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Abstract

Synthesis and characterization of covalent organic polymers (COPs)
have gained great attention due to their structural periodicity and high
tunable porosity. COPs show versatile applications in various fields such
as storage of greenhouse gases like carbon dioxide, -efficient
heterogeneous catalysts, sensors and energy storage devices. In the past
few years, various monomeric units with different functionalities are
used to synthesize COPs. The ordered structures in COPs with organized
7 electron systems and presence of heteroatoms in the COPs (especially
N and O center) serve various purposes including electronic properties,
heterogeneous catalysis and detection of metal ions in solution or solid
state. The development of efficient heterogeneous catalyst for diverse
organic reactions is a successful application of COPs that has gained
momentum in recent past. Presently, the focus is on the development of
different metal integrated COPs to increase the efficiency in various
applications. COPs provide large surface areas, defined pore size, low
framework density and high thermal stability which help to increase their
applicability. With the choice of binding block units in the polymeric
backbone, COPs can be functionalized differently with several
functional groups. Functionalized COPs act as efficient heterogeneous
catalyst, for various chemical, electrochemical and photoelectrochemical
reactions. COPs are considered as one of the most promising materials
for the detection and removal of toxic metals. COPs/COFs with various
functionalities on their surface facilitates in gas sensing and adsorption
properties. A two dimensional covalent organic polymer based
chemiresistive gas sensor was also developed for the selective gas
sensing.

The overall aim of the work described in the thesis is to understand the
fundamental mechanistic aspects towards synthesis, characterization and several
applications of COPs. The specific objectives are as follows:

» To design and synthesize several functionalized COPs.
» To check the catalytic activity of COPs on various



organic transformation reactions.
To investigate the catalytic activity on the electrochemical reactions.
To explore the ability of COPs in metal ions removal efficiency.

Y VvV

» To fabricate chemiresistive device with COP and to investigate
the efficiency and selectivity of COPs towards toxic gas sensing.

1. Benzoselenadiazole-based Nanoporous Covalent Organic Polymer
(COP) as Efficient Room Temperature Heterogeneous Catalyst for
Biodiesel Production.

In chapter 2, we report the synthesis of benzoselenadiazole-based nanoporous
covalent organic framework COP-1 via Sonogashira coupling reaction and
COP-2 functionalized with SOsH group through HSOs-Cl treatment with COP-
1. The solid heterogeneous catalyst COP-2 endows the synthesis of biodiesel via
esterification of free fatty acids at room temperature at a faster rate. Solid-state
®C NMR and FT-IR spectroscopic data confirm the synthesis of COP-1 and
COP-2. COP-1 and COP-2 show nanoporous structure with surface area of
471.8 and 158.66 m* g and pore size of 11.42 nm and 4.49 nm. The sulfonated
nanoporous COP-2 shows excellent catalytic property in the esterification of
fatty acids with TON 83.33 and 100% yield.

2. Picolinohydrazide Based Covalent Organic Polymer for Metal Free
Catalysis and Removal of Heavy metals from Waste Water

In chapter 3, a picolinohydrazide based covalent organic polymer (COP-3) is
synthesized. The COP-3 acts as an efficient catalyst towards Knoevenagel
reaction between aromatic aldehydes and malononitrile at 30 °C. Apart from the
catalysis, COP-3 could efficiently remove Hg*", Ca*", Cd**, Cu*" and Pb*" ions
from waste water with adsorption capacity of >600 mg g”'. Among these metals,
Hg*" is chosen for detailed adsorption study. XPS, Raman spectroscopy, solid
state UV-Vis and density functional theory (DFT) were performed to investigate
the detailed interactions between Hg®* and COP-3. From the various studies, it
can be summarized that the pyridine groups of COP-3 are involved in non-
covalent interactions with Hg?". Multifunctional COP-3 is also responsible for
removal of various other metal ions in a broad spectrum.

3. Covalent Organic Polymer as Hydrogen Sulfide Gas Sensor at Room
Temperature

In chapter 4, a hydrazide based covalent organic polymer (COP-4) having
pyridine groups has been used to fabricate efficient chemosensors for the
detection of gaseous H,S at 25 °C. COP-4 acts as an efficient chemiresistive H,S
gas sensor. Gas sensing behavior of COP-4 has been measured in a dynamic
flow through resistance measurement system. Enhancement of resistance has



been assigned to confirm H»S sensing behavior of COP-4. Maximum response to
200 ppm of H,S is found as > 50% at 25 °C. The COP-4 fabricated sensor shows
lower responsive time of 9 s with recovery time of 12 s respectively, when
experiment has been with the H»S concentrations of 200 ppm. It also shows high
selectivity to H»S gas compared to CO», NH3, CO and NO..

4. Electrochemically Facile Hydrogen Evolution Using Ruthenium
Encapsulated Two Dimensional Covalent Organic Framework (2D COF)

In chapter 5, a two dimensional crystalline ruthenium ion encapsulated 2D COF
(Ru@COF) have been prepared from a synthesized COF. Here an
electrochemical hydrogen evolution reaction using Ru@COF as electrocatalyst is
performed. Moreover, Ru@COF shows better electrochemical hydrogen
evolution reaction (HER) activity compared to bare RuCls and COF. The HER
activities are measured in 1.5 M H>SO4 medium. Ru@COF shows onset potential
159 mV with the Tafel slope of 79 mV dec™. The linear Tafel plot with the slope
79 mV dec” indicates Volmer-Heyrovsky-Tafel mechanism for the Ru@COF
catalysed HER. COF plays a crucial role in maintaining stability and catalytic
efficiency of the material. Interestingly, Ru@COF acts as an exemplary
electrocatalyst material that is used as solid binder-free cathodic electrode on
glassy carbon electrode surface.
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1.1 Background of covalent organic polymers (COPs).

Covalent organic polymers (COPs) are constructed by the strong covalent bonds
between the organic secondary building block units (SBUs) through light
elements such as carbon, nitrogen, oxygen, boron and sulfur atoms with high
permanent porosity.'?! Secondary building units are assembled to generate
porous polymeric network (Figure 1.1). Several number of porous polymeric
structures can be constructed through various SBUs combinations which generate
different material properties for various applications. Recently, COPs have been
given a great attention in numerous applications due to its high chemical
stability, enough surface area, tunable porosity and low framework density.
Configuration of polymeric structure can be controlled by the tuning of the
physiochemical properties of the building-block molecules.”®! This characteristic
can be utilised in various applications. Here, we demonstrate various approaches
to synthesize COPs. We characterize COPs using several spectroscopic and
microscopic techniques. In this regard, COPs have been found to be a promising
material in heterogeneous catalysis, gas adsorption, energy conversion, chemical
vapour sensing, metal ions removal, gas separation, bioimaging, optoelectronics,

energy storage and drug delivery.

A

Core EEE——

Linker \ COP /
n

Figure 1.1 Pictorial representation of covalent organic polymer.

1.2 Design of the Secondary Building units and Synthesis.

Researchers are continuously finding the different ways to synthesize a wide
varieties of COPs. However, it is very challenging task to construct porous
organic polymer with discrete pores. After that, the term of reticular chemistry
was introduced to synthesize COPs which uses topologically designed building
block to synthesis these extended porous polymeric materials. To get a well
ordered COP, the molecular structure of the SBUs needs two requirements: (1)
the reaction for synthesizing COPs should be a reversible, and (2) the geometry
and the properties of the SBUs should be well retained in the COPs backbones.
Several reversible reactions have been developed for COP synthesis. A majority
of the COPs rely on, -C-C- coupling, -C-N- coupling, (-C=N-) bond and boronate
ester linkages (Figure 1.2).
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Figure 1.2 The representative molecular structures of the building blocks and
linkers.

1.3 Classifications of COPs.

Based on the amorphous and crystalline nature, COPs can be classified into two
part. More specifically crystalline COPs can be called as covalent organic
frameworks (COFs). Generally, COFs are two-dimensional (2D) and three-
dimensional (3D) pure organic solid in which monomeric units are linked by
strong covalent bonds through light atoms. The irregular and uncontrolled linking
of building units are resulting in amorphous COPs. The synthetic procedures are
comparatively easy. Although, it is very difficult to maintain the high ordered
symmetry throughout the reaction process to get the crystalline COPs.
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1.4 Synthetic Methods.

COPs can be constructed through several well known reactions such as Suzuki -
C-C- coupling, Schiff base, Heck coupling, Sonogashira coupling, Ulman
coupling and radical type reactions. Dai et al. developed a sulfonamide polymer
by capturing atmospheric sulfur dioxide (Figure 1.3) through the amine based
monomers.*! Recently, researchers are interested in developing COPs by light-
induced photochemical reactions that are directly catalyzed by photons. Covalent
organic polymers can be formed through the bond fission and bond fussion that is
induced by the visible and UV light irradiation.

0.0 BN 0.0 g
+ S0,
O DMF 0:23°C O
\\r/
C P o D
HN
ABF

PSP-1

0 0 0 0
EtyN, I, G Y
+ S0, ———— N"N NN

DMF, 0-23°C

O >
TAB HN‘ _0 PSP-2
sZ
- (J L 035
Hy e
5%
Figure 1.3 The preparation of porous sulfonamide polymers from amine
precursors and SO, (1 bar).[¥

The first law of photochemistry describes the light mediated photochemical
reactions. In addition, photochemical processes are specifically catalyzed by
photons. Porous organic polymers are also produced from their corresponding
monomers using co-ordinated and non-covalent interactions.** An efficient
method was developed to obtain COPs (Figure 1.4) by the nickel(0)-catalyzed
Yamamoto-Ullmann cross-coupling reaction.!’-”!

Cross coupling
reaction

Figure 1.4 Synthesis of the microporous polymer network PAF-1 by a
Yamamoto cross-coupling reaction.®)
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Recently, both Ben et al.'""" and Yuan et al.!'"” developed a series of aromatic
covalent organic polymers using a tetrahedral monomer, tetrakis(4-bromophenyl)
methane (TBM) with exceptional high stability and porosity (Figure 1.5). These
results inspired all material scientists to integrate TBM type T, symmetry as a
monomeric center for the tunable organic covalent polymers. Sometimes, the
long linkers between two monomeric building block units generate other
topologies that leads to less stability and porosity.

1.5 Choice of linkage.

Secondary building blocks are connected to each other via imine, azine, -C-C-,
hydrazine, boronate ester, thiazole, triazine, diazine ring formation and -SO»
linkers. Experimental environments require difficult conditions. The
polymerization reactions are performed in a sealed pyrex tube or round bottom
flask with long reaction times. Optimization of temperature is one of the crucial
parameters to assure the reversibility of the polymerization reaction. In addition,
ratios of the precursors and solvent combinations chosen for the condensation
reactions are also the key parameters for scalable synthesis of polymers.

1.5.1 Imine linkages.

Huge number of COPs have been constructed using Schiff-base reaction. More
specifically, they are enough stable in most of organic solvents, aqueous, acidic
and basic conditions. The heteroatoms within the polymeric backbones facilitates
in coordination with the metals ions. These properties provide the imine-based
COPs with high potential in further applications. Choice of solvents is one of the
important features in Schiff base reactions. Mesytilene/dioxane/AcOH are
suitable solvent combinations for polymerization reactions. Certain solvent
systems, such as dioxan/acetic acid and n-butanol/ortho-dichlorobenzene/acetic
acid, have also been commonly used. The catalyst, usually acetic acid, plays a
key role in the formation of polymers. Furthermore, in order to improve chemical
stability, some researchers are preserving the inner portion of the polymer by
adding H-bonded groups such as-OH,-SH.!""1 A self-templated synthesis
methods, utilizing H-bonding interactions has been developed to synthesize
DhaTab COPs utilizing Schiff base reactions.!'"”) Highly organized COPs were
developed due to H-bonding interactions between the functional imine and the
hydroxyl groups. Thus, Jiang and coworkers developed porphyrine based imine-
linked covalent organic polymers (Figure 1.6).!') The interlayer interactions in
COP layer increases with incorporation of the fluoro-substituted arenes into the
building block units. In 2009, Yaghi et al. synthesized a diamond-like highly
crystalline covalent organic polymer by Schiff base condensation reaction which
was first of its kind.!'”!

1.5.2 Hydrazone Linkages.
In 2011, the goal was to expand the spectrum of organic polymeric materials
content that could be accomplished across a number of linkages.

6
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Figure 1.5 The structural summary of COPs with tetrahedral monomers and its
derivatives.

Dichtel et al. synthesized a hydrazine based bulk exfoliated covalent organic
polymer (COF-43) using aldehyde and hydrazine based building blocks with
extra stability (Figure 1.7).['
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Figure 1.6 Porphyrine based imine-linked covalent organic polymers.!®!

COF-43

Figure 1.7 Exfoliation of COF-43 yields a suspension of few-layer 2D polymers.
[18]

Yaghi et al. reported scalable synthesis of COPs with hydrazone functionality as
strong organic linkage.!"” COP based on hydrazine linkage was synthesized by
easy condensation reaction of 2,5-dimethoxyterephthalohydrazide with 1,3,5-
triformylbenzene under reflux conditions.”” Commercially available hydrazine
(2,5-diethoxyterephthalohydrazide) and (1,3,5-triformylbenzene, or 1,3,5-tris(4-
formylphenyl)- benzene give strong hydrazone-linked structures. In order to
promote activation in polymerization reaction, it is important to increase the
solubility of the monomeric unit part. Interestingly hydrazones are more
thermodynamically stable and less prone to hydrolysis than imine bonds. Stable
hydrazines are typically built in acetic acid-catalyzed reversible condensation
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reactions of the building blocks in dioxane/mesitylene (1:2) at 120 °C in a sealed
pressure vial under inert atmosphere at 72 h. In fact, acylhydrazones as linkages
can promote thermal and hydrolytic stability. Hydrazone bonds can also be
synthesized (Figure 1.8) by pure water.*"!

rl,‘Hz CHO
HN._.O
‘\/0
O/\ + NZ N —
g |
S E]’ N E ]
NH;
OHC CHO
2,5-diethoxy- 1,3,5-ris-
terephthalohydrazide (DETH) (4-formyl-phenyl)triazine
(TFPT)

Figure 1.8 Showing the condensation of the two monomers to form the TFPT-
COF .21

Banerjee et al. developed a methodology for the construction of hydrazine based
COPs at a faster rate and in high yield, using liquid-assisted grinding (LAG)
method.” Wu et al. a developed a stable hydrazine linkage-based (TFB-COF)
polymer under solvothermal conditions.*)

1.5.3 Azine Linkages.

Azine functionality is another significant linkage for the formation of COPs.
Jiang et al. reported in 2013, the synthesis of a highly stable azine linked COP
(Py-Azine COF) by condensation between hydrazine and 1,3,6,8-tetrakis(4-
24]

formylphenyl)pyrene (Figure 1.9).!

Py-Azine COF B2ERERERERRERER

Figure 1.9 Synthetic scheme of the Py-Azine COF.

9
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Thermodynamically stable azine bond is formed from hydrazine with aldehyde
derivatives and water as by-product. Azine containing COPs exhibit robust
chemical stability. ortho-dichlorobenzene (0-DCB), o0-DCB/n-BuOH, 1,4
dioxane/mesitylene and 1,4 dioxane/o-DCB have commonly been used in the
synthesizing of polymers in the presence of an acid catalyst.”>*"! Caro et al.
presented a azine linked polymer (ACOF-1) which was synthesized on a porous

support using solvothermal reactions.!*

1.5.4 Phenazine linkages. To find out the new linkages, Jiang et al. synthesized
phenazine-linked polymer (CS-COF), using C3-symmetrical triphenylene hexa
(TPHA) and C2 symmetrical tertbutylpirene tetraone (PT) as monomeric units
(Figure 1.10). Phenazine linkages based COPs allow to form nanowire like
morphology and create nanochannels.*”!

HN  NH,
(2
H,N Q.O NH, | O.C
H,N NH, >
TPHA N”N
> 04D
N_N
o, 0 G
D+ - G-,
oo .
PT

Figure 1.10 Schematic representation of the synthesis of CS-COF.*")

Phenazine based conjugated polymers have extended m-delocalization which
facilitate to interact with guest molecules and hole mobility. This unique nature
of phenazine based polymer is useful for high electronic, optoelectronic and
photovoltaic cells. Therefore, this phenazine center can constitute the organized
semiconducting polymeric materials.

1.5.5 -C-C- linkages.

Suzuki cross-coupling and Yamamoto reaction are very common reaction for the
polymerization reaction via -C-C- bond formation.!****! Cao et al. synthesized a
porous luminescent COP through self-polycondensation of the monomer units of
tris(4-bromophenyl)amine, 1,3,5-tris(4- bromophenyl)benzene, and 2,4,6-tris-(4-
bromo-phenyl)-[1,3,5]triazine, using Ni-catalyzed Yamamoto reaction. Zhao et
al. developed covalent organic polymers (PAF-1) through Yamamoto homo-

10
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coupling reaction, using tetrahedral tetrakis(4-bromophenyl)methane monomeric
unit. Cao et al. synthesized a series of COPs using Yamamoto coupling from the
1,3,5-tris((4-bromophenyl)ethynyl) benzene. After that researchers constructed
COPs using (Figure 1.11) Sonogashira Hagihara coupling reaction.**>" Copper
et al. synthesized few COPs (CMP-1 to CMP-5) from 1,3,5-triethynylbenzene
and 1,4-dihalobenzene derivatives. A hypercrosslinked COP was synthesized via
oxidative reaction using resin precursor.”® Researchers also synthesized a wide
range of COPs through Friedel Crafts arylation reaction under microwave or

heating conditions.”)
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Figure 1.11 Construction of COPs through -C-C- coupling reactions.***"!

1.5.6 COPs formation through Topochemical transformations.

Stabilization of COPs is always a crucial feature in polymeric networking
system. Very recently, post-synthetic locking strategies have been adopted to
overcome all the obstacles towards stability issues. Lotsch et al. synthesized
stable and highly crystalline thiazole based COF from imine linked COF via
topochemical conversion of imine bonds. This post-synthetic modification
enhanced electron beam stability which helps in investigation of the real
framework structure.*”’ Guo et al. synthesized a highly crystalline fibrous COF
through the reversible imine linkage exchanging.!*!! Liu et al. synthesized a

11
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ultrastable COF via transformation of an imine based covalent organic
framework.[*2

1.6 Synthetic route to synthesize COPs.

Synthesis methods of COPs are generally reversible in nature. High reversibile
condition of the reaction pathway of COPs makes several difficulties in polymer
formation. Therefore the successful synthesis of polymers with the desire
polymeric backbones remains as a great challenge. In this regards, there are
mainly five different synthetic methods for synthesize of COPs. These are, (i)
solvothermal, (ii) ionothermal, (iii) microwave assisted synthesis, (iv)
mechanochemical pathways, and (v) light assisted synthesis.

Synthetic methods of COPs

bl oo

Solvothermal Ionothermal Mechanochemical Microwave Light
synthesis assisted assisted
synthesis synthesis

The above mentioned methods are widely used to synthesize COPs. Inspite of
this, researchers developed several new methods to synthesize COPs. Banerjee et
al. suggested a unique way to make ultrastable, solution-processable porous
COPs from the homogeneous solution of amine and aldehyde through slow
nucleation and growth process.!**

1.6.1 Ionothermal process.

Ionothermal method serves a opportunity to get better polymeric materials.
Thomas et al. synthesized a triazine based polymers by using ZnCl, as catalyst at
400 ° C." The COP material in this methods shows higher thermal stability.
Although this method is not developed in broad spectrum due to its inability to
construct regular ordered structure. Lotsch et al. synthesized a highly crystalline
perylene based porous COF via ionothermal methods in presence of zinc chloride
and eutectic salt mixtures. The reaction time is remarkably low compared to
solvothermal methods.'*! Qiu er al. synthesized a series of ionic liquid (IL)-
containing COFs (3D-IL-COFs) by using ionothermal method.[*) All reactions
were performed at ambient temperature and pressure where IL was reused
without loss of activity. (Figure 1.12).

1.6.2 Microwave process.

Synthesis of COPs/COFs via microwave methods was first introduced by Cooper
and co-workers."”) This method is quite faster, more efficient and greener
compared to other reported methods for synthesizng COPs. The COF-5 can be
synthesized only in few minutes by this methods."”! The surface area and other

12
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properties of COF-5 were improved in case of microwave assisted synthesis. This
method was served better porosity of the material. The calculated surface area of
COF-5 was observed as 2019 m? g”'. Interestingly, surface area of COF-5 was
found to be 1590 m? g' in solvothermal process.

CHO
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OHC O s CHO
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ONC gpen system at RT
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3D-IL-COF-1 N
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5) 3D-IL-COF-3

Figure 1.12 Synthetic strategy for synthesizing 3D ionic liquid-containing
COFs.1*)

A two-dimensional enamine-linked COF was synthesized using microwave
assisted solvothermal process from a 3:2 molar ratio solution of p-
phenylenediamine and 1,3,5- triformylphloroglucinol solution in a solvent
mixture of mesitylene/1,4-dioxane/3 M acetic acid (Figure 1.13).1%)

CHO

Ho._J_oH oy e - @
Mesitylene/ Dioxane | z N
OHC CHO esityles oxane o o H
OH 3M Acetic acid o
—— =

Microwave
@m I,El;
HoN

@
@z.:o
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Figure 1.13 Synthetic scheme of TpPa-COF (MW).
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Zhu et al. synthesized a highly fluorescent nanoparticles of melamine based COF
(SNW-1) by using microwave-assisted synthesis method at 180 ‘C (Figure 1.14).
The findings clearly showed that the microwave-assisted synthetic approach is a
straightforward and highly effective technique for the processing of nanoscale
49]

porous COFs.!
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Figure 1.14 A schematic illustration melamine based polymeric network SNW-1
formation.*”!

1.6.3 Mechanochemical grinding.

Synthesis of COPs through mechanochemical grinding pathways has many
advantageous steps. This is a very ancient concept that can be encouraged in a
solid state reaction by utilizing limited quantities of monomers. Banerjee et al.
reported few isoreticular COFs that were synthesized by mechanochemical
method.”*" An amide bonds riched COF nanosheet clusture was synthesized by
mechanical synthetic pathway via solid state reaction (Figure 1.15).5% Dai et al.
synthesized a pillar[S]quinone (P5Q) based multi-microporous organic polymers
via solvent and catalyst-free mechanochemical process (Figure 1.16).5%
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Figure 1.15 COF Structure with rich amide group.
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Figure 1.16 (a) Synthetic routes for synthesizing of MHP, MHP-CI, and MHP-
Br. (b) Synthetic scheme of the synthesis of MHP-P5Q using P5Q and THA.

1.6.4 Solvothermal process.

Solvothermal approaches for synthesizing COPs is a very well established
strategy. In this process, all reactants are mixed together in a sealed tube such as
an autoclave made-up of stainless steel at require temperature for few days. As
per the literature report, 150 mTorr is the actual pressure that generates inside the
vessel of 10 cm®.5Y Solvothermal is controlled process over the shape, pore size
and crystallinity of the polymers. After that Lavinge and co-workers developed a
condensation process in presence of organic solvents under ambient pressure for
synthesizing the COPs.*! This method is very easier to handle and carry without
using an autoclave. In context Dichtel et al. introduced a new solvothermal
method to synthesize 2D COF using a single-layered graphene sheet as a
template.°®) Kanatzidis et al. developed a series of microporous polymeric
organic frameworks (POFs) through the solvothermal process.””! The POFs were
constructed from phlorglucinol and several aromatic benzaldehydes derivatives
using Bakelite type chemistry.

1.6.5 Light assisted synthesis.

Choi et al. synthesized a two-dimensional (2D) covalent organic framework
(COF) via the photon-assisted imine condensation reaction within 1 h.*® Saito ez
al. developed organic polymer from bioinspired bis-thymine monomer through
[2n + 27] cycloaddition reaction.”” Thymine is very sensitive towards light due
to its isolated localized double bonds. Thymine core is very well familiar for the
[21 + 27] cycloaddition reaction under 270 nm UV light irradiation. Conjugated
microporous polymeric thin film was developed®” by light irradiation via free
thiol-yne click coupling (TYC) reaction (Figure 1.17).1°"
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Figure 1.17 (a) Light assisted covalent organic polymer synthesis.

1.7 Characterization of COPs.
Several characterization techniques are adopted for synthesized COPs.

| Characterization |

l l

Chemical Physical Morphological
(FT-IR, Solid state NMR) (PXRD, BET gas adsorption, (SEM, AFM, HRTEM)
TGA, DSC)

1.7.1 Fourier-transform infrared spectroscopy (FT-IR).
Primarily FT-IR stretching bands support the formation of polymer with desire
connectivity of different linkages.

Few FT-IR stretching frequency of linkages are given in table 1.1

S.No | linkage Streching frequency ( vem) | Ref.
1 HL-COP (-NH, -C=0, -C=N) | 3429, 1672, 1549 62
2 TFTP-COF, (-C=N- bonds) 1670-1660, 1201-1210 63
3 TpDAB, -NH, -C=0, -C=C- 3100-3300, 1612, 1598 64
4 AB-COF, -C=N- 1620-1630 65
5 COF-66, -C=N- 1620 and 1249 66
6 COF-5, -B-O-, -B-C-, -C-O- 1347, 1026 and 1245 67
7 Am-MOP, -C=0, -NH 1664, 3270 68
8 POP-PU, -C=0, -N-H and C-N | 1632, 3299, 1220 69
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1.7.2 Solid state NMR.

Nuclear magnetic resonance (NMR) is a well familiar technique that allows us to
identify the chemical environment of the chemical compounds. In general COPs
are insoluble in deuterated NMR solvents. As a consequence, “C cross
polarization magic angle spinning solid state NMR spectroscopy is appointed to
identify the secondary building block units in polymeric network (Figure
1.18)."
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Figure 1.18 °C CP-MAS solid-state NMR spectra of COFs.

In contrast to solution state NMR, in solid state NMR there is no motion that
leads to broading of the peaks and spectral resolution become poor. In solid state
molecules do not tumble in all directions as they do in liquid state. As a result we
will get broad and undetectable spectra. MAS (magic angle spinning) in solid
state NMR removes a big extent of chemical anisotropy which can improve the
spectral resolution. CPMAS provides better spectra as compared to MAS if
sample molecule contains H atom attached with the carbon atom. Solid state
NMR should be acquired if sample or system are not found to be suitable for
solution state.

1.7.3 Powder XRD (PXRD).
Braggs law is used to explain interference the X-ray scattered by the crystal,
powder or thin film samples.

AB+BC= 2dSin6=nA
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Where, the n= an integer

A= Wavelength of the incident X-ray

d= is the interplannar spacing

In X-ray crystallography, wide angle X-ray scattering is the experiment of braggs
peak scattered to the wide angles that causes the sub nanometer size structures.
This experiment is commonly use to determine the crystalline nature of
polymeric and fiberous compounds. In this technique a monochromatic X-ray
radiation is used to generate a transmission diffraction pattern of a sample.
PXRD is the fundamental physical characterization to distinguish the COPs.
Broad structureless PXRD pattern assigns amorphous nature of COFs and sharp
spectrum assigns crystalline nature of COPs (Figure 1.19 a and b).[’"-"%!

—(220)

——P-COP-1
(a ) . (b) (i) ——P-COP-2
(200 i
\ l w00 G0 :202\" Experimental /\/ﬁ’\,/\lg?—w
o s (iii)

Simulated AB stack

Intensity (a.u.)

Intensity (a.u)

Simulated AA stack
T T T T T T T T T T ¥ T

s 18 10 20 30 40 50 60
20 (degree)

Figure 1.19 a) PXRD patterns of the PyVg-COF and b) P-COPs after treatment
with (i) hot water, (ii) concentrated acid and (iii) base solutions.

8 10 12
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1.7.4 Surface area analysis. To account the porous nature (specific surface area,
pore size distribution and pore volume) of the polymers, (Brunauer, Emmett and
Teller) BET surface area analysis experiment is performed. The specific surface
area of a material is determined by amount of adsorption of a gas on the surface
of the solid material and by calculating the volume of the adsorbate gas
corresponding to the monomolecular layer on the surface. The quantity of gas
adsorbed can be determined by a volumetric or continuous flow technique.

The BET equation

1 1 c-17pP

W((%) ~1) W,C  W,C P,

W= weight of gas adsorbed

P/ Py =relative pressure

W = weight of adsorbate as monolayer
C =BET constant

This method involves adsorption-desorption process where liquid N> in general
acts as adsorbate. Generally, the operative temperature is 77 K. The volume of
adsorbed/desorbed liquid nitrogen in cc g is plotted versus the relative pressure
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to get the BET isotherm graph. Type- II and IV are quite common adsorption
isotherms for COPs materials. Figure 1.20 shows different types of BET
isotherms.!”®! From the isotherm, the porosity can be calculated. Depending on

the size of pores, COPs are classified as nano to macroporous nature.
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Figure 1.20 (a) Nitrogen adsorption /desorption isotherms of COP collected at 77
K. (b) Pore size distribution curves calculated by NLDFT methods.!”!

1.7.5 TGA (Thermogravimetric analysis).

Thermogravimetric analysis ( TGA) measures weight shifts in a substance as a
function of temperature (or time) in a regulated atmosphere. Its theory applies to
the measurement of the thermal resilience of the substance, the composition of
the polymer filler, the content of the moisture, residual solvent and the ratio of
the components in the material.

The thermal stability of a molecule depends on the shape and size of a material or
molecule, packing arrangement and intermolecular non covalent interactions (n-m
or van der Waals interactions). Based on the above mentioned properties, the
COPs exhibit exceptionally high thermal stability. TGA also allows us to
understand the amounts of residual solvent or impurity present inside the pores of
the COP materials (Figure 1.21).
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Figure 1.21 TGA plots of the obtained PCBA-1 and PCBA-2 polymers.!!
1.7.6 Differential Scanning calorimetry (DSC).
Differential calorimetry scanning (DSC) is a very effective experimental tool for

calculating the temperature differential between the sample and the reference
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substance as a function of temperature. A specific temperature program is
designed for DSC analysis such that the working temperature increases linearly
as a function of time. Generally, DSC measures the phase transition temperature
of the material such as the glass transition, melting, and crystallization. In
addition, thermal curing, specific heat capacity, and purity analysis of chemical
reactions are also measurable. Recently, with the development of the highly-
functional polymeric material, DSC measurement is necessary to quantify the
amount of heat on top (Figure 1.22).

HCMP-1

"1

PR— M P o 120 150 150 190 197,
Temgarshre ()

Figure 1.22 DSC measurement for polymer HCMP-1 (30200 °C, 5 °C/min).l"”

1.7.7 Scanning electron microscopy (SEM) and Transmission electron
microscopy (TEM).

The nanostructure and morphology of COPs were analyzed through scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) (Figure
1.23)."81 CSU-CPOPs-1 fomed a mulberry-like structure with honeycomb-like
nanoparticles dispersed on the tubular surface. The nanotubes exhibited an
average diameter of 25 nm with the length of 5 um (Figure 1.23 a, b). Whereas
CSU-CPOPs-2 exhibited a nanosheet (Figure 1.23 ¢ and d). like morphology.
SEM and TEM analysis of CSUCPOPs-3 indicated that its polymeric networks
were made up by agglomerated of several nano spheres, which were connected
through large and smooth nanotube-like structures (Figure 1.23 e,f). The
anisotropic type morphology of COPs could be defined in terms of the geometry
differences when forming the porous polymeric networks.

L4

i

Figure 1.23 SEM images of (a) CSU-CPOPs-1, (c) CSU-CPOPs-2, and (e) CSU-
CPOPs-3. Scale bar: 200 nm. TEM images of (b) CSU-CPOPs-1, (d) CSU-
CPOPs-2, and (f) CSU-CPOPs-3. Scale bar: 100 nm and 1 um.
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1.7.8 Raman Spectroscopy.
Raman spectroscopy allows us to understand the interactions between COP and
metal ions. POP-SH@Hg exhibited peaks at 276 and 290 cm™', (Figure 1.24)

associated with the symmetric and unsymmetric Hg-S stretching vibrations.!””!

—— POP-SH
——POP-SH @ Hg

T T T T T
200 300 400 500 800 700 800

Wavenumbericm’

Figure 1.24 Raman spectra of POP-SH and POP-SH@Hg.!”"!

1.7.9 Atomic force microscopy (AFM).

AFM measures the surface roughness of COPs and ascribe the reason for creating
of hydrophobicity. The hydrophobicity of CPCMERI-1 is generated by formation
of micro- as well as nano-level of surface roughness (Figure 1.25).1"

(b)

0.818 nm

0 nm

Figure 1.25 AFM Images of CPCMERI-1 (a) Micro scale image, and (b) nano
scale image (with z-axis interpretation).

More importantly, Z-axis interpretation of AFM image of CPCMERI-1 shows
several number of crests and troughs on the polymeric surface. The peaks are
observed in the region of (0.5-1) nm which indicates the possibility of the
presence of air pockets in-between the valley regions. This trapped air pockets
make the polymer hydrophobic in nature.

1.8 Applications.

COPs exhibits a wide spectrum of uses in the field from material to medical
sciences (Figure 1.26). COPs are made up of different functionalities of
secondary building blocks with custom-built properties. Amongst these broad
applications, a few emerging applications in the various fields have been
explained below. Perhaps there lies a lot of scope to design and synthesis of
novel COP materials and applications in the form of academic as well as
industrial development.
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1.8.1 Catalysis.

The integration of building blocks in COPs with specific functional moieties will
demonstrate unparalleled catalytic property. COPs can be nucleated
heterogeneously to act as heterogeneous catalyst. Wang and coworkers first
developed the utility of COPs in catalysis by loading the Pd ion 2D COF (COF-
LZU1) for Suzuki-Miyaura coupling reaction.”” COF-LZU1 acts as a efficient
catalyst with the 96-98% yield of the desired product. COPs are considered to be
efficient and better templates for metal ions encapsulation since they have

relatively more stable interactions and hydrophobic environments to increase
their heterogeneity and surface efficiency. Recenty, several COPs are developed
that can act as efficient metal free organocatalyst for organic transformation
reactions. Benzoselenadiazole based sulfonated nanoporous COP (COP-2) has
been developed for efficient heterogeneous catalyst for biodiesel production at

room temperature through the esterification and transesterification reactions of
[80]

fatty acids.

Structure- property
correlation

> Material R . Application éensing

ﬁi_

Fine tunning/
optimization

Environmental toxic pollutant
capture

Figure 1.26 Schematic representation of severals applications of
COP/COF/HOP.

Incorporation of benzoselenadiazole core in the COP increases the thermal
stability®®) and chemical reactivity towards the sulfonation type aromatic
electrophilic substitution reaction. Benzoselenadiazole unit is basic in nature due
to the presence of diazole's nitrogen atoms. The nitrogen atoms make a polar
region inside the pore of the polymer (COP-2). Polar pore can efficiently adsorb
the substrate molecules (fatty acids) from the bulk solution through the hydrogen
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bonding interaction. Selenium can also play the same role through the Se---H
bonding interactions. So, the benzoselenadiazole core can act as a good host
towards the polar substrate. Picolinohydrazide based covalent organic polymer is
reported as metal free catalysis for Knoevenegal reaction at room temperature. *%
A catechol based COF has been introduced as organocatalyst for selective
oxidation of benzyl alcohols.'® The m-electronic polymers are further developed
as a catalytic scaffold for Diels-Alder reactions.*” Triazine-based covalent
organic polymers (TMP) were reported as an efficient metal-free catalyst for the
epoxidation of styrene in presence of H,O, and NaHCOs. A high yield over 98%
selectivity to styrene oxide was obtained within 6 h. TMP shows higher catalytic
activity for styrene oxidation reactions in aqueous conditions due to the
stabilization of catalytically active peroxymonocarbonate ion (HCO4-) species
with TMP networks.® Recently, researchers have tried to develope different
metal integrated polymers®®*¥ to improve the activity on various applications
(Figure 1.27). The co-assembly of porous polymer materials and metal ions has
been introduced an interdisciplinary research field.™™ Porous polymeric material
encapsulates the metal ions or metal nanoparticles inside its cavity that possess
relatively more stable interactions and creates a hydrophobic environment to
increase their heterogeneity. A Pd NPs loaded on COP-4 was synthesized after
hydrogen reduction in water, which exhibited excellent activity in the controlled
oxidation of benzyl alcohol.” Prati et al. developed Pd/CTF as an efficient
catalyst for selective oxidation of glycerol.”" Schuth et al. reported Pt/CTF and
K,[PtCL]/CTF catalysts for the oxidation of methane at low temperature.” Ag-
doped porous CIN-1 (Ag—CIN-1) was synthesized as an efficient catalyst for the
selective reduction of nitriles to amides.>*! On the other hand metal integrated
porous polymers also can act as efficient catalyst in electrocatalysis and
photocatalysis. A ruthenium encapsulated 2D COF was develped as efficient
electrocatalyst for facile hydrogen evolution reaction (HER).® Sun er al.
developed a bimetallic COF as efficient electrocatalyst for water splitting.”

Lotsch et al. reported a Pt-encapsulated TFPT/COF as photocatalyst for water
splitting reaction under visible light irradiation.”®! Nakanishi et al. synthesized a
series of Pt-modified CTFs hybridized with carbon NPs as an efficient oxygen-
reduction electro-catalyst (ORR) in an acidic condition.””! Recently, a Re
incorporated 2D COF was developed (Re-COF).!'"! Interestingly, Re-COF
exhibited excellent light absorption and charge separation (CS) properties. Re-
COF acts as an efficient catalyst for the CO; to CO reduction under visible light
irradiation (Figure 1.28). More than 98% conversion of CO, to CO was observed.
Baeg et al. developed a triazine based covalent organic framework (2D CTF) as
an excellent photocatalyst for CO» reduction under visible light. The visible light
absorbing properties, optimum band gap and formation of © electron channels
serves the impressive performance in photocatalytic application.!'® A highly
crystalline electron rich TFPT-COF was synthesized for visible light

photocatalysis for H, evolution reaction (Figure 1.29).1'%2
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Figure 1.27 Schematic representation of Pd nanoparticle loaded COF as catalyst
for reduction of 4-nitrophenol. ¢!

oc
o octo @

TEOA*~(Re-COF)

Figure 1.28 (a) Schematic representation of CO; reduction under visible light
irradiation by Re-COF catalyst.['"”]

Figure 1.29 Schematic representation of photocatalytic H> evolution with
Metallic Pt (left) and molecular cocatalysts (right)

Yang et al. designed and synthesized new kinds of novel bipyridine-based
covalent organic polymers that exhibits excellent photocatalytic activity for the
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water splitting reaction under visible light irradiation. In this reaction Pt acted as
a proton reduction co- catalyst.'"”*) Schmidt and coworkers synthesized a highly
stable acetylene and diacetylene based -ketoenamine (COFs TP-EDDA and TP-
BDDA COFs).'" TP-EDDA and TP-BDDA show efficient photocatalytic
activity for hydrogen evolution reaction from water. Diacetylene moieties based
COFs (TP-BDDA) showed profound activity towards catalysis due to its high
porosity, high surface area, easily accessible diacetylene functionalities, high

chemical stability (Figure 1.30).
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COF Synthesis COF Synthesis

Figure 1.30 Schematic representation H, generationreaction by using TP-EDDA
and TP-BDDA catalyst.!'*

Wang et al. demonstrated a platform for synthesizing a sp® based carbon
polymeric frameworks (sp’c-COFgrpn) With extended m-conjugated to evolute of
hydrogen from water under light irradiation.['® sp?c-COFgrpn serves a narrow
band gap to absorb visible and near-infrared light. The band structure of the
material (sp”c-COFgrpn) had been tuned by varying the electron-deficient units
inside the polymeric backbones that generate electrons. Wang et al. synthesized a
benzoxazole-linked ultrastable polymers for the efficient photocatalysis in
organic transformation reactions (Ar-B(OH), to Ar-OH) under visible light
(Figure 1.31).11%¢!

Figure 1.31 Schematic representation of photocatalytic organic transformation
reaction.
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1.8.2 Gas sensing, adsorption and storage.

From last few years, COPs have also gained a lot of attention in the electronics
applications, specially in chemiresistive gas sensing devices. To the best of our
knowledge, most of the pure organic based molecules or polymers are not
suitable for chemiresistive gas sensors due to their poor conductivity or
insulating nature.!""”! Recently, Sakaushi et al. reported a amorphous covalent

organic polymer based bipolar semiconducting organic material.'®*''% A triazine

based amorphous covalent organic polymer (CTF-1) was reported as a high

performance room temperature ammonia gas sensor material through dual
111]

(Figure 1.32) hydrogen bonding.!
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Figure 1.32 NH; sensing performance of thr PADS based sensor.!''"!

CTF-1 based chemiresistive sensor shows high response efficiency.
Polysquaramide-based (PADS) chemiresistor was developed for the detection of
ammonia at room temperature (25 °C). PADS acts as a sensing material with
good selectivity, reproducibility, time stability and process-robustness matrix.
Xia et al. developed a two dimensional polymer (T-2DP) based chemiresistive
sensor for the efficient NO» sensing. The sensing effect is superfast (35-47 s) and
fully reversibly operated at room temperature.'"'? COPs have been also
considered as promising materials for gas adsorption, separation and storage
applications as they are constructed by the light atoms connected by strong
covalent bonds to creats porous surface. Till the date, the adsorption, storage and
separation capabilities of COPs for few gases, like H,, CH4, and CO; have been
widely investigated. Primarily, these properties COPs depend primarily on the
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elemental compositions and topologies of its surface and frameworks. Very
recently, theoretical simulations and calculations predict that alkali metals
encapsulated COFs serve a better gas adsorption and storage capacity, which
illustrates the importance of introducing functional groups for several kinds of
interactions with gases. Hydrogen gas adsorption and storage have given a great
attention because it can serve as a future renewable energy resource and eco-
friendly characteristics. Walton er al. developed a series of covalent organic
polymer (PIMs) for hydrogen storage materials.!'’*! PIMs can uptake H, upto
2.7% by mass at 10 bar/77 K. A microcrystalline borazine-linked 2D covalent
organic polymer (BLP-2H), was synthesized. BLP-2H exhibited high thermal
stability and high surface area. BLP-2H can store H> up to 2.4 wt% at 77 K and
15 bar." It has been observed that 3D polymers show better H, adsorption
properties than 2D polymers. Yaghi and co-workers synthesized a series of 2D
and 3D COFs to invesitigate the gas adsorption properties. Of the different COFs,
3D COF-102 exhibited the highest hydrogen storage capacity largest which
uptakes upto 72 mg g at 1 bar and 77 K.'"* On the other hand, 2D-COF-10
exhibited the highest hydrogen uptake up to 39.2 mg g ' at 1 bar and 77 K.
Methane gas can be a alternative source of vehicular fuel. However, a less
efficient, high economic and safe on-board storage system is a major barrier that
restricts methane-driven cars from competing with other commercially available
fuels. The maximum CH, adsorption capacity was observed upto 187 mg g
COF for COF-102. Whereas COF-103 showed a high storage capacity of 175 mg
g '3 These adsorption values are quite high compared to other reported porous
materials.!"'® Carbon dioxide is considered as a greenhouse gas that is highly
responsible for global warming. Therefore, CO, capturing materials have been
attracted in broad interest in many industries. In this regards, porous organic
materials can be the promising materials for CO, capturing. Cao and co-workers
designed and synthesized a series of COPs (COP-1 to COP-4) for CO,
adsorption."'”! COP-4 exhibited highest CO, adsorption capacity compared to
other synthesized COP. Incorporation of extra triazine group inside the polymeric
backbone facilitates the better CO; adsorption behaviour of COP-4 (Figure 1.33).
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Figure 1.33 (a) Schematic representation of the synthesis of COP-1, COP-2,
COP-3, COP-4, (b) CO, uptake profile.!''”]
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Azo-linkaged based porous organic polymers can be the better and efficient
polymeric materials for the CO, adsorption. Several numbers of N,-phobic
nanoporous covalent organic polymers was syntheiszed for selective CO»
adsorption.!""® Azo- COP-1 exhibited highest CO, adsorption capacity due to its
larger surface area and huge no of azo-groups inside the polymeric backbone.
Yavuz and co-workers synthesized a series of aromatic amide and ester based
COPs for CO; capturing materials (COP-32, COP-33, COP-34, COP-35, COP-36
and COP-37).""1 It was observed that CO, adsorption capacity of amide based
polymers (COP-32, COP-33, and COP-34) depend on the size of their pore
volume and surface area. As a results, the trend in the CO, uptake capacity of
amide based polymers is COP-33 > COP-32 > COP-34, which is similar to the
amount of pore volume (0.2 > 0.139 > 0.095 cc g). On the other hand, similar
kinds of effect of pore volume on the CO, uptake capacity was also noticed in
ester bond containing polymers. Covalent organic polymers show a high
adsorption capacity for the adsorption of H,, CHa, and CO,, although these gases
are weakly interacted with the polymer’s functionality. Polymers composed with
boron atoms are useful for capturing ammonia because the ammonia (lewis base)
has strong propensity to coordinate with vacant boron sites (Lewis acids).["*")
Yaghi and coworkers synthesized a series of boronate ester-linked COFs. COF-
10 (Figure 1.34) is promising material for efficient ammonia adsorption. COF-10
showed maximum NH; adsorption capacity of 15 mol kg™ at 298 K under 1 bar
pressure. Surprisingly, all such COF materials can be reused many times without
any noticeable activity deterioration. These observations attribute that
molecularly designed COFs containing functional groups on their polymer
backbone or frame that can efficiently interact with gas molecules (Figure 1.34).
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Figure 1.34 (a) Ammonia boron (Lewis acid-base) interactions. (b) Synthetic
representation of COF 10 for ammonia storage. (¢) Ammonia uptake in state-of-
the-art materials and COF-10. (d) Ammonia adsorption and desorption isotherms
in COF-10 of different cycles. (¢) N> adsorption-desorption isotherms (77 K) of
COF-10 material (black), after one cycle (blue), two cycles (red) and three cycles
120]

(green) of NH; adsorption.!

1.8.3 Conduction.

Since few years, exclusive research had been done in search for materials with
various architectures and functionalities that could show better conductivity.!'*
The well-ordered structure with proper ionic channel of polymer are required to
acquire the well desired conductivity. Liu and co-workers synthesized a 2D-COF
by condensing tetrathiafulvalene tetraaldehyde with 1,4 diaminobenzene that
shows high conductivity.!'”” A two dimensional COF, DAAQ-TFP was
synthesized through electropolymerization with poly(3,4
ethylenedioxythiophene) (PEDOT).!'"” This modified COF exhibits volumetric
energies and high power densities. Significantly, 2D-COF with ordered -
conjugation and short intermolecular m---m interactions among the layers are
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established to have a potential application as conduction materials.!
post synthetic modification of COPs have been done to get desired applications
as required. Banerjee group developed the proton conducting polymer by surface
modification of azo linked COF with phosphoric acid group.!'”” Recently,
sulfonic acid incorporated COP shows better conductivity which is better than

Nafion (Figure 1.35).1'%¢)
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Figure 1.35 Sulfonic acid functionalized POP exhibits superprotonic
conductivity.

Jiang and coworkers synthesized a m-electron rich 2D TP-COF from pyrene-2,7-
diboronic acid (PDBA) and 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP).l27
TP-COF creates of 2D long range interlocking hexagonal framework.
Microscopic images of TP-COF support the formation of a belt-shaped
morphology with a width of 300 nm, thickness of 100 nm. TP-COF can absorb a
wide range of photons from the UV to the visible regions due to present of
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pyrene and triphenylene moieties. Because of the formation of the layer by layer
structure, TP-COF showed semiconducting properties that created hole
transportation channels. Recently, metal integrated covalent organic polymers
serve a new kinds of composite materials that show promising semiconducting
behaviour. A metallophthalocyanine based COF (NiPc-COF) was synthesized to
construct a efficient photoconductive material.!'**! NiPc-COF exhibited high hole
carrier mobility due to present of w-electron rich and redox active moieties inside
the polymeric frame. The NiPc-COF was constructed from the [(OH)sPcNi] and
1,4-benzenediboronic acid (BDBA) in dimethylacetamide (DMAc)/o-
dichlorobenzene under solvothermal conditions. NiPc-COF forms sheet type
layer by layer structure that also facilitates in hole conducting properties (Figure
1.36).'%) Porphyrine rings are also another moiety similar to phthalocyanines
with extended 7 conjugation with various functionalities.!'"* Copper and Zinc
ions were incorporated inside the 2D porphyrine rings to construct COFs (MP-
COFs). Metal ions encapsulated polyporphyrin are stacked in layer by layer
arrangement. Metal-to-metal modes with discrete separations to form a charge
carrier channel. Now this charge carriers of COFs is highly depended on the
central metals in the porphyrine macrocycles. COFs without metal ions in
porphyrin (H.P-COF) showed hole conducting properties, whereas the Cu(lIl)
porphyrin (CuP-COF) exhibited electron transport behavior. In contrast, the
Zn(II) porphyrin (ZnP-COF) was ambipolar in nature.
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Figure 1.36 (a) Synthetic scheme of NiPc-COF. (b) Extended stacking 2D
arrangement of phthalocyanine sheets and microporous channels in NiPc-COF.
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(c) absorption spectra of NiPc-COF and [(MeO)sPcNi]. (d) Current-voltage (I-V)
curves of NiPc-COF (red curve) and [(MeO)sPcNi] (black curve). (e) Transient
conductivity profiles of NiPc-COF upon irradiation with a 355 nm pulsed laser.
(f) Charge carriers measurement of NiPc-COF.

The developement of photoactive COP materials is challenging task for
developing photosynthesis system, light energy harvesting, conversion, and
optoelectronics. The molecular arrangement of the 7 electron rich units play a
key role in determining the performance of above mentioned properties. Single
crystalline m-conjugated materials serves a better photoconductive behavior
because of exciton migration over the lattice with charge separation. A highly
photoconductive COF (PPy-COF) was synthesized from pyrene-based units.!*"
PPy-COF absorbed in a the narrow visible region whereas porphyrin and
phthalocyanine ring based COFs exhibited a broad absorbance range from the
UV to the NIR region. These broad range of absorption profiles are very much

important for developing next generation optoelectronics applications.

1.8.4 Biomedicine.

COP based materials have also shown a significant impact in biomedicine
applicatons. Their tunable structural skeleton, porous architecture, uniform pore
distribution, low cytotoxicity, variable desired surface functionalities, high
chemical and physical stability and biocompatibility properties have gathered
huge attention towards biomedical applications.[*!! In this regard, Yan et al.
successfully synthesized a 3D polyimide based porous covalent organic polymers
for controlled drug deliver in vitro.!'*” They chose ibuprofen, captopril and
caffeine for loading and control release. Zhao et al. developed a nanoporous
polymer (PI-3-COF) that acts as good carrier for anticancer drug S-fluorouracil
with good biocompatibility!"**) nanometal incorporated COP (MCOP) has been
developed that can act as a photothermal agent for selective destruction of the
cancer cells.[*¥

1.9 Purpose, Significance, Scope and Definitions.

Tunable pore size, high surface area and unique molecular architecture play a key
role for many properties of covalent organic polymers (COPs), including gas
adsorption, catalysis, and electronic transport. Herein we anticipate that
modification of additional surface functionality of COPs will assign an
interdisciplinary research field for wide range of applications.

1.10 Thesis outline.

Chapter 2 presents a sulfonated acid group functionalized COP that acts as a
efficient heterogeneous catalyst for esterification/transesterification reaction of
fatty acids.
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Chapter 3 exhibits metal-free catalysis and removal of heavy metals from waste
water using picolinohydrazide group functionalized.

Chapter 4 describes COP as efficient chemiresistive gas sensor at room
temperature.

Chapter 5 reports ruthenium encapsulated COF as an efficient electrochemical
catalyst for H, evolution.

Chapter 6 closes the thesis and provides a brief deliberation on directions for
future work.
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2.1 Introduction.

Biodiesel as an alternative source of fuel has gained more significance in recent
years.'”! Biodiesel is renewable energy resource as compared to fossil fuels,
which are nonrenewable natural resources. Biodiesel has the ability to extend the
life of diesel engines. It also helps in the combustion of hydrocarbons and
reduction of greenhouse gases. The growth in demand for biodiesel is resulting in
rapid increase in their production at low cost, less hazardous, less time and easy
synthetic routes. The conventional method of biodiesel production is the
esterification or transesterification of long chain fatty acids. The reactions are
typically catalyzed by either acid or alkali.’'?! However, the acid and base
catalyzed pathways are not sophisticated for the generation of biodiesel as there
are several obstacles like slower reaction rate, longer reaction time, requirement
of high temperature, difficulty in removal of the catalysts from the reaction
medium and formation of byproducts.!'”” Several metal based heterogeneous
catalysts including mixed oxides of zinc, aluminium, calcium, potassium, tin and
171 which require heating and typical reaction
conditions. There also have several reports on natural ways of biodiesel
production!®*! like pre-esterification of Calophyllum inophyllum oil.?"

tungsten have been reported!

Naturally occurring marine microalgal mats and marine microalgae have also
been used for the production of biodiesel. Alternative ways of biodiesel
production have been explored using polyoxometalates (POMs) based acid
catalysts.?'] Metal organic frameworks (MOFs)P*>% are another class of
materials that have been explored as catalyst in biodiesel production. MOF-based
catalysts show metal leaching during reactions. Considering the above factors,
metal-free carbocatalysts are more advantageous. A metal-free acidic
carbocatalyst worth mentioning here is a porous polymer which has been
reported which was synthesized via Friedel-Crafts alkylation process and
thereafter sulfonated.””) The carbocatalyst upon sulfonation has been acted as an
efficient acid catalyst towards esterification/transesterification reactions. Another
type of metal free carbocatalyst is graphene-based catalyst, which has been
investigated too. A graphitic nitride as catalyst has been prepared for
esterification and transesterification reactions™*® while a sulfonated carbon-based
graphene oxide has been reported for esterification of levulinic acid with benzyl
alcohol.’” Recently, researchers have been given great attention on the design
and synthesis of porous materials.!**** Covalent organic frameworks (COFs) and
porous organic polymers (POPs)***! have been found as promising
heterogeneous catalysts due to their large surface areas, defined pore size, low
density, high stability, and greater hydrophobic part which increase their catalytic
efficiency.[**"! Porous polymers having basic N atoms can function as better gas
storage and adsorption materials.!>'*%
triphenyltriazinebased two-dimensional covalent organic frameworks have been

Recently, triphenylamine- and

reported as efficient CO, adsorption and energy storage capacitors."”! POPs have
been functionalized with sulfonic acid groups, which provide interesting results
in catalytic property of the materials.’*>) A novel functionalized sulfonated
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polymer®® with high surface area of 2625 m* g has been prepared for proton
conduction in water. About 92-98% yields of various biodiesel compounds have
been obtained using this catalyst. Similarly, numerous possibilities as catalysts
and gas adsorbents of COFs and COPs (covalent organic polymers) are still yet
to be explored.’’"*! Relative ease in synthesizing these materials and relatively
higher stability in organic and aqueous media make these materials as promising
candidates in various applications especially as heterogeneous catalysts.
Aromatic benzoselenadiazole based materials provide electronic, optical and
optoelectronic behavior.’” Benzoselenadiazole based porous MOF has been used
as an active heterogeneous photocatalyst for cross-dehydrogenative coupling
reactions.”” In our quest of exploring COPs as gas adsorbent and as
heterogeneous  catalyst  especially  for  biodiesel  synthesis by
esterification/transesterification of fatty acids, a benzoselenadiazole-based
covalent organic porous framework named as sulfonated COP-2 has been
synthesized and reported here. We have incorporated benzoselenadiazole core in
the covalent organic framework to increase the thermal stability!®"! and chemical
reactivity towards the sulfonation type aromatic electrophilic substitution
reaction. Sulfonic groups have been attached on the organic framework by the
covalent bond formation. Benzoselenadiazole core is basic in nature due to the
presence of diazole's nitrogen atoms. The nitrogen atoms make a polar region
inside the pore of the framework (COP-2). Polar pore can isolate or adsorb the
substrate molecules (fatty acids) from the bulk solution through the hydrogen
bonding interaction.!®” Selenium can also play the same role through the Se---H
bonding interactions.!®! So, the benzoselenadiazole core can act as good host
towards the substrates i.e. fatty acids. Considering the above facts,
benzoselenadiazole-based sulfonated COP-2 has been investigated as a solid
heterogeneous catalyst for biodiesel synthesis. The surface area of COP-2 has
been calculated as 158 m? g with a pore size of 4.49 nm. The sulfonated organic
framework with fibrous nanoporous nature has functioned efficiently as
heterogeneous catalyst in the esterification of fatty acids.

2.2 Experimental section.

2.2.1 Materials and methods. TMSA (trimethylsilylacetylene), 1,3,5
tribromobenzene, triethylamine, Pd(PPh3),Cl,, Cul, trimethylsilylacetylene,
potassium carbonate, selenium dioxide, anhydrous sodium sulfate, chlorosulfonic
acid, sulfuric acid, liquid bromine and deuterated solvents were purchased from
Alfa Aesar, India. All solvents were purchased from Merck and distilled
according to literature prior to use. Reactions were monitored by thinlayer
chromatography (TLC). Silica gel was used as stationary phase for column
chromatography. 'H and *C NMR spectra were recorded on Bruker 400 MHz
spectrometer for the characterization of relevant compounds. Chemical shifts (J)
are reported in ppm relative to the residual solvent signal. Solid state *C NMR
spectra were recorded on JEOL; Model: ECX400 (Proton frequency: 400 MHz,
using 10 KHz and 100 MHz CP-1).
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Scheme 2.1 Synthetic scheme of COP-1 and COP-2.
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2.2.2 Synthesis of compounds.
2.2.2.1 Synthetic procedure of 1,3,5-tris(trimethylsilyl)ethynyl)benzene 2: To
a solution of 1,3,5-tribromobenzene 1 (21 g, 66.7 mmol) in 200 mL dry
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triethylamine, Pd(PPhs),Cl, (5 mol%, 2.2 g) and Cul (5 mol %, 588 mg) were
added in stirring condition under argon atmosphere. After purging the whole
reaction mixture under argon atmosphere for 20 min, trimethylsilylacetylene
(TMSA) (241.11 mmol, 34.33 mL) was added dropwise and the reaction was
heated to 65 °C for 16 h. Then the reaction mixture was washed with 1 N HCI
(100 mL x 3) and extracted with dichloromethane. After evaporation of solvent,
the residue was purified by column chromatography on silica gel eluted with only
hexane to give 12 g (327 mmol, vyield 63%) of 1,3,5-
tris(trimethylsilylethynyl)benzene 2 as pale yellow crystalline solid.

'H NMR (400 MHz, CDCl;): 6 0.22 (27H, s), 7.49 (3H, s) ppm. *C NMR (100
MHz, CDCls): 6 135.69, 123.82, 103.31, 95.74 ppm. MS (ESI) m/z: (M + 2H)"
caled. for C,H3,Si; 368.1812; found 366.1948. Anal. Calcd for C;H3oSiz: C
68.78, H 8.25; found: C 69.3, H 8.1.

L _7.49
-7.26 CDCI3
_
\
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Chemical shift (ppm)
Figure 2.1'H NMR (400 MHz, CDCl;) spectrum of 2. (Peak at around 1.5 ppm

is coming for H,O).
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Figure 2.2 °C NMR (100 MHz, CDCl;) spectrum of 2.
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Figure 2.3 ESI-MS spectrum of 2.

2.2.2.2 Synthetic procedure of 1,3,5-triethynylbenzene 3.
1,3,5-tris((trimethylsilyl)ethynyl)benzene (11.4 g, 31.12 mmol) was dissolved in
dichloromethane (100 mL) and methanol (30 mL) and a solution of anhydrous
potassium carbonate (735 mg) was added. The mixture was stirred at room
temperature for 6 h and monitored by TLC. Then, water (90 mL) was added and
the organic solvent was evaporated. The residue was extracted with
dichloromethane, washed with water and brine, and dried over anhydrous sodium
sulfate. Organic part was concentrated under vacuum and purified by flash
column chromatography using 4% hexane in ethyl acetate as eluent to give 3.5 g
(23.3 mmol, 93% yield) as off white solid product.

'H NMR (400 MHz, CDCl5): 6 7.50 (s, 3H), 3.03 (s, 3H) ppm.

BC NMR (100 MHz, CDCl;): § 135.64, 122.93, 81.60, 78.67 ppm. MS (ESI)
m/z: (2M + H)" caled for C4Hy; 301.1; found 301.1. Anal. Caled for CioHe: C
95.97, H 4.03; found: C 95.15, H 4.85.
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Figure 2.4 'H NMR (400 MHz, CDCl;) spectrum of 3. (Peak at around 1.5 ppm
is coming for HO).
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Figure 2.5 °C NMR (100 MHz, CDCl;) spectrum of 3.
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Figure 2.6 ESI-MS spectrum of 3.

2.2.2.3 Synthetic procedure of benzo|[2,1,3]selenadiazole 5.

An amount of o-phenylenediamine 4 (10.5 g, 97.1 mmol) and selenium dioxide
(11.85 g, 106.8 mmol) were refluxed at 65 °C in absolute ethanol (100 mL) for
10 min. The reaction mixture was cooled to room temperature and ethanol was
evaporated under vacuo. The product was precipitated from water to yield 17.6 g
(96.1 mmol, 99% yield) as a faint pink colored solid.

'H NMR (400 MHz, CDCls): 6 7.77-7.75 (2H, d), 7.39-7.37 (2H, d) ppm. “C
NMR (100 MHz, CDCl): 6 160.41, 129.46, 123.60 ppm. Anal. Calcd for
CeHaNsSe: C 39.36, H 2.2, N 15.3; found: C 40.16, H 2.7, N 15.18.
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Figure 2.7 '"H NMR (400 MHz, CDCls) spectrum of 5. (Peak at around 1.5 ppm
is coming for H,O).
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Figure 2.8 °C NMR (100 MHz, CDCl;) spectrum of 5.

2.2.2.4 Synthetic procedure of 4,7-dibromobenzo|2,1,3]selenadiazole 6.
Bromine (16.2 g, 0.01011 mol) was added dropwise to a solution of 2,1,3-
benzoselenadiazole 5 (9.33 g, 0.051 mol) along with silver sulfate (15.9 g, 0.051
mol) in concentrated sulfuric acid (81 mL). The mixture was shaken at a room
temperature for 24 h. The precipitate of silver bromide was filtered off, and the
filtrate was poured into ice water. The precipitate was extracted by ethyl acetate
and washed with water for three times and ethyl acetate (500 mL) then purified
by column chromatography using hexane: dichloromethane (50:50) as eluent.
This gave 4,7-dibromo-2,1,3-benzoselenadiazole 6 (10.5 g, 30.9 mmol, 60%) as
golden yellow needles. '"H NMR (400 MHz, CDCls): 6 7.57 (2H, s) ppm.

C NMR (100 MHz, CDCl;): 6 157.23, 132.29, 116.31 ppm.
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Figure 2.9 "H NMR (400 MHz, CDCl;) spectrum of 6. (Peak at around 1.5 ppm

is coming for HO).
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Figure 2.10 °C NMR (100 MHz, CDCls) spectrum of 6.

2.2.2.5 Synthetic procedure of COP-1.

1,3,5-triethynylbenzene 3 (3 g, 19.9 mmol) and 4,7-dibromobenzo
[2,1,3]selenadiazole 6 (9.9 g, 29.2 mmol) were taken in 100 mL triethylamine
solvent in 250 mL single neck round bottom flask and the solution mixture was
purged for 20 min under argon medium. Degassing was followed by addition of
Pd(PPh3)2Cl; (8 mol%) and Cul (5 mol%) and the reaction mixture was kept for 3
days under argon atmosphere. After that residual solvent was removed in reduced
pressure and precipitate was diluted with dichloromethane and washed with
water by suction filtration set up. Then DCM was evaporated under vacuum and
residue was washed with acetone, methanol and ethyl acetate for three times to
obtain COP-1 as brown solid. The product was dried in vacuum at 80 °C. 4.5 g
of compound was obtained which was characterized by solid state *C NMR
spectroscopy.

2.2.2.6 Synthetic Procedure of COP-2.

2.4 g of COP-1 was taken in 40 mL dry DCM and 40 mL of CISO3H was added
dropwise in ice bath at 0 °C and the solution mixture was stirred up to 48 h. The
resultant mixture was poured into the ice bath and the solid was collected and
poured into the ice water. The solid formed was collected by normal filtration.
The brown powder was filtered and washed with distilled water repeatedly. It
was dried in vacuum at 80 °C. 2 g of COP-2 was obtained. COP-2 was
characterized by solid state *C NMR spectroscopy, FT-IR and powder XRD.

2.2.3 Calculation of acid strength of COP-2.

30 mg sulfonated polymer (COP-2) was stirred in 30 mL distilled water for 4 h
at 313 K. After cooling to room temperature, 13 mL sodium hydroxide solution
of strength 0.062 (N) was added to 10 mL aqueous mixture of sulfonated COP-2.
After filtration, the excess NaOH solution was back titrated with 0.14 (N) oxalic
acid solutions. 4.0 mL oxalic acid was needed to reach the first equivalence point
of oxalic acid.

VNaon X Snaon= Voxx Sox
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Viaor % 0.062 (N) = 4.0 x 0.14(N)
VNaon = 9.03 mL

So the NaOH required to neutralize the acidic site of COP-2 = (13-9.03) mL =
3.97 mL.

VnNaon X Snaon =Vcop-2 X Scop-2

3.97 x 0.062 (N) = 10 x Scop-2

Scop2=0.0246 (N)

The molecular weight of sulfonic acid group (-SO3H) is 81.

So, 30 mL 0.024 (N) COP-2 solution contains 0.059 g free sulfonic acid group.
Calculation: 1000 mL 1(N) COP-2 = 81 g free sulfonic acid in the solid matrix
(COP-2). 30 mL 0.024 (N) COP-2 = 0.059 g free sulfonic acid = 0.7284 mmol
free sulfonic acid. 30 mg sample (COP-2) contains 0.7284 mmol free sulfonic
acid. 1000 mg sample (COP-2) contains 24.28 mmol free sulfonic acid. So free
sulfonic acid site of the solid COP-2 is 24.28 mmol/gm. By using the same
procedure, we have calculated the free sulfonic acid site of COP-2A and COP-
2B.

2.2.4 Characterization techniques.

Mass spectra were obtained on a Bruker MicrOTOF-Q II by positive mode
electrospray ionization. All NMR spectra were recorded on a 400 MHz Bruker
AV400 NMR. UV-Vis was done in Varian Cary 100 Bio UV Visible
spectrophotometer. Powder XRD was done in Rigaku SmartLab, Automated
Multipurpose X-ray Diffractometer equipped with a high-accuracy theta-theta
goniometer featuring a horizontal sample mount. BET surface area analysis was
done in quantachrome, Autosorb 1Q2. Thermogravimetric analysis (TGA) was
carried out using a METTLER TOLEDO TGA instrument. The samples were
heated from 25 °C to 1000 °C at a constant rate of 5 °C min™' in a nitrogen gas
environment. Differential Scanning Calorimeter was done in DSC 214 SET MFC
LN2 at 10 °C min™' heating rate. XPS (X-ray photoelectronic spectroscopy) was
performed using AXIS Supra instrument (Kratos Analytical, UK, SHIMADZU
group). FT-IR spectra of all reported compounds were performed using a Bruker
(Tensor-27) FT-IR spectrophotometer. The GC-MS QP 2010 Ultra mass
spectrometer from Shimadzu Analytical India Pvt. Ltd was used. In GC-MS
helium as inert carrier gas was used and could detect up to ppm level masses. The
mass range is 10-1000 Da, which allows analysis over a wide range of low and
high molecular weight compounds. NIST Mass spectra library is available for
separation/identification of organic compounds and molecules.
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2.3 Results and discussion.

In the present work, a benzoselenadiazole-based covalent organic porous
framework named as COP-1 was synthesized via Sonogashira coupling. COP-1
was functionalized with -SO3H group through HSOs-Cl acid treatment, which is
named as COP-2 (Scheme 2.1). COP-2 was investigated as a solid
heterogeneous catalyst for biodiesel synthesis. In order to characterize the
molecules, UV-vis spectra of the COP-1 and COP-2 were recorded in the solid
state (Figure 2.11a). Two COPs show broad absorption peaks across the
wavelength range of 390-440 nm which are very similar with the COF/COP
materials available in literature.'® COP-1 shows adsorption peak at 430 nm due
to n-m* transition which is sharper than that of COP-2. The absorbance maxima
value at this region was found to be somewhat less than in case of COP-2.
Followed by UV-Vis, FT-IR spectra as shown in Figure 2.11b were recorded to
investigate the structural arrangement. The low intensity peaks at 2921 cm™' and
2854 cm™' of COP-1 correspond to the aromatic sp> C-H stretching frequency.
The peak at 2338 cm™' corresponds to C=C frequency. The sharp intensity peaks
at 1632 cm' and 1579 cm' correspond to -C=C- stretching and -C=N-
frequencies. The peak at 1367 cm™' suggests sp’ C-H bending. Other peaks at
1116 cm™ and 675 cm™' correspond to aromatic sp’ C-H bend. With the
incorporation of -SOsH group in the COP-1 backbone, the intensities of all the
relevant peak positions of COP-2 increased along with the appearance of two
new stretching frequencies at 1034 cm™' and 1198 cm™' which correspond to S=0
stretching. With extra -SO;H groups in COP-2, stretching frequencies of sp* -C-
H, aromatic -C=C-, aromatic -C=N and —C=C shift towards 2925 cm !, 1680
cm !, 1625 cm ! and 2360 cm ™.
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Figure 2.11 Solid state UV-vis spectra of COP-1 and COP-2, (b) FT-IR spectra
of COP-1 and sulphonated acid catalyst COP-2.

The solid state *C NMR spectrum of COP-1 (Figure 2.12a) shows signals at
77.52, 83.45, 124.44 ppm and in the range of 140-150 ppm. The *C NMR peaks
at 77.52 and 83.45 ppm correspond to carbon atoms of —C=C- group which acts
as bridge joining the two aromatic groups. The response at 124 ppm is attributed
to the carbon atom of the symmetric aromatic group. The remaining carbon
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atoms between 140 and 150 ppm are the carbon atoms of benzoselenadiazole
group. For >C NMR spectrum of COP-2 (Figure 2.12b), the "*C signals of the -
C=C- group as observed in COP-1 shifted up-field at 73.45 ppm and 76.43 ppm.
All the aromatic carbon atoms generate one single broad signal from 120 to 150

SOgH HO3S

Sulfonated
aromatic region

AN S\

200 180 160 140 120 100 80 6o 200 180 160 140 120 100 80 60
Chemical shift (5 / ppm) Chemical shift (5/ ppm)

Figure 2.12 Solid state *C NMR spectra of (a) COP-1 and (b) COP-2.

PXRD patterns of both the COP-1 (Figure. 2.13a) and COP-2 (Figure 2.13b)
reveal broad peaks that indicate amorphous nature of the frameworks. For COP-
1, 20 at 22.28° (d = 0.399 nm) and another peak at 5.5° (d = 1.64 nm) are
observed and for COP-2, 260 at 22.15° (d = 0.4 nm) and 5.29° (d = 1.67 nm) are
observed. The d spacing at 0.399 nm for COP-1 and 0.4 nm for COP-2 suggests
7- 7 stacking interaction'®” among aromatic functional groups.
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Figure 2.13 Wide angle powder XRD of (a) COP-1 and (b) COP-2.
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The surface morphology as observed from the SEM images at 10 pm shows
fibrous nature of the frameworks with high porosity (Figure 2.14a and 2.14b).
SEM images of COP-1 and COP-2 show difference in pore size.

Upon sulfonation, non-covalent interactions (H-bonding) between -SOsH groups
and other organic moieties may be the caused of different morphology. The
robustness of the COPs was demonstrated by thermogravimetric analysis (TGA).
Figure 2.15a and Figure 2.15b suggest high thermal stability of both the COP-1
and COP-2. COP-1 is quite stable up to 150 °C. A weight loss of 52% is
observed between 150 and 360 °C for COP-1. The next step is the degradation of
the molecules from 360 °C to 680 °C of about 48%. For the catalyst COP-2, four
steps of degradation process are observed. Initial weight loss of 10.6% is seen
from 30 to 100 °C due to the release of the residual solvent molecules trapped
inside the pores of the COP network. Then in the second step, the weight loss of
21.46% is seen from 100 to 300 °C. In the third step, the weight loss of 58.51% is
observed from 300 to 540 °C. In the fourth step, weight loss of 9% is observed
from 540 to 980 °C. Sulfonated COP-2 shows slower thermal degradation
process compare to the non sulfonated COP-1.

100 - r |
(@) coP-1 (b)100 F1014%  op,p

80 52% 801 } 22.18%
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.g, = 60
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= 40 g 40- 56.30%
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Figure 2.15 Thermogravimetric analysis of (a) COP-1 and (b) COP-2.
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Differential ~ scanning calorimetry (DSC) data (Figure 2.16) of
benzoselenadiazole based COP-1 and COP-2 show Tg (glass transition
temperature) values of 127.7 °C, which suggest a reversible transition in
amorphous COP materials from glassy-like state to rubbery state with increase in
temperature. Incorporation of sulfonic acid group does not show any
discrimination in 7g value in the sulfonated COP-2.

0.5-
—— COP-1 127.7 °C
——COP-2

z 0.0

Kl

=

3 N

T 051 127.7 °C

80 100 120 140

Temperature (°C)

Figure 2.16 Differential scanning calorimetry (DSC) thermograms of COP-1
and COP-2.

The porous nature of the COP-1 and COP-2 were discerned by BET at 77 K
using N, gas adsorption analyzing the surface area and pore size distribution of
the COPs (Figure 2.17a, b, ¢ and d). The N sorption shows type-IV BET
isotherm for both the COP-1 and COP-2. From this study, the surface area of
COP-2 is observed as 158.66 m* g '. However, in case of COP-1, the surface
area is observed as 471.8 m* g'' (Table 2.1). The decrease in surface area and
pore volume for COP-2 is observed due to the incorporation of extra -SOs;H
groups. Pore size distribution of the COPs was done using carbon slit pore model
at 77 K and determined by the NLDFT (nonlocal density functional theory)
model. The study exhibits an average pore size of 4 nm for COP-2.

Figure 2.18 shows the XPS spectra of the deconvoluted peaks of COP-2 for the
elements Cls, N1S, S2p, Ols and Se3d.[** The deconvoluted Cls spectrum in
COP-2 shows five peaks including C=CH-C at 284.76 eV, C-C=C at 285.5 eV, -
C-C=N at 286.3 eV, -C=C- at 287.0 ¢V and -CSOsH at 290.03 eV. N1s core level
spectrum shows peak at 398.8 eV, which suggests -C=N. Two peaks of S2p3/2 at
168.48 eV and S2pl1/2 at 170.7 eV correspond to S2p spectrum of SO3H. The
peaks in between 168.48 eV and 170.7 eV correspond to a higher oxidation state
of sulfur in COP-2. A peak centered at 531.25 eV (S=0) is associated with Ols
spectrum. Ols core level spectrum shows that all the peaks arise between 536
and 530 eV with peak maxima at 531.2 eV.
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Figure 2.17 (a) N, adsorption/desorption isotherms of (a) COP-1 and (b) COP-2
Pore size distribution of (¢) COP-1 and (d) COP-2 by using the NLDFT

methods.

Table 2.1 The BET isotherm model parameters for the adsorption of N, gas by
COP-1 and COP-2

Compound Surface area Pore Volume (cc | Pore Size Isotherm Max gas
(m? g) gh) (nm) type adsorption
(ccg™)
COP-1 417.8 0.127 11.42 1A% 84.30
COP-2 158.66 0.043 4.49 1\Y% 27.96

The core level spectrum of Ols suggests that the oxygen is in -2 oxidation state.
Se3d shows only one peak at 56.6 eV (Se-N) (green and red curves are merged in
Figure 2.18f). Additionally, the degree of sulfonation is estimated by using the
XPS elemental analysis. All the sulfur content exists in the form of sulfonic acid
groups which is revealed by FT-IR spectra. The surface atomic concentrations of
Cls, Nls, S2p, Ols and Se3d are calculated and shown in Table 2.2. The XPS

results show the high -SOs;H density on COP-2 surface.

Table 2.2 Surface atomic concentration (atomic%) from XPS of COP-2

Element

Cls

Nls S2p

Ols

Se3d

Atomic (%)

71.95

1.48 3.26

23.25

0.06
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Figure 2.18 (a) XPS survey spectrum of COP-2. (b), (c), (d), (e) and (f) are the
XPS spectra for the deconvoluted peaks for the elements of Cls, N1s, and S2p on
COP-2 surface.

2.3.1 Catalytic performance.

COP-2 was utilized as a catalyst for the conversion of methyl esters of long
chain fatty acids like lauric acid, myristic acid, palmitic acid, stearic acid, sebacic
acid, adipic acid and oleic acid, which serve as the feedstock for biodiesel
(Scheme 2.2). 0.5 wt% of COP-2 was loaded for the catalytic reactions.The
reactions were carried out at room temperature with high conversion percentage
suggesting high efficiency of the catalyst. The -SOsH groups act as Bronsted
acids, which enhance the catalytic activity with higher efficiency. GC was carried
out in RTX-5MS as stationary phase to monitor the catalytic efficiency along
with "H NMR and *C NMR (Appendix-A) experiments.

Lauric acid converted to methyl laurate in 7 h reaction time with 100%
conversion with 0.5 wt% of COP-2 catalyst loading. 15% methyl laurate
conversion was observed at 0.5 h. The efficiency of the catalyst COP-2 was also
investigated with the esterification of lauric acid to methyl laurate at room
temperature at different time scales from 0.5 to 7 h. The progress of the reaction
is shown in Figure 2.19 a.
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Esterification reactions

0 0
COP-2
R OH RT,7h R OCHj

R = CH3(CHy)g, CH3(CH,)12, CH3(CH3)14, CH3(CHy)46, CH3(CH,);CH=CH(CHy)7,
HOOC(CH,)s, HOOC(CH,),

Transesterification reactions

COP-2
CH3(CH,)sCOOCH; + CH3CH,0OH ——— > CH3(CH;)gCOOCH,CHj
Methyl laurate RT,24h Ethyl laurate
COP-2
CH3(CH2)gCOOCH2CH3 —|— MeOH ——» CH3(CH2)9COOCH3
Ethyl laurate RT, 24h Methyl laurate

Scheme 2.2 COP-2 catalysed esterification/ transesterification reactions of fatty
acids at room temperature.
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Figure 2.19 (a) Reaction time vs conversion (%) curve for lauric acid at room
temperature with COP-2, (b) Recyclability of COP-2 catalyst in the
esterification of lauric acid.

For the conversion of myristic acid into its corresponding methyl ester, the
product conversion is 99% at 7 h (Table 2.3). COP-2 can also respond in
transesterification reaction. Here, COP-2 was used to perform transesterification
of methyl laurate to ethyl laurate and vice versa at room temperature for 24 h
using 5 wt% of the catalyst. The transesterification reaction resulted in 59%
conversion of ethyl laurate to methyl laurate (Table 2.3) which was supported
through Gas Chromatographic, '"H NMR and *C NMR studies (Appendix A).
The transesterification of methyl laurate to ethyl laurate was also monitored for
24 h and 29% conversion was observed from GC (Appendix A).
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Table 2.3 Summary of the esterification and transesterification reactions
catalyzed by COP-2.

S. Reactants (Fatty Acids) Products (Biodiesel) Time Conversion®

No (h)

1 CH3(CH»)10)COOH CH3(CH,)10COOCH; 7 100%
(Lauric acid)

2 CH3(CH»)10)COOH CH3(CH,)10COOCH; 7 99%
(with recycled catalyst)

3 CH3(CH»);,COOH CH3(CH,)1,COOCH; 7 99%
(Myristic acid)

4 CH3(CH»)1sCOOH CH3(CH,)1sCOOCH; 7 100%
(Palmitic Acid)

5 CH3(CH,)1sCOOH CH;3(CH,)1sCOOCH; 7 100%
(Stearic Acid)

6 CH3(CH,);CH=CH(CH,);COOH | CH;(CH,);CH=CH(CH,),;COOCH; | 7 100%
(Oleic Acid)

7 (HOOC)(CH,)3(COOH) (Sebacic | (H;COOC)(CH,)s(COOCH;) 7 100%
Acid)

8 (HOOC)(CH,)s(COOH) (H;COOC)(CH»)4(COOCH3) 7 100%
(Adipic Acid)

Transesterification Reactions

9 CH3(CH;),0COOCH; CH;3(CH,)10COOC,Hs 24 29%

10 CH3(CHy),0COOC,Hs CH;(CH,)10COOCH; 24 59%

*Conversion determined by GC.

The screening of the catalyst was carried out with different wt% of catalyst
ranging from 0.5 to 3 wt% for 7 h. In all the cases, 100% conversion was
observed as shown by the corresponding GC data (Appendix A). We also
accomplished some other reactions of fatty acids to its methyl ester conversion at
room temperature, which is given below in Table 2.3. Four fatty acids including
myristic, palmitic, stearic and oleic acids with 2 mL MeOH and 0.5 wt% catalyst
were used to study the progress of the reaction starting from 0 to 7 h similar to
that of lauric acid. After 4-5 h, the methyl ester conversion as obtained from GC
was found to be 100% for all the four acids. Thus the catalyst is found to be more
efficient in these cases (Appendix A). To show the effect of degree of
modification ratio on its catalytic activity, the catalyst COP-2 was modified as
COP-2A and COP-2B. COP-2A and 2B are the two modified forms of catalyst
COP-2 based on the degree of sulfonation. COP-2 contains greater no of free
sulfonic acids group than that of COP-2A and 2B. The order of catalytic activity
for conversion of lauric acid to methyl laurate is COP-2 > COP-2A > COP-2B
which exactly follows the order of number of free sulfonic acid groups existing
on the COP surface (Table 2.4).
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Table 2.4 The catalytic effect of degree of modified catalyst COP-2.

S. COP-1 / HSOs3Cl | Catalyst Free sulfonic acidic sites | Methyl ester conversion
No | (mg mL™) (mmol g™) (%) of lauric acid after 7 h
1 30 COP-2 24.28 100

2 100 COP-2A 8.5 97

3 150 COP-2B 35 44

COP-2 contained 24.28 mmol g ' free sulfonic acid group (experimental section
2.2.3) which is used for acid catalysed biodiesel or biofuel production. The
catalytic activity definitely depends on the free sulfonic acids existing on the
surface of COP backbone. The formation of methyl esters from fatty acids
follows acid-catalyzed nucleophilic substitution reaction (Figure 2.20).

+ _H
0 COP-2 0o~ Rion oH O &—H _H+
)I\ - )|\ S P R = )< p— )l\ o =—=
R OH R OH R (I) R (I) R o
H R? ,IQ1
COP-2 catalysed esterification reaction of fatty acids
H
Nt OH o (o]
O cop2 o) OH R20H )I\ w2
—_— b . -
)I\ ~ J\ R! —~—— )\ R' = R' R'OH R o~
R o R o~ R7* o7 0T
| R (e)
R1 I+

R = long carbon chain of fatty acid /o\ >
R! = -CHs, R2= -CH,CHs H R

COP-2 catalysed transesterification reaction of fatty acid ester

Figure 2.20 Reaction mechanism of COP-2 catalysed esterification and
transesterification of fatty acids.

2.3.2 Recyclability and efficiency.

The recyclability experiment with 0.5 wt% catalyst COP-2 was monitored in a
very simple way with the esterification of lauric acid to methyl laurate for 7 h at
room temperature via GC analysis. After completion of one cycle, the catalyst
was easily recovered with minimal amount of loss by simple filtration, washed
several times with water-methanol mixture and dried under 60 °C temperature.
After drying, the recovered catalyst was weighed and used again for the same
reaction under same reaction conditions. Every time gas chromatographic
analysis was performed to monitor the conversion. Up to 3rd cycle, catalytic
activity was retained after which it started diminishing. Figure 2.19b shows the
histogram of catalytic efficiency of COP-2. The recycled COP-2, upto 4th cycle
(Figure 2.21) shows similar XRD peaks at 22.46° and a small peak at 5.28°. The
sulfonated COP with fibrous mesoporous nature has functioned efficiently as
acid catalyst in the esterification of fatty acids with 99% yield.
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Figure 2.21 Wide angle powder XRD of COP-2 upto 4" cycles.

Sulfonation in the COP backbone has many advantages such as it leads to better
interaction with the incoming substrate. The reaction time was reduced to 4-5 h
with almost 100% yield. The heterogeneous catalyst could be reused several
times with almost similar efficiency. The catalyst could be recovered from the
reaction medium by simple filtration technique. A catalytic reaction of lauric acid
to methyl laurate with sulfonated benzoselenadiazole core (5 wt%) for 7 h was
performed as control experiment. In this case, 91% conversion of methyl laurate
was observed. However, the sulfonated benzoselenadiazole catalyst is soluble in
the reaction mixture resulting in homogeneous environment. A comparative
study of COP-2 for conversion of lauric acid to methyl laurate with other
heterogeneous catalysts reported in literature is shown in Table 2.5. From the
Table 2.5, it is observed that although catalysts PVDTASO;H*”) and HMP-
1SO;H"" showed greater than 90% conversion in esterification reaction of lauric
acid to methyl laurate at room temperature but more time and more catalyst
loading are required in these cases. In case of SPPOP-1,"! negligible amount of
catalyst is required for the conversion, however, more time is required. On the
other hand, the catalysts Amberlyst-15,"") sPS-S,") PDVB-xs-SO;H,"? PES-
H, PS-SOsH@DSNs!" and PS/nPMA-SiO,HNs!*!  required higher
temperature to get the significant percentage of conversion of lauric acid to
methyl laurate. Thus considering the time, temperature and catalyst loading
mentioned in Table 2.5, benzoselenadiazole-based COP-2 can be used as a
promising catalyst for the esterification of fatty acids to esters in presence of mild
condition.
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Table 2.5 Summary of different catalysts used in esterification of lauric acid.

S. Catalyst BET Reaction Conditions Conversion Ref.
No Surface (%)
(m’g")

Alcohol : | Time |Catalyst | T

Free (h) (Wt%) (°C)

Fatty

Acid
1 PVDTA-SO;H 406 109:1 10 20 25 98 69
2 HMP-1SOsH 350 50:1 10 7 25 93 70
3 SPPOP-1 280 50:1 10 0.05 25 90 37
4 Amberlyst-15 45 16:1 6 0.5 65 57 71
5 sPS-S 0.1 16:1 8 0.5 65 100 71
6 PDVB-xs-SO;H 380 20:1 5 19 70 99 72
7 PES-H 1.0 6:1 5 1.0 80 96 73
8 PS-SO;H@ DSNs 410 5:1 6 2 85 90 74
9 PS/nPMA-SiO,HNs 120-330 4:1 3 4.5 80 88 75
10 | COP-2 158.66 80:1 7 0.5 25 100 This

work

2.4 Conclusion.

Covalent organic frameworks are emerging class of porous compounds, which
have huge possibilities in various application fields. Huge scope lies in their
exploration. In summary, a covalent organic porous framework with large surface
area 471.8 m? g ' named as COP-1 has been reported in this work. On
sulfonation of COP-1, benzoselenadiazole-based catalyst COP-2 was obtained
which showed excellent catalytic activity for biodiesel production from long
chain fatty acids at room temperature. COP-2 contained 24.28 mmol g ' free
sulfonic acid group which is almost 6-8 times more than the previously reported.
COPs for acid catalysed biodiesel or biofuel formation. The reaction time has
been reduced as compared to literature and the catalyst could be removed by
simple filtration techniques. The PXRD of the reused catalyst suggests that the
catalyst is stable under reaction conditions even after successive reaction cycles.
Catalysis of transesterification of methyl laurate to ethyl laurate was also found
to be successful. Thus the catalyst is found to be promising in several aspects. In
future more of such functionalized covalent organic frameworks will be
investigated as heterogeneous catalysts in a variety of chemical reactions due to
their structural diversity.
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3.1 Introduction.

Development and synthesis of covalent organic polymers (COPs) have gained
great attention due to their highly tunable porosity. COPs show versatile
applications in various fields, such as storage of greenhouse gases (i.e., carbon
dioxide), efficient heterogeneous catalysts, sensors, and energy storage
devices.'"™ In the past few years, various monomeric units with different
functionalities have been used to synthesize COPs for the exploration of
numerous applications. The presence of heteroatoms in COPs (especially N and
O centers) serves various purposes including heterogeneous catalysis and
detection of metal ions in solution or in the solid state. The development of
efficient heterogeneous catalysts for diverse organic reactions is a successful
application of COPs that has gained momentum in the recent past. COPs provide
large surface areas, defined pore size, low framework density, and high thermal
stability, which help in increasing their catalytic efficiency."'” With the choice
of binding units in the polymeric backbone, COPs can be functionalized
differently for different catalytic reactions. Knoevenagel reaction is one such
type of organic reaction, which could be catalyzed by a porous polymer with a
basic surface site. Typically, Knoevenagel reaction involves a condensation
reaction between an active methylene group and an aldehyde carbonyl group.
The importance of Knoevenagel reaction lies in the fact that it gives rise to a
number of products used for medicinal purposes. In the recent past, a 3D
microporous COF was synthesized for size-selective catalysis in Knoevenagel
reaction,!'" while a bifunctional COF was synthesized for cascade catalysis.!' In
recent days, water contaminated with toxic heavy metal ions has become a
serious issue due to their bioaccumulation, uncontrollable release, and
persistence in nature.!*! Several techniques, including electrolysis, precipitation,
filtration, reduction, and adsorption, have been developed for the removal of
heavy metal ions from contaminated water.!'*! The adsorption method is one of
the efficient, easiest, and simplest techniques for the removal of toxic heavy
metal ions. A few adsorbents, such as metal oxides and activated carbon, are
widely used for the treatment of wastewater. However, their adsorption
performance is low due to lower binding affinity with the metal ions. There is a
need to develop modified adsorbent materials for the removal of toxic metal ions.
Functionalized COPs are considered one of the promising materials, which could
be used to detect and remove toxic metal ions from polluted water due to their
variable porosity, surface area, low framework density, and chemical diversity.
Several surface modifications (triazole, ester, sulfide, and ether groups) have
been done on COP surfaces to remove metal ions selectively from waste water.
In general, waste water contains various toxic heavy metal ions. Therefore, there
is a need to develop a broad-spectrum COP with effective adsorbing ability
toward different metal ions. Incorporation of suitable functionalities inside the
COP can serve the purpose of the removal and detection of toxic metal ions.
Recently, a few encouraging results reported in the literature motivated us to
synthesize a COP that could detect and select a broad spectrum of metal ions.!">-
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11 Heptazine- and tetraphenylmethane-based polymers for the detection of iron
ions?**"!and imidazolium-based polymers for the removal of Cr,0; % ions** are
reported. In the recent past, removal of Hg?" ions using COFs was reported by
Jiang et al.” In another report, a sulfur-rich triazine polymer is used for the
detection and removal of Hg®" ions.** Therefore, it is important to construct a
COP using nitrogen-rich building blocks. The picolinohydrazide group is a well-
known binding ligand due to its efficient adsorption capacity toward metal ions.
To the best of our knowledge, there is no report on a picolinohydrazide based
COP that has been used for the removal of metal ions. In this regard, our
objectives are (1) to synthesize a nitrogen-rich picolinohydrazide-based covalent
organic polymer, (2) to investigate its catalytic activity on Knoevenagel reaction
and (3) to remove toxic heavy metal ions from polluted water. In this work, we
have synthesized a covalent organic polymer (COP-3) by the hydrazide coupling
reaction between 6-hydrazinonicotinic hydrazide and 1,3,5-benzenetricarbonyl
trichloride. Nitrogen-rich COP-3 functioned appreciably as a heterogeneous
catalyst at 30 °C for the Knoevenagel condensation between malononitrile and
aromatic benzaldehyde derivatives. In addition, COP-3 could efficiently remove
Ca®', Cu*", Cd**, Hg*", and Pb*" from contaminated water. Among the above-
mentioned metal ions, the Hg*" ion is considered for a detailed adsorption study
with COP-3. Only the pyridinic group of COP-3 is capable of interacting with
Hg”" ions, which is discussed in this article.

3.2 Experimental section.

3.2.1 Materials and methods.

1,3,5-Benzenetricarbonyl trichloride, 6-hydrazinonicotinic hydrazide hydrate,
pyridine, aromatic aldehydes, malononitrile and metal salts were purchased from
Sigma Aldrich USA. All solvents like tetrahydrofuran (THF), acetone, methanol
and ethyl acetate were purchased from Merck and distilled prior to use. Reactions
progression were monitored by thin-layer chromatography (TLC). Silica gel was
used as stationary phase for column chromatography.

UV-Vis spectra were collected using Varian Cary 100 Bio UV-Visible
spectrophotometer. Powder XRD were recorded using Rigaku SmartLab,
Automated Multipurpose X-ray Diffractometer equipped with a high-accuracy
theta-theta goniometer featuring a horizontal sample mount. The fluorescence
spectra were recorded in Fluoromax-4 spectrofluorimeter (HORIBA Jobin Yvon
model FM-100) with excitation and emission slit widths at 5 nm using quartz
cuvette (10 x 10 mm?). BET surface area analysis was performed using
quantachrome, Autosorb iQ2. Solid state *C NMR was recorded on JEOL ECX
400 (100 MHz CP-1). Thermogravimetric analysis (TGA) was carried out using a
METTLER TOLEDO TGA instrument. The samples were heated from 25 °C to
600 °C at a constant rate of 5 °C min” in a N, gas environment. Differential
Scanning Calorimeter was done in DSC 214 SET MFC LN2 at 10 °C/min
heating rate. FT-IR spectra of all reported compounds were performed using a
Bruker (Tensor-27) FT-IR spectrophotometer. The GC-MS QP 2010 Ultra mass
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spectrometer from Shimadzu Analytical India Pvt. Ltd was used. In GC-MS,
helium as inert carrier gas was used and could detect up to ppm level masses. The
mass range is 10-1000 Da, which allows analysis over a wide range of low and
high molecular weight compounds. NIST Mass spectra library is available for
separation/identification of organic compounds and molecules. The polymers
were visualized under a Scanning Electron Microscope from Carl Zeiss at
working voltage of 5.0 kV. Atomic Emission Spectrometry (ICP-AES) was done
in model ARCOS, Simultaneous ICP Spectrometer. XPS (X-ray photoelectronic
spectroscopy) was carried out on AXIS Supra instrument (Kratos Analytical, UK,
SHIMADZU group). Raman experiment of materials were analyzed.
(Manufacturing Company: Horiba Scientific, Model LabRAMHR Evolution).

3.2.2 Synthesis of COP-3.

In a typical experiment, 6-hydrazinonicotinic hydrazide hydrate (472 mg, 2.8
mmol) in 30 mL tetrahydrofuran (THF) within a round bottom flask was
degassed and purged with argon for 20 minutes. To this, 5 mL pyridine was
added dropwise under the continuous flow of Ar. The mixture was allowed to stir
at 0 °C for 1 h. After that 1,3,5-benzenetricarbonyl trichloride (500 mg, 1.8 mmol
) in THF was added dropwise by dropping funnel. The whole reaction mixture
was allowed to stir for 48 h. The reaction mixture was quenched in H,O and
washed several times by acetone, methanol, dichloromethane and ethyl acetate.
The resultant residue was dried at 90 °C to a greenish white colored polymer
(450 mg) which was insoluble in most organic solvents. The synthetic scheme is
shown in scheme 3.1.

3.2.3 General Procedure for the Catalytic Reactions.

Benzaldehyde derivative (1 equiv.) and malononitrile (1 equiv.) were taken in
100 mL round bottom flask. THF (3 mL) was added for dissolution. It was stirred
initially for five minutes at 25 °C followed by the addition of COP-3 (2 wt%).
The reaction mixture was then stirred at 30 °C for 2 h. The reaction mixture was
filtered and washed several times by acetone, methanol and ethyl acetate. The
residue was dried to recover the catalyst. The filtrate was concentrated under
reduced pressure. The product was characterized by GC-MS analyzer, 'H and "*C
NMR spectroscopy.

3.2.4 Density function theory (DFT) calculation.

DFT calculations were performed using Turbomole (v7.0) software.!”>=" The
geometry optimizations were performed at the B3LYP level of DFT. The
Ahlrichs group documented all-electron Gauussian base sets.”=" Triple-¢
quality basis sets (TZVP) with one set of polarization functions were used for
nitrogen, and oxygen like atoms. The carbon and hydrogen atoms were described
by smaller polarized split-valence SV(P) basis sets, double-& quality in the
valence region with a polarizing set of d-functions on the non-hydrogen atoms.
The self-consistent field (SCF) calculations were tightly converged [1 x 10® Eh
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(Hartree Energy) in energy, 1 x 107 Eh in the density change, and 1 x 107 in the
maximum element of the DIIS error vector]. The geometries were considered to
be converged after the energy change was less than 5 x 10 Eh, the gradient
norm and maximum gradient element were smaller than 1 x 10 Eh/Bohr and 3 x
10" Eh/Bohr, respectively, and the root-mean square and maximum
displacements of atoms were smaller than 2 x 10° Bohr and 4 x 10~ Bobhr,
respectively. The DFT energy is expressed as a functional of the molecular
electron density p (r) which is shown in equation 3.1.

Eoer [p] =T [p] + Vie[p] + J[p] + Ex[p] + Ec [p] + Viuc Eq. 3.1
where T [p] is the kinetic energy, Vre [p] is the nuclei-electron interaction, Ex [p]
and E. [p] are the exchange and correlation energy functionals.

3.2.5 Sorption Experiments.

0.27 g HgCl, was taken in 250 mL distilled water to prepare an 800 ppm Hg>"
stock solution. Different concentration of Hg®* solutions were obtained by
diluting the stock solution. The concentrations of Hg”" for all experiments were
measured by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) for ppm level of concentrations.

3.2.6 Hg"" sorption isotherm. To get adsorption isotherm for COP-3, 10 mg of
adsorbent was placed in 20 mL aqueous solutions of different Hg**
concentrations (50-800 ppm). Then solutions were stirred for overnight. All the
solution mixtures were filtered. The filtration process was done through a 0.45
um membrane filter. After that the filtrates were analyzed via ICP-AES to
measure the residual Hg** concentrations.

The Hg’" adsorption capacity, g. (mg g"), at equilibrium was calculated using
Equation 3.2.

go = LGo=CelV Eq. 3.2

m

Where Cjis the initial concentration

C, is the equilibrium (final concentration) concentrations,

V is the volume of solution taken in mL and m is the mass of COP-3
taken for experiment.

3.2.7 Hg*" sorption kinetics. To evaluate the kinetics of Hg?" ion adsorption
through COP-3, 10 mg of COP-3 was taken in 200 mL 100 ppm Hg*" solution in
a conical flask. The mixture was then stirred overnight at room temperature. 20
mL aliquots were taken out from solution mixture with increasing time intervals
and filtered by 0.45 pm membrane filter. Finally, filtrate was send for ICP-AES
for the residual Hg*" concentration.
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The initial adsorption rate and rate constants were calculated and the
kinetics were evaluated using pseudo-second-order kinetics fitting with the

following equation 3.3.
t 1 t
A + —
ac k20 de
where k> (g mg™' min") is the rate constant of adsorption, g. is the equilibrium
adsorption capacity and ¢; is the adsorption capacity at time t.

Eq3.3

Distribution coefficient values (Kq) were calculated from the adsorption kinetic
study with help of equation 3.4.

Ky =&t Y Eq.3.4

Ce m
Where C; is the initial concentration
C.is the equilibrium (final concentration) concentrations,
V is the volume of solution taken in mL and m is the mass of COP-3
taken for experiment.

3.2.8 Selectivity test. A mixed metal solution was made with either CI salts of
Hg®', Ca**, Cd*", Pb*" and Cu?*, with equal concentrations of 5 ppm. 10 mg of
COP-3 was added to 20 mL of the mixture of metal solution and this was then
sonicated to full dispersion and stirred for 12 h. The solutions were filtered
through a 0.45 um membrane filter, and the filtrate was analyzed by ICP for the
remaining metal concentrations. The removal efficiency was calculated by

equation 3.5.
(Co —Co)x100

Removal percentage (%) = c
0

Eq. 3.5

Where C, is the initial concentrations of Hg*".
and C, is the equilibrium concentration (final concentration) of the Hg*".
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Scheme 3.1 Schematic representation of synthesis of COP-3 and its applications.

3.3 Results and discussion.

In the present work, a covalent organic polymer COP-3 was synthesized from 6-
hydrazinylnicotino hydrazide and 1,3,5-benzenetricarbonyl trichloride (Scheme
3.1). UV-Vis, FT-IR, solid state NMR studies, TGA, DSC and BET analysis
were performed for the characterization of COP-3. The FT-IR frequencies of
COP-3 is observed at 3240 cm™' (typical for N-H stretching), 1670 cm™ for C=0
stretching and 1605 cm™ for C=N stretching. The C=0O stretching and C=N
stretching exhibit sharp peaks while that of N-H reveals a broad peak (Figure

3.1).

0.6

0.5

0.4+

(-NH)

031 3240 cm-!

% Transmittance

1605 cm™’
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4000 3500 3000 2500 2000 1500 1000
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Figure 3.1 FT-IR spectrum of COP-3.

0.2

1683 cm-!
(c=0) >

PXRD pattern (Figure 3.2 a) reveal two peaks (one intense at 26.28° and another
small at 13.48°). PXRD shows amorphous nature of COP-3. Differential
scanning calorimetry (DSC) as shown in Figure 3.2 b portrays some interesting
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results about COP-3. The glass transition temperature 7, is found at 60 °C and
the entire transition ranges from 40 to 80 °C. The presence of a sharp dip at 122
°C indicates that COP-3 has reached its melting temperature 7i,.

1000
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Figure 3.2 (a) Powder XRD of COP-3 and (b) DSC of COP-3.

The robustness of the material was analyzed by TGA (Thermogravimetric
Analysis). A weight loss of 41.75% is observed from 23 °C to 188 °C in the first
step due to residual solvent (water or moisture). A weight loss of 39.55 % is
observed from 188 °C to 506 °C in the second step and a weight loss of 8.13 % is
observed from 506 °C to 855 °C in the third step as shown in Figure 3.3

100
. 807 41.75%
X
£ 60-
2
=

404 39.55%

20-

~_ | 8.13%

200 400 600 800 1000
Temperature (°C)

Figure 3.3 Thermogravimetric analysis of COP-3.

The solid state *C NMR spectrum (Figure 3.4 a) shows prominent signals at 170
ppm and 131 ppm. The peak from 120-140 ppm consists of most of the aromatic
carbons (i.e. from a-f and from i-j). The carbon atoms (h, 1) adjacent to N give
signals at 157 ppm and 148 ppm. The signal at 170 ppm reveals the carbon atom
(g) of carbonyl carbon.
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Figure 3.4 (a) Solid state >°C NMR spectrum of COP-3 and (b) N, adsorption-
desorption isotherm of COP-3.

To account the porosity and surface area of the COP-3, nitrogen sorption
analysis was performed at 77 K and 1 bar pressure (Figure 3.4 b). The BET
isotherm of COP-3 can be classified as type I'V. Hysteresis loops is seen in the
range of 0.7-1.0 P/Py which suggests a typical mesoporous structure of COP-3.
Barrett-Joyner-Halenda (BJH) pore size distribution curve also supports this
phenomenon (Figure 3.5). COP-3 shows multipoint BET surface area of 22.113
m” g™ Pore size distribution of the COP-3 is calculated via BJH method. COP-3
exhibits average pore size and pore volume of 4.8 nm and 0.14 cc g'. The PSD
curves agree with the shape of the nitrogen isotherms and suggest that COP-3 is
predominantly mesoporous in nature.

0.00040 -
0.00035 4

0.00030
2
< 0.00025
3]
< 0.00020 {

>
T 0.00015
0.00010

f

0.00005 T T
0 20 40 60 80 100

Pore size (nm)

Figure 3.5 Pore size distribution of COP-3 by using the BJH methods.

To measure the surface roughness, AFM (atomic force microscopy) is done.
AFM images show surface roughness and describe the reason to generate
hydrophobicity inside the pore. The hydrophobic nature of COP-3 is executed by
micro to nano-level surface roughness. The COP-3 polymer aggregates to
spherical assembly during coating on glass surface, which is one of the primary
features of hydrophobic materials.*' Figure. 3.6 shows nano roughness of COP-3
material. It has been observed from 3D view that surface contains some crests
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and troughs. The peaks are observed in the region of (0.5 -1) pm which indicates
the presence of air pockets between the peaks (valley regions). These trapped air
pocket in the valley region makes the pore of COP-3 hydrophobic in nature.

(@)

Figure 3.6 (a) AFM Images of COP-3. (b) micro scale 3D image (with z-axis
interpretation) of COP-3.

3.3.1 Catalytic Performance.

In this catalytic investigation, COP-3 acts as basic heterogeneous catalyst for the
Knoevenagel condensation between the aromatic aldehydes and malononitrile.
Aromatic aldehydes (1 mmol) with different para substituted groups and
malononitrile (1 mmol) were used for the Knoevenagel condensation using COP-
3 as a heterogeneous catalyst as shown in Scheme 3.2. Various external
parameters like temperature, solvents and amount of loaded catalyst were
changed to optimize the best catalytic activity. Catalytic reactions were
performed at 30 °C in THF for 2 h (Table 3.1). To account the conversion,
different weight percent of catalyst (COP-3) was loaded. It is seen that 2 wt% of
catalyst is ideal for good conversion. No conversion was observed without
catalyst. The reaction propagation time was also varied. After 2 h, maximum
conversion was observed. The propagation of the reaction was monitored by the
thin layer chromatography (TLC). All the desired products were characterized by
'H, *C NMR spectroscopy and GCMS spectrometry (Appendix-B). Appearance
of benzylic proton at 7.7 ppm in 'H NMR and benzylic carbon at 87.6 ppm in *C
NMR confirms the formation of desired products. *C NMR data also support the
results. Furthermore, purity and conversion were confirmed by the GCMS
analysis. SEM image of fresh and recycled catalyst (Figure 3.7 a, 3.7 b) shows a
negligible deformation of surface morphology and the crystallinity. Reaction
time vs conversion (%) graph for the reaction between nitrobenzaldehyde and
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COP-3 is shown in Figure 3.7 c. COP-3 retains its catalytic activity and
frameworks up to 4 cycles (Figure 3.7 d, 3.8). Summary of different catalysts

used in Knoevenagel condensation is shown in Table 3

O
2

CN

- <

2 wt% COP-3
B .

cN  THF, 30°C, 2h

2 32-38

CN

=~ “CN

R =H (1A), NO, (2A), CI (3A), Br (4A), OMe (5A)

Scheme 3.2 COP-3 Catalyzed Knoevenagel reactions.

Table 3.1 Summary of the Knoevenagel reactions catalyzed by COP-3

S. Reactants | Wt% of catalyst | Reaction Time Temperature Conversion*
No (mg) (h)

1 1A 2 2 30 °C 100%

2 2A 2 2 30 °C 100%

3 3A 2 2 30 °C 100%

4 4A 2 2 30 °C 100%

5 S5A 2 2 30 °C 100%

* GC product conversion.
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Figure 3.7 SEM images of COP-3 (a) before catalysis and (b) after catalysis. (c)
Reaction time vs conversion (%) curve for the product obtained between
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nitrobenzaldehyde with COP-3 and (d) recyclability of COP-3 in the
Knoevenagel reaction.
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—— COP before reaction
—— COP after4™ cycles
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Figure 3.8 FT-IR specta of COP-3 before and after 4™ cycle catalysis.

1000

Table 3.2 Summary of different catalysts used in Knoevenagel condensation

reaction

S. | Catalyst Time (h) Catalyst Temperature Conversion Ref.

No Loading (°C) (%)

1 Am-MOP 14 0.9 mol% 40 °C 62.64 32

2 HG 4 1 mol% 40 °C 90 33
xerogel

3 2,3- 1.5 15 wt% 80 °C 96 34
DhaTph

4 BF-COF 10 5 wt% 25°C 96 35

5 Cy-pip 4 1.0 wt% 25°C 95.8 36

6 Pd/COF- 4 4 wt% 80 °C 98 37
TpPa-Py

7 {Zn(oba)sb | 2 2 wt% 25°C 96 38
pdh)os}e2
H>O

8 COP-3 2 2 wt% 25°C 99 This

work

3.3.2 Removal of Hg using COP-3 from Waste Water.

Considering the strong coordination ability of —C(=O)NHNH-, -C=N and
pyridinic groups in the COP-3 backbone, the COP-3 is assumed to be a
promising material for adsorption of metal ions. Five metal ions including Pd*’,

Hg*, Cu®", Cd*" and Ca®*" are chosen as target metal ions for adsorption

evaluation. Among the mentioned metal ions, we have taken Hg*" as standard
metal ion for kinetic studies. It is found that COP-3 achieved a maximum Hg
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adsorption capacity of 627.8 mg g (using eq. 3.2). Figure 3.9 a displays
adsorption isotherm at equilibrium. Adsorption isotherm is obtained from
aqueous solutions with initial Hg*" concentrations ranging from 50 to 800 ppm.
The Langmuir model is well fitted with the adsorption isotherm with a
correlation coefficient of 0.989.

A detailed kinetic (Figure 3.9 b, ¢ and d) study was investigated on COP-3 in
removing Hg from water. We had started with 100 ppm solution of Hg*" ion.
After that the solution mixture was analyzed at different time intervals following
treatment with COP-3. Remaining Hg*" ion concentration was analyzed using
inductively coupled plasma-atomic emission spectroscopy (ICP-AES). Hg*" ion
concentration is lowered to 58.76 ppm within 20 min and after 2 h the
concentration is as low as 16.13 ppm.
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Figure 3.9 (a) Hg*" adsorption isotherm for COP-3. (b) Hg*" adsorption kinetics
of COP-3 with Hg”" initial concentration of 100 ppm (c) adsorption curve of
Hg*" concentration versus time in aqueous solution using COP-3. (d) adsorption
capacity curve of Hg?" versus time in aqueous solution using COP-3, Inset shows
the pseudo-second order kinetic plot for the adsorption.

From figure 3.9 d, The initial adsorption rate, (k2ge’), is calculated as 12.04 mg g
"'min™ which assigns the rapid removal of mercury from water. A pseudo-second
order kinetic is well fitted with the experimental kinetic data using eq. 3.3.
Distribution coefficient (Kq) value of COP-3 for the Hg adsorption is found to be
(using eq. 3.4) 1.02 x 10° mL g. It is necessary to check selective removal of
mercury in the presence of other ions. The selectivity test (Figure 3.10) of
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mercury in presence of Pb*", Cu®’, Ca*" and Cd*" with equal concentrations was
performed.

8
Il Initial concentration
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Figure 3.10 Selectivity test of Hg*" adsorption in presence of other metal ions
using COP-3 (The final concentration of Cd*" and Pb*" after adsorption was as
low as 0.10 ppb, reaching the detection limit of the instrument).

After treatment with COP-3, the final concentration of Cd** and Pb*' after
adsorption is found as low as 10 ppb (reaching the detection limit of the
instrument) along with Hg*" 80% removal efficiency (Table 3.3). COP-3 shows
versatility in metal ions adsorption due to having large number of binding ligand
group in its polymeric back bone. Removal efficiency is calculated using eq. 3.5.

Table 3.3 Removal efficiency table of heavy metal ions using COP-3

Metal ion Hg** Ca®" ca* Cu? Pb**
Initial S ppm S ppm S ppm S ppm Sppm
concentration

Final 1.15 ppm 0.37 ppm <10 ppb 0.19 ppm <10ppb
concentartion

Removal 80% 93% >99% 96% >98%
efficiency %

In this regard, Ma et al**' reported few thiol (-SH) modified covalent organic
polymers for the efficient Hg®' adsorption via the formation of strong
coordination bond. Their -SH groups on the surface of the polymer provide huge
number of coordinating sites for metal ions. The Hg?" or other metal ions are
exclusively bound with -SH via intermolecular co-operative bond in -SH
functionalized polymer. After every use, the Hg*" loaded polymer needs to be
stirred and washed with 12 M concentrated HCI to get its initial structure or
mercury free form. COP-3 contains pyridine group in polymeric backbone which
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efficiently interact with Hg*" (explained later) to remove it from the aqueous
solution. Now this high concentration might damage the polymeric architecture
and functionality, pore size and linkages. So after every use, Hg-COP-3 is
vigorously washed with only distilled water to get Hg*" free COP-3. Water
cannot deform the original polymeric structure of COP-3.

3.3.3 Investigation of Hg”* binding interaction with COP-3.

To check the binding interaction of Hg*" with COP-3, we have performed XPS,
solid state UV, Raman spectroscopy and FT-IR. XPS technique®**! was applied
to reveal the interaction between COP-3 and Hg(Il) ions (Figure 3.11 a, b).
COP-3 shows several peaks between 200 eV to 550 eV which implies Cls, Nls,
and Ols orbitals. Core level deconvoluted spectra of N1s and Ols for COP-3 are
shown in Figure 3.11 ¢, d. Core level spectra for N1s in COP-3 shows three
peaks at 400.78, 400.00 and 399.68 eV due to the pyridinic ring -C=N and -
C(=O)N. Peaks appeared at region of 531.90 to 533.00 eV for the carbonyl Ols
in COP-3. Now binding energy of atoms in a blend is varied or shifted to higher
binding energy due to specific interactions with metal ions.*?! After Hg(Il)
adsorption onto COP-3, the binding energy of Ols for —C=0 is not changed
significantly whereas the binding energies of nitrogen centres (Nl1s) are
significantly shifted to higher energy. 0.58 eV (pyridinic -C=N), 0.23 eV Schiff
base -C=N) and 0.51 eV -C(=O)N) red shifting in binding energy is observed
after Hg(II) adsorption onto COP-3 (Figure 3.11 e, f). These above results shows
that Hg”" ions significantly interact with the N centre of pyridinic -C=N than with
other nitrogen centre and oxygen centre. The reason is that nitrogen atoms
existed in a more oxidized state on the COP-3 surface after interacting with
Hg(Il), forming Hg(II)::-N=C complex (which is also explained by DFT and
Raman experiments). The nitrogen atoms donate their electron pairs to the Hg(II)
to form coordination bonds between them. Electron density on nitrogen atoms is
then reduced and peaks are shifted to higher binding energy.!*" The N1s XPS
spectra indicate the significant binding interactions of Hg(Il) to pyridinic
nitrogen atoms of COP-3. After adsorption of Hg(Il) ion on COP-3 surface, two
new peaks are generated at 102.23 and 105.20 eV (Hg4f7, and Hg 4fs;) due to
Hg. This result indicates that Hg(II) ion is adsorbed onto COP-3 (Figure 3.12).
Thin film solid state UV -Vis experiment was performed. An apparent red shift at
the region of 400 nm is observed at the characteristic band in UV-Vis (Figure
3.13 a) which is ascribed to the interaction of pyridine group after introduction of
Hg®'. Additionally, Raman spectra (Figure 3.13 b) of Hg-COP-3 displays peak at
280 cm™ which is associated with the (-N-Hg) stretching. SEM image of Hg-
COP-3 shows induced morphological changes in the polymeric framework of
COP-3 (Figure 3.14 a). FT-IR (Figure 3.14 b) was performed with the precipitate
(Hg-COP-3). The stretching frequency of C=N shifts upfield to 1599 cm™ (Hg-
COP-3) from 1605 cm™ (COP-3) due to the interaction between pyridine N and
Hg*". The C=O stretching frequency also changes from 1683 cm™ to 1674 cm’
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1 [45-46

! Organic ligands for the detection of Hg*" are reported in literature in huge

numbers, *"**) however, removal of Hg** by them are rare (Table 3.4).
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Figure 3.11 (a) XPS wide scan spectra of COP-3 and Hg-COP-3. (b) XPS wide
scan spectra of Cl in Hg- COP. Deconvoluted XPS spectra of (c) Nls, (d) Ols in
COP-3. Deconvoluted XPS spectra of (e) N1s, (f) Ols in Hg-COP-3.
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Figure 3.12 Deconvoluted XPS spectra of Hg*" in Hg-COP-3.
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Figure 3.13 (a) Solid state UV-Vis spectrum and (b) Raman spectrum COP-3
and Hg-COP-3.

Table 3.4 Comparative study with other polymer based Hg*" ion sensors

S.No | Materials Detection limit and adsorption of Hg?* | Reference

1 COF-LZU38 236 mg g'! 24

2 TAPB-BMTTPA-COF ND and 734 mg g'! 23

3 NOP-28 12.0 ppb and 658 mg g’! 50

4 S-FMC-700 451 mg g'!' adsorption 19

5 CcoP-3 627.8 mg g’! This work
ND: Not Done

COF-LZUS8 was reported by Wang et al. that could detect (detection limit of 33.3
uM and adsorption capacity of 236 mg g ') and remove Hg*".** Another two
materials named as TAPB-BMTTPA-COF™ and S-FMC" could remove Hg*"
from aqueous medium with an adsorption capacity of 743 mg g ' and 452 mg g
respectively. In another case, NOP-28 was found to have a 12 ppb detection of
Hg*" and 658 mg g of adsorption capacity.!*”!

(b) | — Hg-cop-3
——copP-3

©
]
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£
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Figure 3.14 (a) SEM image of COP-3 after adsorption with Hg*" and (b) FT-IR
spectra of COP-3 and Hg-COP-3.
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3.3.4 Density Functional Theory Studies.

DFT calculations are completed in Turbomole (v7.0) software.*>3% First the
geometry of the truncated COP-3 was optimized as in Figure 3.15 a. Figure 3.15
b shows the geometry optimized structure of COP-3 with labels), which enabled
us to find the distances between the various bonds. The calculation was
performed with truncated version of COP-3, three molecules of HgCl, and water
in the system (Figure 3.16 a).The energy of COP-3 before interaction with Hg*"
is found as -3347.36 k] with a HOMO-LUMO gap of 3.029 eV prior to

interaction.
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Figure 3.15 (a) Geometry optimized structure of COP-3 and (b) geometry
optimized structure of COP-3 with labels.

The lowest energy structure is shown here. On comparison with geometry
optimized structure of COP-3, it is found that HOMO-LUMO gap and the total
energy of the Hg-COP-3 system are lowered (became more negative) on
interaction of Hg*" ions with COP-3. In Hg-COP-3 interaction, three Hg*" ions
interact with three pyridine Ns of COP-3.
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Figure 3.16 (a) Geometry optimized structure of Hg-COP-3 and (b) geometry
optimized structure of COP-3 with labels, (b) geometry optimized structure of
COP-3 showing HOMO.
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It was primarily observed that the interactions occur between the pyridine N and
Hg*". One Hg*" interacts with one pyridine N (N61) which forms a distance of
2.139 A. The other Hg*" interacts with another pyridine N (N50) atom to form a
bond of about 2.145 A. The third Hg*" interacts with pyridine N (i.e. N35). The
distance is calculated as 2.197 A. The distances suggest covalent interaction
between Hg-N. The HOMO-LUMO gap is reduced to 0.298 ¢V (in Hg-COP-3)
from 3.029 eV in COP-3. The reduced HOMO-LUMO gap indicates facile
electron transfer. HOMO-LUMO gap of less than 1.00 eV indicates kinetically
stable species.”!) All the C-N distances adjacent to the pyridine moiety are
increased in length considerably after the pyridine N interacts with Hg*" ion as
given in Table 3.5. The increase in distances suggest electron shift from
polymeric backbone towards Hg*".

Table 3.5 Comparison of C-N distances before and after interaction with Hg*"

Before interaction with Hg?" (A) After interaction with Hg>" (A)
N61-C60 1.351 1.362
N61-C62 1.346 1.369
N35-C34 1.348 1.354
N35-C36 1.354 1.370
N50-C51 1.355 1.368
N50-C49 1.341 1.366

The interaction energy is calculated by the following equation:

AEin=E (A, B)—-[E (A) + E (B)] Eq. 3.6
where, E (A, B) is the energy of the Hg-COP-3 (-6750.27 kJ), E (A) is the
energy of COP-3 (-3347.36 kJ) and E (B) is the energy of HgCIL, (3 x -1073.91
kJ). Thus AEiy is calculated as -181.18 kJ. The negative interaction energy
suggests facile interaction between COP-3 and Hg**. When the HOMO of the
COP-3 (Figure 3.16 b) and Hg-COP-3 (Figure 3.17) are compared, to see the
electronic distribution before and after interaction with Hg?', it is seen that the
electronic distribution is almost removed from the polymeric framework. From
the atomic population analysis, it is found that prior to the interaction with Hg?**,
the charge densities on the three pyridine Ns of COP-3 are as follows: N35 with
-0.1049.4; N50 with -0.10867 and 61N with -0.11106. After interaction with
Hg?', the charges on the above mentioned N atoms change from negative to
positive suggesting shift in electron density from N center to Hg”". The charges
are now calculated as 35N with 0.03744; 50N with 0.05771 and 61N with
0.05776.
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Figure 3.17 Geometry optimized structure of Hg-COP-3 showing HOMO.

3.4 Conclusion.

In summary, a new robust covalent organic polymer COP-3 with a
picolinohydrazide linkage was synthesized and explored elaborately in this work.
Here, we investigated the role of the pyridine moiety in COP-3 in various
applications. COP-3 acted as a heterogeneous catalyst for Knoevenagel
condensation at 30 °C, which was reused for up to four cycles. Hydrazide and
pyridine groups of COP-3 provided a better basic host toward the Knoevenagel
reactants, which increased its catalytic efficiency under mild conditions. COP-3
exhibited promising efficiency in removal of heavy metal ions, including Ca*",
Cu*', Cd*", Hg*', and Pb*". For all of the mentioned metal ions, COP-3 showed
significant adsorption capacity with removal efficiencies of >95% for Ca**, Cu*",
Cd**, and Pb*" and 80% for Hg*". Insight into this interaction was obtained
through a theoretical approach. The unique combination of suitable binding sites,
such as pyridine N and hydrazide units, in the polymeric framework was the key
reason for such diverse properties of this material. Such predesigned polymers
can be used in various areas and could constitute important starting materials for
several industrial applications in future. The Hg*" ion removal capacity might be
explored further in future for full-scale environmental applications.
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4.1 Introduction.
H,S is one of the well-known toxic gases which is mainly generated from
drainage water, rubbish dump, laboratory chemical waste, coal mine, oil and
paper industries.'?! According to national Institute for occupational safety and
health (NIOSH), 100-1000 ppm of H,S causes serious respiratory, central
nervous and cardiovascular system problems. Therefore, it is important to design
and develop H>S gas sensors. Several types of gas sensors have been developed
to detect toxic and explosive gases such as resistive, impedance and fluorescent
gas sensors."™ Specifically, resistive gas sensors have several advantages
compared to other gas sensors due to easy device fabrication, simplest operation
technique, lower cost of production and easy miniaturization. Moreover, a better
resistive gas sensor holds a sensing layer whose resistance is highly sensitive to
the surrounding ambience. Several organic-inorganic nanohybrid materials have
been developed as gas sensor devices.!®” In 1960, a metal oxide based gas sensor
was developed and commercialized."® After that researchers are engaged to
[9-11

explore and improve the efficiency of the gas sensor.”'" In,O3 and bipyramidal
nano-crystals based chemiresistive sensor was developed for H,S sensing.!'”
Several ZnO and CuO based nanorod-bundles were reported for H.S sensing
materials at high temperature.!'” a-Fe,O3 nanotube was fabricated as H»S sensing
material at higher temperature.'"¥ A huge number of metal oxide based H»S
sensors is reported in literature. Several drawbacks with metal oxide based
sensors are observed such as, air sensitivity, lack of selectivity and high
temperature responsive devices. There are limited number of reports on
nanostructured materials which were developed to increase the selectivity and
efficiency in gas sensing properties.!”*'® Nanostructured materials show efficient
performance in gas sensing experiment due to their large surface to volume ratio,
large surface area and huge no of surface active sites.'”"® The interaction
between gas molecules and materials mainly takes place on the active surface
sites, hence the functional groups residing on a material's surface is crucial for
controlling the sensor performance.!'”?! Recently, covalent organic polymers
(COPs) have gained significant attention due to their emerging nanostructured
architecture and structural diversity. The shape and size selectivity of the COPs
can be controlled by variation of pore dimensions, chemical functionalization
(presence of hydrophobic and hydrophilic groups) and orientation of surface
functional groups, which can facilitate in detection and discrimination among
various gases. COPs also possess more active sites on surface, large surface area,
intrinsic periodic pore structures and abundant functional groups, which can
facilitate in ultrafast sensitivity and high selectivity in gas sensing
performance.'?* A luminescent porous covalent organic polymer has been
developed as efficient HoS gas sensor.®! A two dimensional covalent organic
framework as chemiresistive gas sensor has also been developed for selective gas
sensing.*®! In this regard, our objectives are i) to design and synthesize
nanostructured covalent organic polymers (COP), ii) to fabricate a device with
the synthesized COP and iii) to analyze the gas sensing properties using the
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device. In this work, a mesoporous hydrazide based covalent organic polymer
(COP-4) has been synthesized and used as sensing layer in chemiresistive gas
sensor device. The COP-4 fabricated sensor exhibits an excellent response to
H,S gas at 25 °C. Experimental results reveal that the COP-4 sensor can
selectively distinguish H»S from the interference toxic gases including CO», NHj3,
CO and NO,. The COP-4 has been synthesized from the Schiff base reaction
between 1,3,5-tricaboxaldehyde and 6-hydrazinonicotinic hydrazide hydrate
under thermal reaction in ethanol and 6 M acetic acid solution (Scheme 4.1).

4.2 Experimental Section.

4.2.1 Materials.

6-Hydrazinonicotinic hydrazide hydrate, benzene-1,3,5-tricarboxaldehyde, acetic
acid, dimethyl sulfoxide (DMSO), and all other solvents were purchased from
Sigma Aldrich and Merck.

4.2.2 Synthesis of COP-4.

6-Hydrazinonicotinic hydrazide hydrate and benzene-1,3,5-tricarboxaldehyde in
ethanol and 6M acetic acid solution were refluxed in 100 mL round bottom flask
for 48 h at 90 °C. After that the reaction mixture was filtered and washed with
methanol, acetone, dichloromethane, dimethyl sulfoxide and water. The reddish
brown solid residue was dried over 80 °C for 24 h. The reddish brown solid
COP-4 powder was characterized by '*C solid state NMR and FT-IR
spectroscopy.

4.2.3 Gas sensor fabrication and sensing measurements.

A Corning glass slide with the dimension of 3 X 3 x 0.5 mm was used for the
sensor substrate. Two interdigitated Pt electrodes on the top of glass substrate
was used to fabricate the sensor. Each Pt electrode consists of 5 fingers (250 x 25
x 1 um), and the distance between two fingers was 25 um. The COP-4 powder
(10 mg) in 3 mL ethanol in a 10 mL beaker was stirred and sonicated for 30 min.
After that dispersed solution of the COP-4 was directly drop-casted on the
interdigitated electrodes coated glass substrate and dried it for the overnight at
120 °C.

The gas sensing experiment was carried out by the dynamic flow-through
measurement technique (Scheme 4.1). The sensor resistance was monitored by
Keithley-2612 A source meter interfaced with PC at a direct-current (DC) voltage
of 2 V. Optimal concentration of H,S in the chamber was gained by flowing a
certain amount (sccm) of synthetic air to a mixing chamber where certain amount
(sccm) of test gas (H2S) was flown. The flow rates of the respective gases were
controlled by a separate mass flow controller, MFC (model: Alicat®, MC 1slpm,
USA). The temperature of the system was controlled by a PID temperature
controller (with an accuracy of +1 °C). Efficiency of the sensor corresponds to
the response% is given by:
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Response (%) = g —Ra 100

Where Rgand R, are the resistance of the sensor in presence of sensing gas and
air.

4.2.4 Material Characterization.

Solid state °C NMR spectrum was recorded using 400 MHz solid state NMR
spectrometer (JEOL, model: ECX400; proton frequency: 400 MHz). Powder
XRD was done on Rigaku SmartLab, Automated Multipurpose X-ray
Diffractometer. Thermogravimetric analysis (TGA) was analyzed using Mettler
Toledo Thermal Analyzer with heating rate of 10 °C/min. BET surface area was
analyzed on Quantachrome, Autosorb iQ2. FT-IR spectra of the COP-4 were
recorded using Bruker, Tensor-27 FT-IR spectrophotometer. High resolution
transmission electron (HRTEM) microscopy analysis was carried out using Field
Emission Gun-Transmission Electron Microscope 200 kV (model no Tecnai G2,
F30). The field-emission scanning electron microscopy (FESEM) measurements
were performed out using a field-emission scanning electron microscope, (Supra
55 Zeiss). For FESEM measurements, the dried samples were coated with gold
for subsequent imaging experiments. Atomic force microscopy (AFM) images
were taken by drop-casting the samples on mica substrates via tapping mode at a
scan frequency of 0.65-1.0 Hz and analyzed the data using SmartScan software
(model park NX10).
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4.3 Results and discussion.

The FT-IR spectrum of the COP-4 shows that the COP-4 is successfully
constructed through the -C=N linkage from its building blocks. The FT-IR
spectrum of the COP-4 indicates the presence of desired functionalities and
linkages of the polymeric backbone.?”*¥ The FT-IR peaks at 1530 and 1605 cm’
are appeared due to the presence of aromatic -C=C- and Schiff base -C=N
stretching vibration. FT-IR peak at 1653 cm™ is appeared for the COP-4 due to
C=0 stretching vibration of -C(=O)NHN- group (Figure 4.1 a). Broad powder
XRD of the COP-4 at the region of 20 to 30° diffraction angle (20) assigns its
amorphous polymeric nature (Figure 4.1 b). The robustness of the COP-4 is
demonstrated by thermogravimetric analysis (TGA). Figure 4.1 ¢ suggests high
thermal stability of the COP-4. The COP-4 is not fully decomposed within the
temperature range of 24-800 °C. Initial degradation in TGA spectrum is observed
due to the evaporation of residual solvents or moisture. The COP-4 is stable up
to 240 °C. A weight loss of 5% is observed between the temperature range of
240-360 °C. The next stage is the degradation of the material from 360 to 410 °C,
which is about 11%. In the third stage, 16% of the weight loss is observed from
430 to 800 °C. Solid-state °C CP-MAS NMR of the COP-4 was acquired to
establish the connectivity of the COP-4 (Fig. 4.1 d). The peaks from 120-150
ppm suggest the existence of the phenyl groups and acylhydrazone Schiff base
groups present in the COP-4. A peak at 166 ppm suggests the presence of
carbonyl group of -C(O)NHN- groups. The peaks at 162 and 158 ppm are
appeared due to the presence of -C=N bond of the pyridine ring. To find out the
surface morphology of the COP, scanning electron microscopy (SEM), high-
resolution transmission emission microscopy (HRTEM) and atomic force
microscopy (AFM) analysis were performed. SEM image (Figure 4.2 a) of the
COP-4 shows spherical morphology. HRTEM analysis supports the formation of
amorphous spherical morphology with an average diameter of 100 nm (Figure
4.2 b). The COP-4 is enough stable to retain its structure under high electron
beam diffraction (200 kV). AFM image of the COP-4 reveals the surface
roughness. The hydrophobic nature of the COP-4 is executed by micro level
surface roughness. The COP-4 aggregates to spherical assembly (Figure 4.2 c)
during coating on glass surface, which is one of the general features of highly
hydrophobic materials.”” The 3D view of the COP-4 surface shows some crests
and troughs. Air pockets between the peaks (valley regions) are observed in 3D
view of AFM image (Figure. 4.2 d). The trapped air pocket in the valley region
makes the pore of the COP-4 hydrophobic nature. COP-4 is enough stable to
retain their form under high (200 kV) electron beam diffraction. Figure 4.3 shows
porous texture of COP-4.
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Figure 4.1 (a) FT-IR spectra of COP-4 (b) PXRD of COP-4 (c) TGA of COP-4
(d) solid state *C NMR of COP-4.

Figure 4.2 (a) SEM (b) HRTEM image of COP-4. (c) AFM image of COP-4.
(d) micro scale 3D image (with z-axis interpretation) of COP-4.
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Figure 4.3 HRTEM of COP-4 (porous texture of COP-4).

To determine porosity of COP-4, BET surface area analysis by nitrogen sorption
was performed at 77K and 1 bar pressure (Figure 4.4 a). According to the [IUPAC
classification, both COP-4 shows type IV isotherm. The calculated surface area
of COP-4 is 452 m* g (Table 4.1). COP-4 shows the average pore size of 17.5
nm which is calculated via NLDFT method (Figure 4.4 b). Calculated average
pore volume of COP-4 is 0.29 cc.g'. Pore size distribution curve indicates
mesoporous nature of COP-4.
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Figure 4.4 (a) BET surface area analysis by N, adsorption and (b) Pore size
distribution of COP-4 by using the NLDFT methods.

Table 4.1 Summary of BET surface area analysis
Material | Nz uptake (cc g!) | Surface area (m?> g') | Pore size (nm) | Pore volume cc g!

COP-4 | 97.74 452 17.5 0.29

4.3.1 Gas sensing properties.

The sensor device prepared with the COP-4 was used to investigate the H,S gas
sensing properties. To begin with, 200 ppm of H»S gas was flown through a test
chamber where the COP-4 based sensor device was placed horizontally
formonitoring the electrical resistance. Initially, the electrical resistance of the
COP-4 based sensor device increases quickly when H,S gas is introduced into
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the test chamber. Next the electrical resistance decreases quickly when H»S gas is
withdrawn from the test chamber. The COP-4 based sensor device exhibits a
maximum response of 51% to 200 ppm of the gas at 25 ° C (Figure 4.5 a). For
the development of low-cost gas sensors, room temperature sensors are the
natural choice. Here, the porous COP-4 based sensor plays an important role in
the development of a room temperature H>S sensor. To check the effect of the
H,S concentration on the device sensitivity, the sensor response was measured at
50, 100 and 200 ppm of H,S. The sensor response increases slightly with the
increase in the concentrations of H>S. The COP-4 based sensor was exposed to
200 ppm of H»S continuously for 3 cycles to check the repeatability of the sensor.
The response in the second and third cycles decreased slightly (Figure 4.5 b). The
reason for this can be attributed to the incomplete desorption of H,S from the
pore of the COP-4 materials. Figure 4.5 ¢ represents the single cycle response
and recovery characteristics of the COP-4 based sensor to 200 ppm of H»S.
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Figure 4.5 (a) Real-time dynamic response and recovery characteristics for the
COP-4 based sensor. (b) Repeatability of COP-4 based sensor at 25 °C. (c)
Single transient response and resistance of COP-4 fabricated sensor. (d) Gas
response of the COP-4 based sensor vs operating temperature to 200 ppm H»S.
(e) Effect of humidity on the H,S sensing properties of the COP-4 fabricated
sensor device. (f) Selectivity of the COP-4 based sensor towards H»S over other
gases such as CO,, NO,, NH3 and CO.

The COP-4 fabricated sensor device shows a very short response and recovery
time, about 9 s and 12 s, respectively. The operating temperature dependent gas
sensitivity is a well-known phenomenon in a chemiresistive sensor device. To
check the operating temperature dependent H»S response in the COP-4 based
sensor, a sensing experiment was performed at different temperatures (25 to 200
® C). An interesting sensing response was observed for the COP-4 based sensor
at different temperatures. The COP-4 based sensor shows the highest response at
room temperature (25 ° C). The response decreases gradually with the increase in
temperature and reaches the lowest value at 100 ® C (Figure 4.5 d). Humidity is
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an important parameter to consider when the sensing measurement is done at 25
9 C. The response of the COP-4 based sensor was measured under different
humid conditions of 42 and 83% relative humidity (RH). Under 42% RH
conditions, the sensor response decreases by 9%, whereas under 83% RH, the
sensor response decreases by 21% with respect to 23% RH conditions (Figure 4.5
e). The COP-4 fabricated device also shows significant selectivity towards H»S
compared to CO,, CO, NH3; and NO, gases (Figure 4.5 f). The base resistance of
the COP-4 remains almost constant up to 200 °® C (Figure 4.6).
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Figure 4.6 Resistance of the COP-4 based sensor vs operating temperature.

In general, the conductivity of amine based organic polymers is generated due to
a proton conduction process through -NH bonds.”** Organic polymers
containing primary, secondary or tertiary amine groups are somewhat sensitive to
acidic gases.’”! Here, the COP-4 contains several numbers of basic hydrazide
amine (-CONH-N-) groups. On the other hand, HS is a weak acid in nature. The
increase in the electrical resistance or decrease in the electrical conductance of
the COP-4 is attributed to the reduction of the proton mobility on the COP-4
surface. Hydrazide -NH protons in the polymer can help in the proton conduction
process through the enol form of hydrazide groups (Figure 4.7). In the presence
of H,S gas, the -CONH- groups of the COP-4 interact with H,S [<CONH:--SH>],
which restricts the formation of the enol form of hydrazide groups (Fihure 4.7).
Consequently, the proton conduction process in the polymer is collapsed. As a
result, the resistance of the COP-4 increases. The H,S sensing performance of
the COP-4 decreases with the increase in temperature.

The interaction of H»S is hindered at a higher temperature due to an increase of
molecular vibration of the COP-4. Consequently, the sensing response becomes
lower with the increase in temperature. At higher humidity, the presence of water
molecules facilitates an alternating pathway for proton conduction. So, proton
conduction can take place through the water molecules adhered to the backbone
of the COP-4.”*! Thus the conductivity of COP-4 is increased at higher
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humidity. Consequently, the response of COP-4 to H>S gas is decreased. An
insignificant change in the base resistance of the precursors is observed and
shows almost 0% response upon exposure to H>S gas. Mostly metal oxide and
inorganic-organic based hybrid materials have been used in the fabrication of
chemi-resistive gas sensors.***!! Previously, researchers have reported a few
COP-4 based nanomaterials for chemi-resistive gas sensors. A two dimensional
organic polymer based chemiresistive sensor has been developed for selective
NO; sensing at 25 © C.**) A tetraphenylethene-based covalent organic polymer
has been prepared for sensing gaseous HCL.'*?! Swager et al. developed a
polythiophene based chemiresistive chemical sensor.””! Here, we have used a
COP-4 as a H»S sensing material. H,S gas ensing using the COP-4 fabricated
sensor device was carried out through a proton conduction process.

e O  Tautomerism — OH e O H;S exposure — o]
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Figure 4.7 Proposed H,S sensing mechanism of COP-4 through proton
conduction phenomenon.

Here, we proposed chemiresistive gas sensing mechanism. The COP-4 creates a
proton transportation channel inside the polymeric chain due to proton transfer of
the enol form of hydrazide groups (-C(-OH)N-N=).*") After H,S exposure, the
proton transportation channel gradually collapses due to H.S---H-N-(C=0)
interaction.*® Obviously, in H»S environment the stability or percentage of enol
form becomes lower due to H,S---H-N-(C=0) interaction. As a result, the
electrical resistance of COP-4 increases in presence of H,S and we get very fast
response. We observed that the response time becomes less at higher ppm of H,S
and very fast increment of electrical resistance of the system.

Here, the gas sensing mechanism does not occur only through the acid base
interaction, however it also depends on the surface area of adsorbant, pore size
and rate of adsorption-desorption of the analytes (here gases).

However, we tried to establish this through the theoretical insight. Density
functional theory (DFT) calculations have been performed using Gaussian 09
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software. First, the geometry of the truncated COP-4 (Named COPT) with
C(=O)NH-N=) functionality has been optimized as -C(=O)NH-N=) groups which
mainly involves the sensing mechanism. Then the calculation is performed with a
truncated version of COP-4, one molecule of H,S and CO,. The energy of COPT
before the interaction with H,S and CO, is -737.293 Hartree. Now the total
energy of the H,S-COPT system is lowered (became more negative) value of -
1134.694 Hartree than CO,-COPT with energy of -924.809 Hartree. From the
energy calculation study, we conclude that H,S-COPT system is more
energetically stable and favourable system than CO,-COPT system. So H.S
should have more tendency to interact with COP-4 than CO..

@]
A Nx

N
| H
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N
COPT
We have gone through several literatures to find out the pKa value of the material
and tried to establish the sensing mechanism with the acid-base interactions.
Here, we have calculated the pK, value of COPT (AH) using DFT calculation.*”!
The pK, value of COPT is calculated as high as 51.072. Now COPT behaves
almost like a aliphatic hydrocarbons compound due to very high pK, value. So
acid-base type of interactions with external analytes (acidic gases) are quite
absurd here or insignificant.
Calculation of pK, value:
Gas phase AGY, (AH)
AH(G —&—=" A<g) +H"(g)

AGo(sol)(AH) AC";O(sol)('o") AGO(SO|)(H+)

Solution phase AH(sol) ——> A~(sol) + H*(sol)
2.303RTpK,(AH)

Thermodynamic cycled used for the calculation of pK, values.
AGg)(AH) = AGO oy (A) + AGOq(H*) - AGO o(AH)
AGg)(AH) = 2.303 RTpK,(AH)

_ AGYAH)
_ AGAH)
Direct pK,(AH) = 5303 RT

Linear correction pK, = (Direct pK,+ 7.281)/1.194

Now, if we include the effect of moisture, H»S (week acid) generates HS™ and S*
after reaction with moisture whereas CO, forms H>CO; (week acid) upon
reaction with moisture.

HzS + H,0 = HS + H30"

HS + H,0=S* + H;0"
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Now HS" will more prone to interact with —-HN-C(=0) rather than H,COs. After
exposure with H»S, the proton transportation channel gradually collapses due to
H,S:--H-N-(C=0) interaction. In H,S environment, the stability or percentage of
enol form becomes lower due to H,S---H-N-(C=0) interaction. As a result, the
electrical resistance of COP-4 increases or suddenly changes in presence of H,S
and very fast response was observed for H,S.

System Molecular
structure

COPT (gas phase)

H,S-COPT (gas
phase)

CO,-COPT (gas
phase)

Deprotonated
COPT (solution
phase)

COPT (solution
phase)

Deprotonated
COPT (gas phase)

Summary of all DFT calculations (Basis set =3-21G, Basis function= B3LYP,
Solvation= The conductor-like polarizable continuum model CPCM/water)).

Furthermore, the reddish brown colour of the COP-4 changed to faint brown
colour upon exposure to H,S gas with a response time of less than 2 seconds
(Figure 4.8), which is quite fast. Interestingly, the COP-4 regains its original
brown colour after exposure to air. This is the main advantage of the faster colour
change under day light. Considering the response efficiency, response time,
recovery, temperature and other parameters mentioned in Table 4.2, the COP-
based sensor can be used as a promising device for H,S sensing.
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100 ppm H,S |
exposure for | &
2 sec

Air

Reddish brown Faint brown

Figure 4.8 The reddish brown coloured COP-4 transformed into faint brown
colour after exposure of 100 ppm H»S gas for 2s, which further transformed into
reddish brown colour after exposure under air.

Table 4.2 Comparison table of H,S sensing of COP-4 with other reported
nanomaterials.

S. Material Sensor device | Maximum response% | Temp. (° C) | Ref.

No

1 Zn-doped-Fe203 Chemiresitive | 23.5 (5 ppm HaS) 175 37

2 Fe2O3@CNT-3.0 | Chemiresitive | =~ 9 (100 ppm HzS) 25 38

3 MoSe2 Chemiresitive | 19-20 (5.45 ppm) 200 39

4 Au-nanowire Chemiresitive | 30-40 (0.5 ppm) 25 40

5 SnO2/rGO Chemiresitive | 60-70 (100 ppm) 22 41

6 copr+4 Chemiresitive | >50 (200 ppm), >30 | 25 This
(50 ppm) work

4.4. Conclusion.

In summary, we synthesized a hydrazide-based COP-4. The COP-4 was used as
an efficient chemiresistive gas sensing material for H>S at 25 °© C. Gas sensing
measurement of the COP-4 fabricated device was carried out in a dynamic flow-
through resistance measurement system. The sensing effect was fully reversible
and operated at a low temperature. The maximum response to 200 ppm of H,S
was found to be 450% at 25 ° C. The COP-4 fabricated chemiresistive device
showed a very fast response time of 9 s with a recovery time of 12 s,
respectively, with 200 ppm of H>S at 25 © C. The COP-4 fabricated device
showed high selectivity to H,S compared to CO,, CO, NH; and NO,. Here, the
gas sensing of H,S using the COP-4 fabricated sensing device occurred through
a proton conduction process. The proton transportation process inside the COP-4
backbone was restricted after adsorption of H»S that enhanced the resistance of
the COP-4 fabricated device.
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5.1 Introduction.

Covalent organic frameworks (COFs) are an unique class of porous crystalline
two or three dimensional material with structural periodicity and uniform
porosity."® COFs often show potential applications in optoelectronic,'” gas
adsorption,®**! gas separation,!'> ' energy storage,!'*'* molecular catalysis,!"*"*!
electrocatalysis!'® ' and drug delivery””! due to their uniform porosity resulting
from strong covalent bond formation between the light atoms (H, B, C, N, and
0). The synthesis of 2D COFs has become important in recent times. The 2D
COFs could be tuned structurally.?**! The importance of these COFs lies in the
fact that they show good stability and enhanced hydrogen evolution. The ordered
structures in 2D COFs with organized n electron systems exhibit several potential
applications.” Presently, the focus is on the development of different metal
integrated COFs®>*"! to increase the efficiency in various applications. Recently,
the assembly of porous materials and metal ions has been assigned an
interdisciplinary research field for the design of new materials as efficient
heterogeneous catalysts.*®! Porous materials which can encapsulate metal ions or
metal nanoparticles inside its cavity, function as heterogeneous catalysts for
various kinds of organic reactions.””>" COFs are considered as efficient and
better templates for the encapsulation of metal ions because they possess
relatively more stable interactions and hydrophobic environment to increase their
heterogeneity. In recent time, entire world suffers in energy crisis and
continuously researchers are finding new alternative and renewable sources of
energy. Molecular hydrogen is considered as an alternative source of energy.
Several methods are adopted to generate molecular hydrogen using chemical,*"
31 electrochemical®>”  and  photoelectrochemical®®™*¥  reactions.
Electrochemical hydrogen evolution reaction (HER) is one of the promising
methods, which involves several steps of electrochemical processes to generate
molecular hydrogen. In the last decade, a few transition metal-based alloys (Ru,
Co, Ni, Mo, Pd and Rh)**" have been used for the HER catalyst. In addition to
metals, metal oxides could be an efficient material for electrochemical HER.
Oxides of iridium (IrO,) and ruthenium (RuO,) have been explored to have great
abilities for HERs.**~ !l Although several obstacles including corrosion of metal,
lower conductivity, poor stability and catalytic activity have been observed with
these transition metal catalyts in HER. Researchers are engaged to design and
modify several HER catalysts and systems to improve their activity and stability.
Feng et al. developed a highly efficient HER catalyst by the construction of Ru
nanoparticles over the Te nanorod.’? Chen ef al. synthesized N-dopped carbon
coated nanorod on a Ti mesh as HER electrocatalyst.**! Rao et al. also developed
an efficient HER catalyst from the nanocomposite of MoS; and boron nitride.**!
On the other hand, several metal free catalyst for HER have also been reported.
N-doped hexagonal carbon,®” porous g-CiN4,P" N,S-doped carbon®” and
PCN@graphene!®® have been reported as metal free efficient HER catalyst.
Recently, Kitagawa et al. developed few porous coordinating polymers (PCPs),
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which provided dynamic narrow pore channel for the efficient gas storage and
separation.

In the present work, our objective is to design and synthesize metal encapsulated
2D COFs where porous framework of 2D COFs will act as a good template in
heterogeneous catalysis with increased catalytic activity and stability in
electrochemical hydrogen evolution reaction (HER). Here we have synthesized
an imine linked crystalline 2D COF by the condensation of benzene-1,3,5-
tricarboxaldehyde and 3,4-diaminobenzohydrazide. This COF is an ideal support
to load Ru to generate Ru@COF. Ru@COF acts as an electrocatalyst for the
electrochemical H» evolution reaction in 1.5 M H»SOs. Interestingly, Ru@COF
acts as an exemplary electrocatalyst material that could form solid binder-free
cathodic electrode on glassy carbon electrode surface.

5.2 Experimental Section.

5.2.1 Materials and Methods. 3,4-Diaminobenzohydrazide, benzene- 1,3,5
tricarboxaldehyde, dimethyl sulfoxide (DMSO), ruthenium trichloride and all
solvents were purchased from Sigma Aldrich and Merck. Chemical shifts (8) in
ppm relative to the residual solvent signal were reported. Solid state *C NMR
spectra was recorded on 400 MHz solid state NMR spectrometer (Instrument
make: JEOL, model: ECX400; proton frequency: 400 MHz).

5.2.2 Synthesis of the COF. 3,4-Diaminobenzohydrazide and benzene- 1,3,5
tricarboxaldehyde in DMSO were refluxed in 100 mL round bottom flask for 72
h at 110°C. After that the reaction mixture was filtered and washed with
methanol, dichloromethane and DMSO. The brown solid residue was dried over
90 °C for 1 day. This brown solid was characterized by the *C solid state NMR
and FT-IR spectroscopy.

5.2.3 Preparation of Ru@COF. Ruthenium trichloride (30 mg) and COF (100
mg) in dichloromethane (10 mL) were stirred at 0 °C for 72 h. After that the
whole mixture was centrifuged and washed with water and methanol. Resultant
black residue was dried at 60 °C for 1 day. Then it was used for experimentation.
This black residue was characterized by XPS and FT-IR.

5.2.4 Characterization Techniques. Powder XRD was performed using Rigaku
SmartLab, Automated Multipurpose X-ray Diffractometer. Thermogravimetric
analysis (TGA) was performed using by Mettler Toledo Thermal Analyzer with
heating rate of 10 °C/min and heated from 25°C to 800 °C in N environment.
BET surface area analysis was performed using quantachrome, Autosorb iQ?2.
Differential Scanning Calorimeter was carried out in DSC 214 SET MFC LN2
with heating rate of 10 °C min™. XPS (X-ray photoelectronic spectroscopy) was
done using AXIS Supra instrument (Kratos Analytical, UK, SHIMADZU group).
FT-IR spectra of all materials were recorded in a Bruker (Tensor-27) FT-IR
spectrophotometer. (HRTEM) High resolution transmission electron microscopy
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analysis was carried out using Field Emission Gun-Transmission Electron
Microscope 300 kV (model no Tecnai G2, F30). Electrochemical experiments
were performed on a Metrohm autolab potentiostat (PGSTAT302N) instruments
with the three electrodes system at room temperature. Three electrode system
consist of an Ag/AgCIl/KCI (3.0 M) as reference electrode, glassy carbon (GC) as
working electrode and platinum wire as counter electrode. The potential
measured values were corrected to the reversible hydrogen electrode (RHE).

5.2.5 Electrochemical measurements. The HER catalyst (5 mg, Ru@COF)
was dispersed in ethanol and sonicated for 2 h to yield a dispersed solution. The
dispersed solution (10 uL.) was drop casted onto a glassy carbon electrode surface
(d=5.00 mm). It was then dried with slow evaporation inside the incubator and
performed the electrochemical experiment with a loading of 0.6 mg Ru@COF
catalyst. 1.5 M H,SO, solution was used as electrolyte. The electrolyte solution
was purged with nitrogen gas at least 1 h before the experiments. 0.6 mg of each
material was deposited on the glassy carbon electrode surface. All linear sweep
voltammetry measurements were carried out with the scan rate of 10 mV s . CV
(Cyclic voltammetry) study with the potential window of 0.4 V to 0.8 V was
taken to check the stability of the material at a scan rate of 10 mV s™'. Impedence
measurements were carried out with the range of 100 kHz to 10 mHz. The
observed working electrode potential (£qs) was converted to the potential versus
RHE (E) using equation.
The observed working electrode potential (Eobs) Was converted to the potential
versus RHE (F) using equation

E = Equs+0.213 + 0.059 pH Eq. 5.1
5.2.6 Electrochemical reaction steps.
Volmer reaction

H' + e = Hus Eq. 5.2
Heyrovsky reaction

H + Hus+e — Hy Eq. 5.3
Tafel reaction

2Hads —> Hz Eq. 5.4
The Tafel equation is presented as

n=a+ b log(i/io) Eq. 5.5

where, ‘’ is the overpotential, ‘i’ is current density, ‘1o’ is the exchange current
density, ‘b’ is the Tafel slope and ‘a’ is the constant term.

5.2.7 Calculation of quantification of evolved H; from electrode.
Hydrogen moles = (Current in amperes x Time in seconds)/(2 x Faraday)
Hydrogen moles = (i x t)/(2 x Faraday)

Hydrogen moles = (Q)/(2 x 96500)

Q = (ixt)
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where Q is the charge carried by the working electrode, F is Faraday constant
(96485.3 C/mol), the number 2 means 2 mole electrons per mole H», the number
1 means 1 mole Ha.

5.3 Results and Discussion.

A two dimensional covalent organic framework (2D COF) has been synthesized
from the reaction between the 3,4-diaminobenzohydrazide and benzene-1,3,5-
tricarboxaldehyde. Ru@COF has been prepared using RuCl; and 2D COF.
Synthetic route for the preparation of COF and Ru@COF is shown in Scheme
5.1.

0 P .-3:- R
o] W (. = Ru3*
_NH, DMSO b i 7 encapsulation ¢
N + _— Ay g b n‘:«—>b
H 120°C,72h & : ) :
HoN O| ([) L L Y
NH, .
3.4-Diaminob Benzene-1,3,5- Ry b
hydrazide @~ e COF

Scheme 5.1. Schematic representatioﬁ for the preparation of COF and
Ru@COF.

The FT-IR spectrum of COF shows a peak at 1620 cm™ for the presence of acyl
hydrazone linkage which is formed from the condensation between benzene-
1,3,5-tricarboxaldehyde and 3.,4-diaminobenzohydrazide. Furthermore, the >C=0
stretching band is observed at 1662 cm™ for the presence of -C(O)NHNH- groups
in COF.®) The acyl hydrazone linkage and -C=0 band are observed at 1626 and
1670 cm™ in Ru@COF. Both the COF and Ru@COF show stretching band at
1557 cm™ due to the presence of aromatic -C=C- bond. Ru@COF shows
significant change in the stretching frequency other than COF (Figure 5.1 a and
b). The FT-IR spectrum of Ru@COF indicates no sign of decomposition of
COF which is perfectly same with the pure matrix. Solid-state C CP-MAS
NMR is also used to establish the connectivity of the COF species as shown in
Figure 5.2 a. Peaks in the range of 130 ppm-140 ppm suggest the existence of the
phenyl groups. Peaks in the range of 160-170 ppm suggest the formation of
acylhydrazone groups in COF. Powder X-ray diffraction (PXRD) pattern of
COF reveals a crystalline material. The sharp PXRD peaks support the formation
of the highly crystalline organic framework.!®) Sharp peaks at 7.16°, 10.2°,
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12.4°, 16.1°, 20.4°, 21.6°, 23.9°, 26.0°, 27.1°, 29.9°, 30.8°, 34.1° and 32.6° of
COF suggest highly crystalline nature.

a b
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Figure 5.1. FT-IR spectra of COF and Ru@COF (a) within the range of 1000-
4000 cm™ and (b) within the range of 1500-1900 cm™.

PXRD pattern of Ru@COF reveals that no significant change in polymeric
framework occurs after the incorporation of Ru ions inside the pore of COF
(Figure 5.2 b). From powder XRD data, it is clear that COF gained much higher
degree of crystallinity than their precursors (Figure 5.2 b). Powder XRD of COF
clearly shows its district nature of polymeric architecture. Powder XRD pattern
of COF implies that COF could not only from frameworks structure but also can
form several types of cages types structures inside the frameworks due to
presence of adjacent amine groups in 3,4-diaminobenzohydrazide.
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Figure 5.2 (a) Solid state “C NMR of COF (b) PXRD of 3,4-
diaminobenzohydrazide, benzene-1,3,5-tricarboxaldehyde, COF and Ru@COF.
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Intensity (a.u.)

Intensity (a.u.)

Benzene-1,3,5-tricarboxaldehyde

The robustness of the COF and Ru@COF is demonstrated by thermogravimetric
analysis (TGA) (Figure 5.3 a). COF is stable up to 310°C. A weight loss of
almost 100% is observed within the range of 310-400°C for COF. In case of
Ru@COF, the polymer is stable up to 290 °C and almost 100% mass loss is
observed within the range of 290 °C to 400°C. The Differential Scanning
Calorimetry of both COF and Ru@COF have been performed (Figure 5.3 b and
c). It is seen from the figures that an endothermic peak ie. T (melting
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temperature) for COF is found at 104 °C while for Ru@COF the Tr,is found to
be at 98 °C. It indicates the decrease in rigidity and the increase in flexibility
after the incorporation of RuCls inside the pores of the COF.
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Figure 5.3 (a) Thermogravimetric analysis (TGA) of COF and Differential
scanning calorimetry of (b) COF and (c) Ru@COF.

X-ray photoelectron spectroscopy (XPS)**”) was performed to provide more
insight of Ru encapsulation inside the COF cavities (Figure 5.4 a). The
deconvoluted Cls spectrum shows five peaks including C=CH-C at 284.7 eV, C-
C=C at 285.5 ¢V, -C(=O)N at 286.1 eV, -C=0 at 288.7 eV and -C=N 286.3 eV
which is assigned for imine (Figure 5.4 b) groups. The deconvoluted Ru3d
spectrum shows one peak at 282.4 eV that indicates Ru in +3 oxidation state
(Figure 1d). Deconvoluted Nl1s spectrum shows three peaks including Schiff
imine -C=N at 398.8 eV, -C(=O)N at 397.7 eV and -N-N- at 400 eV (Figure 5.4
¢). The core level spectrum of Ols shows peak at 531.5 eV due to -C=0 bond
(Figure 5.4 d).
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Figure 5.4 (a) XPS survey spectra of Ru@COF (b) XPS spectra for the
deconvoluted peaks for the elements of Cls and Ru3d on Ru@COF surface,
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XPS spectra for the deconvoluted peaks for the element of (c) nitrogen and (d)
oxygen on Ru@COF surface.

XPS data also reveals that RuCl; does not form any complex with polymeric
backbone. RuCls only resides inside the pore of COF. Calculated atomic% of the
relevant elements are given in Table 5.1

Table 5.1 Surface atomic concentration (atomic%) from XPS of Ru@COF.
Cls Nis Cl2p Ols Ru3d

79.81 0.70 1.91 16.09 1.49

Element

Atomic (%)

To determine the porosity and surface area of COF and Ru@COF, nitrogen
sorption analysis was performed at 77K and 1 bar pressure (Figure 5.5 a and b).
According to the [UPAC classification, both COF and Ru@COF show type IV
isotherm. The calculated surface area of COF and Ru@COF is 425.48 and 248
m’ g (Table 5.2).
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Figure 5.5 N adsorption desorption isotherms of (a) COF and (b) Ru@COF,
pore size distribution curve of (¢) COF and (d) Ru@COF.

Average pore sizes of COF and Ru@COF are 11 nm and 0.9 nm respectively,
which are calculated via BJH method (Figure 5.5 ¢ and d). Total pore volume of
COF and Ru@COF are 0.13 and 0.07 cc.g”' respectively. It clearly depicts that
the material has changed its porous nature from mesoporous to microporous after
the incorporation of Ru atom. It also indicates the placement of Ru inside the
pores.
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Table 5.2 Summary of gas adsorption studies of COF and Ru@COF.

Material N2 uptake (cc.g!) | Surface area (m%.g?) Pore size (nm) Pore volume
(cc.g!)

COF 88.19 425.48 11 0.13

Ru@COF 47.64 248 0.9 0.07

SEM images (Figure 5.6 a and b) of COF and Ru@COF show spherical
morphology. The composition of Ru@COF is further confirmed by EDS (Figure
5.6 ¢ -i) elemental mapping spectrum. The study shows that the weight
percentage for the elements (Table 5.3).

2 4 8 8 10 12 14 16 18 20
[Full Scale 100 cts Cursor: 11.517 (0 cis) kel

Figure 5.6 SEM images of (a) COF and (b) Ru@COF. (c) to (i) EDS mapping
of Ru@COF.

Table 5.3 Atomic% from EDS of Ru@COF.

Element Cls Nis Cl2p Ols Ru3d

Atomic (%) 53.73 6.13 9.63 14.65 15.88

High resolution transmission emission microscopy (HRTEM) analysis provides
the evidence of 2D long range order and layer stacking structure of COF and
Ru@COF (Figure 5.7). HRTEM images of COF show formation of nanosphere
(Figure 5.7 a and b) with the average size of 6.34 nm. Fast Fourier Transform
(FFT) studies of COF show higher crystalline nature. A cross view of COF
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sample shows layer by layer stacking with the inter layer distance of 0.25 nm as
shown in Figure 5.7 b.

Figure 5.7 (a) HRTEM image of COF. (b) Lattice resolution HRTEM image of
a COF particle with consistent lattice fringes extending across the entire particle.
Inset: FFT of the image, cropped at the predominant fringe spacing (aligned
parallel with the 0.25 nm fringes). (c¢) and (d) are the HRTEM images of
ruthenium loaded COF (Ru@COF).

HRTEM image of COF shows clear lattice fringes with the d spacing of 0.25 nm
that is close to interspacing of (323) plane. On the other hand several Ru@COF
layers are agglomerated to construct bulk structure. HRTEM image of Ru loaded
COF (Ru@COF) shows sheet-type crystalline porous nanostructure (Figure 5.7
c¢). FFT analysis of Ru@COF shows the d spacing of 0.25 nm between the inter
layers (Figure 5.7 d). Figure 5.8 shows the presence of COF crystal orderly and
dispersly loaded Ru metal salt.

Figure 5.8. HRTEM image of Ru@COF.
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5.3.1 Electrochemical HER catalytic activity of Ru@COF.

The HER activity of the Ru@COF was performed by linear sweep voltammetry
(LSV) in 1.5 M H»SO4 solution (Figure 5.9 a). All the LSV plots show a rapid
increment of the cathodic current upon a certain negative bias potential. Glassy
carbon (GC) electrode was used to perform electrocatalytic activity. The sharp
increments of the cathodic current occur due to the initiation of hydrogen
evolution reaction on the Ru@COF coated GC electrode surface. Lower
cathodic current response from the COF coated GC electrode and bare GC
electrode shows their negligible HER activity. Ru@COF loaded GC (glassy
carbon electrode) achieves high cathodic current which suggests significant HER
catalytic activity. The efficiency of the HER depends on the value of
overpotential (7). Lower value of # shows better catalytic activity for H»
generation reaction upon a lower cathodic bias. Ru@COF shows onset
overpotential value of 159 mV for HER. Catalytic activity of HER catalyst can
be determined from the required onset overpotential values to gain current
density of 10 mA cm™. In present work, the Ru@COF has achieved a current
density of 10 mA cm™ at an overpotential of 212 mV. Surprisingly very low
overpotential (280 mV) is required to achieve 60 mA cm™ exchange current
density. This result confirms efficient HER activity for the Ru@COF
electrocatalyst. The overpotential for HER with Ru@COF is comparable to
other recently reported HER electrocatalysts (Table 5.4).1%%7"]

Table 5.4 Comparison for the hydrogen evolution reaction materials with

Ru@COF.

S. No | Material for HER Overpotential (77) mV Tafel slope (b) (mV dec') | Ref.

1 SB-PORPy COF 380 @ 5 mA.cm™ 116 68

2 CoP nanosheets 100 @ 10 mA.cm™ 76 69

3 MoCx 142 @ 10 mA.cm? 53 70

4 Mo2C@NPC 260 @ 10 mA.cm™ 126.4 71

5 NU-1000_Ni-S 238 @ 10 mA.cm? 111 72

6 NENU-500 237 @ 10 mA.cm™ 96 73

7 Co-(MOFs) 324 @ 10 mA.cm™ 33 74

8 C-Fe, Co-COF 260 @ 10 mA.cm? 150 75

9 TpPAM 250 @ 10 mA.cm? 160 76

10 Cu-CMP850 350 @ 10 mA.cm™ 135 77

11 Ru@COF 159 @ 1 mA.cm™ 79 This
and 212 @ 10 mA.cm? work

It is noteworthy to mention here that Sun et al.” developed a bimetallic COF
which exhibited better catalytic performance towards electrochemical HER with
overpotential value of 260 mV in acidic medium at a current density of 10 mA

cm™.
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Figure 5.9 (a) LSV plot of Ru@COF, bare RuCl; and COF. (b) Tafel plot of
Ru@COF, COF, RuCl; and bare GC. (¢) Nyquist plot of impedance spectra of
the bare GC, COF and Ru@COF at onset overpotential of 159 mV. Inset:
impedance spectra in lower frequency range. (d) Impedance spectra of the COF
and Ru@COF at lower frequency range to visualize the EIS plot of COF and
Ru@COF.

HER mechanism and kinetics can be determined from the Tafel slope (Figure 5.9
b) value ‘b’. A lower Tafel slope value suggests faster electrode reaction. The
Ru@COF catalyst exhibits ‘b’ value of 79 mV dec'. Figures 5.9 ¢ and d show
the Nyquist plot of impedance spectra of COF and Ru@COF. The diameter of
semicircle in the impedance spectra provides the charge transfer resistance (Rc)
values of the electrode-electrolyte interface. COF shows higher R value of 2330
Q) whereas the estimated R value is 138 Q for Ru@COF.
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Ru@COF gives excellent electrochemical hydrogen generation activity (Figure
5.10 ) with an onset overpotential of 200 mV. A chronoamperometry (CA) test of
Ru@COF also shows good stability at -0.2 V vs RHE during a 5000 second
electrolysis (Figure 5.10 a). Figure 5.10 b shows the amount of H, with the
charge consumed by Ru@COF. The acidic solution (electrolyte) was purged
with inert Ar gas before the measurement. LSV was conducted at a sweep rate of
10mvs™.

5.3.2 Stability and efficiency of Ru@COF.

COFs are more robust in comparison to other porous polymers. COFs are also
stable even in strong acid, basic and organic medium. As stated earlier, the
reported COF acts as a template for Ru which increases the heterogeneity,
stabililty and robustness of the whole composite. Ru@COF in 1.5 M H,SO4
medium shows better HER efficiency in comparison to RuCl; and COF. The
working electrode (GC) was fabricated without any external binder and
conducting materials. The electrocatalyst Ru@COF was reused upto 100 cycles.
The HER activity of Ru@COF after 100 cycles was not changed in terms of
exchange in current density and onset overpotential (Figure 5.11).
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Figure 5.11 LSV plot of the recyclability of the hydrogen evolution reaction by
Ru@COF.

Powder XRD of recycled Ru@COF shows negligible change in polymeric
framework as compared to fresh Ru@COF (Figure 5.12 a). SEM image of the
recycled Ru@COF catalyst is shown in Figure 5.12 b These results suggest good
efficiency and stability of Ru@COF in acidic medium.
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Figure 5.12 (a) Powder XRD of the recycled Ru@COPF catalyst, (b) SEM image
of the recycled Ru@COF catalyst.
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5.4 Conclusion.

In summary, we have reported a porous 2D COF and Ru encapsulated COF
(Ru@COF). These 2D COF and Ru@COF have been well characterized using
solid state ®C NMR, TGA, DSC, powder XRD, XPS, BET, SEM and HRTEM.
COF and Ru@COF are robust, highly crystalline in nature and stable in acidic
medium. Both the 2D COF and Ru@COF showed spherical morphology.
Furthermore, we have investigated the catalytic activity of Ru@COF modified
GC electrode in electrochemical HER. Ru@COF showed lower overpotential
value of 159 mV for HER. Lower Tafel slope of 79 mV dec™ indicated its faster
rate and better catalytic activity for H, generation reaction upon lower cathodic
potential. Lower overpotential 212 mV was required to achieve 10 mA cm™ in
acidic solution. In conclusion, COF was considered as efficient and better
template for the encapsulation of Ru. The 2D COF possessed relatively more
stable interactions and hydrophobic environment to increase its heterogeneity
which increased its stability on the GC electrode surface with advantages of its
cost-effective, easy binder free electrode fabrication.
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6.1 Conclusion.

Covalent organic polymers (COPs) or covalent organic frameworks (COFs) have
been paid considerable attention due to their emerging controllable
nanostructured architecture and structural diversity. The polymeric shape and
pore size of COPs can be controlled by pore size tuning, surface active sites,
chemical functionalization (presence of hydrophobic and hydrophilic groups) and
surface functional group orientation, which can be facilitated in a number of
applications such as catalysis, gas sensing, adsorption, detection and
electronics.!'® This thesis presents a synthesis and characterization of various
types of functionalized COPs/COFs materials and investigation their activity or
efficiency on respective applications. The pilot investigated in chapter 2, the
catalytic activities of sulfonated COP-2 for biodiesel production through the
esterification and transesterification reactions under mild conditions. COP-2
showed excellent catalytic activity with very short reaction time. The catalyst
could be removed by simple filtration techniques and reused for several cycles
with the same catalytic activity. Thus COP-2 was found to be promising in
several aspects. In future more of such functionalized COP-2 will be investigated
as heterogeneous catalysts in a variety of chemical reactions due to their
structural diversity. In the chapter 3, we designed and synthesized a COP for
heterogeneous catalysis and promising metal ions adsorbent. In this regard, a new
robust covalent organic polymer COP-3 with a picolinohydrazide linkage was
synthesized and explored their properties elaborately in this chapter. We
investigated the role of the pyridine and hydrazide moieties in COP-3 in various
applications. COP-3 acted as a heterogeneous catalyst for Knoevenagel
condensation under very mild condition. On the other hand COP-3 showed
promising efficiency in removal of heavy metal ions, including Ca**, Cu*", Cd*",
Hg**, and Pb*". For all of the mentioned metal ions, COP-3 showed significant
adsorption capacity with removal efficiencies of >95% for Ca*", Cu*", Cd*", and
Pb*" and 80% for Hg”". The unique combination of suitable binding sites, such as
pyridine N and hydrazide units, in the polymeric framework was the key reason
for such diverse properties of this material. In chapter 4, we used COP as an
efficient gas sensing material in chemiresistive gas sensor. Here we synthesized a
hydrazide-based COP-4 polymer. The COP-4 acted as a highly efficient and
selective chemiresistive gas sensing material for H,S at 25 ° C. Gas sensing
measurement was performed in a dynamic flow-through resistance measurement
system. The sensing effect was fully reversible and operated at room
temperature. The maximum response to 200 ppm of H,S was found to be >50%
at 25 °C with very fast response time of 9 s with a recovery time of 12 s. Here,
the gas sensing mechanism of COP-4 based sensor had been established through
a proton conduction process where hydrazide bonds inside the polymeric
backbone played a major role in this process. In chapter 5, we synthesized a
porous 2D COF and Ru encapsulated COF (Ru@COF). Here we investigated
the catalytic activity of Ru@COF modified GC electrode in electrochemical
HER. Ru@COF showed lower overpotential value of 159 mV for HER with
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lower Tafel slope of 79 mV dec™. The lower tafel slope indicated its faster rate
and better catalytic activity for H, generation reaction upon lower cathodic
potential. Here COF was considered as efficient and better heterogeneous
template for the encapsulation of Ru. The 2D COF possessed relatively more
stable interactions and hydrophobic environment to increase its heterogeneity
which enhanced its stability on the GC electrode surface.

6.2 Future aspects.

Development of two dimensional COFs (Reticular chemistry)
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Figure 6.2.1 The design and application of ASSs of 2D materials.

Property modulations of two dimensional frameworks (COFs) towards several
applications have attracted extensive attention in recent years. The introduction
of new synthetic routes of 2D COFs that exhibits tremendous chemical, thermal
stability, structural uniformity and long range order of crystallinity that serve
their potential for several applications. However, there are still several obstacles
and issues that need to be solved for investigating the structure to properties
correlations. It is very difficult to identify a number of defect sites and grain
boundaries that prevent the understanding of the inherent properties and growth
mechanism of the various 2D polymers.”® If we optimize and control the
accurate mechanisms of synthetic conditions for synthesizing the 2D COFs, this
will not only scale up production but also structure to properties correlations will
be realized. In this regard, we are engaged in the atomic-scale structural (ASS)
modification of 2D COFs and the induced property tuning to the respective
extension of the application. The ASS modification needs to be established in
terms of the different atomic arrangements, atomic defects, edge structure
arrangements and stacking configurations. Next, the growth mechanism of ASSs
of 2D COFs is still lacking in clear understanding. Advanced high-resolution
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characterization analysis such as HRTEM and scanning tunnel microscope
(STM) of 2D-COF may give process routes of structural modification on an
atomic scale. Theoretical simulations and calculations may also help us
understand the mechanisms of growth. The ASS modification of 2D COFs may
play a significant role in the property tuning of materials which hold the prospect
of structural engineering to improve material diversity towards fundamental
chemical research, integrated circuit manufacturing, electrical and optical
sensors, and energy storage and transformation devices. We are ensured that the
ASSa modification will further promote the development of 2D COFs and tune
their properties.
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Appendix-A. All NMR, GC-MS data of catalytic reactions by the
COP-2
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A.12. BC NMR (CDCls;, 100 MHz) of methyl oleate after 7 h reaction.
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A.13. "C NMR (CDCls, 100 MHz) of dimethyl sebacate after 7 h reaction.
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A.14. °C NMR (CDCls, 100 MHz) of methyl adipate after 7 h reaction.
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13.617

Abundance

CH3(CH:2)sCH:COOH mmmmlp- CH3(CHz)eCH:COOCH:

MeOH

CHy(CHy)sCH;COOCH; RT, 7hrs
7 T T g T
100 200 240
min
Peak# R.Time Area| Area% Height | Height% A/H |[Name
1 13.617 23943809[ 100.00 1055627 | 100.00 2 .27 | Dodecanoic acid, methyl ester
2394389 100.00 1055627] 100.00

A.15. GC spectrum of methyl laurate after 7 h reaction with COP-2 as catalyst.

Abundance

14.921

CH3(CH2)12COOCH3

I W

MeOH

CH3(CH2)12COOH  mmmmmly-  CH3(CH2)12COOCH3
RT, 7hrs

10|.D 20.0 240
eak#| R.Time Area [Area% Height[Height% | A/H[Name min
1] 14.921[1147866[100.00| 502372| 100.00| 2.28|Methyl myristate
1147866[100.00| 502372| 100.00
A.16. GC spectrum of methyl myristate after 7 h with COP-2 as catalyst.
16.054
g MeOH
Z | CHs(CH214COO0H ———e= CHi(CH:):4CO.CHy
-g 7hrs RT
; CH3(CH2)4CO,CH3
16.E ' T 2::.0 240
min
Peak# R.Time Area| Area% Height | Height% A/H |Name
1 16.054 917899 100.00 324840( 100.00 2.83 | Hexadecanoic acid, methyl estg
91/899] 100.00 324840( 100.00

A.17. GC spectrum of methyl palmate

after 7 h reaction with COP-2 as catalyst.

@ MeOH

% CH3(CH;)15CH;COOH s CH3(CHy)1sCH2COOCH:3

- RT, 7hr:

2 R A 17.091

=

2

« CH3(CH2)15CH2COOCH3

T ) T 1
10.0 20.0 240
min
Peak# R.Time Area| Area% Height | Height% A/H| Name
1 17.091 746935| 100.00 313911| 100.00 2.38| Methyl stearate
746935| 100.00 313911 100.00

A.18. GC spectrum of methyl stearate

after 7 h reaction with COP-2 as catalyst.
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McO 17.002

H
CH(CH:)rCH-CH(CH:)7COOH ————#m= CHy(CH:)CE=CH(CH:)C02CH:

CH3(CH2)7CH=CH(CH2)7C02CHa

Abundance

' 100 j ) 200 240
Peak#] __R.Time Atea] Area’ Fleight] Height®s] ___A/H [Name min
17002]  1778218] 100.00 56087 100.00] 358 methyl oleate
T278218] 100.00 366987 100.00

A.19. GC spectrum of methyl oleate after 7 h reaction with COP-2 as catalyst.

14.450
W
= MeOH
.:'E HOOC(CH:)sCOOH =y H3;COOC(CH2)sCOOCH3
Ll RT, 7hrs
=
2 H3COOC(CH2)sCOOCH3
Sa—
T T v T T
10.0 20.0 24.0
min
[ Peak#]  R.Time] Area| Area%| Height] Height% | A/H[Name |
I 1] 14.450] 862480] 100.00] 284302] 100.00]  3.03| Dimethyl sebacat
| | | 862490| 100.00] 284302| 100.00] | |

A.20. GC spectrum of methyl sebacate after 7 h reaction with COP-2 as catalyst.

11.509 MeOH

] HOOC(CH2)«COOH ——= CH300C(CH:)sCOOCH;
= 7 brs, RT
o~
=
g CH:00C(CH2)sCOOCHs
-

[P gt i h P A i P Pl TN

' 10.0 ' 200 240
min

Peak# R Time Area| Area% Height | Height% A/H|Name

1 11.509 379910| 100.00 230429| 100.00 1.65 | Hexanedioic acid, dimethyl este

379910[ 100.00 230429] 100.00

A.21. GC spectrum of methyl adipate after 7 h reaction with COP-2 as catalyst.
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7.20 CDCI3
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A22. 'H NMR (CDCl;, 400 MHz) spectrum of ethyl laurate after
transesterification from methyl laurate after 24 h.
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A23. C NMR (CDCl;, 100 MHz) spectrum of ethyl laurate after
transesterification from methyl laurate after 24 h.
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Abundance

MeOH

RT.24hrs

13.629

CH3(CHz)sCH:COOC Hs mummlp CH3(CH:)CH:COOCH;

CH;3(CH2)sCH:COOCH;

14.072

CHs(CH:2)oCH:COOC Hs

T
14.0

T
13.0
Peak# R Time Area| Area% Height| Height% A/H|Name
1 13.629 1193103 58.97 402650 b5.47 2.96 | Dodecanoic acid, methyl ester
2 14.072 830134 41.03 323233 44.53 2.57 | Dodecanoic acid, ethyl ester
2023237 100.00 725883| 100.00

15.0
min

A.24. GC spectrum of transesterification from ethyl laurate to methyl laurate
after 24 h with COP-2 as catalyst.

Abundance

13.647

CH3(CH;z)sCH:COOCH;

14.073

MeOH

RT.24hrs

CH3(CHz)sCH:COOC Hs

CH3(CH:)oCH:COOCH: wmmllp CH3(CH2)yCH:COOC:Hs

e e

T T LI T

10.0 200 230 .
min
Peak# R.Time Area| Area% Height | Height% A/H|Name
1 13.647 1472331 70.36 454577 62.24 3.24| Dodecanoic acid, methyl ester
2 14.073 620310 29.64 275747 37.76 2.25| Dodecanoic acid, ethyl ester
2092641] 100.00 730324 100.00

A.25. GC spectrum of the transesterification from methyl laurate to ethyl laurate
after 24 h with COP-2 as catalyst.

Abundance

13.630
CH3(CH:z)sCH:COOCH:
T T T T
10.0 200 240
ealk# | R.Time Area |Area% Height| Height% | A/H|Name min
1] 13.630] 824109[100.00| 483862| 100.00| 1.70|Dodecanocic acid, methyl ester
§24109[100.00| 483862[ 100.00

A.26. GC spectrum of the methyl laurate by using 0.5 wt% catalyst COP-2 after

7 h.
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13.643

CH:(CH:2)sCH:COOCH;

Abundance

' 10.0 20.0 240
min

eak# | R.Time Area |Area% Height| Height% | A/H|[Name
1] 13.643[1122023[100.00 499593| 100.00| 2.25|Dodecanoic acid, methyl ester
1122023 100.00| 499593| 100.00

A.27. GC spectrum of the methyl laurate by using 1 wt% catalyst COP-2 after 7
h.

€ 13.651
g
'E CH3(CH2)sCH:2COOCH3
=
=
-
I 16.0 I 2{;.0 240
min
eak# | R. Time AreaArea% Height| Height%| A/H[Name
1( 13.651|1336395[100.00 516221 100.00| 2.59|Dodecanoic acid, methyl ester
1336395100.00] 516221] 100.00
A.28. GC spectrum of the methyl laurate by using 2 wt% catalyst COP-2 after 7
h.
g
= 13.685
<
= CH3(CHz2)9CH2COOCH:
=
-
I i I
1(5_0 2{;.0 240
min

eak# | R.Time ArealArea% Height| Height% | A/H|Name
1] 13.685|2914413100.00| 627815] 100.00| 4.64|Dodecanoic acid, methyl ester
2914413100.00] 627815] 100.00

A.29. GC spectrum of the methyl laurate by using 3 wt% catalyst COP-2 after 7
h.
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Appendix B.
All NMR, GC-MS data of catalytic reactions by the COP-3
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B.1. '"H NMR (CDCls;, 400 MHz) spectrum of 2 benzylidenemalononitrile (1A).
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B.2. 'H NMR (CDCl;, 400 MHz) spectrum of  2-(4-
nitrobenzylidene)malononitrile (2A).
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B3. 'H NMR (CDCl;, 400 MHz) spectrum of  2-(4-
chlorobenzylidene)malononitrile (3A).
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B.4. 'H NMR (CDCl;, 400 MHz) spectrum of  2-(4-
bromobenzylidene)malononitrile (4A).
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—-7.30 CDCI3
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B5. 'H NMR (CDCl, 400 MHz)  spectrum  of  2-(4-
methoxybenzylidene)malononitrile (5A).
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B.6. C NMR (CDCls, 400 MHz) spectrum of 2-benzylidenemalononitrile (1A).

163



s @ Sm 9 <=
8 & 58 8 ) n nzon
CN s o P = n oMoar
B 8 B8 I i NN
. i japai 5 RRRER
[ [ N | =

NC™ ™

NO,

T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
Chemical Shift (ppm)

B.7. C NMR (CDCl;, 400 MHz) spectrum of
nitrobenzylidene)malononitrile (2A).
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B8. C NMR (CDCl, 400 MHz) spectrum  of
chlorobenzylidene)malononitrile (3A).
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B9. "C NMR (CDCl;, 400 MHz) spectrum of  2-(4-
bromolbenzylidene)malononitrile (4A).
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B.10. C NMR (CDCL, 400 MHz) spectrum of  2-(4-
methoxybenzylidene)malononitrile (SA).
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13.403

115,772 ﬂ
|

' ) 200 24.0
min
Peak Report TIC

eak# | R.Time Area lArea% Height| Height% | A/H|Name
1] 13.403 /3205313 [100.00| 397528| 100.00| 8.06|Propanedinitrile, (phenylmethylene)-

3205313[100.00| 397528 100.00

B.11. GC spectrum of 2-benzylidenemalononitrile (1A).

4,548,323 I

. . A A{ "J'M,\.L__ﬂ,f\m__ P

‘ ; ;
20.0 24.0

Peak Report TIC

eak# R.Time Area Area% Height| Height% | A/H|Name
1| 16.007 28581185100.00| 4323328 100.00| 6.61 |Nitrobenzene, 4-(2,2-dicyanoethenyl)

p8581185100.00| 4323328| 100.00

B.12. GC spectrum of 2-(4-nitrobenzylidene)malononitrile (2A).

min

14.553

213,273

I
P ——) PR A
A oo g i e Nt o i e AL At P oo
T

T T T
10.0 20.0 240

Peak Report TIC

eak#| R.Time Area Area% Height| Height% | A/H|Name
1] 14.553| 521711 100.00 198595| 100.00| 2.63 | Benzene, 1-chloro-4-(2,2-dicyanoethenyl)

521711100.00| 198595| 100.00

B.13. GC spectrum of 2-(4-chlorobenzylidene)malononitrile (3A).
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4,150,855

164

20.0

Peak Report TIC

Peak# | R.Time

Area Area% Height

Height% | A/H|Name

1] 15.168|9731676 100.00| 4061147

100.00| 4.86|Benzene, 1-bromo-4-(2,2-dicyanoethenyl)

9731676 100.00| 4061147

100.00

B.14. GC spectrum of 2-(4-bromobenzylidene)malononitrile (4A).

TIC

357,074

min

Peak Report TIC

Peak#[R.Time|  ArealArea%| Height|Height%| A/H[Name

[ 1] 15.492[2671288[100.00]

|
332315] 100.00| 7.86|Benzene, 1-methoxy-4-(2,2-dicyanoethenyl) |

B.15. GC spectrum of 2-(4-methoxybenzylidene)malononitrile (5A).
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