with intrinsic chemical stability are stacked on top of each other with n—r stacking
interactions, a mild mechanical force easily delaminates the layers from each other. The
mechanical grinding is a scalable and energy efficient method compared to other existing
methods like ultrasonication, CVD and layer growth and provides a simple approach for the

preparation of novel bulk 2D CONs materials.
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In the third chapter, we have for the first time reported azo and alkene functionalized
COFs (Tp-Azo and Tp-Stb) as proton conducting materials. Exceptional chemical stability,
low density, and high thermal stability make them advantageous over their MOF
counterparts. We have demonstrated a simple impregnation strategy to load mineral acid viz.
H3PO, inside the framework. Interestingly, after the acid treated samples are washed, the
COFs retain their crystallinity, porosity, and stability, which makes them attractive for proton
conduction applications. While the parent COFs exhibit negligible conductivity, PA@Tp-
Azo shows decent proton conductivity values under both hydrous and anhydrous conditions.
PA@Tp-Stb, on the other hand, exhibits poor proton conductivity and, that too, only under
hydrous conditions. Thus, minute changes in functionality lead to a drastic change in proton
conducting ability, which establishes the crucial role of the proton responsive azo group in
facilitating proton conduction pathways.

In the fourth chapter, we have synthesized a sulfonic acid (-SOzH) functionalized
COF TpPa-SO3H for intrinsic anhydrous proton conduction at 120 °C. Further enhancement
of conductivity was achieved by synthesizing a hybrid COF TpPa-(SO3H-Py) and
subsequent phytic acid loading. The combined effect of intrinsic and extrinsic proton
conductivity in COFs has also been demonstrated for the first time to show anhydrous proton
conductivity of 5 x 10* Scm™ at 120 °C. We believe that such structure-conductivity
relationships in COFs will provide a roadmap towards COF based anhydrous proton

conductors in the near future.

In the fifth chapter, we have explored the possibility of precise integration of redox-
active hydroquinone moieties (H»Q) into a stable microporous 2D covalent organic
framework for pseudocapacitor applications. In addition, molecular level control of the
specific capacitance was achieved by tuning the functionality in the COF backbone. The
remarkable high specific capacitance (416 F g™ at 0.5 A g™* current density) of TpPa-(OH),
was due to the reversible proton-coupled electron transfer (2H*/2e”) redox chemistry of
hydroquinone/benzoquinone (H,Q/Q) along with high accessibility (43%) of redox active
hydroquinone units due to crystalline nature of the COF. These findings are notable which
will help to design more energy efficient pseudocapacitor and other electrochemical devices

in the near future.
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6.2  Future directive
Developing covalent organic frameworks for high energy and power density rechargeable

batteries (lithium/sodium/magnesium ion battery)

Rechargeable batteries are playing an important role in solving global-scale
energy/environmental issues. In particular, emerging applications such as electrified vehicles
and utility grids have become critical along this direction, however, these large-scale
applications are limited by safety concerns, environmental issues and the cost of Li-ion
batteries (LIBs). Therefore, we proposed to use porous covalent organic frameworks as
cathode materials for LIBs. The high surface area, tunable pore size, ordered one-
dimensional pore channel and redox active units in their frameworks make COFs as
promising materials for energy storage. But their low electric conductivity and
electrochemical stability hinder it’s used for energy storage purpose. In future, we will
develop flexible, cheap, electrochemically stable, conducting high energy density organic
cathode materials based on COFs which can operate at high voltages (<3 V vs Li/Li+). More
importantly, these COF systems will also pave the way for the development organic sodium

and/or magnesium ion batteries considering the increasing demand for Li metal.
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Figure 6.1: Covalent organic frameworks for lithium ion battery applications.
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