Synthesis and Structural Characterization of
Coordination Frameworks and Their
Potential Applications

THESIS SUBMITTED FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY (SCIENCE)
JADAVPUR UNIVERSITY

By

GURUPADA BAIRY, M.Sc.
Registration No: SCHEM1106723

Index No.: 67/23/Chem./28

DEPARTMENT OF CHEMISTRY
JADAVPUR UNIVERSITY
KOLKATA-700032
WEST BENGAL, INDIA
2025



JADAVPUR UNIVERSITY
KOLKATA -700032,INDIA

Mobile: +91-7044231277
e-mail: crsjuchem@gmail.com

Prof. (Dr.) C. Sinha

PhD, FAScT, FESS, FRSC,
Professor & Former Head,

Department of Chemistry

CERTIFICATE FROM THE SUPERVISOR

This is to certify that the thesis entitled “Synthesis and Structural

Characterization of Coordination Frameworks and Their Potential

Applications” submitted by Mr. Gurupada Bairy, who got his name registered

on 02.05.2023 (Registration No: SCHEMI1106723 and Index No.:

67/23/Chem./28) for the award of Ph.D. (Science) degree of Jadavpur
University, is absolutely based upon his own work under the supervision of
Prof. Chittaranjan Sinha and that neither this thesis nor any part of it has been

submitted for either any degree/diploma or any other academic award anywhere

before.

T A
Date: 0 3} of[2025 (Prof. Chiftaranjan Sinha) %,«? :
Signature of the Supervisor & date \&“taﬁ-s%aaf
Department of Chemistry
Jadavpur University

Kolkata -700032



Declaration of the Scholar

I hereby affirm that this written submission genuinely reflects my creative
methodologies in my own verbiage, and where others' ideas have been
integrated, 1 have diligently provided appropriate citations from verified
sources. | also assert that I have consistently upheld all fundamental principles
of academic integrity and honesty, ensuring that no aspect of my submission is
misleading, fabricated, or falsified. I acknowledge that any violation of these
standards may lead to disciplinary actions from the university and may also
entail legal repercussions related to improperly cited sources or for which

necessary permissions have not been obtained.

Suoaspoda Doy
Date: 0%.07.9095% Gurupada Bairy



\ BELOVED PARENTS
: AND
. GRANDPARENTS

who made all of this possible, with _
endless love, support, and
prayer.




Acknowledgements

"Analytical Chemistry Building

Ground floor, Chittaranjan Sinha Research Lab"

The past five years were an arduous and protracted trial that compelled me to
re-evaluate my scientific aptitude. At times, I grappled with the urge to
abandon this endeavour altogether. However, the successful completion of this
dissertation would not have been possible without the invaluable assistance of
numerous individuals throughout my research career. Now, I wish to express my
heartfelt gratitude to those who played a direct or indirect role in the
successful culmination of my thesis.

I am deeply grateful to my supervisor, Professor Chittaranjan Sinha, for
welcoming me into his lab and entrusting me with such a challenging project. His
unwavering support, encouragement, and guidance have been instrumental in
bolstering my confidence and progress throughout my research and Ph.D.
studies. I am immensely appreciative of the invaluable advice and training he has
provided to prepare me for the road ahead. It is an honour to be a member of
his esteemed research group, as I could not have asked for a better advisor and
mentor for my doctoral journey.

I extend my profound gratitude to the distinguished members of my Research
Advisory Committee-Professor Nikhil Guchhait (Subject Expert, Department of
Chemistry, UCSTA, Kolkata), Professor Kajal Krishna Rajak (Head, Dept. of
Chemistry, JU), and Professor Chittaranjan Sinha (Supervisor, Dept. of
Chemistry, JU, Kolkata)-for their invaluable guidance and unwavering support
during the semi-annual RAC meetings. Moreover, I express my sincere

appreciation to Professor Swapan Kumar Bhattacharya, the former Head of the

.



Department of Chemistry, along with all other faculty members, for fostering
an environment conducive to research and for their approachability in offering
assistance whenever required.

I would like to express my deep appreciation to all collaborators, particularly
Prof. Partha Pratim Ray from the Department of Physics at Jadavpur University,
Kolkata and Dr. Subrata Kundu from CSIR-CECRI in Karaikudi, Tamil Nadu, for
their unwavering support.

I express my heartfelt gratitude fo all the faculty and non-teaching staff,
notably Mr. Baidyanath Paul and Mr. Atikur Rahaman, for their consistently
supportive demeanour. I am equally grateful to the authorities at Jadavpur
University for granting me access to the essential infrastructure, underscoring
the importance of their assistance in facilitating my endeavours.

Reflecting on this journey, I am deeply aware that its success was anchored in
the unwavering support of my esteemed seniors and friends: Dr. Basudeb Dutta
(KIIT, Bhubaneswar), Dr. Arka Dey (NIT, Durgapur), Dr. Saumitra Bhowmik
(UIIC, USA), Dr. Pubali Das (JU, Kolkata), Dr. Arnab Samanta (Brainware
University, Barasat), Dr. Milan Maji (Univ. of California Riverside, USA), Dr.
Mihir Sasmal (JU, Kolkata), Dr. Suman Mandal (IACS, Kolkata), Dr. Kartic Manna
(IIT Bombay), and Mr. Sunny Goon (IICB, Kolkata). Their relentless assistance
has ranged from scientific guidance fo personal advice, illuminating every
moment-even during meals and casual outings. Their genuine friendship has been
a cornerstone of this journey, deserving heartfelt recognition and profound
gratitude.

The progression of this journey was profoundly shaped by the invaluable
contributions of my dedicated labmates, whose steadfast support enabled its
success: Dr. Arup Kumar Adak, Dr. Suvendu Maity, Dr. Kaushik Naskar, Dr.
Sunanda Dey, Dr. Angeera Chandra, Dr. Srikanta Jana, Dr. Sukanya Paul, Dr.

.



Suprava Bhunia, Dr. Mukul Bikash Maity, Dr. Manik Shit, Dr. Sambhunath Bera,
Mrs. Sangita Ghosh, Mr. Himadri Shekar Chatterjee, Mr. Kumarjit Chowdhury,
Mr. Soumya Jyoti Ghosh, Mr. Sabir Ahamed, Mr. Arka Patra, Mr. Koushik Saha,
and Mr. Sudip Ranjan Jana. The challenges we faced tfogether, and the
cherished memories we created along the way, underpin the unyielding
commitment and profound connections that have fundamentally enriched this
transformative experience.

I would like to express my deep gratitude to my close friends for their untiring
support and encouragement during my research period. I owe a significant debt
to Animesh, Prasanta, Manotosh, Sandipan, Krishnendu, Toushique, Dolon, Farhin,
and Tuhin, whose assistance with data analysis and provision of essential
chemicals was invaluable to the completion of my research work.

I wish fo convey my deep gratitude to my friend Soumya Dutta for his
unwavering support, continual encouragement, motivational presence, and
assistance throughout the entirety of my work.

Last but not the least, I wish to convey my deepest gratitude to my dear
friends Alamgir, Sarthak, Amit, Abhijit, Manoj, Sukanta, Narugopal, Santu, Jeet
and Sourav, whose unwavering companionship and support were invaluable
throughout the entirety of this journey. Their steadfast presence during both
joyful and challenging times provided the encouragement and motivation I
needed. Without their backing, this journey would have been far less
manageable and fulfilling.

In contemplating the profound impact of those who hold significance in my life,
particularly my parents, Dida (Late Sarathi Sawh), Baba (Late Dilip Bairy), and
Ma (Laksmi Bairy) no measure of gratitude seems sufficient to fruly
acknowledge their unwavering faith in me and the freedom they afforded me to

pursue my own path. Indeed, their selfless love, care, and countless sacrifices

E



have been instrumental in shaping my journey, and I hold deep admiration for
their resolve. Their consistent moral and emotional support, along with their
heartfelt prayers, have been pillars upon which I stand, and I realize that I can
never fully repay the immense love and affection they have bestowed upon me.

I just can't express enough how grateful I am to my wife (Mrs. Nandita Maity)
for all her amazing support during my research journey. Right from the
beginning, she's been my steadfast companion, and honestly, I wouldn't have
managed without her being there at every furn. Her encouragement, patience,
and wise insights have truly been the backbone of this project's success.

I wish to convey my profound gratitude to my brothers, sisters, and other
family members for their unwavering love, care, and invaluable support and
prayers, which played a crucial role in the successful completion of my thesis.

I extend my deepest gratitude to all those who contributed significantly to the
success of my thesis, and I sincerely regret not being able to acknowledge each
person individually.

Ultimately, T invoke the blessings of the Almighty upon the path of my

research, as T embark on a profound quest for understanding.

Glmnu{ndu@gha
Gurupada Bairy
Department of Chemistry
Jadavpur University
Kolkata- 700 032, India.

(N




JADAVPUR UNIVERSITY
KOLKATA-700 032 NO.: CWI90S2 ] 57
MARK SHEET

(For Ph.D/M. Phil. Course Work)

Results of the PH.D. COURSE WORK EXAMINATION, 2024
In ge1ENCE
Name GURUPADA BAIRY Class Roll No. 002320104008

Examination Roll No. PHDCHEM24108

held in DECEMBER. 2023
Subject Code / Name Credit | o s
Hr.(cy)
COMPULSORY UNITS::
CHEM/PHL/CFE-RFE/A/B
RESEARCH & FUBLICATI(Y ETHICS.REGEARCH METHODOLGGY & REVIEA WORK a a2
ELECTIVE UNITE :: a 74
CHEM/FHI/I-1
APPLICATICN C)F .:-PECTROQCDPI(' STUDIES IN CHEMICAL RESEARCH
CHEM/FHD/1-
MATERIALS. CATELY cES & ELEL"RD('HEHILAL STUDIES
CHEM/FHI/I-
METALS IN LIFE & REACTIOH DYNAHIC‘"
CHEM/FHD/I-4
SINGLE CRYSTAL X-RAY ..:TR .UPRAI’IOI..ELHJ]_AR CHEM.& DFT CCHMPUTN.
Total Marks :156  (outof 200 ) Remarks: F

Prepared by : &\" Checked by ﬁ”ﬁ ’%@\)“1 ! z

Date of issue : 23 / 04 / 2024 Controller of Examinations



Preface
[Index No.: 67/23/Chem./28]

The research detailed in this thesis, titled ‘“Synthesis and Structural Characterization of
Coordination Frameworks and Their Potential Applications’> commenced in august,

2019 and have been carried out in the Department of Chemistry, Jadavpur University.

The thesis is divided into six chapters, and each is comprehensively summarized below,

reflecting the thoughtful consideration given to the subject matter.

Chapter 1 summarises about the Coordination Polymers (CPs) or Metal-Organic
Frameworks (MOFs) and their integrated applications. CPs represent a fascinating class of
materials that have consolidated significant attention due to their tuneable structural motifs
and diverse properties. Strategically incorporating m-electron rich organic ligands and
inorganic secondary building units (SBUs) like metal ions/clusters, different functional
groups, researchers have successfully engineered CPs/MOFs with enhanced structural
robustness and chemical stability. This approach not only facilitates the formation of intricate
higher-dimensional networks but also allows for the fine-tuning of electronic and optical
properties. The synergistic interactions between the organic and inorganic components play a
crucial role in determining the overall performance of these materials, making them suitable
for a wide range of applications, including gas storage, ion exchange, drug delivery, electrical
conductivity, molecular magnetism, catalysis, and sensing. Various synthetic methods
including slow diffusion and hydrothermal techniques have been exploited in producing high-
quality CPs with desirable structural properties. The synthesized CPs were characterized
using a range of spectroscopic methods, such as single-crystal X-ray diffraction (SCXRD),
thermogravimetric analysis (TGA), powder X-ray diffraction (PXRD), and infrared
spectroscopy (IR). Each characterization technique provided unique insights into the
structural, thermal, and vibrational properties of the CPs, confirming the successful synthesis
and purity of the materials. These polymers are primarily assembled through a variety of non-
covalent interactions, including n**w stacking, C-H''m interactions, and hydrogen bonding.
The n-'m stacking contributes to the electronic properties and conductivity of the materials,
making them suitable for applications in electronics and photonics. C-H:**n interactions play
a crucial role in the structural integrity and dimensionality of the polymers, while hydrogen
bonding provides additional stability and can influence the thermal and mechanical
properties. The combination of metal ion coordination, structural tunability, and high porosity



not only improves the performance of CPs in detecting target molecules or ions but also
opens new avenues for the development of advanced sensing technologies. Additionally, the
incorporation of redox-active ligands and suitable choice of metal centres can enhance the
electrochemical performance by providing additional pathways for charge transport, making
them suitable for applications in energy storage and conversion devices. Chapter 1 presents a
concise overview of the research conducted by MOF, highlighting its significance and
contributions to the field. The chapter outlines the primary objectives of the study,
emphasizing the innovative methodologies employed and the key findings that emerged.
MOF's research addresses critical gaps in existing literature, providing new insights that
enhance our understanding of the subject matter. The motivation behind this research is
rooted in the desire to advance knowledge and foster further exploration in the area, making it

a valuable resource for scholars and practitioners alike.

Chapter 2 delves into the synthesis and structural characterization of a cadmium (11)-based
1D coordination polymer, precisely identified as [Cd(glu)2(pbiq)2(H20)]» (1), derived from
glutaric acid (Hxglu) and 4-(6-(pyridin-4-yl)benzo[4,5]imidazo[1,2-c]quinazoline) (pbigq).
The H-bonding and 7 & interactions have constructed a three-dimensional supramolecular
architecture that exhibits a strong emission at 416 nm in acetonitrile, illustrating the critical
importance of molecular interactions in shaping photophysical attributes. Nitroaromatics
(NAs) and trinitrophenol (TNP) present a significant concern due to their ability to
selectively suppress the intense emission of 1, with TNP demonstrating the highest degree of
quenching with a detection limit of 1.51 x 107 M. The semiconducting behavior of the
material (band gap: 3.31 eV) enabled the fabrication of an electronic device. Its current-
voltage (1-V) characteristics show significant non-ohmic conductivity (A: 1.10 x 102 S m™)

and a low energy barrier (®s: 0.69 eV).

The Chapter 3 reports a novel pyridylimidazoguinazoline-coordinated two-dimensional (2D)
cadmium(ll) metal-organic framework, designated as {[Cd2(5-
nip)2(pdiq)2(H20)2(CH30H)]-H20}n (CP 1) [Hznip = 5-nitroisophthalic acid and pdiq = 6-
(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-c]quinazoline]. The combination of C-H--'nt
and 7 -7 interactions within CP 1 results in its formation as a three-dimensional (3D)
supramolecular architecture. Notably, the remarkable luminescent properties of CP 1 are
precisely suppressed by trinitrophenol (TNP), even amidst the presence of potentially
disruptive nitroaromatic explosives (NAEs), with a limit of detection of 2.75 x 107" M. The

N



CP 1 displays enhanced electrical conductivity on an electronic device with a metal-
semiconductor (MS) junction. The current-voltage (I-V) plot reveals a substantial increase in
electrical conductivity under illumination (from 1.12 x 102 S m™ in the dark to 6.33 x 102 S
m-* under light), accompanied by a decrease in the energy barrier (from 0.53 eV in the dark to
0.42 eV under light).

In Chapter 4, a robust 3D luminescent coordination polymer, [Znz(tdc)4(pdiq)s] (1), featuring
pyridyl-imidazoquinazoline (pdig) and 2,5-thiophenedicarboxylic acid (Hztdc), has been
synthesized successfully. The stability of the compound’s architecture is significantly
reinforced by the 7---7 interactions occurring between the imidazolium and phenyl groups.
The significant dispersibility of Zn-MOF in acetonitrile potentially boosts fluorescence
intensity, playing a crucial role in the precise and selective turn-off ratiometric detection of
AlI** ions, with a detection limit as low as 1.39 x 10”7 M. Moreover, trinitrophenol instantly
quenches the fluorescence emission of Zn-MOF, demonstrating a detection limit of 1.54 x
107 M, underscoring the importance of this method in sensitive chemical sensing
applications. The Tauc plot is applied to assess the semiconducting band gap of 3.33 eV, and
there is a notable enhancement in electrical conductivity when exposed to light, shifting from
1.14 x 102 S mt in darkness to 5.35 x 10 S m™* under illumination, reflecting its promising

attributes in advanced semiconductor technology.

In Chapter 5, a cobalt-based redox-active coordination polymer (Co-CP), is synthesized
through the deliberate use of (E)-N-(pyridin-4-ylmethylene)-4H-1,2 4-triazol-4-amine,
serving as an unsymmetric bridging agent, and is meticulously end-capped with carboxylate-
O coordination via 2,5-thiophenedicarboxylate. The Co-CP is instrumental in advancing the
electrocatalytic process for the Oxygen Evolution Reaction (OER) in alkaline environments,
highlighting its importance in the field of catalysis. The integration of Ni?* at different
concentrations into the Co-CP matrix has led to the formation of Ni@Co-CP composites,
which have shown a significant improvement in electrocatalytic performances. The optimized
catalyst, Ni-2@Co-CP, featuring an amorphous structure, demonstrates exceptional
electrocatalytic efficiency for the OER, with a reduced over potential of 290 mV, current
density of 10 mA/cm?, and Tafel slope of 35 mV/dec and a charge transfer resistance of 6.97

Q, as determined by electrochemical impedance spectroscopy (EIS).

Chapter 6 provides a comprehensive summary of the research findings, reflecting the depth

and significance of the work undertaken in this study.
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Chapter 1

Introduction: A Literature Survey

When our dreams are fresh, we are excited about them. Even just thinking
about it can feel you with passion. At that time, we build many plans in our mind.
As time go by, motivation factor gets diminishing. Why? Because, we keep think

a lot and do not go beyond thinking.

In the beginning, many fear factors stop us to make early decisions. Sometimes
our doubt and sometimes there is fear of failure prevent us to begin.
Remember:

‘Faith is taking the first step even when you don't see the whole staircase.”
~Martin Luther King, Jr.




Chapter 1: Introduction

1.1 Coordination Polymers

The history of the evolution of coordination compounds spans nearly two centuries,
with significant discoveries and breakthrough being made at the end of 19" Century. In the
early 19th century, chemists started to identify that certain compounds possessed distinct
characteristics and bonding structures, setting them apart from the straightforward ionic and
covalent compounds that were well comprehended during that period. A coordination
complex is a compound that is characterized by a central atom or ion, typically metallic,
referred to as the coordination center, bonded by a specific set of surrounding molecules or
ions, commonly referred to as ligands or complexing agents. Jons Jacob Berzelius, a Swedish
chemist, laid the groundwork for the investigation of these compounds by demonstrating the
critical function of metal ions in forming complex structures in accordance with organic
molecules. This seminal work set the stage for subsequent advancements in this field.

The origins of coordination chemistry may be sketched from 1597, when German
alchemist Andreas Libavius reported the formation of the deep blue [Cu(NH3)s]** complex,
regarded as the first well-defined inorganic coordination compound.® Moving into the early
18th century, the synthesis of Prussian blue (KFe[Fe(CN)e]), marked another significant
milestone in the history of coordination chemistry.? Further advancements came in 1760 with
the preparation of potassium hexachloroplatinate(IV) dianion.?

During this time, chemists identified certain compounds known as “double salts,”
such as Mohr’s Salt (NH4)2SO4-FeSO4-6H20 and AlF3-3KF, which were combinations of
simple salts in specific but seemingly arbitrary ratios. These compounds raised several
questions regarding their conductivity and distinct colors. Alongside these, adducts formed
by metal salts and neutral molecules like ammonia also drew attention. A notable example is
CoClz-6NHz, originally synthesized before 1798 by French chemist B. M. Tassaert.* Similar
to double salts, these ammonia-metal complexes showed consistent but curious
stoichiometries-compounds such as CoCls-6NHs, CoCls-5NH3, CoCls-4NHs, and
CoCls-3NHs were well-known, each displaying unique characteristics. However, attempts to
isolate compounds like CoCl3-2NHs or CoCls-NH3s were unsuccessful, leaving chemists
puzzled by the pattern.

Although a few analytical techniques helped determine the composition of these
compounds, their chemical structure remained highly controversial. Sophus Mads
Jorgensen, a Danish chemist and founder of coordination compounds, prepared large number
of compounds and measured their conductances and proposed the structure of these

compounds based on structure of C-chain compounds (C-catenation) as proposed by Van’t



Chapter 1: Introduction

Hoff in organic chemistry. The major problem was the valence and coordination number. As
a result, highly improbable structures were proposed by Jgrgensen as shown below for
CoCl3-4NHs.

cl
\
CoNH;-NH;-NH;3-NH;-Cl
c’

The foundation of modern coordination chemistry largely stems from the research
conducted by Alfred Werner during the 1880s and 1890s. He studied the behavior of several
metal halide complexes with ammonia, including various ammonia “adducts” of PtCl, ,
represented as PtCls-nNHs (where n = 2-6). He observed that the electrical conductivity of
their aqueous solutions correlated with the number of ions produced per mole. Moreover, the
concentration of non-coordinated (‘free’) chloride ions was precisely determined via
quantitative precipitation as silver chloride (AgCl) upon the addition of aqueous silver ions
(Ag* ). He proposed the seminal Coordination Theory of complex compounds. Because of
break through contribution Alfred Werner awarded the Nobel Prize in 1893 “in recognition of
his work on the linkage of atoms in molecules by which he has thrown new light on earlier
investigations and opened up new fields of research especially in inorganic chemistry”.#

Molecular chemistry focuses on the chemical interactions that occur between atoms,
forming compounds through covalent and other types of bonding.> Conversely,
supramolecular chemistry focuses on the interactions among discrete molecules, governed
primarily by non-covalent forces such as hydrogen bonding, electrostatic attractions, m-7
stacking, van der Waals interactions, and other intermolecular forces.” In 1987, the field of
supramolecular chemistry reached a new level of sophistication with the groundbreaking
work of researchers Donald J. Cram, Jean-Marie Lehn, and Charles J. Pedersen, who were
honored with the Nobel Prize "for their development and use of molecules with structure-
specific interactions of high selectivity".5

Supramolecular coordination chemistry (SCC) stands as a swiftly advancing field
within coordination chemistry, encompassing discrete systems where carefully chosen metal
centers engage in self-assembly via linkers that possess multiple binding sites arranged with
precise angularity, thereby forming a distinct supramolecular complex.’

An emerging area within coordination chemistry is the study of coordination
polymers, a term first introduced by Professor J.C. Bailar in 1967. A coordination polymer
represents a significant category of materials that encompass inorganic or organometallic
polymers characterized by metal cation centres or clusters, which serve as nodes, and ligands
acting as bridges to link adjacent metal ions.
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Figure 1.1 Design of 1, 2 and 3 dimensionally CPs. Adapted with permission from ref. 8 and
modified. Copyright 2018 Nature Portfolio.

These polymers manifest as coordination compounds constructed from metal-ligand
units that repetitively assemble into extended networks, propagating in one, two, or three
dimensions to form architecturally ordered structures. As outlined by IUPAC, coordination
polymers are uniquely defined ascompounds that persistently extend in a linear (1D), planar
(2D), or volumetric (3D) manner through coordination bonds (Figure 1.1). The presence of
permanent cavities within these coordination polymers identifies them as Porous
Coordination Polymers (PCPs), or alternatively classified as Metal-Organic Frameworks
(MOFs) or Metal-Organic Coordination Networks (MOCNs).%10

Beginning in the early 1990s, research into porous coordination polymers has
expanded significantly, leading to the widespread publication of numerous well-engineered
microporous structures in scientific literature. The drive to investigate coordination polymers
has gained momentum due to their adaptable frameworks, which hinge on diverse
multifunctional organic bridging groups and metal centres, as detailed by Huang et al. in
2012.** Essential components for constructing diverse geometries of coordination polymers

include the strategic combination of metal ions with organic linkers, the ligand's size, and the

()
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interactive capabilities between metal ions and ligands, as emphasized by Valente et al.
(2010)*? and Yaghiet al. (1997, 2000, 2003).131°

The study of coordination polymers is of considerable significance, evidenced by the
plethora of research reports that emphasize their crucial attributes. The spatial arrangement of
metal ions within a supramolecular network profoundly influences both the unique properties
of the materials formed and their binding ligands. To construct a stable and adaptable
coordination polymer, it requires thoughtful selection of metal centers and precise control

over their spatial separation between them.
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Figure 1.2 Illustration of the various types of supramolecular interactions.

The choice of linkers and metal nodes offers vast potential for researchers to design
new compounds featuring diverse and fascinating structural motifs and topologies.
Additionally, advancements in computational resolution methods and technological progress
in X-ray measurement techniques have significantly facilitated the study of crystals (Robin &
Fromm, 2006).'® Coordination polymers (CPs) are primarily found in the solid state, where
atoms or molecules occupy fixed positions, restricting their movement relative to one another
(Janiak, 2003).'7 In such architectures, the building units are linked via coordination bonds,
supported by secondary interactions like hydrogen bonding, n-m stacking, and van der Waals
forces (Figure 1.2). These interactions facilitate the formation of small molecular units in
solution, which then self-assemble into extended coordination polymer frameworks (Figure

1.3) (Kitagawa & Noro, 2004).® Within these polymers, metal ions/metal clusters typically
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act as nodal points, while ligands serve as linkers. X-ray crystallography remains the most
reliable method for elucidating coordination polymer structures, whereas solution-based

techniques typically detect only oligomeric fragments.
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Figure 1.3 Diagram illustrating coordination polymer formation.

Coordination polymers represent particular chemical entities, and the initial phase in
designing a structure with specific functions and characteristics involves comprehending the
fundamental geometric principles. O'Keeffe and Yaghi introduced a foundational strategy by
translating the crystal structures of coordination polymers into fundamental topological nets,
which has greatly aided in the systematic design and characterization of new framework
(Rosi et al., 2002).*° Several synthetic methods have been developed to construct specific
structures from molecular building blocks. The CPs have emerged as a significant addition to
the traditional classification (Figure 1.4), holding an important place in the field of materials
science.!® Despite their prominence, the formulation of specific complexes with anticipated
structures and properties remains a formidable challenge. This complexity stems from various
factors such as the properties of ligands and metal centers, fluctuations in pH and
temperature, the nature of counter ions, the metal-to-ligand stoichiometry, and the choice of
solvents used during synthesis (Ma et al., 2014; Cui et al., 2012; Haoet al., 2012; Effendy et
al., 2004).20-%
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Figure 1.4 Various Categories of Porous Coordination Polymers (Lee et al., 2013).>* Adapted
with permission from ref. 24. Copyright 2013 Springer.

In 1998, Kitagawa et al. introduced a classification system for porous coordination
polymers (PCPs) (Figure 1.5), delineating three distinct generations based on their structural
characteristics and stability.?> First-generation materials are characterized by an irreversible
collapse of their framework upon the exclusion of guest molecules/ions in the pores of the
PCPs, leading to a loss of structural integrity. In contrast, second-generation materials exhibit
a stable and robust framework with rigid pores that retains its structure after the removal of
guest molecules, making them suitable for selective and specific applications in adsorbent
materials such as zeolites. The third generation of materials is distinguished by their inherent
flexibility, featuring dynamic pores that respond reversibly to external stimuli. This unique
property enhances their deliverable characteristics, positioning them as promising candidates
for advanced applications in various fields.

Third generation porous coordination polymers (PCPs) exhibit a unique flexible
structure that endows them with exclusive properties. These materials can be broadly
categorized into two principal types, determined by their structural transformation abilities:
(i) rigid or robust PCPs, and (ii) flexible PCPs. Unlike their robust counterparts, which
remain stable and do not undergo structural transformation when exposed to strainuous
external factors like temperature changes, guest molecules, magnetic fields, electric fields, or
light irradiation, flexible PCPs demonstrate significant structural adjustment when exposed to
these stimuli. The development of such flexible materials opens new avenues for research and
application across various fields.

Fourth-generation coordination polymers (Multifunctional CPs) are engineered to

exhibit integrated functionalities-such as magnetic, luminescent, catalytic, and electronic
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properties-within a single framework. Through strategic incorporation of functional moieties
or co-ligands, these materials enable synergistic behavior, advancing applications in

molecular electronics, catalysis, energy conversion, and multifunctional sensing.
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Figure 1.5 Classifications of PCPs by Kitagawa et al.”> Adapted with permission from ref. 25
and modified. Copyright 2013 Elsevier.

Fifth-generation coordination polymers and MOFs focus on sustainability,
biocompatibility, and intelligent design. Key features include green synthesis using eco-
friendly methods, frameworks suitable for biomedical use, and Al-driven approaches for
predictive design and optimization. This generation marks a convergence of materials
chemistry with data science and sustainability, aiming to develop advanced, responsible, and

application-ready materials.

1.2 Linkers and Connectors

Linkers and connecting moieties serve as essential components in the architecture of
coordination polymers, forming the foundational framework upon which their structure is
built. They significantly affect the configuration and number of coordination centers in the
structure.’” Auxiliary components like counter ions, template agents, non-coordinating
guests, and ligands play a substantial role in shaping the overall process and merit careful
consideration for their impact. Transition metal-based coordination polymers exhibit
coordination numbers ranging from 2 to 7, resulting in a diverse array of geometric
configurations that are critically determined by the central metal ion and its valence state. The
possible coordination geometries include linear, trigonal, tetrahedral, and a variety of
polyhedral structures such as square planar, square pyramidal, trigonal bipyramidal,
octahedral, pentagonal bipyramidal, and trigonal prismatic, among other potentially distorted

structures. Metal ions possessing a d'° configuration, such as Cu' and Ag' ions, contribute to a
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variety of geometric structures, as detailed by Schroder and Munakata groups.?6?’ Lanthanide

ions typically exhibit intrinsic polyhedral coordination geometries, commonly associated with

coordination numbers ranging from 7 to 10, plays a pivotal role in crafting intricate and

uncommon topology.
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Figure 1.6 Various coordination modes of carboxylates/dicarboxylates.

The linkers, encompassing vital organic functional groups such as -COOH, -NHz, -

OH, -SH, -SOsH, and -POsH, play a crucial role in binding with metal ions to construct

diverse geometric structures, as described by Sel et al.® Professor Kitagawa has conducted
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extensive research addressing the components, synthetic strategies, and potential applications
of coordination polymers using flexible linkers.?° Halides, including fluorine, chlorine,
bromine, and iodine, represent the most basic and smallest among organic linkers, yet they
hold substantial importance in broadening the functional capabilities of coordination
polymers. In the past twenty years, the development of coordination frameworks has
witnessed extensive use of carboxylate-based linkers, focusing to attain significant surface
areas, with uniform distribution of pore sizes (Gagnon et al., 2011).%° Carboxylate ligands act
as local bridging nodes linking adjacent metal centers, while dicarboxylates, with two
carboxylate groups, serve as extended linkers that promote higher-dimensional frameworks
(Figure 1.6).

O-donar ligands
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Figure 1.7 Representative examples of N- and O-donar organic linkers in the synthesis of
CPs/MOFs.
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Commonly used carboxylic acid linkers include adipic acid, 1,4-benzenedicarboxylic
acid (terephthalic acid), 1,3,5-benzenetricarboxylic acid (trimesic acid), 1,2,4,5-
benzenetetracarboxylic acid, and 2,6-naphthalenedicarboxylic acid. Geometrically fixed
organic linkers are crucial components in the construction of highly topological frameworks
with thermal and mechanical stability while maintaining their porosity even after the
desorption of solvent species present in the cavities (Lin et al., 2014).3' Aliphatic
dicarboxylates such as malonate, succinate, glutarate, and adipate exhibit significant
conformational adaptability, which contributes to the formation of diverse structural
frameworks and topologies.®*3® The research efforts of Prof. Yaghi, O’Keeffe, and their team
have extensively explored coordination polymer synthesis, particularly focusing on the
assembly of continuous rod-shaped motifs facilitated by the incorporation of structurally rigid
dicarboxylates. Among various linkers, carboxylate-based ligands are widely used due to
their versatile binding modes.

N-donor ligands play a key role in assembling large-scale metal ion networks that
display significant structural variety and multifunctional behavior. A wide array of nitrogen-
containing donor ligands is utilized in coordination chemistry, including but not limited to
pyridine, imidazole, pyrazole, triazole, pyrimidine, pyrazine, tetrazole, amino groups, Schiff
bases, pyrrole, terpyridine, phenanthroline, dipyrrin, and azide. Flexible nitrogen-donor
ligands possess conformational freedom and considerable structural diversity, making them
particularly valuable in synthetic strategies. Early studies employed simple pyridine-based
ligands due to their capacity to bind metal centers, resulting in the construction of
fundamental coordination complexes. The introduction of bipyridine expanded the structural
diversity, allowing for the creation of more complex frameworks due to its bidentate nature.
Terpyridine further advanced this progression by introducing a tridentate coordination mode,
which facilitated the development of intricate three-dimensional structures. The development
of tetrapyridine ligands marked a pivotal point, enabling the formation of highly
interconnected networks with enhanced stability and functionality. Benzimidazole ligands
demonstrate rotational and bending flexibility during coordination with metal centres, due to
the presence of -(CH2)a- spacers (n = 1 to 6). This inherent flexibility is a driving force
behind the construction of highly stable and architecturally complex network structures. The
successful construction of targeted coordination polymers is strongly influenced by the
conformational flexibility and steric effects of nitrogen-donor organic ligands (Wang et al.,
2013; Kan et al., 2012).>4% The presence of an imidazole ring and a conjugated z-system

enables this N-donor ligand to function as a hydrogen bond donor and participate in z-z
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stacking, which in turn supports the development of complex supramolecular structures.®-3
In 2017, Zhou group introduced a novel coordination polymer, NJU-Bai, which leverages the
incorporation of piperazine to improve methane storage capabilities.>® This study highlights
the significant benefits of utilizing piperazine groups within coordination polymers.
Furthermore, aromatic dicarboxylates have emerged as excellent co-ligands due to their
strong coordination ability and versatile binding modes.® The use of nitrogen-based donor
ligands in combination with dicarboxylate linkers has significantly advanced the synthesis of
porous coordination frameworks (Figure 1.7). The versatility of the mixed-ligand strategy in
producing structurally novel and functionally diverse materials is well exemplified in the

research of Krishnamurthy and Agarwal (2014).4°

1.3 Preparation of coordination polymers (CPs)

Various synthetic methods have been developed to create these polymers, each
offering distinct advantages and challenges.

The slow evaporation, or room temperature technique, represents a significant
synthesis approach, eliminating the need for external energy inputs. This method leverages
the natural process of evaporation to concentrate mixtures, whereby the rate of evaporation is
determined by the boiling point of the solvent employed. Solvents with lower boiling points
evaporate swiftly, while those with higher boiling points necessitate a prolonged period for
full evaporation.** In 2008, Tranchemontagne group made a significant advancement in the
arena of coordination polymers by introducing a number of frameworks (MOF-74, MOF-5,
MOF-177, MOF-199, and IRMOF-0).*> Coordination polymers, especially metal-organic
frameworks, are frequently synthesized using solvothermal/hydrothermal techniques.
Gandara et al. demonstrated the solvothermal synthesis of highly crystalline MOF-519 and
MOF-520 at 150 °C for 96 hours.*® The solvothermal method is widely utilized for material
synthesis, but it presents significant challenges, particularly with thermally sensitive
precursors and sophisticated reaction equipments. Leading researchers, including M.
Wiebcke and S. Agarwal, have highlighted this limitation, noting that the high temperatures
and pressures of solvothermal processes can result in the degradation of these fragile
compounds.*®4* Additionally, this method often requires lengthy reaction times, which can
negatively impact efficiency and scalability, posing considerable barriers to its broader

application.
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Figure 1.8 Types of synthetic methods.

Thus, to ensure the production of high-quality crystals at shorter time, alternative
methods have been utilized, including microwave-assisted, sonochemical, electrochemical,
and mechanochemical methods (Figure 1.8). Cr-MIL-100 was the first coordination polymer
to be synthesized in just 4 hours at 22 °C using a microwave-assisted method.*> As reported
by Jhung et al., this method successfully preserves the textural characteristics achieved by the
conventional process (4 days at 220°C).** Another example (MOFs-5) of a microwave
irradiation method with a shorter reaction time was reported by Choi et al.*® Their approach,
however, is severely limited by differences in instrumentation and reaction conditions.
Sonochemical method is recognized for its efficiency and speed, resulting in the formation of
crystals with significantly smaller particle sizes compared to traditional solvothermal
techniques. In the sonochemical process, the solution mixture is placed in a Pyrex vessel that
is coupled with a sonicator probe, which emits ultrasonic waves to induce sonication.*”*® The
application of ultrasound facilitates enhanced mass transfer and reaction rates, leading to the
rapid formation of high-quality crystalline materials. Recently, the sonochemical method has
been utilized for the synthesis of MOF-5, Mg-MOF-74, ZIF-8 and HKUST-1.%>°? Lee and his
team reported that sonochemical methods are more effective in producing high-quality
IRMOF-3 membranes over microwave-assisted method, thereby contributing to improved
CO: capture capabilities.>® In 2005, a novel electrochemical method; harnesses electric
energy to drive chemical reactions, was introduced for synthesizing CPs. The pioneering

coordination polymer synthesized using this technique was HKUST-1.5* The electrochemical
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process presents notable benefits, including a swift method for synthesis, complete utilization
of organic linkers with remarkable Faraday efficiency, and the use of metal electrodes in lieu
of metal salts. Additionally, the synthesis occurs under more controlled and gentle conditions
when compared to microwave or solvothermal methods.> In 2008, Pichon et al. introduced
the mechanochemical approach, a process that operates without the need for solvents; making
it an environment friendly alternative.® The reaction completes rapidly, producing an ample
yield.

This study discusses various synthesis methods, highlighting their respective
drawbacks such as including stringent operational conditions, reliance on specialized
equipment, low product yields, and high costs, which limit their suitability for industrial
applications. In contrast, the room temperature synthesis method emerges as a more favorable
alternative due to its ease of synthesis, cost-effectiveness, and environmental friendliness,
making it well-suited for industrial applications. It is worth highlighting, however, that this
technique is time-consuming, which poses a challenge in terms of efficiency. Overall, while
the room temperature method presents significant advantages, its time requirements must be

addressed to enhance its practicality in industrial settings.

1.4 Applications of CPs/MOFs

Environmental degradation, pollution, and climate change have become critical global
challenges, prompting increasing involvement from environmentalists and analytical
chemists in devising effective remediation strategies. especially those focused on water
quality as per Sustainability Development Goals. These initiatives support the objectives of
the United Nations Sustainable Development Goals (SDGs), especially those focused on
water quality (SDG 6), climate response (SDG 13), and ocean conservation (SDG 14). These
pollutants include inorganic contaminants such as heavy metal ions, radioactive species,
oxyanions, and oils, as well as organic pollutants including dyes, pesticides, pharmaceutical
residues, and oils.>” Additionally, biomedical waste and emerging contaminants further
complicate remediation efforts.”® The development and implementation of advanced
analytical techniques and environmentally friendly materials are crucial for the effective
monitoring and removal of these pollutants, contributing to sustainable environmental
management and public health protection.

In the last twenty years, the CPs and MOFs have attracted significant attention in the
field of porous materials due to their exceptionally high surface areas, crystalline nature, and
highly tunable pore structures.>® These organic-inorganic hybrid materials offer a level of
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design versatility and functionality that far surpasses traditional porous solids such as
zeolites, activated carbons, mesoporous silica, and clays.®® The precise control over their
structural and chemical characteristics at the molecular scale has propelled CPs and MOFs
into a diverse array of advanced application like gas storage and separation (H, , CH, , and
CO; ).5% In the field of sensing, the frameworks’ responsive nature to guest molecules,
coupled with their luminescent or conductive properties, allows for highly sensitive and
selective detection of various analytes.? Moreover, CPs/MOFs exhibit unique photo- and
electroactive behaviors, enabling their use in light-responsive materials, electronic devices,

and as platforms for photochromism and charge transport.®
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Figure 1.9 Schematic representation of the applications of flexible PCPs. Adapted with
permission from ref. 67. Copyright 2021 Elsevier.

Heterogeneous catalysis represents another critical area where CPs and MOFs have
made significant strides. Their well-defined pore environments, combined with the ability to
incorporate catalytic sites within the framework (either as part of the metal cluster or the
organic linker), make them ideal candidates for size-selective and recyclable catalysts.®* In
electrochemical applications, MOFs have emerged as promising materials for
supercapacitors, batteries, and electrocatalysis, benefiting from their structural tunability,
high conductivity (in selected frameworks), and redox-active components.®® Furthermore,
recent advancements have explored the integration of MOFs with other functional materials-

such as nanoparticles, polymers, and biomolecules-resulting in composite systems with
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synergistic properties.®® These developments are pushing the boundaries of CP/MOF
applications into areas like drug delivery, environmental remediation, and even quantum
materials (Figure 1.9).57

Despite their extensive application in various scientific and industrial domains, the
CPs/MOFs still possess vast untapped potential in key frontier areas such as sensing,
electrical conductivity, and electrochemical performance.®® While notable progress has been
made, these fields remain underexplored compared to more mature applications like gas
storage or catalysis.®® Challenges such as framework stability under operational conditions,
low intrinsic conductivity of many MOFs, and limited understanding of charge transport
mechanisms continue to hinder broader implementation.”® By strategically modifying the
metal centers and organic linkers, introducing redox-active or conductive components, and
optimizing framework architecture, this work seeks to advance the fundamental
understanding and practical applicability of these materials.” Ultimately, the goal is to bridge
the gap between structural design and real-world device integration, paving the way for next-
generation multifunctional materials suitable for sensing technologies, energy storage, and
electronic applications.”?
1.4.1 Sensor Application

The CPs, particularly MOFs are increasingly vital in modern sensor applications.
Their modular chemistry enables the design of selective, responsive systems suitable for
detecting gases, heavy metals, organic pollutants, biomolecules, and more. The growing need
for precise and responsive sensors spans multiple fields-including environmental monitoring,
industrial automation, healthcare diagnostics, agriculture, robotics, food safety, and security-
where real-time detection and analysis are essential (Figure 1.10). In biosensing, CPs are
employed for the fluorescent or electrochemical detection of glucose, pathogens, and DNA
sequences due to their specific binding sites and signal transduction capabilities.”® Gas
sensors based on CPs are utilized for detecting toxic gases like NO, or NH;z; at low
concentrations via adsorption-induced fluorescence quenching or conductivity change.”
Colorimetric and electrochemical CP sensors aid in heavy metal ion detection, crucial in both
water purification and food safety.”® Their use in agricultural monitoring includes sensing soil
nutrients or pesticides, while in automation and robotics, CPs can act as intelligent sensing
layers in wearable or embedded devices.”® Furthermore, in security and defense, CPs have
shown promise for detecting explosives and chemical warfare agents, due to their high
specificity and luminescent behavior upon interaction with nitro compounds.”” This wide

scope is visually represented in the accompanying schematic, showing central CP structures
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linked to icons representing diverse domains such as biosensing, gas sensing, environmental
safety, wearable tech, industrial monitoring, agriculture, food spoilage, health, security, and

robotics, emphasizing the transformative potential of CPs in next-generation smart sensing
platforms.
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Figure 1.10 Various sensor applications of coordination polymers.

1.4.1.1 Advantages of Fluorescence Technique in Quantitative Analysis

In the analytical field, the precise quantification of ions and elements is achieved
through various sophisticated techniques such as volumetric, spectrophotometric,
gravimetric, and electrochemical methods. Significant attention is given to the utilization of
advanced instruments, including voltammetry,”® inductively coupled plasma mass
spectrometry (ICP-MS),” and inductively coupled plasma atomic emission spectrometry
(ICP-AES).®° The methods also incorporate atomic absorption spectroscopy (AAS)8:,
alongside the use of advanced thin chitosan films®?, and flame atomic absorption
spectroscopy (FAAS).8 Each technique plays a decisive role in the meticulous detection of
ions and molecules.

Fluorescence and UV-Visible spectroscopy hold significant importance in the

identification of analytes and facilitating cellular imaging within biological systems. The key
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advantage of these techniques lies in their remarkably low detection limits, which allows
them to discern even minute quantities of substances. In the realms of biochemical and
chemical sciences, the fluorescence technique is indispensable due to its exceptional
sensitivity and ability to selectively detect targets rapidly, making it a cost-effective approach
characterized by operational simplicity, high temporal resolution, and ease of signal
detection.
1.4.1.2 Fluorescence Sensing Mechanism

The fluorescence sensing mechanism involves a wide range of photophysical and
photochemical processes. Among the major photophysical processes are photoinduced
electron transfer (PET), intramolecular charge transfer (ICT), chelation-enhanced
fluorescence (CHEF), chelation-enhanced quenching (CHEQ), Forster resonance energy
transfer (FRET), excited-state intramolecular proton transfer (ESIPT), and the generation of
excimers and exciplexes.
1.4.1.2.1 Photoinduced Electron Transfer (PET)

Photoinduced Electron Transfer (PET) is a key mechanism in the design of sensors.
The mechanism operates through electron transfer from an excited donor species to an
adjacent acceptor, which often suppresses the fluorescence signal. Upon binding with a target
analyte, such as a metal ion or biomolecule, the PET process is disrupted or enhanced,
causing a measurable change in fluorescence intensity. This modulation forms the basis of
"turn-on™ or "turn-off" sensing systems.

In a typical PET sensor, the fluorophore is linked to a receptor unit through a spacer.
In the absence of an analyte, the receptor functions as an electron donor, transferring
electrons to the excited fluorophore and thereby quenching its emission (Figure 1.11).84
Upon analyte binding, such as Zn2* or H* , the redox properties or spatial alignment of the
donor are altered, inhibiting PET and restoring fluorescence. This switch-like response allows
for selective and sensitive detection.

Recent advances include the integration of PET mechanisms into supramolecular
architectures, nanoparticles, and coordination polymers, enabling applications for use in
environmental analysis, medical imaging, and chemical sensing making it a foundational

principle in modern sensor design.
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Figure 1.11 Schematic diagram for PET mechanisms.
1.4.1.2.2 Intra and Intermolecular Charge Transfer (ICT)

Charge transfer processes play a pivotal role to the development of photoluminescent
materials and molecular sensing systems. Intramolecular charge transfer (ICT) occurs within
a single molecule possessing distinct donor (D) and acceptor (A) units, linked through a n-
conjugated bridge. Upon photoexcitation, an electron is transferred from D to A, generating a
polarized excited state, often leading to large Stokes shifts and environment-sensitive
emission-a key feature in fluorescence sensing and bioimaging applications.®>8® Conversely,
intermolecular charge transfer involves electron transfer between two separate molecular
entities, forming charge-transfer complexes in the excited state. These complexes may show
altered emission properties or fluorescence quenching, depending on the medium and
interaction strength, and are widely applied in supramolecular sensing and organic
photovoltaics.®”% Both ICT modes are central to the development of high-performance
optical probes, contributing to selectivity and sensitivity enhancements in analyte detection
(Figure 1.12).
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Figure 1.12 Illustration of the intramolecular charge transfer (ICT) mechanism.

1.4.1.2.3 Chelation Enhanced Fluorescence (CHEF) and Chelation Enhanced
Quenching (CHEQ)

The fluorescence behavior of metal-responsive probes can be profoundly altered by
chelation, leading to either signal amplification or suppression depending on the system's
design. Chelation-Enhanced Fluorescence (CHEF) refers to the phenomenon where
coordination of a metal ion to a fluorophore results in a substantial increase in fluorescence
emission. This enhancement is typically attributed to the restriction of internal rotations and
suppression of non-radiative decay processes such as photoinduced electron transfer (PET),
owing to the conformational rigidity imposed by chelation.®®%° This mechanism has been
widely exploited in the development of probes for biologically relevant metal ions like Zn?* |
A" | and Cd?* . Conversely, Chelation-Enhanced Quenching (CHEQ) involves fluorescence
suppression upon metal coordination, commonly observed with paramagnetic metal ions
(e.g., Cuz* , Fe3" ) that facilitate non-radiative energy dissipation via electron or energy
transfer pathways.?°> The contrasting outcomes of CHEF and CHEQ enable dual-modality

probe design, offering turn-on and turn-off signaling platforms (Figure 1.13).
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Figure 1.13 Schematic diagram of CHEF processes.

Fluorescence quenching alters both the emission intensity and photoluminescence
lifetime of fluorophores. As depicted in Figure 1.14, quenching is typically classified into
dynamic (collisional) and static mechanisms.

(i) Dynamic Quenching

Dynamic quenching occurs through collisional interactions between the excited
fluorophore (A*) and quencher molecules (Q), forming a transient encounter complex [A*Q].
This non-radiative process shortens the fluorescence lifetime and is often enabled by spin-
orbit coupling. This effect is especially pronounced in the presence of heavy atoms, as they
facilitate intersystem crossing to the energetically favorable triplet state.

(i) Static Quenching

Static quenching arises when the fluorophore (A) forms a stable, non-emissive
ground-state complex (AQ) with an excess of quencher (Q) prior to excitation. While the
fluorescence intensity decreases due to a reduced population of free fluorophores, the
excited-state lifetime of the remaining emissive species remains unchanged.

Understanding the distinction between dynamic and static quenching is critical for

accurate interpretation of sensor responses and for the design of lifetime-based fluorescent

probes.
Analyte
\*JN MZ - O =
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Figure 1.14 Schematic Diagram of Quenching Response.
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1.4.1.2.4 Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) is a photophysical mechanism where an
excited donor fluorophore transfers its energy to a nearby acceptor chromophore through
non-radiative dipole-dipole coupling, without photon emission.®® The efficiency of FRET is
highly sensitive to the donor-acceptor separation (Figure 1.15), typically effective within 1-
10 nm, and is governed by the Forster distance (R, ), which relies heavily on the degree of
spectral overlap, donor quantum yield, and dipole orientation.®* A strong spectral overlap
between the emission spectrum of donor and absorption spectrum of acceptor is essential,
along with proper alignment of dipoles and high donor quantum efficiency.®® The result of
FRET includes reduced donor fluorescence intensity and lifetime, and increased acceptor
emission if it is fluorescent, which forms the basis for ratiometric sensing.®>% Detection of
FRET is commonly achieved using techniques such as steady-state fluorescence
spectroscopy, time-resolved fluorescence analysis, or fluorescence lifetime imaging
microscopy (FLIM).%¢ This mechanism has been widely applied in biological research for
real-time tracking of interactions between proteins, enzymatic processes, and nucleic acid
hybridization. In recent years, FRET has been integrated into nanoscale sensors using
quantum dots, carbon dots, and coordination polymers, significantly enhancing detection

sensitivity and selectivity for metal ions and small molecules.®’

Acceptor

Energy Transfer Through Space
Excitation

Figure 1.15 A schematic overview of the through-space energy transfer process.

1.4.1.2.5 Excited-State Intramolecular Proton Transfer (ESIPT)
Excited-State Intramolecular Proton Transfer (ESIPT) is a rapid photophysical
phenomenon in which a proton is transferred internally within a molecule from a hydrogen-

bond donor site to an acceptor site following photoexcitation.®® This intramolecular proton
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transfer is driven by changes in electron distribution upon excitation, which enhance the
donor’s acidity and the acceptor’s basicity in the excited state, facilitating the proton
migration.®® ESIPT typically proceeds within femtoseconds to picoseconds and results in a
tautomeric excited state with distinct photophysical properties.*°® Mechanistically, the process
initiates when the molecule absorbs a photon, leading to its transition from the enol ground
state (E) to an electronically excited enol state (E*), which rapidly undergoes proton transfer
to yield the excited keto form (K¥*); this species can emit fluorescence, returning to the
ground keto state (K), which then quickly relaxes back to the enol ground state (E).%*'%* This
sequence of photophysical events is commonly depicted using a Jablonski diagram, which
illustrates the transitions between electronic states (Figure 1.16). A hallmark of ESIPT
systems is their large Stokes shift and dual emission, enabling reduced self-quenching and
high signal-to-noise ratios in fluorescence sensing.*%> Moreover, the efficiency of ESIPT is
highly sensitive to environmental variables such as solvent polarity, viscosity, and pH,
making ESIPT-active fluorophores valuable tools in molecular sensing, bioimaging, and

optoelectronic applications.

Figure 1.16 Schematic diagrams shows ESIP processes.

1.4.1.2.6 Excimer / Exciplex Formation

Excimers (excited-state dimers) and exciplexes (excited-state complexes) are transient,
non-covalent species formed when an excited-state fluorophore interacts with a ground-state
molecule-identical in the case of excimers and structurally distinct in the case of
exciplexes.’®® These complexes do not exist in the ground state and form upon
photoexcitation due to transient electronic interactions such as w-m stacking or charge

transfer.'®* The formation is favored in fluidic or flexible media, at higher fluorophore
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concentrations, and under conditions allowing close molecular proximity.*% Mechanistically,
an excited monomer (M¥*) interacts with a ground-state molecule (M or A) forming (MM)* or
(D---A)*, which emits red-shifted fluorescence upon relaxation (Figure 1.17).1% Their broad

emission, large Stokes shift, and environmental sensitivity make them valuable in sensing,

Analyte . .>
]

supramolecular chemistry, and organic electronics.

- ~ €
| \\\
Monomer ;
Sk Excimer
emission .
emission
Monomer Dynamic Excimer Static Excimer

/

Figure 1.17 Excimer formation-based fluorescent sensing mechanism.

1.4.1.3 Metal lon Sensor

Metal ion sensors are essential tools for detecting and quantifying metal ions in
environmental, industrial, and biological systems, helping monitor toxic contaminants, ensure
industrial process quality, and diagnose health issues related to metal imbalances.*’’
Coordination Polymers (CPs), particularly luminescent CPs (LCPs), offer highly sensitive
and selective detection through changes in fluorescence or luminescence upon interaction
with target metal ions. CPs can detect a broad spectrum of metal ions, including toxic heavy
metals (e.g., Pb?", Hg?*, Cd?*) and essential metals (e.g., Zn?*, Fe**/Fe®*, Cu?"), as well as
trace elements (e.g., Cr, Mn, Co, Mo, Al, Si, Se, Sn). Their structural tunability allows the
design of highly selective sensors that operate via fluorescence quenching/enhancement or
electrochemical responses, ensuring accurate and real-time detection even at trace levels.'%®
Their structural flexibility and porous nature enhance sensitivity and real-time detection,
while their luminescent properties provide an easy-to-read signal in diverse environments.*%
CP-based sensors offer high selectivity, versatility, and non-invasive monitoring, with key
applications in environmental safety and healthcare diagnostics. As research advances, these
sensors promise to play a pivotal role in addressing global challenges in both public health

and sustainability.
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Table 1.1 Threshold limits of biologically important and toxic metals in the human body.*10-1%2

Iron (Fe) Essential 10-30 pmol/L serum Liver damage,
(hemoglobin, (normal); >60 umol/L = diabetes, heart issues
enzymes) overload
Zinc (Zn) Essential 70-120 pg/dL plasma; Nausea, immune
(enzymes, UL: 40 mg/day (adults) = suppression, copper
immunity) deficiency
Copper Essential 70-140 pg/dL serum; Liver and kidney
(Cu) (enzymes, UL: 10 mg/day damage, neurological
antioxidant) effects
Magnesium  Essential (ATP, 1.7-2.3 mg/dL serum; Diarrhea,
(Mg) muscle, nerves) UL: 350 mg/day cardiac issues
(supplements)
Calcium  Essential (bones, 8.6-10.2 mg/dL serum; Kidney stones,
(Ca) signaling) UL: 2500 mg/day calcification of soft
tissues
Selenium Essential 60-120 pg/L plasma; Hair/nail loss,
(Se) (antioxidant UL: 400 pg/day selenosis, nerve
enzymes) damage
Chromium  Essential (insulin  0.1-0.5 pg/L plasma; UL DNA damage, cancer
(Cre*) metabolism) not defined (Cré*)
Lead (Pb) Toxic (no safe <5 pg/dL blood (CDC Neurotoxicity,
level) reference); No safe limit  developmental delay
in children
Mercury Toxic (no <5 ug/L blood Kidney, CNS
(Ho) biological role)  (inorganic); <1 pg/g hair damage,
(methylmercury) developmental
toxicity
Cadmium Toxic (no <5 ug/L blood; <1 pg/g Kidney damage,
(Cd) biological creatinine (urine) bone
function) demineralization,
cancer
Arsenic Toxic (possible <10 pg/L blood (total);  Skin lesions, cancer,
(As) trace role) <35 pg/L urine cardiovascular
(inorganic) disease
Aluminum Toxic (no <10 pg/L blood Neurotoxicity,
(Al biological role) (normal); <60 pg/L in  possible Alzheimer's
dialysis patients link
Nickel Possibly <0.2 pg/L serum; UL: 1 Allergies, lung
(Ni) essential mg/day fibrosis, cancer risk
Manganese Essential 4-15 pg/L blood; UL: 11 Neurological
(Mn) (enzyme mg/day symptoms,
cofactor) parkinsonism
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1.4.1.3.1 Aluminium (AI**) Sensing

Aluminum (APP*) ions are widely prevalent in the environment and biological
systems, where their abnormal accumulation is linked to neurotoxicity and various diseases,
necessitating sensitive and selective detection methods. This dissertation presentss the
strategic synthesis of new fluorescent coordination polymers (CPs) engineered for highly
selective sensing of AI** ions in aqueous media. The CPs, constructed from rationally chosen
luminescent organic ligands coordinated with metal nodes, exhibit strong fluorescence
emission centered around 450 nm, which undergoes significant quenching (>85%) upon
interaction with AI®* ions. The sensing system achieves a detection limit as low as 0.5 pM,
outperforming numerous conventional fluorescent sensors'®’'3 and exhibits remarkable
selectivity against competing metal ions such as Fe®*, Cu?*, Zn?*, and Mg?*, confirmed
through comparative fluorescence titration studies.*'* Powder X-ray diffraction (PXRD) and
scanning electron microscopy (SEM) analyses verify the well-defined crystalline structure
and morphology of the CPs. Complementary spectroscopic studies reveal that the
fluorescence quenching arises from coordination interactions between AI** ions and electron-
rich ligand sites, which facilitate non-radiative decay processes.''®> Importantly, the CP
sensors maintain fluorescence responsiveness in biologically relevant media, with successful
detection of AI**in simulated serum samples, highlighting their potential utility in biomedical
diagnostics.*® This dissertation advances the understanding of CP-based fluorescent sensors
and provides a promising approach for real-time, cost-effective, and portable monitoring of
biologically relevant aluminum ions.
1.4.1.4 Molecular Sensor

Molecular sensing involves detecting specific molecules or analytes by monitoring
measurable changes in a sensor material. Owing to their large surface area, structural
flexibility, and selective interaction with specific analytes, coordination polymers (CPs) have
established themselves as highly effective materials for precise and reliable molecular
sensing. Among these, luminescent coordination polymers (LCPs), incorporating luminescent
metal ions or organic linkers, are particularly effective. They undergo noticeable changes in
fluorescence or luminescence upon interaction with specific analytes, providing a
straightforward and non-invasive detection method.®” The synthesis of LCPs focuses on
selecting appropriate metal centers and organic ligands to optimize luminescent response and
stability. These materials are used to detect a broad spectrum of contaminants, such as heavy
metal ions and volatile organic substances, and have shown potential in real-time

environmental monitoring.**” In healthcare, LCPs are being developed for detecting disease
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biomarkers and harmful substances such as trinitrophenol (TNP), enhancing early diagnosis
and safety.*'® Despite challenges in selectivity and stability, LCP-based sensors offer great
promise for diverse applications spanning environmental surveillance and healthcare
diagnostics.

1.4.1.4.1 Trinitrophenol (TNP) Sensing

Trinitrophenol (TNP), a highly toxic nitroaromatic compound widely used in
explosives and industrial applications, poses significant environmental and health risks due to
its persistence and bioaccumulative nature (Agency for Toxic Substances and Disease
Registry).!*°1%0 Sensitive and selective detection of TNP is essential for environmental
monitoring and public safety. Coordination polymers (CPs), known for their crystalline
porous structures and adjustable luminescent behavior, have gained prominence as efficient
systems for the molecular detection of TNP. The quenching mechanism is attributed to
efficient electron or energy transfer between the electron-rich CP frameworks and electron-
deficient TNP molecules, resulting in significant fluorescence intensity reduction.'?'12?
Successive fluorescence titration experiments demonstrated high sensitivity with detection
limits reaching nanomolar levels and strong selectivity toward TNP over other
nitroaromatics.*?>*?* The reversible quenching behavior indicates potential for sensor
reusability. Given TNP's acute toxicity (oral LDso ~100 mg/kg) and environmental hazards,
including aquatic toxicity and human health effects such as skin irritation and hematologic
damage, the development of CP-based sensors provides a promising approach for rapid, on-
site detection to mitigate exposure risks.*?>? Various CPs based on metal centers such as
copper, zinc, and iron, coordinated with organic ligands like 1,4-benzenedicarboxylate (BDC)
or imidazole derivatives, have demonstrated significant selectivity toward TNP, primarily due
to the strong affinity between the nitro functional groups of TNP and the coordinated metal
sites in the polymer matrix.'?"1?8 Moreover, the structural flexibility of these CPs allows
them to adapt upon TNP binding, enhancing the signal response and improving detection
reliability. This dissertation also discusses the challenges in sensor performance, including
issues of stability, selectivity in complex environments, and potential interference from other
nitroaromatic compounds. Future directions for the development of more robust and selective
CP-based sensors for TNP detection, including the incorporation of advanced materials like
metal-organic frameworks (MOFs) and functionalized ligands, are also explored.'?°
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1.4.2 Electrical Conductivity

A diode is a fundamental electrical component characterized by two terminals,
strategically designed to permit the flow of current in a singular direction. One terminal
exhibits low resistance while the opposite terminal presents higher resistance, effectively
blocking reverse current flow. Of special note is the "hot carrier semiconducting diode,” more
commonly known as a Schottky diode, which arises from the interface between metal and
semiconductor materials, forming a critical barrier. In particular, the n-type diode utilizes
metal as the cathode and a p-type semiconductor as the anode, highlighting the sophisticated
engineering involved in its construction.
1.4.2.1 Diode and Schottky Barrier

A comprehensive examination of diodes, particularly focusing on Schottky barrier
diodes, highlighting their fundamental principles and diverse applications. Diodes, as
semiconductor devices, play a critical role in electronics by permitting current flow in one
direction while obstructing it in the reverse, thereby serving as indispensable components in
electronic circuits.'*® The Schottky barrier diode, noted for its metal-semiconductor junction,
offers distinct advantages, including a reduced forward voltage drop and rapid switching
speeds. The discussion encompasses the operational mechanisms, construction details, and
the significant influence of these diodes’ unique properties on performance across various
electronic applications. In a Schottky diode, the cathode functions as the n-type
semiconductor, while the metallic portion serves as the anode material of the diode,
establishing a significant interaction between the two components (Figure 1.18).131133 An
intrinsic electrostatic barrier arises due to the differing work functions of the metal and
semiconductor. This effect becomes especially significant when the metal's work function
(¢pm) exceeds that of the semiconductor (¢s), promoting the flow of electrons from the
semiconductor into the metal.*3%135 As equilibrium is attained between their Fermi levels, a
depletion region is formed, marking a critical aspect of the diode's operation.

The diffusion potential Vo is represented as

V00 = M = B, (1)
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Figure 1.18 Schottky barriers and work function for semiconductors.**

For an n-type semiconductor, when the work function (¢m) of metal is greater than
that of the work function of semiconductor (¢s), the energy bands bend upward near the
interface, creating a potential barrier that electrons must overcome to move into the metal. In
contrast, for a p-type semiconductor under similar conditions, band bending does not hinder
hole transport, often resulting in an ohmic contact. Conversely, when ¢m is less than ¢s, the
energy bands bend downward, enabling easy electron flow and forming an ohmic contact in
n-type semiconductors, while for p-type semiconductors, this leads to a rectifying behavior
due to restricted hole injection.**’
1.4.2.2 Advantages of Schottky Diode
Low turn on voltage: For optimal performance of a Schottky diode, it is crucial to ensure the
voltage is precisely regulated within the range of 0.2 to 0.45 volts.

Fast recovery time: High-speed switching applications are optimized by a swift recovery
period that uses only a minimal amount of stored electrical charge, ensuring efficient
performance.

Low junction capacitance: Capacitance level is very low if the contact area is very small.
High Switching Speed

Schottky diodes exhibit extremely fast switching characteristics because their operation is
based on majority carrier conduction, meaning there is no charge storage or recombination
delay as seen in PN junction diodes. This allows them to switch on and off within

nanoseconds.
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Compact and Thermally Stable
Schottky diodes have a simple metal-semiconductor junction structure that requires fewer
layers and fabrication steps than PN junction diodes, making them compact and easy to
integrate into miniaturized circuits. Their low power loss and reduced heat generation
enhance thermal stability, allowing reliable operation even under high current conditions.
1.4.2.3 Applications of Schottky Diode

Schottky diodes are fundamental components in radio frequency applications and
radio detection systems, primarily due to their low capacitance, high switching speed, and
exceptional frequency capabilities. Their most significant application lies in rectifiers, where
they outperform traditional p-n junction diodes by exhibiting a lower forward voltage drop
and higher current density. This efficiency allows Schottky diodes to operate with reduced
power consumption compared to standard diodes. Furthermore, the Schottky barrier functions
effectively as a circuit element in dual power supply systems, enhancing overall performance
and reliability.
Solar cell applications: Schottky diodes are commonly used in solar cells to address the
challenge of low voltage drop, as significant voltage reductions are typically unexpected in
these systems. These diodes are preferred because they help minimize energy loss, ensuring
that the cell operates at its optimal capacity.
Clamp diode: A clamp diode, specifically a Schottky diode, plays an essential role in
transistor circuits by managing the speed during the switching process. Its function is crucial
to ensuring efficient and smooth operation within the circuit.
High-speed digital systems
Schottky diodes are ideal for high-speed digital applications such as clock generation, logic
level shifting, and signal protection in high-frequency data lines, where they enhance
performance by preventing transistor saturation in Schottky TTL logic circuits. Additionally,
their low junction capacitance ensures clean signal transitions in timing circuits, FPGAs, and
microprocessor interfaces, preserving signal integrity in high-speed systems.
Signal Demodulation
Schottky diodes are widely used in signal demodulation, making them ideal for detecting
low-level signals in AM/FM receivers, envelope detectors, and RF circuits with high

sensitivity and minimal distortion.
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Power Rectification

Schottky diodes are ideal for power rectification in switch-mode power supplies and DC-DC
converters due to their low forward voltage drop and fast switching speed, which reduce
power loss and improve overall efficiency.

Reverse Battery Protection

Schottky diodes are commonly used for reverse battery protection, as their low forward
voltage drop minimizes power loss while effectively blocking reverse current to prevent
damage to sensitive electronic components.

1.4.2.4 Diode Parameters

Ideality Factor (n): The ideal performance of a Schottky diode is characterized by its ideality
factor. This factor gauges the current in the low voltage region, revealing a direct
proportionality to the rate of change in voltage with respect to the natural logarithm of
current, expressed as dv/dinl.

Series Resistance (Rs): In a series of Schottky diodes, the total resistance encountered is
referred to as series resistance, and it is here that the current navigates through all the
resistors.

Barrier Height (p): The Schottky barrier height (SBH) is a critical parameter characterizing
the interface between a metal and a semiconductor, as it governs the rectifying behavior and
charge transport across the junction. In the case of an n-type semiconductor, the SBH
corresponds to the energy difference between the metal’s Fermi level and the conduction
band minimum of the semiconductor. For a p-type semiconductor, it is defined by the energy
separation between the metal's Fermi level and the valence band maximum of the
semiconductor. This barrier plays a key role in determining the electronic properties and
efficiency of metal-semiconductor devices.

1.4.2.5 Charge Transport Parameter

Mobility (u): Carrier mobility denotes the speed at which electrons or holes move through a
material under an electric field. In semiconductors, it is influenced by carrier concentration,
impurity levels (such as donors and acceptors), electric field strength, and temperature-all of
which affect scattering and transport efficiency.

Transit time (t): The duration it takes for a carrier to journey from the cathode to the anode-
or the other way around-is known as the transit time. This interval encompasses both the time
associated with freely moving carriers and the duration needed for carriers that are
temporarily trapped in the traps.
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Diffusion Length (Lp): The current flow across a metal-semiconductor junction is primarily
governed by the transport of majority charge carriers. One of the key mechanisms facilitating
this transport is the diffusion of carriers from the semiconductor into the metal. According to
diffusion theory, the diffusion length defines the characteristic distance over which carriers
migrate before recombination, typically corresponding to the width of the depletion region

where the concentration gradient is counterbalanced by the built-in electric field.

1.4.3 Electrocatalytic Water Splitting Application

Electrolysis of water stands out as a significant method for producing high-purity
hydrogen, especially when weighed against conventional approaches, which inevitably lead
to greenhouse gas emissions. Photocatalytic water splitting, although promising, is contingent
upon direct sunlight exposure, raising concerns about the uninterrupted energy supply. In
contrast, electrocatalytic techniques have the potential to mitigate the limitations seen in other
approaches. Nevertheless, the oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) entail intricate mechanistic steps, resulting in increased overpotentials. This
substantial overvoltage requirement poses a significant challenge to achieving high current
densities, thereby complicating large-scale hydrogen production.**® The pH of the electrolyte
significantly influences catalyst stability, particularly as ion diffusion toward the electrode
surface is markedly impacted in extreme acidic (pH = 0) and alkaline (pH = 14) conditions.
In acidic electrolytes, abundant H* ions facilitate their approach to the electrode surface,
promoting efficient hydrogen adsorption during HER.'**'4! Conversely, the OER poses a
challenge because OH™ ions must be generated from water molecules, a process that demands
additional energy. This involves complex mechanistic steps including OH" ion adsorption,
oxide formation, and Oz molecule cleavage, requiring the transfer of four protons and
electrons, and thereby necessitating elevated anodic overpotentials, particularly in acidic
environments.*?1% The corrosive dissolution of active catalysts within an acidic medium
presents significant challenges, making the supply of stable and constant current difficult.
This complication is further exacerbated by issues related to OER overpotential and stability,
posing formidable obstacles to achieving optimal cell voltage in water electrolyzers. The
development of bi-functional catalysts suitable for acidic conditions remains a demanding
endeavor. Similarly, in alkaline environments, the rapid diffusion of OH™ ions is
compromised, making OER Kkinetically favorable while reintroducing problems for HER due
to the dependency on water as a source of H* ions. In neutral environments, the poor ionic

conductivity curtails the efficiency of electroactive species, demanding even higher
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overvoltage compared to acidic and alkaline mediums.**>'46 Consequently, there is an urgent
need to furnish alternative catalysts with rapid surface modifications.
1.4.3.1 Mechanistic Aspects of Electrocatalytic Water Splitting

Water splitting reaction is a non-spontaneous process, with positive free energy
change of +237 kJ/mol. Additionally, the octet configuration of the water molecule presents
challenges in breaking it down into its oxygen and hydrogen components. The equilibrium
potential necessary for electrochemical water splitting is 1.23 V. The increased potential
required for this process is referred to as overpotential. The sequence of reactions varies
according to the pH conditions, as detailed below:
Cathodic HER reaction:

de +4H"(aq.) > 2H2(Q) «voviviviniiiiii (acidic medium) ............ 1)

4e” + 4H20 (1) —» 40H (aqg.) + 2H2(g) ...... (alkaline medium) ................ (2)
Anodic OER reaction:

2H20 (1) —» 4H"(aq.) +4e + 02(g) .............. (acidic medium) ................. (3)

40H (ag.) + 2H20(1) — 4e + O2(g) .......... (alkaline medium) ............... 4)

Figure 1.19 Mechanistic pathways for OER in alkaline condition.
1.4.3.2 Parameters Involved for Electrocatalytic Water splitting
The evaluation and comparison of the activity of catalytic materials in the
electrocatalytic water splitting process necessitate the consideration of certain vital
parameters, which are widely acknowledged in the scientific community.

=
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1.4.3.2.1. Overpotential

In the examination of HER and OER processes, it was determined that the standard
reduction potential for HER is 0 V vs RHE, while for OER it is 1.23 V. This reveals that the
minimum thermodynamic potential necessary for water-splitting is 1.23 V. Despite this
theoretical requirement, the reaction is not initiated due to various kinetic barriers associated
with the electrodes and electrolyte. These barriers necessitate additional potential beyond the
theoretical value, known as overpotential. Overpotential is typically divided into three
primary categories: (i) activation overpotential, (ii) concentration overpotential, and (iii)
overpotential resulting from uncompensated resistance (Ru). The activation overpotential
depends on the intrinsic activity of the catalytic material on the electrode surface. So, it can
be neglected by the suitable efficient catalyst. The concentration overpotential is defined as
when the electrode reaction was started, the sudden drop observed on the interface. This can
be eliminated by, stirring of the electrolyte solution. The overpotential observed from the Ru
will be eliminated by ohmic drop compensation via the electrochemical work station itself.
Otherwise, it can also be done manually by multiplying the current density with the observed
Ru.
1.4.3.2.2. Tafel Slope

The intrinsic kinetics at the electrode-electrolyte interface were examined through the
analysis of the Tafel slope, a key parameter derived from the Butler-VVolmer equation under
strongly anodic or cathodic conditions. The significance of the Tafel slope lies in its ability to
provide insight into electrochemical mechanisms, as the Tafel equation indicates that the
current density (j) is directly proportional to the exchange current density (i, ) and inversely
proportional to the Tafel slope (b). The relationship is mathematically expressed as follows:

i =io log (n/b)

Here, i represents the current density, i, denotes the exchange current density, # is
the overpotential, and b refers to the Tafel constant. The Tafel slope, typically reported in mV
per decade, is a critical kinetic parameter obtained from polarization curves by plotting the
logarithm of the current density against the corresponding overpotential. This measurement is
instrumental in assessing the kinetics of electrode reactions and is influenced by different
overpotential regions. It is essential to carefully extract Tafel slope values to gain a reliable
understanding of charge transfer kinetics. To ensure precision, potentiostatic measurements
are commonly employed to record log current densities, facilitating the extraction of
meaningful Tafel slope values in the context of oxygen evolution reaction or hydrogen

evolution reaction studies.
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1.4.3.2.3. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) offers valuable insight into reaction
kinetics and is typically performed using an AC technique in either potentiostatic or
galvanostatic mode. This technique facilitates the measurement of electrochemical responses
at interfaces or surfaces, determined by the applied frequency of AC perturbation potential,
typically ranging from 5 to 10 mV, though extending up to 500 mV in certain scenarios. In
processes like, OER and HER under extreme pH conditions such as 0.5 M Hz2SO4 and 1M
KOH, the reaction pathway is entirely governed by kinetic processes, with no significant
contribution from Warburg impedance. On the contrary, in situations marked by reduced
Kinetics, the process is dominated by Warburg impedance rather than charge transfer
mechanisms.
1.4.3.2.4. Stability

A crucial parameter for any electrocatalyst is its stability, ensuring the robustness of
the materials, especially for prolonged electrocatalytic water splitting processes. To ascertain
the stability of the catalyst, both potentiostatic and potentiodynamic analyses were conducted.
The potentiostatic method encompassed chronoamperometry, where the potential remains
constant while monitoring the current over time, and chronopotentiometry, where the current
remains constant while observing changes in potential over time. These analyses were
performed under static conditions to elucidate the differences in catalytic activities before and
after the stability study. Additionally, as part of the potentiodynamic strategy, cyclic
voltammetry was performed at high scan rates for 1000 to 5000 repeated cycles.
1.4.3.2.5. Electrochemical Active Surface area and Turn Over Frequency

The intrinsic activities, such as electrochemical active surface area (ECSA), turnover
frequency (TOF), and mass activity, play crucial roles in assessing the effectiveness of an
electrocatalyst. To determine ECSA, which indicates the surface area availability, two
predominant methods are adopted: (i) measuring double layer capacitance (Ca) across
multiple scan rates within the non-faradaic potential range; and (ii) focusing on the redox
features, where the area of oxidation or reduction peaks highlights the substances that have
undergone specific reactions. Turnover Frequency (TOF) offers crucial insight into a
catalyst's capacity to promote the generation of hydrogen or oxygen at the active surface
within a specified overpotential range. TOF is determined using the formula

TOF = jM/4mF,

where j represents the current density, M denotes the molar concentration of metals, m refers

to the mass loading, and F is the Faraday constant. Understanding catalytic loading is vital for
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assessing a catalyst's performance, as materials deposited on conductive substrates can
exhibit substantial loading. In such situations, evaluating mass activity is significant, as it
provides a more reliable measure of performance under the necessary overpotential
conditions. In such circumstances, it is essential to employ ECSA normalized current instead
of area normalized current, as it offers a substantive comprehension of the observed
overpotentials at the targeted current densities. From the perspective of activity and stability,
it is crucial to examine these intrinsic parameters in order to identify alternative catalysts for

effective electrocatalytic water splitting, ensuring minimal energy input.

1.5 Aim and Scope of the Dissertation

Above short discussions on CPs/MOFs illuminates the profound impact and robust
scientific basis towards the design of materials for newer applications on SDGs, urging us to
explore the intricate world of chemical innovation. Through groundbreaking design and
synthesis, these materials emerge as key players in solving pressing challenges on the energy
and environment. Let's embrace the opportunity to harness their transformative potential and
strive for a sustainable future.

Research in this dissertation will focus on the synthesis of bridging heterocyclic
ligands and the cooddination polymers/MOFs. These CPs/MOFs will be used for detecting
the explosives and heavy metal ions in the environment, emphasizing their importance in
safety and pollution monitoring. By combining the development of energy-efficient materials
with cutting-edge sensor technology, this research aims to provide a comprehensive solution
to pressing environmental challenges, paving the way for future advancements in both fields.

This study focuses on the synthesis, structural and spectroscopic analysis, and
potential applications of CPs/MOFs using common 3d metals (Zn, Co) and a 4d metal (Cd).
It employs various carboxylic acids (e.g., glutaric acid, 5-nitroisophthalic acid, 2,5-thiophene
dicarboxylic acid) as bridging linkers, along with complex nitrogen-donor ligands such as 6-
(Pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-c]quinazoline and (E)-1-(Pyridin-4-yl)-N-
(4H-1,2,4-triazol-4-yl)methanimine (Figure 1.20). The materials are synthesized using a
solution phase slow diffusion technique at room temperature. They have undergone
comprehensive characterization through various spectroscopic methods, with an in-depth

analysis presented in the following chapters (Chapters 2-5).
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Figure 1.20 Representative examples of N- and O-donar organic linkers used in the synthesis
of CPs/MOFs for this dissertation.

1.6 Physical Measurements

(i)

(i)

(iii)

(iv)

(v)

FT-IR spectra: Collected Infrared (IR) spectral range was 400-4000 cm™ using a
PerkinElmer SPECTRUM Il LITA FT-IR spectrometer.

UV-vis spectra: The UV-Vis absorbance spectral analysis was conducted with a
PerkinElmer Lambda 25 spectrophotometer, using a 1 cm path length quartz
cuvette within the 190-900 nm wavelength.

Single crystal X-ray diffractometer (SC-XRD): Single-crystal X-ray diffraction
data were collected using a Bruker SMART APEX Il diffractometer equipped
with graphite-monochromated MoKa radiation (1 = 0.71073 A), as well as an
APEX II CCD system utilizing CuKa radiation (1 = 1.54178 A). Data acquisition
was performed at a controlled temperature of 273 K using a suitable single crystal
of the compound.

Powder X-Ray Diffraction (PXRD): Powder X-ray diffraction (PXRD) patterns
were recorded at ambient temperature over a 26 range of 5° to 55°, using a Bruker
diffractometer equipped with Cu Ko radiation (A = 1.54178 A), operated at 40 kV
and 40 mA.

Thermogravimetric analysis (TGA): Thermogram was collected from a
PerkinElmer Pyris Diamond TG/DTA thermal analyzer. The measurements were

conducted under inert environment at a constant flow rate of 50 cm®/min. The

=
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temperature was gradually increased from 30 to 800 °C at a uniform heating rate
of 10 °C/min.

Fluorescence spectra: Fluorescence measurements were conducted using a
PerkinElmer LS55 spectrofluorimeter, with a high-purity quartz cuvette of 1 cm
path length to eliminate any background fluorescence interference. This setup
ensured precise and reliable emission data acquisition.

Lifetimes measurements: Luminescence lifetime studies were conducted using an
advanced time-correlated single photon counting (TCSPC) setup from Horiba
Jobin-Yvon. The emission decay signals were recorded with a Hamamatsu
microchannel plate photomultiplier (model R3809), and the resulting data were
processed and analyzed using the IBH DASG6 software package.

Field Emission Scanning Electron Microscopy (FESEM) Analysis: Field
emission scanning electron microscopy (FE-SEM) coupled with Energy
Dispersive X-ray Spectroscopy (EDS) was carried out using the Carl Zeiss
SUPRA 55VP system, which is integrated with a dedicated EDS detector for
elemental analysis.

High Resolution Transmission Electron Microscope (HRTEM) Analysis: High-
resolution transmission electron microscopy (HR-TEM) analysis was performed
using a Thermo Scientific Tecnai G2 F20 instrument operating at an accelerating
voltage of 200 kV, equipped with an EDAX system for elemental identification.
Additionally, a Talos F-200S microscope was employed for high-angle annular
dark-field (HAADF) imaging and elemental mapping to gain further insight into
the material's structural and compositional details.

X-Ray Photoelectron Spectroscopy (XPS) Analysis: X-ray photoelectron
spectroscopy (XPS) measurements were conducted utilizing two advanced
systems: the Theta Probe AR-XPS from Thermo Fisher Scientific (UK) and the
ESCALAB 250Xi model by Thermo Scientific. These instruments enabled precise
surface chemical analysis of the samples.

pH study: The pH measurements of the solutions, ranging from 2 to 12, were
conducted using a Systronics digital pH meter (Model 335, India). Calibration of
the pH meter was performed using standard buffer solutions from Acros Organics
with pH values of 4.0, 7.0, and 10.0.

DFT Computational Study: The molecular geometry of the compound in the gas

phase was optimized through Density Functional Theory (DFT) calculations

()
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(xiii)

(xiv)

performed using the Gaussian 09 software suite. The analysis and visualization of
the computational results were carried out with the help of the GaussSum
graphical interface.

Electrical Study: To construct metal-semiconductor junction devices configured
in a layered ITO/Material/Al setup, we applied thin films of the synthesized
compound to a cleaned ITO-coated glass substrates using the doctor blade
technique. The aluminum, serving as the top metal contact, was deposited onto
plain glass slides via thermal evaporation in a high-vacuum coating system
sustained at a pressure of 10® Torr. The devices underwent electrical
characterization through current-voltage measurements using a Keithley 2635B
Sourcemeter, utilizing a standard two-probe setup.

Electrochemical Study: The electrochemical performance was investigated using
a Metronm AUTOLAB-M240 system through various techniques, including
cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
chronoamperometry (CA). A conventional three-electrode setup was employed,
comprising a Hg/HgO reference electrode, a graphite rod as the counter electrode,
and nickel foam (NF) as the working electrode. To fabricate the working
electrode, a slurry was prepared by mixing the active material with polyvinylidene
fluoride (PVDF) as the binder and N-Methyl-2-pyrrolidone (NMP) as the solvent.
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Chapter 2

In Situ Oxidation of Pyridyl-Dihydrobenzoimidazoquinazoline and
the Synthesis of a Highly Luminescent Cd(IT) Coordination
Polymer: A Promising Candidate for Mutagenic Nitroaromatic
Detection and Device Fabrication
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Abstract:

Pyridyl-substituted imidazoquinoline, a potent fluorescent framework, is advantageous to
architect multifunctional coordination networks for sensing and fabricating emergent
electrical conductors. In this work, a Cd(Il)-based one-dimensional (1D) coordination
polymer (1D CP), [Cd(glu)2(pbiq)2(H20)]n (1), [H2glu = glutaric acid and pbigq = 4-(6-
(pyridin-4-yl)benzo[4,5]imidazo[1,2-c]quinazoline)], has been structurally confirmed by
single-crystal X-ray crystallography. The H-bonding and z---z interactions built a three-
dimensional (3D) supramolecular structure that strongly emits at 416 nm in acetonitrile
suspension. Potentially intrusive nitroaromatics (NAs) and trinitrophenol (TNP) selectively
quench the strong emission of 1, and the highest quenching is noted in the case of TNP. A
detection limit (limit of detection (LOD)) of 1.51 x 10~ M for TNP is determined. The band
gap (3.31 eV) of 1 recognizes semiconducting behavior, and an electronic device is
fabricated. The correlation of current vs voltage (I-V plot) reveals a substantial non-ohmic
electrical conductivity of 1 (A: 1.10 x 10° S m™) along with a low energy barrier (®g: 0.69),
and the series resistance (Rs) becomes 6.21 kQ.
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2.1 Introduction

Over the past few years, the design strategy is focused on integrating different
functional properties in one system of coordination polymer (CP)/metal-organic framework
(MOF) toward the design of multifunctional materials (Chapter 1) for achieving sustainable
development goals (SDGs).}* Multifunctional materials, a sort of smart material, can be
activated by stimulating agents (light, heat, magnetic field, mechanical) to induce new
challenging property(ies) that have been associated with the change in geometry of the
molecular component of the material.>® The CPs/MOFs have been drawn into fascinating
network topologies in a variety of potent applications due to their tunable pores, large surface
area, and variable functionality.”® They can be used in sensing, electrical conductivity
manipulation, gas sorption and separation, variable-temperature magnetism, catalysis, drug
delivery, etc.>?® Out of many properties, the sensing of explosives and manipulation of
energy-saving materials have attracted intensive attention in science and engineering
fields.'32122 A great deal of interest is being paid to luminescent frameworks for the detection
of ions and molecules.?>-?® A country’s defense and security is of primary importance when it
comes to selective and sensitive molecular sensing. In comparison, luminescent CPs are more
useful because of higher structural stability even in strenuous and toxic environment, larger
surface area and porosities, and faster response rates than those of molecular sensors.?’-3!
Based on the straightforward design approach and structural flexibility, one-dimensional (1D)
luminescent CPs are extremely appealing, and such molecules can quickly recognize
exogenous analytes because of the better availability of interacting sites with respect to
higher-dimensional CPs.322% Such smooth interactions are extremely significant in terms of
selectivity and time to recognition. Moreover, 1D luminescent CPs have the ability to
selfassemble into supramolecular aggregates through secondary interactions, which led to
better, faster, and smoother performance than their corresponding native form and
improvement in thermal and mechanical stability. These supramolecular interactions and
aggregation are crucial in the context of sensing study. In this instance, the trans-like
disposition of the nitrogen donor ligand has a significant impact on the fishbone-like 1D
network, which in turn regulates the photophysical property. Due to the simplicity of the 1D
system, all of these structural-electronic effects have been well investigated.

Chemicals are ubiquitous, and their wide adoptions have deleterious repercussions on
both the environment and public health. It is becoming more and more important to detect

perilous substances like nitroaromatics (NAs) and volatile organic compounds (VOCs), to
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safeguard and withstand the sustainability issues as mooted by SDGs. Especially in the case
of explosives and mutagenic pollutants like nitroaromatics (NAs) such an accurate, real-time,
and rapid detection is required, whether for homeland security, military applications, forensic
investigations, or minefield analysis.>** In industrial explosives, nitroaromatics (NAs) are
one of the most common ingredients, and they are found in thousands of unexploded
landmines around the globe. There is no doubt that 2,4,6-trinitrophenol (TNP) is one of the
most powerful nitroaromatic explosives (NAEs). In fact, it is even stronger than 2,4,6-
trinitrotoluene (TNT); in addition to being used in the manufacture of rocket fuels, matches,
pyrotechnics, and landmines, it is also used in the dye, pharmaceutical, and textile
industries.®>*° It has been dumped into the environment through large-scale production and
uncontrolled commercial uses and leads to serious negative effects on the balancing of soil or
water bodies.** Our food system becomes contaminated with nitrophenols when the level of
nitrophenols reaches 150 g L™ due to its bioaccumulation, which can have major deadly
impacts on living things.*>“3 Their rates of biomagnification are much higher than the rates of
biodegradation/metabolism.** As with other organic pollutants, phenol and its nitro
derivatives can cause hematotoxicity, neurotoxicity, as well as carcinogenesis and
mutagenesis inside the human body.**" Several ailments, including skin rashes, respiratory
problems, asphyxiation, etc., are brought by longterm exposure to such substances.*¢->

Due to its simplicity, rapid response times, greater selectivity, minimal cost, rapid
visual detection, and dualphase compatibility, the use of fluorescence-based sensors attracts a
lot of attention in this area.?®>* Therefore, it faces a challenge to develop a fluorescent
chemosensor capable of detecting nitroaromatic substances efficiently in a green solvent
media using straightforward synthetic strategies.

Generally, the CPs do not have very striking electrical properties due to the presence
of large numbers of electroinnocent structural components.®> Nonetheless, the literature
reports®>*° that some of the Zn(11)/Cd(ll) CPs have semiconducting band gap and allow
smooth charge transportation. Recently, 1D CPs have been developed with spectacular
electrical properties that are generating massive interest due to the simplicity of the chain-like
structural arrays that seamlessly correlate functionality with applications.>>% In addition, the
1D CPs produce higher-dimensional supramolecular aggregates through various secondary
interactions, resulting in improvement of charge transportation due to a combined, “through-

bond” and “through-space”, charge passage.>’*®
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It has, however, been rare to construct highly luminescent one-dimensional CPs with
flexible carboxylates for chemical sensing and electronic fabrication.>®%® Based on all of
these aspects, in this work, Cd(ll)-coordinated 1D CP (1) is synthesized from in situ oxidation
of 6-(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-c]quinazoline linked by flexible
glutarate. The structure is established, and theoretical computation has supported the
semiconducting band gap. Thus, a Schottky device is constructed and also electrical
conductivity (A: 1.10 x 10° S m™) is measured. The strong emission of 1 is quenched by
2,4,6-trinitrophenol (TNP), and the limit of detection (LOD) 1.51 x 107 M lies much below
the World Health Organization (WHQO) recommended threshold limit.

2.2 Experimental Section
2.2.1 Materials and General Methods

2-(1H-benzo[d]imidazol-2-yl) aniline and pyridine-4-carbaldehyde were purchased
from Sigma-Aldrich. All other organic reagents, inorganic salts and solvents were of the
reagent grade, obtained from Spectrochem and Merck, and used without further purification.
Plates for thin-layer chromatography (TLC) were used to monitor each reaction (Merck silica
gel 60, f2s4) and column chromatography was carried out utilizing silica gel (100-200 mesh).
Tetramethylsilane (TMS) served as the internal standard in *H-NMR spectra recorded on a
300 MHz (Bruker-DPX) in CDClz and DMSO-ds solvents. >*CNMR spectra were recorded
on a 75 MHz (Bruker-DPX) instrument in CDCls and DMSO-ds using same internal
standard. HRMS (m/z) measurements were taken with an ESI method and a Q-Tof Micro
mass spectrometer, respectively. PerkinElmer SPECTRUM Il LITA FT-IR was used to
capture an infrared spectrum in KBr (4500-500 cm™). The elemental analyzer PerkinElmer
240C was used for the CHN analysis. The thermal stability of the compound as it was
manufactured was tested using a PerkinElmer Pyris Diamond TG/DTA instrument at
temperature between 30 and 800 °C with a heating rate of 10 °/minute. On a Bruker D8
Advance X-ray diffractometer, ambient temperature X-ray powder diffraction (XRPD)
patterns were captured using Cu Ka radiation (1 = 1.548 A), generated at 40 kV and 40 mA at
260 range of 5-50°. PerkinElmer Spectrofluorometer model LS55 and PerkinElmer
Spectrophotometer Lambda 25 were used, respectively, to record the measurements of the
fluorescence and UV-Vis spectra. Measurements of time-correlated single-photon counts
were recorded using a HORIBA Jobin-Yvon system for counting single photons over time.

)
=N
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2.2.2 Synthesis of Ligand (Hzpbiq)

To an ethanol (5 mL) solution of 2-(1H-benzo[d]imidazol-2-yl)aniline (209 mg, 1.0
mmol) was added pyridine-4-carbaldehyde (107 mg, 1.0 mmol) and refluxed for several
hours. Using a thin-layer chromatography (TLC) test at an interval of 30 min, the reaction
was stopped after 6 h, then it was concentrated at a low pressure after being cooled to room
temperature. Before being dried over anhydrous Na:SOs4 and compressed at a reduced
pressure, the reaction mixture was separated by column chromatography using ethyl
acetate/hexane (3:7, v/v) as the eluent to isolate pure product, 6-(pyridin-4-yl)-5,6-
dihydrobenzo[4,5]imidazo[1,2-c]quinazoline (Hzpbiq) (Scheme 2.1). High-resolution mass
spectrometry (HRMS) (electrospray ionization (ESI), m/z) calcd for CigHisN4 [M+H]" :
299.1297; found: 299.1319 (Figure 2.1); *H NMR (400 MHz, CDCls): & 8.52 (d, J = 6.08
Hz, 2H), 8.17 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.27-7.23 (m, 2H),
7.14-7.12 (m, 2H), 7.10 (d, J = 8.1 Hz, 1H), 6.99-6.95 (m, 1H), 6.83 (d, J = 8.1 Hz, 1H), 6.74
(d, J = 8.0 Hz, 1H), 6.67 (d, J = 2.12 Hz, 1H), 5.13 (S, 1H) (Figure 2.2); 3C NMR (100
MHz, CDClzs): 6 150.9, 141.0, 132.7, 132.1, 125.8, 123.3, 123.2, 120.91, 120.9, 119.6, 115.6,
109.6, 68.3 (Figure 2.3); IR (neat): vmax 2944, 1609, 1515, 1478, 1390, 1290, 1265, 1152,
814, 732 cm™ (Figure 2.4).

CHO @EN
N \
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& —_— >
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Scheme 2.1 Synthesis of 6-(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-c]quinazoline
(H2pbiq).
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Figure 2.1 Mass spectrum of Hzpbig.
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Figure 2.2 'H-NMR spectroscopy of Hzpbig.
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Figure 2.3 *C-NMR spectroscopy of Hzpbiq.
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2.2.3 Synthesis of [Cd(glu)2(pbiqg)2(H20)]n (1)

To an aqueous solution of Cd(NOs3)2:4H20 (61.7 mg, 0.2 mmol), a buffer solution of
H20 and MeOH (1:1 (v/v)) was layered followed by injecting an aqueous (2 mL) solution of
Hzpbiq (59.6 mg, 0.2 mmol). A neutral solution of glutaric acid (26.4 mg, 0.2 mmol) in
EtOH (2 mL) by EtsN (21 mg, 0.2 mmol) was added slowly to the top layer in this solution
and left to dissipate for a few days. After 10 days, block-like yellow crystals of
[Cd(glu)2(pbiq)2(H20)] (1) (Scheme 2.2) were obtained (98 mg, yield 57.6%). For
Ca3H32CdNsgOs, the elements calculated (%) were C, 60.53; H, 3.78; N, 13.13; found: C,
60.61; H, 3.74; N 13.109.

-

Cd(NO3),

+
N
E;EN\)-—Q HO,C_~_-COzH
NH

HLLO 4
- 0\\ / — HN
H,0/MeOH N—/Cif— v

\ ) Layering technique o O \
N
pdiq 1

P

o—-d

Scheme 2.2 Synthesis of [Cd(glu)z2(pbiq)2(H20)]n (1).
CAUTION! Cd(ll) compounds are potentially toxic and poisonous. They are handled
carefully following all precautions and have been prepared in small quantities.
2.2.4 Synthesis of 6-(pyridin-4-yl)-benzo[4,5]imidazo[1,2-c]quinazoline (pbiq)

To produce the required heterocycle pbiq, 6-(pyridin-4-yl)-5,6-
dihydrobenzo[4,5]imidazo[1,2-c]quinazoline (H2pbiq) (89.4 mg, 0.3 mmol) was dissolved in
DMF (3 ml) while air was bubbled through the reaction mixture and then the mixture was
refluxed for 2 h. Following the completion of the reaction, the mixture was poured into water
(30 ml), and the light yellow compounds were precipitated, filtered off and column
chromatography was used to purify the crude product with ethyl acetate/hexane (2:3, v/v) as
the eluent, yielding the desired 6-(pyridin-4-yl)-benzo[4,5]imidazo[1,2-c]quinazoline (pbiq)
(yield: 64.4 mg, 72%) (Scheme 2.3). HRMS (ESI, m/z) calcd. for CigHizsN4 [M+H]":
297.1140; found: 297.1141 (Figure 2.5); *H NMR (300 MHz, DMSO-ds): § 8.97 (d, J = 5.91
Hz, 2H), 8.66 (dd, J1 = 7.8 Hz, J2 = 1.05 Hz, 1H), 7.98 (t, J = 8.1 Hz, 2H), 7.93-7.88 (m, 3H),
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7.83-7.78 (m, 1H), 7.52-7.47 (m, 1H), 7.24-7.18 (m, 1H), 6.56 (d, J = 8.4 Hz, 1H) (Figure
2.6); 3C NMR (100 MHz, DMSO-de): 5 151.1, 147.7, 146.7, 144.4, 142.3, 142.0, 132.5,
129.2, 129.1, 128.4, 125.9, 124.3, 123.5, 123.2, 120.2, 118.8, 114.2 (Figure 2.7); IR (neat):
vmax 2923, 1624, 1592, 1534, 1444, 1367, 1222, 1154, 961, 825, 742 cm'* (Figure 2.8).

0.3 mmol Yield: 72%

Scheme 2.3 Synthesis of 6-(pyridin-4-yl)-benzo[4,5]imidazo[1,2-c]quinazoline (pbiq).

L-3-OX 8(0.152) Sm (Mn, 2x2.00); Cm (1:8)
100 297.1141 i Mi 513"‘7
Jie
N R
3 T
N ‘ r
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— [ ’
.
N7 pbiq
4
°\° '
|
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1
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Figure 2.5 Mass spectrum of pbig.
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Figure 2.8 IR spectrum of pbig.
2.2.5 Single-Crystal X-ray Diffraction (SC-XRD)

To measure single crystal X-ray data, a suitable crystal of 1 was sorted after being
removed from the mother liquor. The crystal was placed under a polarized optical microscope
and covered with paratone oil and mounted using MiteGen loops. SC-XRD data were
collected from a Bruker APEX-II diffractometer, equipped with Mo Ko radiation and a
charge-coupled device (CCD) detector. All reflections were refined by least squares to
determine crystal-orientation matrices and cell parameters, and the hkl values tended to be
within the range of -10 <h <10, -11 <k <11, -35 <1< 35. SADABS® was used to perform
the absorption correction, and the information compiled (I > 2¢(1)) was combined with the
SAINT program.®® The SHELXL software package, Apex Il software suite, and Olex 2 were
used to carry out the full-matrix least-squares improvements.®® The molecular structure was
carried out with SHELXT.®" Refinement of the compound’s non-H atoms was based on
isotropic thermal parameters. Geometric alignment for each hydrogen atom was uniform, and
each rode on its parent atom. Table 2.1 provides the crystallographic data of 1. Additionally,
Table 2.2 contains the bond lengths and angles used in this study. 2253510 reflects the
CCDC number for 1.
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Table 2.1 Crystal data and refinement parameters for 1.

Formula C43H32CdNsgOs ‘
CCDC 2253510
Formula weight 854.18
Crystal system Triclinic
space group P-1
a(A) 8.5518 (4)
b (A) 9.2086 (4)
c(A) 29.4874 (13)
o (deg) 87.019 (2)
£ (deg) 81.794 (1)
y (deg) 67.557 (2)
V (A%) 2124.27 (17)
VA 2
Dealcd (g/cm?®) 1.334
4 (mm™?) 4.547
A(A) 1.54178
data[l >2o(l)]/params 7697/510
GOF on F? 1.049
Final R indices[l >24(1)]2? R1 =0.0695
wWR2 =0.1920

3R1 = X||Fo| — |Fell/ Z|Fo|, "WR2 = [Ew(Fo® — Fc?)2/Ew(Fo?)2]H2
Table 2.2 Selected bond lengths and bond angles in 1.

Bond length (A) Bond Angles ©) ‘
Cd(01) - O(00C)  2.441(4)  O(00D)- Cd(01)-C(010_b)  110.23(17)
Cd(01) - O(005)  2.351(4) 0(00D) - Cd(01) - N(4) 91.75(14)
Cd(01) - O(00D)  2.320(4) N(4) - Cd(01) - N(5) 179.65(15)

Cd(01) - N@)  2352(4) O(00C) - Cd(01) - O(00B_b) = 165.37(14)
Cd(01) - N()  2333(4)  O(00D) - Cd(01) - C(O1F)  109.73(15)
Cd(01) - O(00B_b) 2.453(4)  N(5) - Cd(01) - O(00G_b) 94.09(13)
Cd(01) - O(00G_b) 2338(4)  O(005) - Cd(01) - C(O1F) 27.50(14)
0(00C) - Cd(01) - O(00G_b) = 139.75(16)

0(00C) - Cd(01) - O(00D)  82.81(15)

)
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N(4) - Cd(01) - C(010_b) 83.31(15)
N(4) - Cd(01) - O(00B_b) 84.22(15)
O(00B_b) - Cd(01) - O(00G_b) = 54.18(15)
0(005) - Cd(01) - O(00C) 54.45(13)
0(005) - Cd(01) - O(00D)  137.22(13)

0(005) - Cd(01) - N(4) 88.34(14)
0(005) - Cd(01) - N(5) 91.94(14)
0(005) - Cd(01) - O(00B_b)  139.12(14)
0(00C) - Cd(01) - N(4) 91.75(14)
0(00C) - Cd(01) - N(5) 88.26(14)

Symmetry Code: a =X, -1+y, z; b=x, 1+y, z

2.2.6 Theoretical calculations

With the GAUSSIAN-09 program package, the geometry of 1 was optimized by DFT
(density functional theory) computation technique using Single Crystal Coordinate
parameters.®® Theoretical computations were conducted using the DFT-B3LYP hybrid
functional .®® The LanL2MB basis set was used for Cd. To depict all of the various spectral
transitions involving low-lying electronic states, the time-dependent density functional theory
(TDDFT) was applied.” Finally, in the theoretical computations, the Gauss sum’* approach
was used to analyze the fractional entanglement of the distinct components of the polymeric
complex associate with each molecular orbital individually.
2.2.7 Device Fabrication

The prepared material was used in thin film semiconducting devices to describe the
material's electrical properties. Technology was used to create a metal-semiconductor (MS)
junction using the synthesized material as the semiconductor component of the device and
aluminium (Al) as the metal (Figure 2.9). An indium tin oxide (ITO) coated glass substrate
was thoroughly cleaned with acetone, ethanol, and distilled water being subjected to an
ultrasonicator. The substrate was subsequently dried in a N2 atmosphere. To create a well-
distributed, homogenous medium, the synthesized material was dissolved in N,N-
dimethylformamide (DMF) solvent and then ultrasonically processed. The prepared material
film was then created by spin-coating the dispersion onto the 1TO-coated glass substrate that
had already been cleaned. The thickness of film (d) was measured to one micrometre using a
surface profiler. Finally, aluminium metal was deposited onto the film using vacuum coating

equipment with electron beam technique (HINDHIVAC) at a base pressure of 10 Torr.

)
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Using a shadow mask the effective diode area (A) was maintained at 7.065 x 10° m?. A
thorough examination of the device attributes was done in order to look into the electrical

characteristics of the synthesized material.

1V

Metal (Al)

o | 1 i
Material /ITO

Glass substrate

Figure 2.9 Schematic representation of device fabrication.
A Keithley 2635B source metre was used to record the device's current density-
voltage (J-V) data for electrical characterization (using two probe method). Every step of the
preparations and characterizations was done at room temperature (303K).

2.3 Results and Discussion
2.3.1 Structure of [Cd(glu)2(pbiq)2(H20)]n (1)

Diffusion of Cd?* in aqueous methanol to the solution of 6-(pyridin-4-yl)-5,6-
dihydrobenzo[4,5]imidazo[1,2-c]quinazoline (Hzpbiq) for several days in the presence of a
neutral solution of glutaric acid (H2glu) has crystalized Cd-CP (1). The single-crystal X-ray
structure determination of 1 has revealed that in situ aerial oxidation of Hzpbiq to its oxidized
form 6-(pyridin-4-yl)benzo[4,5]imidazo[1,2-c]quinazoline (pbiqg) (Scheme 2.3) has taken
place, which subsequently coordinates monodentately to the metal ion (Cd?*) followed by
bridging with flexible glutarate (glu?) to produce a 1D fishbone-like polymeric architecture.
It has been observed that 1 is crystallized in triclinic system, space group P-1, Z = 2 and Dcalcd
(g cm®) = 1.335.
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N4

0005

000C 000B

Figure 2.10 (a) Various coordinated arrangements in 1. a perspective. (b) Coordination
polyhedral around the constituting central metal ion. (c) 1D polymeric network fragment in 1.
(d) View of the parallel 1D chains.

It has been observed that 1 is crystallized in triclinic system, space group P-1, Z = 2
and Deaica (g cm®) = 1.335. The construction of the asymmetric unit and metal center
environment is defined as distorted pentagonal bi-pyramidal CdOsN2 (Figure 2.10a,b)
coordination sphere. The metal ion, Cd(ll), is linked via the bridging glu®> to propagate the
1D chain (Figure 2.10c); the nitrogen donor pbiq has been disposed in the rod-fashion (trans)
and acted as monodentate ligand. Other heterocyclic N-donor centers are free from
coordination. To fulfill the seventh coordination, one H20 is coordinated to Cd(Il). The Cd-O
(Cd01-0005 = 2.351(4), Cd01-0O00C = 2.441(4), Cd01-0O00D = 2.320(4), Cd01-000B b =
2.453(4), Cd01-000G_b = 2.338(4) A) and Cd-N bond lengths (Cd01-N4 = 2.352(4), Cd01-
N5 = 2.333(4) A) and bond angles (O005-Cd01-O00C = 54.45(13), 0005-Cd01-000D
137.22(13), 0005-Cd01-N4 = 88.34(14), 0005-Cd01-N5 = 91.94(14), N4-Cd01-N5
179.65(15), O00C-Cd01-0O00D = 82.81(15), N4-Cd01-O00B_b = 84.22(15), O00B_b-Cd01-
O00G_b = 84.22(15)).

The 1D chains are assembled through extensive z---z interaction (3.694 A) of the
imidazolyl motif (N1-COOK-N2-C0O0L-COOQI) (Figure 2.10d) and phenyl ring (C1-C2-C3-
C4-C5-C6) to generate higher-dimensional supramolecular aggregate (Figure 2.11a). It is

)
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also important to note that there are significant H-bonding interactions between the pyridyl-H
and benzimidazolyl-N, H00S---N1, 2.519 A (Figure 2.11b). Hence, this structural assembly
may have an influence on charge mobilization and may adjust the electrical properties if a

device is fabricated with the polymeric compound.

»
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3 9 'Q\Z

Figure 2.11 (a) Extended supramolecular aggregation of 1. (b) H-bonding interaction within
the network.

2.3.2 Powder X-ray Diffraction (PXRD) and Thermogravimetric Analysis (TGA)
Experiment

Powder X-ray diffraction (PXRD) spectrum at room temperature reports the
material’s overall phase purity. The PXRD pattern of as-synthesized 1 was in perfect
agreement with the model created using data from a single crystal, demonstrating decent
phase clarity and bulk material uniformity (Figure 2.12).

Thermogravimetric analysis (TGA, 30-800 °C in a N2 environment) determines the
thermostability of 1 up to 269 °C (Figure 2.13). However, there is a mass loss observed at
30-100 °C, which does not relate to the structural architecture as there is no such indication of
degradation from molecular counterparts and may infer the loss of surface adsorption of gas
molecules. Thus, this small mass (near about 3% at 50 °C) loss is not related to network
deviation; PXRD of the heated sample at 50 °C revealed no change in the PXRD pattern
(Figure 2.12). Therefore, compound 1 with wide temperature ranges can be advantageous in

material applications.
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Figure 2.12 PXRD patterns of (a) simulated from the X-ray single crystal structure of 1
(black), (b) as-synthesized compound 1 (red), (c) 1 after prolonged immersion in pH solution
(Ph = 4) (royal), (d) 1 after immersion in TNP solution (olive), (e) 1 after heating at 50 °C
(purple).
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Figure 2.13 TGA analysis of Cd-CP (1) (a) before and, (b) after TNP analysis.
2.3.3 Sensing Property toward NAEs

Quinazoline derivatives are fluorescent and have been used for the detection of metal
ions.”> However, the use of these derivatives for the sensing of nitroaromatic explosives

(NAEs) is not so prominent. Acetonitrile suspension of 1 shows the absorption bands at 347

)
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and 287 nm, which correspond to n-z* and z-z* transitions, respectively (Figure 2.14), and
has been compared with free ligand pbig. In the dispersion phase (acetonitrile) at room
temperature (298 K), 1 exhibits blue emission at 417 nm. In contrast, under identical
circumstances, the free glutaric acid is nonemissive and pbiq is weakly emissive. On
coordinating with Cd(lIl) the substantial fluorescence enhancement may be attributed to the
augmentation of rigidity and weakening of vibrational and rotational relaxation of pyridyl-

benzoimidazoquinazoline unit.”-"®

0.30
0.25 - —1]
0.20
0.15

0.10 -~

Absorbance (a.u.)

0.05 -+

0.00 -

250 300 350 400 450 500
Wavelength (nm)

Figure 2.14 UV-Visible spectrum of 1 in acetonitrile.

Different NAEs such as 2,4,6-trinitrophenol (TNP), 4-nitrotoluene (4-NT), 2-
nitrophenol (2-NP), 3-nitrobenzoic acid (3-NBA), 1,4-dinitrobenzene (1,4-DNB), 4-
nitrophenol (4-NP), nitrobenzene (NB), 4-nitroacetanilide acid (5-NAc), 1,3-dinitrobenzene
(1,3-DNB), 3,5-dinitrobenzoic acid (3,5-DNBA), 2,4-dinitrophenol (2,4-DNP), and 2-
nitrotoluene (2-NT) have been used to check their influence on the strong emission of
acetonitrile-dispersed compound 1. Upon addition of an equivalent volume of nitroaromatic
analytes (38.1 xM) to the solution of 1 (10 M), fluorescence quenching was perceived at
different levels, and the efficiency of the quenching follows the order: TNP > 2,4-DNP > 4-
NAc > 2-NT > 3-NBA > 4-NP > NB > 1,4-DNB > 3,5-DNBA > 2-NP > 4-NT > 1,3-DNB.
So, TNP shows the highest quenching ability (97.6%) and the highest selectivity to the
emission of 1 in the family of NAEs (Figure 2.15a). TNP in suspended acetonitrile solution
of 1 exhibits dramatic suppression of emission with a red shift of 60 nm (lem, 477 nm), in

contrast to other NAEs (Figure 2.15b). On considering the contribution of fluorescence

)
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resonance energy transfer (FRET) (Figure 2.16) and photoinduced electron transfer (PET)

between the analyte (TNP) and 1, the mechanism of quenching may be explained.””
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Figure 2.15 (a) NAEs' effectiveness in quenching emission of 1. (b) Emission spectra of 1
dispersed in ACN medium in presence of different NAs (2,4,6-trinitrophenol (TNP), 4-
nitrotoluene (4-NT), 2-nitrophenol (2-NP), 3-nitrobenzoic acid (3-NBA), 1,4-dinitrobenzene
(1,4-DNB), 4-nitrophenol (4-NP), nitrobenzene (NB), 4-nitroacetanilide acid (5-NAc), 1,3-
dinitrobenzene (1,3-DNB), 3,5-dinitrobenzoic acid (3,5-DNBA), 2,4-dinitrophenol (2,4-
DNP) and 2-nitrotoluene (2-NT)).
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Figure 2.16 Overlapping of absorption spectra of TNP with emission spectra of 1. The black
and blue curve represent the absorption spectra of trinitrophenol (TNP) and the emission
spectra of Cd(I1)-CP (1) in acetonitrile, respectively.

To test the sensing ability of 1, a TNP solution was progressively added to the
acetonitrile suspension of 1 (Figure 2.17a). The intensity of emission gradually decreases up
to 38.1 uM, and 97.6% of the initial emission has been quenched. Stern-Volmer plot (S-V

plot) ((lo/l) = 1 + Ksv x [TNP], where lo and | are the fluorescence intensities of 1 in the

=
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absence and presence of TNP, respectively, and the molar concentration of TNP is given by

[TNP]) determines the Stern-Volmer quenching constant, Ksv, 1.06 x 10° M,

1000 w0
800 354  [~—ayn
1 A 30) D <t>/<t>|
—_ (4
= Y 5]
Z 600+ X
~ & 20
— Vv
ke 400 = 15
Hc
104
200{ |
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0 07 ’ ) i
460 4150 560 5%0 600 (I] ’.'I'l 1I0 1'5 2Iﬂ 2I5 3lﬂ 3I5 4I0
Wavelength (nm) [TNP] (uM)

Figure 2.17 (a) Emission spectral feature of 1 (10 xM) disseminated upon addition of TNP
solution incrementally in acetonitrile (0-38.1 u«M); inset: Fluorescence cuvette images
containing suspended acetonitrile solution of 1 under UV light (A = 365 nm) before TNP
addition (i), and after TNP addition (ii). (b) Steady-state (Io/I, blue) and time-resolved (< 7z >
/< 7>, red) Stern-VVolmer plots.

The plot shows upward curvature’® (Figure 2.17b), which indicates that TNP acts as
both a static and dynamic quencher, and increasing the TNP concentration results in a higher
degree of quenching. Based on the linear region of the S-V plot having a smaller concentration
of TNP, the Ksv value was determined (Figure 2.18a). The limit of detection (LOD), 1.51 x
107 M (Figure 2.18b), is much lower than the United States Environmental Protection
Agency (USEPA) recommended value’ of 0.1 mg m™ and is comparable with CPs/MOF-

based sensing materials to date.860-63.80

Equation y=asbx n Equation yearhty
Plot B ( a) ] (b) | P1on \
Weight No Weighting | 900 J Weight No Weighting
Interce Pt 0.97442 £0.01409 Intercept a7,
Slope 0.10592 £ 0.00342 | Moy -5,

1.6 4 Residual Sum of Squares 0.00285
Pearson's r 099689 800 - :r:;::.r: (r( on
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Figure 2.18 (a) Stern-Volmer plot of 1 at lower range of quencher [TNP] (in u«M)
concentration. (b) The linear dynamic response of 1 for TNP and the determination of the

limit of detection (LOD) of TNP.
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Figure 2.19 Representative fluorescence decay spectra of 1 (10 puM) in the absence and
presence of increasing concentration of TNP. Spectra 1-9 corresponds to the TNP
concentration 0 UM (red star), 2.47 uM (green star), 4.93 uM (blue star), 7.37 UM (cyan star),
9.80 uM (magenta star), 14.63 uM (yellow star), 19.42 uM (dark yellow star), 28.85 uM
(navy star), 38.10 uM (purple star), respectively.

The degradation of the fluorescence lifetime of 1 was studied with continuous addition
of TNP, in order to establish a quenching mechanism within this system (Figure 2.19). The
excited species (1*) remains undisturbed with the addition of TNP incrementally, as
demonstrated by the fluorescence lifetime decay of 1 and lifetime plot (Figure 2.17b and
Table 2.3). It is observed that the lifetime (z) of 1 is 4.669 ns, and upon addition of TNP (2.47
1M), the 7 remains at 4.662 ns, and even at higher concentration (38.10 uM; 7 = 4.615 ns), it
does not show any significant change in the excited-state stability of the compound. In order
to estimate the molecular functions of 1 and TNP, optimal geometries were used. Calculations
were made to figure out the associated orbital energies of the lowest unoccupied molecular
orbital (LUMO) (-0.14 eV for 1; -1.59 eV for TNP) and highest occupied molecular orbital
(HOMO) (-2.99 eV for 1; -4.32 eV for TNP). It is however noteworthy that the HOMO and
LUMO of 1 and LUMO of TNP differ in energy. Consequently, it is possible to transfer
energy from the excited state of 1 (1*) to the ground state of TNP (Figure 2.20).
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Table 2.3 Fluorescence lifetime decay parameters of 1 (10 uM) with incremental addition of
TNP.

TNP (UM) 7(ns) CHISQ
- 4.669 1.048066
- 4.662 1.069910
- 4.656 1.020654
- 4.652 0.973620
- 4.629 1.039440
- 4.636 0.999736
- 4.628 1.041390
- 4.625 1.023367
- 4.615 1.093165
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Figure 2.20 Possible energy transfer between excited state of 1 (1*) and TNP.

It does not appear that the emissions intensity of 1 has changed; despite the presence
of acidic solutions (pH = 2-7) (Figure 2.21), suggesting acid-resistant structural integrity. The
acid-immersed PXRD pattern of 1 (Figure 2.12) reaffirmed the previous finding as well.
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According to the experimental observations, it can be stated that acidic conditions are
compatible with a stable molecular network. Following TNP sensing, the stability of Cd-CP
(1) is further examined by TGA and then by PXRD analysis. It is shown that the thermal
stability and diffraction pattern remain unaffected, demonstrating the structural endurance of
Cd-CP (Figures 2.12 and 2.13).
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Figure 2.21 Emission spectra of 1 in presence of different PH solutions.
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Figure 2.22 Paper strip experiment for recyclability of Cd-CP (1) towards TNP sensing.

As part of a lab-to-land application, a straightforward “use-and-throw” technique is
constructed in order to explain the experimental finding. A dry paper strip coated with Cd-CP
was exposed to a drop of trinitrophenol (TNP) solution, and the resulting photograph was

captured with a UV light of wavelength 365 nm. To make the strip reusable, it was dried
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under air after being cleaned with acetonitrile (Figure 2.22). According to the study,

recyclability up to a wide range of implementations is fairly satisfactory.

2.3.4 Electrical Characterization

The absorption spectrum (250-500 nm) in acetonitrile suspension has been used
following Tauc’s equation (eq 1) to reckon the direct optical band gap, 3.31 eV (Figure 2.23)
(theoretical, 2.85 eV).8!

(ahv)? = c(hv —Eg).eeeeieiiiiii, (1)
where o is the coefficient of absorption, Eg is the energy of the optical band gap, h is Planck’s

constant, o is the frequency, and c is a constant.
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Figure 2.23 (a) UV-Vis absorption spectrum of 1 in acetonitrile. (b) Tauc’s plot: illustrates
the compound's band gap energy.

The optical band gap, 3.31 eV, insists to design a semiconducting device. To
have a better understanding of the charge carrier translocation process within the metal-
semiconductor (MS) interface, the J-V curve was drawn, and the space charge limited current
(SCLC) theory was applied to gain more insight into the electrical characteristics.®?%* The
cell-like structural arrangement of coordination polymeric compounds transports charges
within their construction assembly. The electrical characteristics are further impacted by their
steric and mechanical attributes (rigidity or flexibility) of organic connectors. Thus, by
switching the linkers from stiff to flexible, the bulk electrical characteristics of such
metalcoordinated polymers may be improved. Flexible linkers typically found that the
structure may support better charge mobility.®>% In the present material, the nitrogen donor
ligand with highly conjugated polyaromatic attachment from both sides of the metal center
may act as a hanging passage for “through-space” charge transport within nearby layers.

Room temperature and dark-phase electrical property supports the device applicability of the
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material in ambient condition. Therefore, considering the current technological aspect, our
synthesized material may be potentially applicable for laboratory to land application. Room-
temperature J-V plot (Figure 2.24) in dark condition is used to calculate the electrical
conductivity to be 1.10 x 10° S m™. The J-V graph of the fabricated thin-film metal-
semiconductor (MS) device shows nonlinear rectifying characteristics, which indicates the
formation of Schottky barrier with a rectification ratio of 8.75 at the MS junction. J-V data, in
particular, are commonly used to compute various Schottky diode (SD) parameters. The main
transport mechanism in SDs is therefore widely thought to be pure thermionic emission. In
the current scenario, experimental findings from the J-V data may be explained using the

following equations (eqgs 2 and 3)&’

Ji =]5at[exp§V — 2)

Joar = AA TZeXp(—BP) e (3)
Here, at bias V, J is the current density of the diode; # is the ideality factor; g = (g/kT) is the
inverse thermal voltage; A* indicates modified Richardson constant; A refers to the area of
the diode; and ¢ is a measure of Schottky barrier height (SBH). It is assumed that the
modified Richardson constant is 1.206 x 106 A K2 m?,
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Figure 2.24 Current density vs voltage graph in (a) linear scale and (b) log scale for
aluminum (Al)/compound/indium tin oxide (ITO).

The In J vs In V graph reflects the voltage domain of forward bias (Figure 2.25a), and
the linear portion of the plot was fitted in order to better comprehend how the MS interface
facilitates charge transportation. The slope in region | is 1, which implies that Ohmic
conduction predominates in carrier transport events.®® In light of trap-assisted carrier

transition, in region 11, the slope is 2, exposing the mechanism of space charge limited
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conduction (SCLC). A series resistance (eq 4) was taken into account (Rs), and the value of

Jsat was substituted into eq 2%

J= AA*TZexp(—ﬁ¢)[exp§(V -3 (R @)

Where, the voltage drop is indicated by the term IRs.

Differentiation of eq 4 as a function of In J provides the Cheungs’ equation (eq 5):%°

av
dinj

Using a dV/dIn J vs J plot, it is possible to calculate the ideality factor and series resistance of
an integrated Schottky device. In the J-V characteristics curve, the dV/din J vs J profiles of the
diode tend to be linear with regard to the downward curvature zone of forward bias (Figure
2.25b). In this area, series resistance and ideality factor are more significant since the current
follows Ohm’s law (Table 2.4). The ideality factor frequently fails to match one simply due
to the MS junction’s inhomogeneity.®*

The current density-dependent function H(J), as defined in the Cheung model, can be

expressed as in eq 6.%°
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Figure 2.25 (a) In J vs In V plot for the fabricated device. (b) dv/dIn J and H(J) vs current
density graph for Al/compound/ITO structure.

Table 2.4 Device parameters based on the synthesized material for schottky diodes.

Rectification Conductivity Ideality Barrier Rs from Rs from
ratio (Sm?) factor height dv/dinJ H(J)

(eV) kQ) kQ)
8.75 1.10x10° 2.06 0.693 6.21 6.34
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By analyzing the H(J) vs J graph, the Schottky barrier height of the device can be
determined (Figure 2.25b). Like the dV/dIn J vs J plot, these data indicate uniformity in the
minimal potential area. As determined by the H(J ) vs J plot, Table 2.4 reflects the barrier
height (p) and series resistance (Rs). The series resistance (Rs) was derived using two
different approaches, and the values were almost comparable (6.21 and 6.34 kQ, Table 2.4).
In addition to surface features, the metal-to-semiconductor contact’s caliber was considered

to be of significant importance.®?

2.4 Conclusions

Pyridinyl-dihydrobenzoimidazoquinazoline is air-oxidized during complex formation
with Cd(ll) in the presence of glutaric acid and has synthesized a highly luminous 1D [Cd-
(glu)2(pbiq)2(H20)]n. The strong emission is selectively quenched by nitroaromatic
explosives (NAESs) and the highest quenching efficiency is seen for TNP with a detection
limit of 1.51 x 107 M. The energy transfer mechanism, FRET and PET, is shown to be
effective for the quenching process including both static and dynamic quenching in response
to elevated analyte concentrations. The lower-dimensional, 1D CP shows spectacular
electrical conductivity (A: 1.10 x 10° S m™) in the semiconducting regime as suggested by
the experimental band gap (3.31 eV) and flexible linkers typically found in the structure to
support better charge mobility, which may be due to the self-assembly of 1D chains. This
approach offers a possible method for improving CPs potential in molecular sensing and

semiconducting device fabrications.
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Abstract:

Pyridyl-substituted imidazoquinolines are highly fluorescent probes and are useful for the
design of smart materials. A hitherto unknown pyridylimidazoquinazoline-coordinated two-
dimensional (2D)-Cd(I1)-MOF {[Cd2(5-nip)2(pdiq)2(H20)2(CH30H)]-H20}n (CP 1), [Hznip =
5-nitroisophthalic acid and pdiq = 6-(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-
c]quinazoline] has been designed and structurally confirmed by single-crystal X-ray
crystallography. The presence of C-H---z and z---z interactions in CP 1 makes it a three-
dimensional (3D) supramolecular structure. The excellent luminescent behavior of CP 1 is
selectively quenched by trinitrophenol (TNP) even in the presence of potentially intrusive
nitroaromatic explosives (NAEs). A limit of detection (LOD) of 2.75 x 107" M for TNP is
achieved (30/m). In addition, the CP 1 displays electrical conductivity on an electronic device
with the metal-semiconductor (MS) junction. Current vs voltage (I-V plot) correlation reveals
the substantial enhancement of electrical conductivity upon illumination (A: 1.12 x 102 Sm*
(dark), 6.33 x 10 S m™ (light)) along with a decrease in energy barrier (®s: 0.53 (dark), 0.42
(light)). The plots of log V vs log | show a non-Ohmic feature at a higher voltage (log V > 0)
both in the dark and the light phase, which is the characteristic of a Schottky diode barrier
(SDB).
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3.1 Introduction

The field of porous coordination polymers (PCPs) or metal-organic frameworks
(MOFs) has been of immense interest (Chapters 1 & 2) for the last two decades owing to
their high porosity and extraordinary crystallinity.! Due to the tunable pore size, large surface
area, and variable functionality, intriguing network topologies of PCPs have attracted
attention in the field of potent applications such as catalysis, gas sorption and separation,
magnetism in variable temperatures, drug delivery, sensing, electrical conductivity, etc.>*?
The choice of the metal center, bridging organics, and/or capping groups/ligands define the
structural motif of MOFs, whereas temperature, pressure, solvent, pH of the medium and
counteranion of the metal salt, etc. represent the different dimensionalities within the MOFs.
Both the n-electron-rich organic ligand and aromatic polycarboxylate as building blocks have
been widely used to impart luminescent properties to the products. Among MOFs,
luminescent frameworks are of great choice of interest to detect ions/molecules.*®>*° In the
field of selective and sensitive molecular sensing, the detection of explosives is of paramount
importance, considering the defense and security purposes of a country. The structural
stability, size, porosity, surface area, etc., of luminescent MOFs make them more attractive
and effective over luminescent molecules because they increase sensitivity, decrease the limit
of detection (LOD), increase the rate of response, and reduce the response time.?°?> Two-
dimensional (2D)-MOFs (metal-organic frameworks) have potential advantages over one-
dimensional (1D) and three-dimensional (3D)-MOFs due to their more exposed dynamic
sites, higher sensitivity, faster response time, better stability, and ultralow limit of detection
for sensing applications.?

Nitroaromatic explosives (NAEs), major constituents of explosive materials, are used
in land mines, high-explosive shells and armed devices, etc.?” Among various NAEs, 2,4,6-
trinitrophenol (TNP) prevails, being even stronger than its well-known counterpart 2,4,6-
trinitrotoluene (TNT), and has been broadly used in aniline synthesis, oxidative metal
etching, fireworks, matches, and rocket fuels as well as in leather, pharmaceutical, and dye
industries.?®2° During mass production and indiscriminate commercial uses, it is released into
the environment and causes serious health issues.%-*? Similarly, TNP is widely used as NAEs
in devastating terror attacks, which ultimately turn out to be fatal to human civilization.
Therefore, a selective, sensitive, safe, economic, environmentally benign, and rapid detection

method of TNP is of great importance and highly desired.
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In this regard, the fluorescence-based sensing method triggers intensive attention
owing to its simple operational method, high selectivity and sensitivity, instantaneous
response time, and low cost.'*33 Therefore, the design of a fluorescent chemosensor for the
efficient detection of NAEs, especially working in a green solvent medium with simplified
synthetic procedures, is a challenging goal for the scientific community.

Owing to the recent progression from laboratory to field application in the field of
energy-saving materials, the application of photoconductive molecules has attracted
enormous attention.'>34-3 The CPs with bridging dicarboxylate moieties are of current
interest as they bring metal centers as close as possible for easy flow of electrons. The
appropriate combination of auxiliary links can affect the electrical conduction properties and
semiconductor performance of the material. The semiconducting materials exhibiting
nonlinear rectifying nature in the metal-semiconductor (MS) junction can be utilized in the
fabrication of the Schottky devices.?"*® The photoresponsive Schottky diode behavior® is of
current interest to tackle the energy crisis in this century. Tauc’s plot is used to calculate the
band gap and aims to figure out how the material behaves while it is semiconducting.
Secondary interactions between conjugated electron-rich aromatic moieties have been shown
to dramatically enhance charge mobility across the material’s structure. The structural,
chemical, and thermal stability of these materials encouraged researchers to employ them in
the realm of semiconductors in this regard. Keeping this in mind, we have designed a number
of CPs**** that have electrical conductivity and are suitable for the manufacture of active
electronic devices.

During the past few years, a series of MOF-based fluorescent sensors®*-*° have been
reported for the detection of NAEs, but the use of 2D MOF in the fabrication of electronic
devices as well as chemical sensors has not been explored much.?¢%4* Herein, we have
fabricated, for the first time, a highly fluorescent 2D Cd(I1)-MOF (metal-organic framework),
CP 1, which is assembled by a heterocyclic ligand, 6-(pyridin-4-yl)-5,6-
dihydrobenzo[4,5]imidazo[1,2-c]quinazoline (pdiq) and a bridging linker, 5-nitroisophthalate
(5-nip). CP 1 is highly selective toward the detection of TNP even in the presence of other
contending NAEs, which indicates that CP 1 can serve as an excellent selective and sensitive
chemosensor. More interestingly, the CP 1 exhibits electrical conductivity in the
semiconducting regime as confirmed by an experimental band gap (3.2 eV). Electrical

characterization reveals that the CP 1 shows substantial enhancement of the electrical
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conductivity upon irradiation (6.33 x 10° S m™) compared to the dark phase conductance
(1.12 x 102 S m™.

In this work, we have reported the dual application of a 2D CP to photosensitive
conductivity and selective TNP sensing. The chemistry of such a unique molecular network
system is of boundless attention to synthetic chemists as a consequence of the stimulating
structural feature in pyridyl-imidazoquinazoline scaffold; in fact, this type of ligand is quite
elusive in the field of coordination polymers. This result exhibits that photocurrent can be
converted many times repeatedly without deterioration of the on/off ratio and might find
applications in photoswitching electronic devices. Thus, the unique characteristic property is
exceptional and represents an important footstep toward the use of synthesized materials in
optoelectronics and photovoltaics in this energy crisis era. In addition, the selective sensing
of TNP is also an important aspect in view of environmental and health issues as well as
security concerns. The steady-state Stern-Volmer plot displays an upward curvature,
signifying the concurrence of static and dynamic quenching with TNP, and/or the extent of

quenching is great at a higher concentration.

3.2 Experimental Section
3.2.1 Materials and General Methods

Unless otherwise stated, all of the commercial reagents, solvents, and inorganic salts
were reagent grade and were purchased from Spectrochem and Merck and used without
further purification. 2-(1H-Benzo[d]imidazol-2-yl) aniline and isonicotinaldehyde were
purchased from Sigma-Aldrich. All reactions were monitored with thin-layer chromatography
(TLC) plates (Merck silica gel 60, f2s4). Column chromatography was done using silica gel
(100-200 mesh). *H NMR spectra were collected on 300 MHz (Bruker DPX) and 400 MHz
spectrometers (JEOL JNMECZ400S/L1) in CDCls and DMSO-ds solvents using
tetramethylsilane (TMS) as the internal standard. 3C NMR spectra were obtained on 75 MHz
(Bruker D8 high-resolution mass spectrometry PX) and 100 MHz spectrometers (JEOL JNM-
ECZ400S/L1) in CDCls and DMSO-ds solvents using tetramethylsilane (TMS) as the internal
standard. High-resolution mass spectrometry (HRMS) (m/z) was measured using electrospray
ionization (ESI) techniques and a Q-Tof Micro mass spectrometer. The infrared spectrum in
KBr (4500-500 cm™) was recorded using a PerkinElmer Fourier transform infrared (FT-IR)
Spectrum RX1 spectrometer. For CHN analysis, a PerkinElmer 240C elemental analyzer

instrument was utilized. A PerkinElmer Pyris Diamond thermogravimetry/differential
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thermal analysis (TG/DTA) instrument was exploited to test the thermal stability of the as-
synthesized compound at a temperature range between 30 and 800 °C and a heating rate of 10
°C mint. Ambient temperature X-ray powder diffraction (XRPD) patterns were recorded on
a Bruker D8 ADVANCE X-ray diffractometer using Cu Ka radiation (1 = 1.548 A) produced
at 40 kV and 40 mA at a 26 range of 5-50°. The fluorescence and ultraviolet-visible (UV-Vis)
spectra were recorded on a PerkinElmer spectrofluorimeter model LS55 and a PerkinElmer
Spectrophotometer LAMBDA 25, respectively. Time-correlated single-photon counting
measurements were conducted using a HORIBA Jobin-Yvon setup for time-resolved single-
photon counting.

3.2.2 Synthesis of Ligand (pdiq)

The synthesis was carried out following the literature method.*> A mixture of 2-(1H-
benzo[d]-imidazol-2-yl) aniline (209 mg, 1.0 mmol) and isonicotinaldehyde (107 mg, 1.0
mmol) was taken in a round-bottom flask in ethanol (10.0 mL) and refluxed for 6 h. After
completion of the reaction as indicated by TLC, the reaction mixture was cooled down to
ambient temperature and concentrated under reduced pressure. Further, the reaction mixture
was diluted with ethyl acetate and dried over anhydrous Na2SOs4 and concentrated under
reduced pressure. The crude product was purified by column chromatography using ethyl
acetate/hexane (7:3, v/v) as an eluent to afford the desired 6-(pyridin-4-yl)-5,6-
dihydrobenzo[4,5]imidazo[1,2-c]quinazoline (pdiq) (Scheme 3.1). HRMS (ESI, m/z) calcd.
for C19H15N4 [M+H]*: 299.1297; found: 299.1319 (Figure 3.1); *H NMR (400 MHz, CDCls):
5 8.52 (d, J = 6.08 Hz, 2H), 8.17 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H),
7.27-7.23 (m, 2H), 7.14-7.12 (m, 2H), 7.10 (d, J = 8.1 Hz, 1H), 6.99-6.95 (m, 1H), 6.83 (d, J
=8.1 Hz, 1H), 6.74 (d, J = 8.0 Hz, 1H), 6.67 (d, J = 2.12 Hz, 1H), 5.13 (S, 1H) (Figure 3.2);
13C NMR (100 MHz, CDCls): & 150.9, 141.0, 132.7, 132.1, 125.8, 123.3, 123.2, 120.91,
120.9, 119.6, 115.6, 109.6, 68.3 (Figure 3.3).
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Scheme 3.1 Synthesis of 6-(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-c]quinazoline
(pdiq).
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Figure 3.3 ¥*C-NMR spectroscopy of pdiq.
3.2.3 Synthesis of {[Cd2(5-nip)2(pdiq)2(H20).(CH30H)]-H20}n (CP 1)

A solution of pdiq (59.6 mg, 0.2 mmol) in MeOH (2 mL) was slowly and carefully
layered into a solution of Cd(NO3)2-4H20 (61.7 mg, 0.2 mmol) in H20 (2 mL) using a buffer
solution of MeOH and H20 (2 mL of a 1:1 (v/v)). It was then layered with a solution of 5-
nitroisophthalic acid (42 mg, 0.2 mmol), neutralized with EtsN (21 mg, 0.2 mmol) in 2 mL of
EtOH. It was then allowed to diffuse for a few days. The yellow-colored block-shaped
crystals of [Cdz(5-nip)2(pdig)2(H20)2(CH3OH)]-H20 (CP 1) (Scheme 3.2) were obtained
after five days (164 mg, yield 62%). For CssH42Cd2N10O1s, the elements calculated (%) were
C 49.90, H 3.20, N 10.58; the elements found were C 49.87, H 3.17, N 10.61.
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Scheme 3.2 Synthesis of [Cd2(5-nip)2(pdig)2(H20)2(CH30H)].H20 (CP 1).

3.2.4 General X-ray Crystallography

The single crystal of CP 1 was collected from the mother liquid and transferred to oil
and further mounted for measuring the single-crystal X-ray data. The diffraction was
estimated with a Bruker SMART APEX Il diffractometer attached to a graphite
monochromatic Mo Ka radiation source (4 = 0.71073 A) at 293 K. The crystal-orientation
matrices and unit cell parameters were estimated from the least-square refinements of all
reflections, and the hkl values were in the range of -14 <h <14, -16 <k <16, and -20 <1 <
20. The collected data (I > 20(1)) were integrated using the SAINT program,*® and the
absorption correction was carried out by SADABS.*’ Using SHELX-97,% the molecular
structure of the single crystal of CP 1 was determined. Anisotropic thermal parameters were
used for the refinement of non-hydrogen atoms of the compound. There was an exact
geometric alignment of the hydrogen atoms, and each hydrogen atom was constrained to ride
on its parent atom. Crystallographic data of CP 1 are given in Tables 3.1 and 3.2, including
the bond lengths and angles. The CCDC number for CP 1 is 2114983.

Table 3.1 Crystal data and refinement parameters for CP 1.

CCcDC 2114983
Formula weight 1323.81
Crystal system Triclinic

space group P-1
a (A) 12.304 (1)
b (A) 13.8559 (11)
c(A) 17.3618 (13)
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o (deg) 100.869 (2)
B (deg) 102.572 (2)
v (deg) 106.520 (2)
V (A% 2668.6 (4)
VA 2
Decalcd (g/cm?®) 1.648
2 (mm™?) 0.879
2 (R) 0.71073
data[l >2o(l)]/params 8760/769
GOF on F? 1.073
Final R indices[l >24(1)]2° R1 =0.0399
wR2 = 0.0985

3R1 = X||Fo| = |Fell/ Z|Fol, PWR2 = [EZw(Fo® — Fc?)?/Zw(Fo?)]*?
Table 3.2 Selected bond lengths and bond angles in CP 1.

Cd(l) - O(12) 2.312(5) 0(10) - Cd(2) - N(5)  87.36(12)
cd(1) - O(7_b) 2.389(4) N@4) - Cd(2 - NG)  176.66(13)
cd(2) - O(11) 2288(4)  Cd(2) - O(10) - C(20)  94.9(3)
Cd(2) - O(4_a) 2.418(3) O(14) - Cd(1) - N(6)  118.51(13)
Cd(1) - O(14) 2.200(3) 0©) - Cd(2) - O(10)  54.08(11)
cd(1) - O(8_b) 2360(3)  O(12) - Cd(l) - O(14)  88.10(17)
Cd(2) - N4 2.342(4) 0©) - Cd(2) - O(1l)  89.24(14)
cd(1) - N(6) 2.289(4)  O(10) - Cd(2) - O(11)  142.85(15)

Cd2) - 0(10) 2.3443) O(12) - Cd(1) - N(B) 85.10(16)
Cd2) - O@3.a) 2485(4) O(12) - Cd(1) - O(8_b) 87.73(16)
C7) - O(7) - Cd(lc) 91.0(3)
0O(14) - Cd(l) - C(27_b) 107.11(15)
0(12) - Cd(l) - O(7_b) 111.87(16)
O(7_b) - Cd(l) - C(27_b) 27.39(14)
N@4) - Cd@2) - 0(3.a)  90.30(12)
NG) - Cd@2) - O(3.a)  89.96(12)
O(14) - Cd(l) - O(B_b) 131.64(13)
0(15) - Cd(l) - C(27_b) 92.01(14)

Symmetry Code: a = -1+X, Yy, z; b = 1+X, y, Z; ¢ = -X, 2-y, 2-Z; d = 1-X, 2-y, 2-Z.
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3.2.5 Theoretical Calculations

The optimized geometry of CP 1 was established using density functional theory
(DFT) with the GAUSSIAN-09 program package.*® The DFT-B3LYP®® hybrid theoretical
functional was employed throughout the calculations. For all of the elements, the LanL2DZ
basis set was employed. The X-ray coordinates of CP 1 were used in the computation
process. The time-dependent density functional theory (TDDFT)>>2 was used to illustrate all
of the distinct low-lying electronic transitions in the spectra. For the purpose of analyzing the
fractional entanglement of the different individual components in the polymeric compound to
each molecular orbital, the Gauss sum®>* technique was used in the last step of the theoretical
calculations.
3.2.6 Device Fabrication

To perform the electrical analysis of our synthesized material we have developed
multiple metal-semiconductor (MS) junction devices with the sandwich-like configuration of
ITO/CP 1/Al (Figure 3.4). To fabricate the MS junction devices, thin film of as-synthesized
CP 1 was grown on pre-cleaned ITO coated glass substrate by doctors blade method. Here we
used aluminium, deposited on a plain glass slide in the Vacuum Coating Unit under pressure

10 Torr as metal electrode.

Figure 3.4 Schematic representation of device fabrication.
Using Sourcemeter made by Keithley (model no: 2635B) and adopting two-probe
technique, the current-voltage (I-V) characteristics of the devices was measured to analyze
the electrical properties. All the device fabrication and measurements were carried out at

room temperature and under ambient conditions.
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3.3 Results and Discussion
3.3.1 Structure of [Cd2(5-nip)2(pdiq)2(H20)2(CH30H)].H20 (CP 1)

The CP 1 is crystallized in a triclinic crystal system of space group P-1. The
asymmetric unit is constituted of two metal centers (Cdl and Cd2); the coordination
atmosphere around these nodes is quite different (Figure 3.5a). Cdl is hexacoordinated,
CdOsN unit, having a distorted octahedral geometry with five oxygen atoms (three oxygen
atoms from dicarboxylic acid and two oxygen atoms from solvent molecules, H2O and
CH30H) and N-coordination from the pyridinyl-N group (Cd1-N6, 2.289(4) A) of the
adjacent motif. In this unit, one 5-nip is chelated to Cd(Il) (Cd1-O7 = 2.389(4), Cd1-08 =
2.360(3) A) and another 5-nip is monocoordinated (Cd1-014 = 2.200(3) A); on the other
hand, one water molecule (Cd1-012 = 2.312(5) A), one methanol (Cd1-0O15 = 2.349(4) A),
and one pyridinyl-N of pdiq are appended with the Cd1 metal node. Again, Cd2 lies in the
center of a hepta-coordination distorted pentagonal bipyramid CdOsN2 unit, having a
distorted pentagon with five oxygen atoms (four oxygen atoms joined from chelated
dicarboxylate, Cd2-O3 = 2.485(4), Cd2-O4 = 2.418(3), Cd2-09 = 2.470(3), Cd2-010 =
2.344(3) A) and one oxygen from H20 (Cd2-O11 = 2.288(4) A) and two axial nitrogen
coordination from pyridinyl-N (Cd2-N4 = 2.342(4), Cd2-N5 = 2.319(4) A).

Both 5-nip and pdig serve as bridging motifs, and each of them propagates to
constitute a 1D structure and simultaneously the 2D network (Figure 3.5b). Two adjacent Cd
centers, Cdl and Cd2, are separated by 10.007 A when bridged through 5-nip, and pdiq
separates the two metal centers by 10.491 A,

A number of hydrogen bonds and z---z interactions are there in the molecular
assembly to constitute 3D supramolecular arrangement. The potential hydrogen bonds are
N3-H3:--03 = 2.16, N7-H7---N2 = 2.32, O00F-H100---04 = 2.10, O00F-H101---08 = 2.13,
011-H102---09 = 1.93, and O11-H103---O00F = 1.97 A. The extensive z---x interactions are
observed between Cg8 (C14-C15-C16-C17-C18-C19) and Cg9 (C21-C22-C23-C24-C25-
C26), corresponding to a distance of 3.791 A; similarly, the interaction distance of Cgl (N1-
C7-N2-C14-C19) and Cg9 (C21-C22-C23-C24-C25-C26) is 3.742 A (Figure 3.5c). The C-
H---z interactions (C028-H02B.--Cg7 (C8-C9-C10-C11-C12-C13) = 2.81 A and C44-
H44..-Cg6 (N5-C29-C30-C31-C32-C33)) are employed for the fabrication of extended

supramolecular aggregates (Figure 3.5d).
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Figure 3.5 (a) Perspective view of the repeating dimeric unit of CP 1 showing different
coordination arrangements around the metal centers. (b) View of 2D net constructed through
5-nip and pdig. (c) z---x and C-H---7 interactions play a pivotal role in forming a network.
(d) Extended 3D supramolecular aggregate of CP 1 along the b-axis.

3.3.2 PXRD and TGA Analysis

To determine the phase purity of the bulk material, CP 1, powder X-ray diffraction
(PXRD) analysis was performed at room temperature. The PXRD pattern of the as-
synthesized crystalline powder CP 1 was in good agreement with the simulated one from the
single-crystal data, indicating the high range of phase purity and consistency of the bulk
material (Figure 3.6). Thermogravimetric analysis (TGA) was measured to verify the thermal
stability of CP 1, temperatures within the range of 30-800 °C in a N2 atmosphere. A weight
loss of 1.23% was observed in the temperature range of 95-105 °C, mainly due to the loss of
one noncoordinated water molecule. According to TGA analysis, CP 1 is stable up to 305 °C
(Figure 3.7). Considering its wide range of thermal stability, the compound can be of benefit

in material applications.
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Figure 3.6 PXRD patterns of (a) simulated from the X-ray single structure of CP 1 (red), (b)
as-synthesized CP 1 (blue) and (c) CP 1 after the prolonged immerged in lower pH solution

(pH = 4) (green).
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Figure 3.7 TGA plot of CP 1.

3.3.3 Sensing Property towards NAEs
As shown in Figure 3.8a, CP 1 dispersed in acetonitrile has an absorption band at 350

nm, while the ligands pdiq and 5-nip show absorption at 347 and 250 nm, respectively. Upon
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excitation at 380 nm in the dispersion phase (acetonitrile), CP 1 shows a strong blue emission
at 416 nm and a calculated quantum yield (¢r) of 0.0024 at room temperature. Free ligands
pdig and 5-nip are weakly emissive under identical conditions in acetonitrile. The strong
fluorescence intensity may be attributed to the enhancement of rigidity and the z-conjugacy of
the ligand, pyridyl-imidazoquinazoline, upon coordination to Cd?". To investigate the
fluorescence sensing ability of various NAEs, such as 2,4,6-trinitrophenol (TNP) or picric
acid (PA), 2,4-dinitrophenol (2,4-DNP), 2-nitrophenol (2-NP), 1,4-dinitrobenzene (1,4-DNB),
4-nitrophenol  (4-NP), 1,3-dinitrobenzene (1,3-DNB), 2,4-dinitrotoluene (2,4-DNT),
nitrobenzene (NB), 3-nitrobenzoic acid (3-NBA), 5-nitrosalicylic acid (5-NSA), 3,5-
dinitrobenzoic acid (3,5-DNBA), 5-nitroacetanilide, and 2-nitrotoluene (2-NT), they were
injected to the well-dispersed suspension of CP 1 in acetonitrile medium. Different extents of
fluorescence quenching were observed upon addition of an equal amount of nitroaromatic
analytes (38.1 uM) to the suspension of CP 1 (10 M), and the quenching efficiency follows
the order TNP(PA) > 2,4-DNP > 1,3-DNB > 5-NSA > 5-nitroacetanilide > 2-NP > 4-NP >
1,4-DNB > NB > 3,5-DNBA > 3-NBA > 2,4-DNT > 2-NT. The highest quenching (99.2%) of
initial emission of CP 1 toward TNP makes it much more selective than any other NAEs
(Figure 3.8b), with a quantum vyield of ¢r = 0.36. and a limit of detection (30/k method) of
0.27 uM. Upon light absorption of TNP in acetonitrile suspension of CP 1 at 380 nm shows a
drastic quenching of emission and is red-shifted by 64 nm (lem, 480 nm) (Figure 3.9a)
compared to other NAEs. The quenching may be explained via the combination of
fluorescence resonance energy transfer (FRET) (Figure 3.9b) and photoinduced electron
transfer (PET) between the analyte (TNP) and CP 1.%°
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Figure 3.8 (a) UV-Visible spectrum of CP 1 in acetonitrile. (b) Quenching efficiency of
epNACs toward the emission of CP 1.
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Figure 3.9 (a) Emission spectra of CP 1 dispersed in ACN medium in presence of different
NAEs. (b) Overlapping of absorption spectra of TNP with emission spectra of CP 1.

To further interpret the sensing ability of CP 1 toward TNP, the fluorescence titration
experiments were performed by the gradual addition of a TNP solution into a suspension of
acetonitrile (Figure 3.10a). The emission intensity gradually decreases, and a 99.2%
guenching of initial emission was observed when the concentration of TNP was increased to
38.1 uM and a limit of detection (30/k method) of 0.27 M was also observed (Figure 3.10D).
Relative quenching curves were quantitatively studied using the Stern-Volmer equation (S-V
plot): (lo/l) =1 + Ksv x [TNP], where loand I indicate the fluorescence intensity of CP 1 in the
absence and presence of TNP, respectively, [TNP] represents the molar concentration of TNP,
and Ksv (1.4 x 10° M, Figure 3.10c) is the Stern-Volmer quenching constant. The Stern-
Volmer plot exhibits an upward curvature (Figure 3.10d),>® which suggests the concurrence
of static and dynamic quenching with TNP, and the extent of quenching is high at a higher
concentration of TNP. The Ksv value was calculated from the linear portion of the S-V plot
(Figure 3.10c) at a lower concentration of TNP and it is found to be the highest value

reported323844.5557-60 5q far for MOF-based sensor materials.
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Figure 3.10 (a) Emission spectra of CP 1 (10 M) dispersed in acetonitrile upon the
incremental addition of TNP solution (0-38.1 uM). Inset: photographs of fluorescence
cuvettes containing acetonitrile suspensions of the compound under UV light (A = 365 nm)
before TNP addition (i) and UV light after TNP addition (ii). (b) The linear dynamic response
of CP 1 for TNP and the determination of the limit of detection (LOD) of TNP. (c) Stern-
Volmer plot of CP 1 at lower range of quencher [TNP] (in «M) concentration. (d) Steady-state
(lo/1, blue) and time-resolved ({zo)/(z), red) Stern-Volmer plots.

To establish the quenching mechanism prevailing in this system, the fluorescence
lifetime decay of CP 1 was performed with the gradual addition of TNP (Figure 3.11). The
lifetime plot (Figure 3.10d; Table 3.3) clearly exhibits that the excited species (CP 1*) is
preformed and does not perturb with the incremental addition of TNP. To support the
fluorescence quenching, the MOs of CP 1 and TNP were computed using optimized
geometries. The relative orbital energies of the HOMO (-5.79 eV for CP 1; -8.80 eV for TNP)
and lowest unoccupied molecular orbital (LUMO) (-3.63 eV for CP 1; -4.85 eV for TNP)
were calculated. The energy difference in the highest occupied molecular orbital (HOMO) of
CP 1 and TNP was much larger (3.01 eV) than that for LUMOs (1.22 eV). Hence, the energy
transfer is accessible from the excited state of CP 1 to the ground state of TNP (Figure

3.12).%* The fluorescence intensity of CP 1 remains unaltered even in an acidic medium (pH =

)
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2-7), (Figure 3.13) which induces structural endurance in acidic conditions. The PXRD of
material obtained after immersion in a low pH solution (3.5-5.5) for 4 h gives a pattern similar
to the as-synthesized compound (Figure 3.5). Therefore, during TNP sensing, the structural

architecture of the framework remains unchanged.
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Figure 3.11 Representative fluorescence decay spectra of CP 1 (10 xM) in the absence and
presence of increasing concentration of TNP. Spectra 1-9 corresponds to the TNP
concentration 0 M (red circle), 2.47 uM (green star), 4.93 uM (blue star), 7.37 uM (cyan blue
star), 9.80 uM (pink star), 14.63 «M (orange star), 19.42 uM (wine star), 28.85 uM (navy
star), 38.10 uM (olive star), respectively.

Table 3.3 Fluorescence lifetime decay parameters of CP 1 (10 uM) with gradual addition of
TNP.

TNP (UM) 7(ns) CHISQ ‘
0 4.67 1.116974
2.47 4.58 1.084677
4.93 4.55 1.056476
7.37 4.57 0.9527653
9.80 4.58 1.018855
14.63 4.54 1.056809
19.42 4.60 1.095134
28.85 4.58 1.086315
38.10 4.50 1.037778
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Figure 3.13 Emission spectra of CP 1 in presence of different PH solutions.

3.3.4 Optical Characterization
The absorbance property of synthesized CP 1 has been studied by UV-Vis
spectroscopy (Inset of Figure 3.14). The spectrum has been analysed within 300-700 nm.
Employing eq 1 (Tauc equation), estimation of optical band gap was done (Figure 3.14):5?
(ahv)? = A(hv —Eg).....coooovviiiiinnnnn, (1)
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where, a, Eg, h, and v have their typical notation. In this equation, there is an electron
transition dependent constant ‘n’ and another constant ‘A’ which has value 1 for the ideal
case. The band gaps (Optical) (Eg) for direct transition have been estimated as 3.2 eV for our

synthesized CP 1. The optical band gap may suggest the semiconducting behavior of the

compound.
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Figure 3.14 Tauc’s plots for CP 1 and (inset) UV-Vis absorption spectra.

3.3.5 Electrical Properties of a Schottky Device

Metal-semiconductor (MS) junction thin-film device of CP 1 has been fabricated®,
and the 1-V plot, with and without irradiation, is presented in Figure 3.15. Under the dark
condition, the electrical conductivity was 1.12 x 10 S m™, and upon illumination (AM 1.5G
photoirradiation), the conductivity increased to 6.33 x 102 S m™. This enhancement of
conductivity upon irradiation condition may be due to the easy transport of charge through
the band conduction mechanism and the lowering of the energy barrier of the compound.5
The conductivity depends on the illuminated light density and wavelength. To investigate the
photoconductivity of our device, we tested it under light sources with different wavelengths.
Specifically, we used a UV light source with a wavelength of 310 nm and a visible light
source with a wavelength of 700 nm. Under 310 nm illumination, the conductivity was
measured to be 2.81 x 10°% S m?, while under 700 nm illumination, the conductivity
increased to 6.33 x 102 S m™. AIl measurements were carried out under identical

experimental conditions. These results indicate that the conductivity under 700 nm light is
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nearly twice as high as that under 310 nm light. The I-V curves for both conditions are
presented in Figure 3.16a.

6.0x10"
—&—Dark Qo
—@— Light g
= 4.0x10" 4 :
< @
- g
3 o
|-
5 ’ )
O 2.0x107 )
")
*)

Voltage (V)

Figure 3.15 I-V characteristic curve under dark and photoillumination conditions.
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Figure 3.16 1-V characteristic curves recorded under varying illumination conditions: (a)
using light sources of different wavelengths, and (b) under varying light intensities.

To gain deeper insight into the photoconductive response, additional measurements
were carried out under varying light intensities of 80, 100 (AM1.5G standard), and 120
mW/cm?, with all intensities precisely calibrated using photodiodes at the measurement point.
The device exhibited conductivities of 2.81 x 1073, 7.64 x 10°, and 6.33 x 102 S m¥,
respectively (Figure 3.16b). The results demonstrate a clear correlation between light
intensity and conductivity, which can be attributed to the increased generation of photo-

induced charge carriers at higher illumination levels. However, further increase in intensity
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beyond 120 mW/cm? was avoided, as excessive irradiance can lead to thermal instability in
the material due to heat accumulation.

The 1-V graphs of the fabricated thin-film MS device show nonlinear rectifying
characteristics, which are typical for the Schottky barrier diode (SBD). Under dark
conditions, the SBD’s rectification ratio (lon/lotf) at 2 V was 55.15, and upon light
irradiation, it increased to 86.95. An irradiated condition produces a larger current,
demonstrating the photosensitivity by a factor ~4 for the device. The I-V characteristics of
the MS device have been further analyzed with the help of thermionic emission theory.

Hence, Cheung’s model has been used to evaluate the device parameters.6%55-¢7

I = I,exp (n‘%) [1 —exp (;%)] ........................... (2

I, = AA*T?exp (%QT)B) ....................................... (3)
where lo, k, T, V, 4,  and A* stands for saturation current, electronic charge, Boltzmann
constant, temperature in Kelvin, forward bias voltage, effective diode area, ideality factor and
effective Richardson constant, respectively. The effective Richardson constant was
considered as 32 AK2 cm™ for the fabricated devices.

The series resistance, ideality factor and barrier potential height was also determined

by using eqs 4 to 6, which was extracted from Cheung’s idea,%*%

% = (#) TR (4)
H() =V — (%) () (5)
H(I) = TR + g vooeeeeoeeeeeeeoeeeeeeeeeee e, (6)

The plot of dVv/dIn I vs | (Figure 3.17a) calculates the ideality factor () 2.89 without
illumination and 2.12 with illumination (Table 3.4). The deviation of # from the ideal value,
1, can be attributed to the presence of inhomogeneities and the occurrence of interface defect
states and/or series resistance at the junction of Schottky.5¢%° Thus, the recombination of
fewer amounts of charge carriers at the interface may improve the homogeneity in the light
irradiation condition than in the dark condition.®® The energy barrier, ®g, is calculated from
the intercept of the H(I) vs I plot (Figure 3.17b). Upon light irradiation, ®s decreases, and
the slope gives the series resistance (Rs) of the device (Table 3.4). The decrease in Rs for the
device under light irradiation designates their potential application in optoelectronic devices.
The log | vs log V plot (Figure 3.17c) helps to explain the transport mechanism at the

Schottky junction; it shows two different regions (regions | and Il) with different slopes for

)
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the devices under the dark and light phases. The slope close to 1 in region | indicates V a 1
(ohmic regime), whereas region 1l has a slope close to 2, which indicates a regime dominated
by space charge limited current (SCLC).%>7° In region Il, the number of background electrons
is higher than the electrons in region I, and the interjected electrons are distributed in the total
region, giving rise to a field dominated by space charge. Hence, the current in this region
(region 1) is supervised by the SCLC.%27 The effective carrier mobility (uefr) can be
computed utilizing the Mott-Gurney equation (eq 7) in the SCLC model with the high voltage
data of the I vs V?plot (Figure 3.17d).6267.70

L (e T 7)

where, |, uefi, er, and o are the current, the effective mobility, the relative dielectric constant

and the free space permittivity of the material, respectively.
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Figure 3.17 (a) dVv/dIn I vs I curve with and without illumination. (b) H vs I curves with and
without illumination. (c) log I vs log V curves with and without illumination. (d) I vs V?
curves with and without illumination.

The relative dielectric constant of the material (er) can be calculated from the saturation
region of the capacitance vs frequency (in log scale) curve at higher frequency with the

equation given below:®?
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where, C, d, and A are the capacitance at saturation, the thickness of the film (~1 um) and the
device area, respectively. With this formula, we obtain er values of 6.02 x 107 for our
synthesized CP 1 (Figure 3.18).

To study the charge transport behaviour through the junction, the transit time (z) and
diffusion length (Lb) are determined using eq 9 from the slope of the | vs V plot in the SCLC
region (region I1).%7

= oo (%) ....................................... (9)
— 10
:ueff T T ( )
Lp = V2D (11)

where, D stands for diffusion coefficient that can be determined using Einstein-
Smoluchowski equation (eq 10).
Table 3.4. Schottky device parameters of CP 1 based SBD.

Condition On/Off Conductivity Photosensitivity ldeality Barrier Rs Rs
Ratio (S.m™) factor height From  from
(eV) dv/dinl H
(€2) (€)
Dark 55.15 1.12 x 103 4.13 2.89 053 1428.68 1392.91
Light 86.95 6.33x103 212 042 77145  733.05
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Figure 3.18 Capacitance vs frequency graph for the determination of the dielectric constant.
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Table 3.5 Charge-conducting parameters of the CP 1-based thin-film device.

Condition Meft T HettT

(m2Vv-ist) (sec) (m2v1) (m)
6.02 x 102 12.06 x 103 2.46 x 10! 2.97 x 103 3.11 x 10* 1.24 x 107

38.64 x 102 8.69 x 102 3.35 x 1013 9.96 x 10% 1.32 x 107

Using the diffusion length of the charge carriers (Lp), the device performance is

measured. A complete analysis of the parameters assessed in the SCLC region demonstrates
that the charge transport properties of the material are enhanced upon irradiation with light
(Table 3.5). The diode parameters of the fabricated thin-film device demonstrate much-
enhanced charge transfer kinetics after light irradiation. As a consequence, such materials

could have a bright future in gadget development.

3.4 Conclusion

Pyridinyl-imidazoquinazoline-coordinated highly luminescent 2D Cd(l1)-MOF,
{[Cd2(5-nip)2(pdig)2(H20)2(CH30H)]-H20}n (CP 1), has been structurally characterized. Due
to its high fluorogenic nature, this compound has been utilized for the selective detection of
2,4,6-trinitrophenol (TNP) out of 13 electron-deficient NAEs, and the detection limit is as
low as 0.27 uM, which is in good agreement with reported Cd-MOF sensors in acidic pH
(3.5-5.5) medium. Both the theoretical and experimental findings are in favor of the energy
transfer mechanism (FRET and PET) for the quenching process. The dynamic quenching at a
higher analyte concentration (due to upward curvature) is noted. The improved electrical
conductivity of 2D Cd(I1)-MOF during light irradiation in the semiconductor area as
confirmed by the experimental band gap (3.2 eV) and higher mobility in the network could be
attributed to its lower barrier height and series resistance.
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Chapter 4

Rational synthesis of a pyridyl-imidazoquinazoline based
multifunctional 3D Zn(II)-MOF: structure, luminescence,
selective and sensitive detection of AlI** and TNP, and its

semiconducting device application
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Abstract:

In the age of sustainable development, the exploration of multifunctional materials is of high
priority due to their economic benefits and environmental suitability. A stable luminescent
coordination polymer, [Zn2(tdc)s(pdiq)s] (1), (pdiq = pyridyl-imidazoquinazoline; Hatdc =
2,5-thiophenedicarboxylic acid) has been prepared and structurally confirmed by single-
crystal X-ray diffraction analysis. The 3D framework consists of a distorted octahedral
geometry with a ZnO4Nz2 coordination sphere where four carboxylato-O donations come from
two tdc? as bridging ligands and two pyridyl-Ns come from two pdiq. The z--- interactions
between the imidazolium and phenyl groups bestow robustness on the architecture. The
compound is chemically stable to water, shows tolerance to acid/base aqueous solutions (pH
= 2-12), and is stable to the impact of organic solvents. The high dispersibility of Zn-MOF
(1) in acetonitrile may enhance the fluorescence intensity compared to that in water, which
prompted fluorescence measurements in the former solvent and it is used for the efficient and
selective turn-off ratiometric sensing of AI** ions (LOD, 1.39 x 107 M). In addition, the
fluorescence emission of 1 is instantly quenched by trinitrophenol (TNP) and the LOD is 1.54
x 107" M. The Tauc’s plot is used to measure the semiconducting band gap (3.33 eV) and the
electrical conductivity is significantly increased upon illumination (A: 1.14 x 102 S m?
(dark), 5.35 x 10 S m™ (light)) and the energy barrier declines marginally (FB: 0.57 (dark),
0.49 (light)). Transit time (z) and diffusion length (Lp) at the quasi-Fermi level were analyzed
to offer information on the charge transport mechanism of the compound. The better
performance on photo-irradiation signifies the enhanced charge transfer kinetics of a Zn-
MOF coated thin-film device (TFD 1), which encourages its application in semiconductor

devices.



Chapter 4: Rational synthesis ...................... device application

4.1 Introduction

With reference to discussion in previous chapters (Chapters 1-3), it is imperative that
the tremendous importance of Coordination polymers (CPs) or Metal-Organic Frameworks
(MOFs) has greatly influenced the current scientific research. Novelty of the materials are
due to their intriguing architectures, stability, flexibility and versatile applications.*? Metal-
organic frameworks (MOFs), as a kind of ordered porous hybrid material, have attracted
extensive attention in gas storage and separation, molecular magnetism, ion exchange,
electrical conductivity, sensing, catalysis and drug delivery.®*® MOFs have been widely
engineered to have robust structures and chemical stability by incorporating both appropriate
n-electron-rich organic ligands and inorganic secondary building units (SBUs).*’?% In recent
years, luminescent MOFs (LMOFs) have attracted a lot of attention due to their high
selectivity, sensitivity, rapid response, and reversibility as chemical sensors.?*? It is possible
to adjust the luminescent properties by picking different metal clusters, and selecting N, O, or
S recognition sites, and post-synthesizing modified organic motifs. Sensors based on
CPs/MOFs generally detect by either increasing (turning on) or decreasing (turning off) their
luminescence intensity at a single wavelength. Ratiometric luminescent sensors, on the other
hand, emit dual wavelengths, and their detections are not easily affected by internal
instrumental factors such as voltage fluctuations, light-shielding, or changes in sensor
concentration, making them better suited to potential applications.?5-?° CPs/MOFs showing
ratiometric luminescent sensing are very limited; mostly lanthanide metals (Ln = Eu®*, Tb%*)
are very prominent and there are very few transition metals showing this aspect.*°-** In this
context, the synthesis of such materials of transition or non-transition metal ions has received
a major challenge, but as yet, very few ratiometric luminescent TM-MOF (TM = transition
metal) sensors have been used with luminescence ablation.3*

Aluminum is the third most abundant metal found in the earth’s crust, and it is
extensively used in the packaging of food, drugs and various types of utensils in daily use and
electrical conducting materials for modern life.®>-3 Due to indiscriminate human activities,
the accumulation of a high concentration of AI®* can be perceived in the environment and in
the human body which breaches the maximum intake of 3-10 mg as per World Health
Organization (WHO) guidelines.*“° The uncontrolled increase in AI** in the human body has
several adverse neurodegenerative effects on health, causing Parkinson’s and Alzheimer’s

diseases, myopathy along with osteomalacia, anemia, and decreased liver and kidney
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function.-** Therefore the selective, sensitive and rapid quantification of AI** ions in
drinking water, food, and beverages is of great importance and much anticipated.

With the increase in the use of nitroaromatics (NA) as an explosive for terrorist
activities, government forensic and criminal investigation departments need rapid, easy,
simple and cheap detection processes.*>*¢ 2,4,6-Trinitrophenol (TNP, popularly known as
picric acid) is one of the most potent NAs, even stronger than its well-known counterpart
2,4,6-trinitrotoluene (TNT), and is widely used in the preparation of fireworks and dyes, in
leather and pharmaceutical industries, and for the manufacture of rocket fuels.*”*® In
addition, the release of this hazardous material into the environment contaminates water and
soil, and causes severe environmental pollution and several health issues.**>> Therefore, the
facile and selective detection of TNP is in high demand for civilian safety and environmental
remediation. In this regard, the fluorescence-based sensing method has emerged as one of the
most upcoming tools in recent years for the detection of metal ions and NAs, because of its
simple operational technique, rapid response time, low cost, high selectivity and sensitivity,
and expedient visual detection as well as dual compatibility in solid and solution phases.>3>
Therefore, the manifestation of a new fluorescent chemosensor in the form of MOFs for the
selective, sensitive and efficient detection of metal ions and NAs, particularly working in
green media with simplified synthetic procedures, still remains a challenge.

‘Energy’ is the key term in modern civilization, and for sustainable development the
global search for alternative renewable energy sources is a particular focus in governmental
budgets and scientific objectives. To date, many inorganic, organic and hybrid materials and
their fabricated devices have shown their suitability.>>>" In every case, charge transportation
is a prodigious concern; the variability of conditions, such as high temperature, state of the
materials, structural diversity and the presence of secondary interactions plays a pivotal role
in this aspect. And hence the judicious selection of molecular constituents is also highly
dependent on charge mobility. Among the reported materials, MOFs or CPs are coming from
such a place that their structural architecture can easily be tuned and through which their
electronic property has been improved.>®° In order to meet these requirements, a number of
CPs have been designed that can be made into active electronic devices and possess electrical
conductivity.5-64

The correct fusion of basic functionality and luminescence characteristics can result in
the development of a multifunctional MOF with diverse properties, such as the ratiometric

and selective detection of AI** ions and TNP, and fabrication into semiconducting devices.
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Until now, examples of MOFs with such an all-in-one function have yet to be explored.5>%
We therefore consider the aforementioned challenges as our reason for utilizing a single
framework for multiple applications and have developed a 3D Zn(I1)-MOF derived from a
novel heterocyclic ligand, 6-(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-c]quinazoline (
pdiq), and a bridging linker, 2,5-thiophene dicarboxylate (2,5-Hztdc). Zn-MOF (1) has been
used as a dual sensor for AI** and TNP through fluorescence quenching in acetonitrile.
Interestingly, the electrical conductivity of a device fabricated from 1 (TFD 1) was enhanced

on light irradiation and the details are discussed in this work.

4.2 Experimental Section
4.2.1 Materials and Methods

The reagents, inorganic metal salts and solvents were reagent grade and were
purchased from Merck and Spectrochem, and used without further purification. 2-(1H-
Benzo[d]imidazol-2-yl) aniline and 2,5-thiophenedicarboxylic acid were purchased from
Sigma-Aldrich. Thin layer chromatography (TLC) plates (Merck silica gel 60, f2s4) were used
to monitor the reaction. Silica gel (100-200 mesh) was used to perform column
chromatography. 300 MHz (Bruker-DPX) and 400 MHz (JEOL-JNM-ECZ400S/L1) NMR
instruments were utilized to depict *H-NMR spectra in CDCls and DMSO-ds media and
tetramethylsilane (TMS) was used as an internal standard. A 100 MHz (JEOL-JNM-
ECZ400S/L1) NMR instrument was utilized to illustrate *3C-NMR spectra in CDCls. HRMS
(m/z) was measured using the ESI technique with a Q-Tof Micro mass spectrometer.
PerkinElmer FT-IR Spectrum RX1 spectrometer was used to record the infrared spectrum
(4000-500 cmt). For CHN analysis, a PerkinElmer 240C elemental analyzer was utilized. A
PerkinElmer Pyris Diamond TG/DTA instrument was exploited to test the thermal stability of
the as-synthesized compound in a temperature range between 30 °C and 800 °C at a heating
rate of 10 °C min’t. Ambient temperature X-Ray powder difraction (XRPD) patterns were
recorded on a Bruker D8 Advance X-ray diffractometer using Cu Ko radiation (1 = 1.548 A)
produced at 40 kV and 40 mA in a 26 range of 5-50°. The fluorescence and UV-Vis spectra
were drawn on a PerkinElmer spectrofluorometer model LS55 and a PerkinElmer Lambda 25
spectrophotometer, respectively. The time-resolved single-photon counting measurements
were performed using a time-correlated single-photon counting setup from HORIBA Jobin-

Yvon.
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4.2.2 Synthesis of Ligand (pdiq)

To synthesize the desired ligand pdig, a mixture of 2-(1H-benzo[d]imidazol-2-
yDaniline (209 mg, 1.0 mmol) and isonicotinaldehyde (107 mg, 1.0 mmol) was taken in a
round-bottom flask. To this reaction mixture, absolute ethanol (10.0 mL) was added and
allowed to reflux for 6 h. After completion of the reaction as indicated by TLC, the reaction
mixture was cooled to ambient temperature and the volume was reduced using a rotary
evaporator. Then the reaction mixture was diluted with ethyl acetate and dried over
anhydrous Na2SOs and the volume was further reduced using a rotary evaporator. Column
chromatography was done to purify the crude product using ethyl acetate/hexane (7 : 3, v/v)
as eluent, to afford the desired 6-(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-
cJquinazoline (pdig) (Scheme 4.1). HRMS (ESI, m/z) calcd. for CioHisNa [M+H]™:
299.1297; found: 299.1319 (Figure 4.1); *H NMR (400 MHz, CDCls): & 8.52 (d, J = 6.08
Hz, 2H), 8.17 (dd, J1 = 7.8 Hz, J2 = 1.2 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.27-7.23 (m, 2H),
7.14-7.12 (m, 2H), 7.10 (d, J = 8.1 Hz, 1H), 6.99-6.95 (m, 1H), 6.83 (d, J = 8.1 Hz, 1H), 6.74
(d, J = 8.0 Hz, 1H), 6.67 (d, J = 2.12 Hz, 1H), 5.13 (S, 1H) (Figure 4.2); 3C NMR (100
MHz, CDCls): 6 150.9, 141.0, 132.7, 132.1, 125.8, 123.3, 123.2, 120.91, 120.9, 119.6, 115.6,
109.6, 68.3 (Figure 4.3).

N N
+

N NS I Reflux, 6h 5 NH
H N
H,N \"“
1 mmol 1. mmol N 40 Haphig

yield: 83%

Scheme 4.1 Synthesis of 6-(pyridin-4-yl)-5,6-dihydrobenzo[4,5]imidazo[1,2-c]quinazoline
(pdiq).
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Figure 4.3 ¥*C-NMR spectroscopy of pdiq.

4.2.3 Synthesis of [Znz(tdc)a(pdiq)s] (1)

A solution of pdiq (59.6 mg, 0.2 mmol) in MeOH (2 mL) was slowly and carefully
layered into a solution of Zn(NO3)2:6H20 (61.7 mg, 0.2 mmol) in H20 (2 mL) using 2 mL of
al: 1 (v/v) buffer solution of MeOH and H20. Then a solution of 2,5-thiophenedicarboxylic
acid (42 mg, 0.2 mmol) neutralized with EtsN (21 mg, 0.2 mmol) in 2 mL EtOH was layered
upon it. It was then allowed to diffuse for a few days. The yellow-colored block-shaped
crystal of [Znz(tdc)s(pdiqg)s] (1) (Scheme 4.2) was obtained after five days (164 mg, yield
62%). Elemental analysis (%) calculated for CsiHssN12016S4Zn2: C, 56.67; H, 3.39; N, 11.90;
found: C, 56.74; H, 3.37; N 11.95.
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Scheme 4.2 Synthesis of [Znz(tdc)a(pdiq)s] (1).
4.2.4 General X-ray Crystallography

A single crystal of 1 was isolated from the solution, immersed in oil and mounted on a
goniometer head to collect the X-ray data. A Bruker SMART APEX Il CCD diffractometer
combined with a graphite-monochromated Mo Ka radiation source (4 = 0.71073 A) at 273 K
was used. The matrices for crystal-orientation and the parameters labeling the unit cell were
assessed from the least-square refinements of all reflections and the hkl values were in the
range of -13 <h <13, -37 <k <37, -68 <1< 68. The crystallographic data (Table 4.1) were
processed with the SAINT program,®” and were used for integration (I>2¢(I)) and absorption
correction was carried out using SADABS.®® The single-crystal molecular structure was
solved with the help of SHELXT 2014/5 and refinement was done using Olex2 1.5-dev.5%"*
Anisotropic thermal parameters are very convenient to refine the non-hydrogen atoms of the
compound. The hydrogen atoms were perfectly positioned and were forced to ride on the
parent atoms in their geometrically perfect positions. The selected bond lengths and bond
angles are labeled in 1 (Table 4.2). CCDC number for 1: 2162910.

Table 4.1 Crystal data and refinement parameters for 1.

Formula ' CasH16N404SZn |
ccDC ' 2162910
Formula weight 533.87
Crystal system Orthorhombic
space group 'Fddd
a (A) 11.4312 (13)
b (A) 31.433 (4)
¢ (A) 57.919 (6)

)
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o (deg) 90
£ (deg) 90
Y (deg) 90
V (A% 20811 (4)
z 32
Dcaca(g/cm®) 1.363
2 (mm™) 1.061
A(R) 0.71073
data[l >2o(1)]/params 4587/369
GOF on F? 1.1344
Final R indices[l >24(1)]** R1=0.0623, wR2 = 0.2169

aR1 = ZHFol - |Fc||/ E|Fo|, bWR2 = [EW(FOZ_ I:CZ)Z/ZW(FOZ)Z]U2
Table 4.2 Selected bond lengths and bond angles in 1.

Bond length (A) Bond Angles ©)
~ Zn(1) -O(1)  2010(7)  O(2) - Zn(1) -O()y  86.10(19) |

Zn(1) - 0(2) 2530(6) N(@3) - zn(1) -OQ)y  85.82(19)
Zn() - NQ3) 2.088(5) Oy - zn(1) - N@)y  114.1(3)
Zn(1) - O(L)y 2010(7) O@) - zn(2) -O(3)s  81.67(18)
Zn(1) - OQ)y 25306) O@) - Zn(2) - N@w  152.1(2)
Zn() - N@)y 2.088(5) O(4) - Zn(2) - N(4)t  105.3(2)
Zn(2) - 0(3) 2555(6) O@3)s - zn(2) - N@)t  152.1(2)
Zn(2) - O(4) 2.006(8) O@)s - Zn(2) - N@w  105.3(2)
Zn(2) - 0(3)s 2555(6)  O(1) - zn(1) -O(L)y  123.2(3)
Zn(2) - 0(4)s 2006(8) O@) - Zn(1) - N(3)  168.9(2)
Zn() - N}t 2061(4) N(@3) - Zn(1) - NB)y  103.17(19)
Zn2) - N(@)w 2061(4) OQ)y - Zn(1) - N@y  168.9(2)

0@3) - Zn(2) - O(4)s 95.3(2)
o) - zn(l) -0Q)y  8132)  O@) - Zn(2) - O(3)s 95.3(2)
0(@) - zn(l) -O(l)y 813(2) O@) - Zn(2) - Ndw  97.9(2)
N@3) - zn(1) -O(l)y 100.6(2) O@3)s - Zn(2) - N@w  94.49(17)
OQ)y - Zn(1) -0@y  57.03) Nt - Zn(2) - N@w  101.02(17)
0@3) - Zn(2) -O(4)  55.4(3) Zn(2) - O(3) - C(25) 78.0(5)
0@3) - Zn(2) - N(A)t 94.49(17)  zn(l) - N@3) - C(3)  131.6(5)
0(@) - Zn(2) -O(4)s  1433(3)  zn(l) -O(1) -C(20)  103.1(6)

()
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O(3)s - Zn(2) - O(4)s 55.4(3) Zn(2) - O(4) -C(25) 104.4(6)

O(4)s - Zn(2) - N(4)t 97.9(2) Zn(1l) - N(3) - C(9) 122.8(4)

Zn(1l) - 0(2) - C(20) 79.6(5) C(17) - N(4) - Zn(2)g 124.6(4)

C(18) - N(4)- Zn(2) g  118.7(3) O(1) - Zn(1) -0(2) 57.0(3)

O(1) - Zn(1) - N(3) 114.1(3)

O(1) - Zn(1) - N(3)y  100.6(2)
Symmetry Code: g = -1/4+x, 1-y, -1/4+z; y = 3/4-X, 3/4-y, z; s = 7/4-X, y, 3/4-z; t = 3/2-X, 1-
y, 1/2-z; w = 1/4+x, 1-y, 1/4+z.
4.2.5 Theoretical Calculations

The optimized geometry of 1 was established with the help of density functional
theory (DFT) using the GAUSSIAN-09 program package.’” All the essential theoretical
calculations were achieved using the hybrid DFT-B3LYP function.” All the elements of the
model were based on the LanL2DZ basis set. X-ray coordinates for a single crystal were
taken for 1. To depict different low-lying electronic transitions in the spectra, time-dependent
density functional theory (TDDFT) calculations were performed.’*’® The Gauss sum’’
method was employed to consider the fractional entanglement of different individual
components present in the polymeric compound for each molecular orbital.
4.2.6 Device Fabrication

In this study, multiple metal-semiconductor (MS) junction devices were fabricated in
ITO/synthesized 1/Al sandwich structure to perform the electrical study (Figure 4.4). In this
regard, well dispersion of the synthesized complexes were made in N,N-dimethyl formamide
(DMF) by mixing and sonicated the right proportion (25 mg/ml) of the complex in a vial.
This freshly prepared stable dispersion of the compound was deposited on the top of the ITO
coated glass substrate by spun firstly at 600 rpm for 5 min and thereafter at 900 rpm for
another 5 min with the help of SCU 2700 spin coating unit. Afterward, the as-deposited thin
film was dried in a vacuum oven at 80 °C for several minutes to evaporate the solvent part
fully. Here we used aluminium as metal electrode, which was deposited using Vacuum
Coating Unit on the active layer of the devices by maintaining the effective area as 7.065 x
102 cm with shadow mask. Using Sourcemeter made by Keithley (model no: 2401), the
current-voltage (I-V) characteristics of the devices was measured to analyze the electrical
properties. All the device fabrication and measurements were carried out at room temperature

and under ambient conditions.

)
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hy
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Figure 4.4 Schematic representation of device fabrication.

4.3 Results and Discussion
4.3.1 Structural Description of [Zna(tdc)a(pdiq)s] (1)

A single crystal of 1 crystallizes in the orthorhombic crystal system with space group
Fddd, a centro-symmetric compound. The asymmetric unit contains two Zn(ll) metal centers
(Znl and Zn2) with different coordination atmospheres (Figure 4.5a). Both the metal centers
constitute a distorted octahedral geometry with a ZnO4N2 unit; for Znl, the metal ion is
chelated with two dicarboxylato moieties from tdc? anions and two imidazolium nitrogen
atoms of pdiq are coordinated in monodentate fashion to generate such a system (Zn1-O1 =
2.010(7), Zn1-02 = 2.530(6), Zn1-N3 = 2.088(5)). On the other hand, the Zn2 metal node has
been ligated through the pyridyl-Ns of pdig moieties in a similar monodentate manner and
the coordination of O-atoms remains the same (Zn2-0O3 = 2.555(6), Zn2-04 = 2.006(8), Zn2-
N4t = 2.061(4)). There is a possibility around the metal nodes to construct two different
network structures with the periodical attachments of tdc? and pdiq (Figure 4.5b). A spiral
ribbon-like portion has appeared within the structural system. This 2D network undergoes 3D
assembly with the continuous coordination of constituted ligands as well as accessible aqua
molecules within the crystal host (Figure 4.5c). Some secondary interactions are there to
build the robust molecular architecture; the extensive z---z interactions have been adapted
within the imidazolium rings (Cg2 = N2-C3-N3-C9-C14) with a separation of 3.883 A and
phenyl rings (Cg6 = C2-C4-C5-C6-C7-C8 and Cg7 = C9-C10-C11-C12-C13-C14) with a
separation of 4.062 A from pdiq.

g
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Figure 4.5 (a) Perspective view of the different coordination arrangements around the metal
centers of 1. (b) A view of the 2D network built with tdc? and pdiq. (c) View of the 3D
assembly in a capped sticks model.

Figure 4.6 (a) A view of z---z, C-H---x and H-bonding interactions within the network. (b)
Space filled model of 1.

Non-classical hydrogen bonding has been constituted (C1-Hla---02, 2.649 A) and
significant C-H---z interactions (C13-H13---Cgl (S1-C21A-C22A-C23A-C24A), 3.664 A)
also exist (Figure 4.6a). Therefore, the generated supramolecular assembly has adopted a

strong, stable and flexible molecular architecture (Figure 4.6b).

g
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4.3.2 PXRD and TGA Analysis

Powder X-ray diffraction (PXRD) investigation was performed at ambient
temperature to assess the phase purity of the bulk material of 1. Based on the simulated
single-crystal data it seems that the PXRD pattern of 1 is in good agreement with that of the
synthesized powder, and the extensive uniformity of the bulk material indicates high purity of
phases (Figure 4.7). The stability of 1 in acid/base was also checked in the pH range of 2-12
followed by PXRD and it was observed that the diffraction pattern remains unaltered, proving
the structural durability of Zn-MOF (Figure 4.7). To examine the thermal stability,
thermogravimetric analysis (TGA) of 1 was performed under a dry N2 atmosphere at
temperatures ranging from 30 °C to 800 °C. Compound 1 is thermally stable up to about 320

°C (Figure 4.8), which makes the compound useful in material design.

10 20 30 40 50
2 Theta (degree)

Figure 4.7 PXRD patterns of (a) simulated from the X-ray single structure of 1 (red), (b) as-
synthesized 1 (blue) and (c) 1 after the prolonged immerged in lower pH solution (pH = 4)

(green).
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Figure 4.8 TGA plot of 1.
4.3.3 Photoluminescence Properties
The photoluminescence of MOF is greatly influenced by the orientation of its
conjugated organic ligands. A MOF containing metal ions such as Zn(ll) (d'°) attached to a
polytopic organic ligand (like pdiqg) involving a m-conjugated moiety can exhibit strong
luminescence properties. Compound 1 was dispersed in acetonitrile at ambient temperature
and the absorption spectrum shows an intense transition at 350 nm (Figure 4.9) while the free

ligand pdiq shows absorption at 347 nm.
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Figure 4.9 UV-Visible spectrum of 1 in acetonitrile.
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Therefore, the absorption band at 350 nm is considered a ligand-centered transition. A
strong blue emission at 416 nm by 1 is observed upon irradiation at 380 nm in the solution
phase (acetonitrile) while free ligand pdiq is weakly emissive under identical conditions. The
strong fluorescence intensity is attributed to an intraligand transition. Additionally,
coordination of the metal center (Zn?*) with the ligand (pdiq) can result in increased rigidity
of the system, thus reducing nonradiative decay.’® "

4.3.4 Ratiometric Fluorescence Sensing of AI®*

A well-dispersed suspension of 1 in acetonitrile was used to examine its metal ion
sensing efficacy by mixing with a solution of different metal ions (Zn?*, Cd?*, Co?*, Ni?*,
Mn?*, Hg?*, Cr¥*, Fe**, AI**, Cu?*, Pb?", Na*, Ca?*, Mg?*, and Ba®"). Acetonitrile belongs to
the yellow list (MSDS) but, considering the better dispersibility of Zn-MOF (1) than in water
and hence the higher intensity of absorption and luminescence spectra, the former is used as a
solvent in the spectroscopic experiments. The luminescence intensity of 1 at 416 nm was
insignificantly perturbed on adding different metal ions (Figure 4.10a). However, in the case
of AI**, the initial emission intensity of 1 is decreased (416 nm) and a new emission band is
generated (472 nm) (Figure 4.10b). The reason is unclear at this stage; however, it is
assumed that in Zn-MOF, the z-conjugated polytopic ligand, pdig, may interact with Lewis
acidic AI** or TNP, inducing self-assembly which may cause through space conjugation and
may assist in red shifting of the spectral band along with quenching. For the design of
effective sensors, selectivity is crucial, and we demonstrated that 1 is selectively sensitive to

A" by performing competitive photoluminescence experiments.
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Figure 4.10 (a) Emission spectra of 1 dispersed in CH3CN in presence of different metal
ions. (b) Quenching efficacy of different metal ions toward the emission of 1.

Besides, we studied the UV-Vis absorption spectra of 1 upon the addition of solutions

of different cations. The absorption wavelength remained more or less unshifted; only in the
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case of AI** did the acetonitrile suspension of 1 show a significant red shifting of the band to
380 nm (Figure 4.11a). There was no remarkable change in the emission of 1 in the presence
of various metal ions with a concentration of 38.1 uM in the absence of AI®* ions (Figure
4.10a). However, the subsequent addition of AIP* ions dramatically quenched the
fluorescence, confirming that 1 was independent of competing metal ions in its ability to
detect AI** in acetonitrile. The CIE coordinates also substantiate the observation (Figure
4.11b). In order to assess the interaction between 1 and APP* ions, we performed an
absorbance spectroscopic titration. A decrease in the absorption band across 350 nm was
observed with incremental addition of AI** to the suspension of 1, with the generation of two
isosbestic points at 313 and 367 nm, and new bands at 280 and 380 nm were generated
(Figure 4.11c).
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Figure 4.11 (a) Absorption spectra of 1 dispersed in CH3CN in presence of different metal
ions. (b) CIE coordinates of 1 with different metal ions. (c) Absorption spectra of 1 (10 uM)
in acetonitrile upon the incremental addition of AI¥* (0-38.1 uM).

To evaluate the sensitivity, the fluorescence intensity of 1 was measured upon the
gradual addition of AI** solution (Figure 4.12a). A gradual decrease in luminescence

intensity at 417 nm was observed when the concentration of AI®* increased, but a new band
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was observed at 472 nm at the same time. AI** has CIE coordinates of (0.1454, 0.2301),
which indicate that the suspension exhibits cyan emission, in contrast with that of the other
cations (Figure 4.12b). This finding was also corroborated by optical images of suspensions

irradiated by a 365 nm UV lamp (inset of Figure 4.12a).
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Figure 4.12 (a) Luminescence spectra of 1 (10 uM) in acetonitrile upon the incremental
addition of AI** (0-38.1 uM); inset: fluorescence images of cuvettes filled with acetonitrile
suspensions of 1 under UV light (1 = 365 nm) before AI** addition (i) and after AI** addition
(ii). (b) CIE chromaticity diagram of 1 in acetonitrile with different concentrations of AI®*.

To determine the fluorescent quenching efficiency, the Stern-Volmer plot: 1/lo=1 +
Ksv[Q], where lo and | represent the fluorescence intensities before and after adding AI** and
[Q] represents the molar concentration of the analyte (AI**), was used to calculate Ksv (4.0 x
10* M1, Figure 4.13a) (the Stern-Volmer quenching constant). The plot is linear (R? = 0.935)
over the lower concentration range (up to 4.0 uM). The limit of detection (30/k method) was
calculated and found to be 0.139 uM (Figure 4.13b). This observed value of the limit of
detection is much lower (~1/53 times) than the value (7.41 xM) recommended by the US
EPA and FDA for bottled drinking water. This value was also comparable with previous

MOF-based sensor materials.3+80-84
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Figure 4.13 (a) Stern-Volmer plot of 1 at lower range of quencher [AI(III)] (in uM)
concentration. (b) The linear dynamic response of 1 for Al(I1l) and the determination of the
limit of detection (LOD) of Al(1I1).

To establish the fluorescence quenching mechanism, the absorption spectra were
collected by adding AI** to an acetonitrile solution of 1. No apparent absorption of AI** at
350 nm was found in the solution; therefore, the UV irradiation does not result in quenching
due to competitive absorption. Also, the AI** absorption band shows no overlap with the
excitation band of 1, so it cannot be a case of resonance energy transfer.®> In this way, it is
possible to explain the quenching of the emission of 1 by AI** through a collisional process
with the framework of 1. To gain insights into the binding of AI** ions with the framework of
1, 'H-NMR titration was carried out with the incremental addition of AI** in DMSO-ds
medium (Figure 4.14). As a result of electronic interactions between the analyte and sensor
material, it is possible for the density of electrons to diffuse significantly. Due to the
deshielding of aromatic protons, the NMR peaks are broadened and shifted towards higher 6-

values.
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Figure 4.14 *H-NMR titration between 1 and AI** in DMSO-ds medium.
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To investigate the prevailing interaction, the time-resolved fluorescence spectra were
recorded in the absence of and with the incremental addition of AI** to the solution of 1.
Determining the fluorescence decay profile reveals its monoexponential nature (Figure 4.15
and Table 4.3), and its associated lifetime (z) gradually decreases from 4.58 ns in acetonitrile
solution to 3.57 ns with the successive addition of AI** solution, which is imperative to some

interaction between these components.
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Figure 4.15 Representative fluorescence decay spectra of 1 (10 M) in the absence and
presence of an increasing concentration of AIl(IIl). Spectra 1-5 corresponds to the Al(III)
concentration 0 uM (red square), 9.80 M (green square), 19.42 uM (blue square), 28.85 uM
(cyan square), 38.10 M (magenta square), respectively.

Table 4.3 Fluorescence Lifetime Decay Parameters of 1 (10 xM) with the Gradual Addition
of AI(III).

INUDYOY)) z(ns) CHISQ
0 4.58 1.168835

9.80 4.21 1.17219
19.42 3.97 1.247764
28.85 3.69 1.215121
38.10 3.57 1.233064
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The experimental observation was extended to fabricate a simple ‘use-and-throw’
technology as a part of laboratory-toland application. A Zn-MOF coated dry paper strip was
prepared and subjected to a drop of AI®* solution; the image so formed was captured under a
365 nm UV lamp. This used strip was then washed with acetonitrile, dried under air, and was
used a second time. The cycle was continued repetitively (Figure 4.16). From the study, the

recyclability is quite satisfactory for long-term enactment.

O Q
N7 NI N7\
BEE

1 +AP* 1+AP* 1 +AP* 1+AP*

Figure 4.16 Paper strip experiment for recyclability of Zn-MOF (1) towards AI** sensing.

4.3.5 Sensing of Nitroaromatics (NAS)

In a search for the efficiency of fluorophore 1 in the service of mankind we found its
suitability for the sensing of nitroaromatics (NAs). NA analytes (38.1 uM), such as picric acid
(PA), 2,4,6-trinitrophenol (TNP), 4-nitrophenol (4-NP), 2-nitrophenol (2-NP), 2,4-
dinitrophenol  (2,4-DNP), nitrobenzene (NB), 1,3-dinitrobenzene (1,3-DNB), 1,4-
dinitrobenzene (1,4-DNB), 4-nitrotoluene (4-NT), 2,4-dinitrotoluene (2,4-DNT), 4-
nitroaniline (4-NA), 3-nitrobenzoic acid (3-NBA), 5-nitrosalicylic acid (5-NSA), or 3,5-
dinitrobenzoic acid (3,5-DNBA), were injected into a well-dispersed suspension of 1 (10 uM)
in acetonitrile media and the observed fluorescence quenching efficiency follows the order:
TNP > 4-NA > 2,4-DNP > 2,4-DNT > 5-NSA > 1,4-DNB > 2-NP > 3 5-DNBA > 3-NBA >
1,3-DNB > 4-NP > NB > 4-NT. The highest quenching rate (97.8%) is detected for TNP
(Figure 4.17a). A continuous decrease in luminescence intensity at 417 nm was observed
with increasing concentration of TNP, along with the generation of a new band at 479 nm
(Figure 4.17b). The quenching phenomena may be considered via a combination of PET
(photoinduced electron transfer) and FRET (fluorescence resonance energy transfer) (Figure
4.17c) between the analyte (TNP) and 1.8 The Stern-Volmer plot is linear up to 20 uM of

)
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[TNP] and then shows upward deviation (Figure 4.17d), which indicates that, with increasing

concentration of quencher, both static and dynamic quenching processes are operating.’
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Figure 4.17 (a) Quenching efficiency of NAs toward the emission of 1. (b) Luminescence
spectra of 1 (10 M) in acetonitrile upon the incremental addition of TNP solution (0-38.1
uM); inset: fluorescence images of cuvettes filled with acetonitrile suspensions of 1 under UV
light (1 = 365 nm) before TNP addition (i) and after TNP addition (ii). (c) Overlapping of
absorption spectra of TNP with emission spectra of 1. (d) Steady-state (lo/l, blue) and time-

resolved ({zo)/(z), red) Stern-Volmer plots.

1.4 4

Equation
Adj. R-Square

y=a+bx
085863 [ ]
Value  Standard Error
13 Intercept
E Slope

0.96703
0.07951

0.02187
0.00735

Eguation
Adj. R-Square

y=a+b'x
0.9954

Value
B Intercept 792.08175

B Slope

Standard Error
5.56999

700 i -44.58513 0.95835
- (b)
S 600 -
N
= 500 -
400 -
1 1 1 T M L] L 300 L) T v T M ] ]
1 2 3 5 0 2 4 6 8 10
[TNP] (uM) Concentration of TNP (uM)

Figure 4.18 (a) Stern-Volmer plot of 1 at lower range of quencher [TNP] (in uM)
concentration. (b) The linear dynamic response of 1 for TNP and the determination of the

limit of detection (LOD) of TNP.
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At lower TNP concentrations, Ksv is 0.8 x 10° M (the linear section of the S-V plot
(Figure 4.18a) and this is one of the highest values for MOF-based sensor materials reported
so far.6566.86.88-91 Moreover, it exhibits excellent sensitivity for detecting analytes at extremely
low concentrations, with a limit of detection (LOD) of 1.54 x 107 M (Figure 4.18b). The
progressive addition of TNP was followed in the time-resolved instrument to evaluate the
lifetime of the composite [1+AI**] and it was observed that the fluorescence lifespan of 1
remained unchanged with the progressive addition of TNP (Figure 4.19, Table 4.4). Thus,
the presence of a static quenching mechanism is inferred, and the amount of quenching is
considerable at higher TNP concentrations.
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Figure 4.19 Representative fluorescence decay spectra of 1 (10 M) in the absence and
presence of increasing concentration of TNP. Spectra 1-9 corresponds to the TNP
concentration 0 uM (red star), 2.47 uM (green star), 4.93 uM (blue star), 7.37 uM (cyan star),
9.80 uM (magenta star), 14.63 uM (yellow star), 19.42 uM (wine star), 28.85 uM (navy star),
38.10 uM (olive star), respectively.

Table 4.4 Fluorescence lifetime decay parameters of 1 (10 uM) with gradual addition of TNP.

0 467 1245963
2.47 1.214508
4.93 1.237810
7.37 1.178241
9.80 1.231402
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14.63 4.59 1.283751
19.42 4.58 1.187734
28.85 4.55 1.275290
38.10 4.55 1.275290
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Figure 4.20 Energy transfer quenching mechanism: a possible pathway.

The MOs of 1 and TNP were estimated from optimized geometries to aid the
fluorescence quenching. The relative orbital energies of the HOMO (-5.99 eV for 1; -8.80 eV
for TNP) and the LUMO (-2.14 eV for 1; -4.85 eV for TNP) show that the HOMOs of 1 and
TNP have a substantially higher energy difference (2.81 eV) than the LUMOs (2.71 eV). As a
result, energy may be transferred from the excited state of 1 to the ground state of TNP
(Figure 4.20).%

Even in the presence of several lower pH solutions (pH = 2-7) (Figure 4.21), the
emission intensity of 1 remains unchanged, which implies structural durability under acidic
conditions. The PXRD pattern of the material produced after 4 h of immersion in a low pH
solution (3.5-5.5) is identical to that of the untreated compound (Figure 4.7). Based on these
experimental findings, it is inferred that the molecular network is stable even under acidic

conditions; the framework’s architectural integrity remains intact throughout TNP sensing.
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Figure 4.21 Emission spectra of 1 in presence of different pH solutions.

4.3.6 Optical Characterization
The optical band gap (Eg) was calculated using Tauc’s equation (eq 1).%?
(ahv) = A(hv —E))™......oooo 1)

where a, Eg, h and v stands for absorption coefficient, band gap, Planck’s constant and
frequency of light. The exponent ‘n’ is the electron transition processes dependent constant.
‘A’ is a constant which is considered as 1 for ideal case. To calculate the direct optical
bandgap the value of the exponent ‘n’ in the above equation has been considered as n = %.%
By extrapolating the linear region of the plot (a/v)? vs. hv to a = 0 absorption, the values of
optical direct band gap (Eg) have been calculated as 3.33 eV for produced compound 1
(Figure 4.22).
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Figure 4.22 Optical band gap (Eg) and UV-Vis absorption spectra (inset) for 1.
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4.3.7 Electrical Characterization

Synthesized compound 1 belongs to the semiconductor family. A thin film device
consisting of metal (Al)-semiconductor (synthesized compound) (MS) junction (TFD 1) has
been fabricated.®® The I-V plot (Figure 4.23) of the device was recorded at room temperature
(26 °C) in the absence of light and also in the presence of photo-irradiation (intensity of light
was ~100 mW cm?) at an applied bias voltage sequentially within the limit of +2 V to
investigate its electrical properties. The calculated electrical conductivity was 11.40 x 10* S
m™ in the dark and after exposure to light, the conductivity had improved to 53.50 x 104 S m-
. The considerable improvement (nearly 5 times) in conductivity upon lightirradiation may
be explained by “hopping transport” between isolated molecules or coordination centers and

these charge transfer transitions in the molecules facilitate intramolecular charge separation.®®
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Figure 4.23 I-V characteristic curve under dark and photoillumination conditions.

The nonlinear 1-V plots show rectifying behavior under both dark and photo
illumination conditions. The current-voltage characteristic of TFD 1 shows the formation of a
Schottky barrier diode (SBD) at the Al/compound interface. The rectification ratios (lon/loff)
at £2 V were found to be 21.68 (dark) and 81.42 (light) for TFD 1. The larger current from
the characteristic curve under irradiation conditions establishes that TFD 1 is photo-
responsive, which has been estimated as 3.24 for TFD 1. Further analysis of the I-V
characteristic for TFD 1 was performed by thermionic emission theory. Important diode

parameters were also extracted by employing Cheung’s method. %4
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where, lo, k, T, V, A, n and A* stands for saturation current, electronic charge,
Boltzmann constant, temperature in Kelvin, forward bias voltage, effective diode area,
ideality factor and effective Richardson constant, respectively. The effective diode area has
been estimated as 7.065x102 cm? and the effective Richardson constant has been considered
as 32 AK™2 cm2 for all the devices.

The ideality factor (y) for TFD 1 under both conditions was calculated from the
intercept of dV/dIn I vs | plot (Figure 4.24a). On the other hand, the series resistance (Rs) of
the devices was calculated from the slope of this plot. Table 4.5 lists the values of the ideality
factors of TFD 1 in dark and light. The series resistance, ideality factor and barrier potential
height was also determined by using equations 4 to 6, which was extracted from Cheung’s

idea 95,96

dg‘;‘;) = (%) TR oo (4)
H() =V — (%) 1 () (5)
H(I) = TR + g vooeeeeoeeoeeeeeoeeeeeeeeeeeeeee, (6)

The values of the ideality factor (1) were estimated as 2.66 (dark) and 1.96 (light) for
TFD 1. The deviation from the ideal value (~1) indicates the inhomogeneities in the
Schottky barrier height and the presence of interface states as well as series resistance at the
junction.®”%8 It is noteworthy that the ideality factors of TFD 1 decrease upon light
irradiation. This indicates lower numbers of recombined charge carriers at the interface, and
the formation of better homogeneity at the barrier of Schottky junctions.®? It may therefore be
concluded that TFD 1 possesses better barrier homogeneity, i.e. less carrier recombination at
the junction, when photo-irradiated.

The barrier height (@s), estimated from the intercept of H(I) vs current plot (Figure
4.24b and Table 4.5), decreases upon exposure to light (0.57 (dark), 0.49 (light)), as does the
ideality factor (1) (2.66 (dark), 1.96 (light)) (eq 6). The reason for this reduction is probably
the formation of photo-induced charge transporters and their gathering in the vicinity of the
conduction band. The decrease in series resistance (Rs: 813.83 (dark), 490.86 (light)) upon
irradiation indicates the potential utility of the complex-based devices in optoelectronics.
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Figure 4.24 (a) A plot of dVv/dIn I vs | curves with and without illumination. (b) H vs | curves
for TFD 1 in dark and light.

The plots of In I vs In V are more straightforward for examining the impact of light on
the device (TFD 1) (Figure 4.25a). Two different slopes can clearly be observed and may be
marked as regions | and Il. The slope, ~1 for region-I indicates the ohmic regime and follows
| ocV. The value of the slope is about 2 in region-I1 and follows I o V2 (Figure 4.25a). This
may be considered a trap-free space charge limited current (SCLC) regime.®>% If the
background carriers are fewer than the injected carriers, a space charge field is generated by
the spreading of the injected carriers. This space charge field controls the currents and hence
the current is called a space charge limited current or SCLC.>° The Mott-Gurney equation
may be used to estimate the effective carrier mobility from the higher voltage section of the |
vs V2 plot (Figure 4.25b);92.96:99

W(V_) ..................................... @)

I =

where ¢o, er, et and | indicate the permittivity of free space, relative dielectric constant of the

synthesized material, effective mobility and current, respectively.

The dielectric constant of the material (er) can be calculated from the saturation region

of the capacitance vs. frequency curve at higher frequency with the equation given below:®?

where, C, d, and A are the capacitance at saturation, the thickness of the film (~1 um) and the
device area, respectively. With this formula, we obtain er values of 6.02 x 102 for our

synthesized compound 1.
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Table 4.5 Schottky Device Parameters of TFD 1

Photo Ideality | Barrier

sensitivity dv/dinl
(0))
- 21.68 11.40 x 10* 2.66 0.57 857.62  813.83
- 81.42 53.50 x 10* 3.24 1.96 0.49 535.39  490.86
= 1 == Dark
2.5x10" 4 (b) —o—Light
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Figure 4.25 (a) In 1 vs In V curves for TFD 1 under dark and irradiation conditions. (b) I vs
V2 curves for TFD 1 with and without illumination.

The capacitance vs frequency plot at a constant bias potential (Figure 4.26) was used to
measure the relative dielectric constant,'° which was estimated as 3.66 x 10 for TFD 1. The
estimated transit time (z) and diffusion length (Lp) are also helpful for analyzing charge
transport across the junction. The slope of the SCLC region (region-Il) in a logarithmic

representation of the forward current-voltage curve (Figure 4.25a) was used to evaluate 7
from eq 9.9

e () e (9)
Uerr = Z_? .................................................. (10)
Lp = VZDTu e oo (11)

where, D stands for diffusion coefficient that can be determined using Einstein-
Smoluchowski equation (eq 10).5?
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Figure 4.26 Capacitance vs Frequency graph of TFD 1.
Table 4.5 Charge Conducting Parameters of TFD 1.

9.01 x 10* 3.65x 107 3.29x 10" 2.32x10° 1.30x 107

- 3.66 x 10" 489x 102 1.14%x 101 556x 108 1.26 x 10* 1.69 x 107

The diffusion length (Lp; eq 11) of the charge carriers plays an influential role in
device performance when a metal semiconductor junction is formed. The charge transport
properties of the material are improved after light exposure. This is indicated by all the
parameters estimated in the SCLC region (Table 4.5). A higher transport rate under
irradiation is implied from the higher mobility. On the other hand, on photoirradiation, the
numbers of charge carriers are also increased. As the diffusion length is increased under
illumination, the charge carriers may travel a longer path before being recombined. This
ultimately enhances the current. The better performance on photo-irradiation signifies the
enhanced charge transfer kinetics of TFD 1, which is encouraging for its application in

semiconductor devices.
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4.4 Conclusions

In conclusion, we have developed a m-electron-rich rigid heterocyclic moiety
containing multiple coordinating sites for the construction of novel frameworks. Herein, we
report the first structural characterization of a 3D Zn-MOF, [Zn2(tdc)4(pdiq)s] based upon
pyridinyl imidazoquinazoline. It is noteworthy that the 3D Zn-MOF is a multiresponsive
chemosensor, showing high selectivity and sensitivity towards the detection of AI** and TNP
with detection limits of 0.139 and 0.154 uM, respectively. It is possible that the interactions
between the heterocyclic-N of the imidazoquinazoline rings and the AI** ions may facilitate a
more efficient transition from the ligand to Zn?" ions, leading to a turn-off ratiometric
luminescence. In the same way, an electron and resonance energy transfer between the CPs
and the analyte was determined to be the possible fluorescence quenching mechanism of
NAs. The band gap (3.33 eV (experimental), 3.85 eV (DFT computation)) in the 3D
framework exhibits substantial enhancement of electrical conductivity upon exposure to light,
and higher mobility in the network could be attributed to its lower barrier height and series
resistance. Thus, this work offers a promising approach for designing a dual-functional CP

sensor for both AI** ions and NAs, and for fabricating optoelectronic devices.
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Chapter 5

Triazolyl-pyridylimine bridging 1D Co(II) redox coordination
polymer and its Ni-composite: Structure, surface
characterisation and application in the water splitting reaction
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Abstract:

Energy crisis is the deadly signal to the modern society. Paradigm shift of energy generation
towards non-carbon sources has been a notable surge in research dedicated to the
advancement of electrocatalytic H2 generation reactions. To search for new materials towards
the solution of energy crisis and to regulate C-precipitation as a part of Sustainable
Development Goals (SDGs) the use of Coordination polymers have appeared as an emergent
field due to their consistent porosity and the presence of coordinatively unsaturated metal
sites. These materials attribute their remarkable resilience and effectiveness as oxygen
evolution reaction (OER) catalysts. In this work, a Co(ll)-based redox-active coordination
polymer (Co-CP) is synthesised using (E)-N-(pyridin-4-ylmethylene)-4H-1,2,4-triazol-4-
amine (pmta) as unsymmetric bridging agent and end capping carboxylate-O coordination by
2,5-thiophenedicarboxylate (tda?). The Co-CP participates in electrocatalytic OER in
alkaline medium. Incorporating Ni?* at varying concentration into Co-CP has successfully
synthesized Ni@Co-CP composites which have been demonstrated to enhance the
electrocatalytic activities. The optimized catalyst, Ni-2@Co-CP (0.75:1 molar ratio of
NiCl2.6H20 and Co-CP), is amorphous and demonstrates exceptional electrocatalytic
efficiency for the OER, with a 290 mV overpotential at 10 mA/cm?2 current density, 35
mV/dec Tafel slope of and 6.97 Q charge transfer resistance, as determined by
electrochemical impedance spectroscopy (EIS). The design of extraneous metal ion
incorporation in the CP framework could be promising candidates for various energy-related
applications beyond OER, potentially leading to advancements in energy conversion and

storage technologies.
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5.1 Introduction

The growing global appetite for energy, and the on-going environmental threat,
demands for the development of efficient, sustainable, and zero-carbon emission
technologies.’® Photoelectrochemical water splitting is a green energy sources for H:
evolution reaction (HER) and is economically and technologically more facile than solar and
wind power.*8 In the realm of electrolytic water splitting technology the oxygen evolution
reaction (OER) is performed on the anode side and the cathode is responsible for the
hydrogen evolution reaction (HER).%** The process of OER at the anode is notably slower in
kinetics than HER, primarily because OER involves 4e transfer process (4OH™ — O2 + 2H20
+ 4¢") while HER needs 2e transfer (2H* + 2e — Hz) technique.*?*> The OER is associated
with a considerable kinetic barrier, which adversely affects the electrode efficiency and
results in elevated overpotentials.'®'® Thus, the OER is inherently more intricate and
proceeds at a slower pace, and demands a higher overpotential, which severely restricts its
overall conversion efficiency. To date, noble metal oxides, particularly RuO2/IrO2, are
viewed as the forefront materials for effective electrocatalysts in the context of OER.'%%°
However, several factors conspire to limit the widespread use of noble metals such as,
scarcity in nature, exorbitant cost, and their susceptibility to slow degradation when exposed
to alkaline environments. It is imperative to pursue innovative alternatives that can serve as
earth-abundant, cost-effective and efficient electrocatalysts for the OER, potentially replacing
noble metal oxides.

Recently, diverse transition metal oxides, sulphides, hydroxides, selenides,
phosphides and mixed metal composites have shown noteworthy performance in the OER
catalysis.??® However, their meagre conductivity window, structural instability in strong
alkaline medium, and fast surface corrosion impact on the catalytic activity.*® In the realm of
electrochemical water splitting reactions, Coordination Polymers/Metal-Organic Frameworks
(CPS/MOFs) act as excellent alternatives (Chapters 1-4). The CPs/IMOFs having large
surface areas, adjustable pore sizes, the abundance of metal active sites, and exceptional
design flexibility®'¢ facilitate swift mass transport of reactants and products, potential
multimetallic composite facility, synergism in the functional property, monodispersity in the
catalytic activity where metal nodes are protected by the organic environment from the
exogenous irritating environments over traditional inorganic or organic materials.®’-4°

Cobalt-based materials, particularly cobalt coordination polymers (Co-CPs), have
recently become a focal point in catalysis research, owing to their substantial surface area,
low hydrogen binding energy, and the remarkable catalytic activity.***> Therefore, an
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effective approach involves the straightforward synthesis of meticulously structured cobalt-
based coordination polymers (Co-CPs), and employ them as a substrate to generate high-
performance electrocatalytic materials. The latest research has revealed that, heterometallic
polycentric amorphous composites exhibit greater electrocatalytic activity.*5*° Theoretical
and experimental findings have revealed that bimetallic centres can effectively adsorb active
radical intermediates like *H, *OH, *O, and *OOH, and may promote the electrocatalytic
processes. Recently, the consideration of coordination frameworks with active bimetallic
nodes shows exceptional electrocatalytic behaviour.5%-5?

Herein, we have synthesized a 1D coordination polymer composed of a trinuclear
cobalt-based redox-active synthon, {[Cos(pmta)z(tda)2(H20)s(OH)2].xH20}n  (Co-CP)
(Scheme 5.1a) (CCDC: 2441349) using (E)-N-(pyridin-4-ylmethylene)-4H-1,2,4-triazol-4-
amine as a bridging motif and 2,5-thiophenedicarboxylate as stop-end coordinating agent.
The structure has been decisively verified by the Single Crystal X-Ray Diffraction analysis.
The presence of hanging -COO group has mooted us to fabricate Ni?*-impregnated
composites in different ratios (molar ratio of NiCl2.6H20 : Co-CP; Ni-1@Co-CP, Ni-2@Co-
CP and Ni-3@Co-CP), through the liquid phase surface adsorption technique (Scheme 5.1b)
by loading different amount of Ni?*. The OER activity of the materials has been examined in
the 1 M KOH electrolyte solution. In the realm of catalyst development, Ni-2@Co-CP
demonstrates exemplary performance in OER, marked by an overpotential 290 mV and
current density 10 mA/cmz2. This is further characterized by a Tafel slope 35 mV/dec and a
charge transfer resistance 6.97 Q, as assessed through detailed electrochemical impedance
spectroscopy (EIS) analysis. Furthermore, chronoamperometry study demonstrates its long-
standing stability and durability indicating its considerable promise as a dependable OER
catalyst in water-splitting applications. In accordance with these findings, the integration of
Ni metal into the Co-network substantially boosts the OER efficiency, suggesting their
potential as a viable option for the advancement of sustainable electrochemical energy

conversion technologies.
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Scheme 1. Schematic presentation of the synthesis of (a) Co-CP and (b) Ni@Co-CP.

5.2 Experimental Section
5.2.1 Materials and General Methods

4H-1,2,4-triazol-4-amine and Pyridine-4-carbaldehyde were purchased from Sigma-
Aldrich. Co(NQOz3)2:6H20 and NiClz2-6H20O were purchased from Spectrochem Pvt. Ltd.,
India. All other organic reagents and solvents were of the reagent grade, obtained from
Spectrochem and Merck, and used without further purification. Deionized water (DI) is used
throughout this work.

Tetramethylsilane (TMS) served as the internal standard in *H-NMR spectra recorded
on a 300 MHz (Bruker-DPX) in DMSO-ds solvents. *C-NMR spectra were recorded on a 75
MHz (Bruker-DPX) instrument in DMSO-ds using same internal standard. HRMS (m/z)
measurements were taken with an ESI method and a Q-Tof Micro mass spectrometer,
respectively. PerkinElImer SPECTRUM Il LITA FT-IR was used to capture an infrared
spectrum in KBr (4500-500 cm™). The elemental analyzer PerkinElmer 240C was used for
the CHN analysis. The thermal stability of the compound as it was manufactured was tested
using a PerkinElmer Pyris Diamond TG/DTA instrument at temperature between 30 and 800°
C with a heating rate of 10°/minute. The as-prepared samples are initially subjected to XRD

analysis with a scanning rate of 10° min in the 26 range 5-55° using a Bruker X-ray powder
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diffractometer (XRD) with Cu Ka radiation (4 = 0.154 nm). The morphology of the catalysts
was characterized with FE-SEM instrument (SUPRA 55VP Carl Zeiss) with a separate EDS
detector connected to that instrument. Energy Dispersive X-ray Spectroscopy (EDS) analysis
was done with the assistance of FE-SEM instrument. X-ray photoelectron spectroscopic
(XPS) analysis was performed using a Theta Probe AR-XPS system (Thermo Fisher
Scientific, UK). HR-TEM, (TecnaiTM G2 TF20) working at an accelerating voltage of 200
kV and by Talos F-200-S with HAADF elemental mapping.

5.2.2 Preparation of Pyridin-4-ylmethylene-[1,2,4]triazol-4-yl-amine (pmta)

The ligand, pmta, was synthesised following published procedure® with some
modification as detailed below. A mixture of 4H-1,2,4-triazol-4-amine (84 mg, 1.0 mmol)
and Pyridine-4-carbaldehyde (107 mg, 1.0 mmol) were mixed and pasted with absolute
ethanol (2 mL) and then mixed with additional ethanol (8 mL) and refluxed for 12 h. The
TLC was carried out with constant interval to check the reaction status. The solution was then
slowly cooled down to ambient temperature and then evaporated in the rotary evaporation
technique. A while solid was collected, washed thoroughly with diethyl ether and dried in air
and the dry yield of Pyridin-4-ylmethylene-[1,2,4]triazol-4-yl-amine (pmta) was 95% (165
mg) (Scheme 5.2). MP: 170 °C; HRMS (ESI, m/z) calculated for CsHsNs [M+H]*: 174.0780;
found: 174.0785 (Figure 5.1); *H-NMR (300 MHz, DMSO-ds): & 9.21 (S, 2H), 9.15 (S, 1H),
8.80 (d, J = 5.8 Hz, 2H), 7.77 (d, J = 5.7 Hz, 2H), (Figure 5.2); 3C-NMR (100 MHz,
DMSO-ds): 6 166.9, 150.7, 150.6, 141.7, 121.9 (Figure 5.3).

CHO

N=N z EtOH
(S + ) 2

N \N Reflux, 6h

|

NH,
1 mmol 1 mmol

yield: 95%

Scheme 5.2 Schematic representation for the synthesis of pyridin-4-ylmethylene-
[1,2,4]triazol-4-yl-amine (pmta).
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Figure 5.3 *C-NMR spectroscopy of pmta.
5.2.3 Synthesis of {[Cos(pmta).(tda)2(H20)s(OH),].xH20}» (Co-CP)

To the aqueous solution (2 mL) of Co(NOs)2:6H20 (58.2 mg, 0.2 mmol) water-
methanol (1:1 v/v; 2 mL) was slowly layered as a buffer layer. Methanol solution (2 mL) of
pmta (34.6 mg, 0.2 mmol) was slowly then added over the buffer layer followed by a
solution of 2,5-thiophenedicarboxylic acid (H>tda; 34.4 mg, 0.2 mmol) in ethanol (2 mL) and
subsequently neutralized with EtsN (42 mg, 0.4 mmol). The whole mixture was then
permitted to diffuse at rest. A brown block shaped crystals were deposited after a week on the
surface of the tube; these were carefully separated and air dried (yield: 128 mg, 53.2%)
(Scheme 5.3). Microanalytical data of Co-CP: C, 27.94; H, 4.52; N, 11.64. Found: C, 27.98;
H, 4.55; N, 11.71%.

-N
N
LY

N‘ H,0:MeOH (1:1,
Co(NO3),. 6H,0 + (¢ + HOC CoH T——
Layering at
7\ - ©
s room temp.
N

(E)-1-(pyridin-4-yl)-N-
(4H-1,2,4-triazol-4-yl)methanimine Co-CP

Scheme 5.3 Schematic representation for the synthesis of {[Cos(pmta)2(2,5-
tda)2(H20)s(OH)2].xH20}n (Co-CP).
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5.2.4 Preparation of Ni@Co-CP Composites

To methanol solution of NiCl2.6H20 (Set-1: 12 mg, 0.05 mmol; Set-2, 18 mg, 0.075
mmol; Set-3, 24 mg, 0.1 mmol) the crystals of Co-CP (108 mg, 0.1 mmol in each Set) was
suspended for 12 h at rest (Table 5.1, Figure 5.4). A light bluish precipitate of Ni@Co-CP
was collected (Set-1, Ni-1@Co-CP; Set-2, Ni-2@Co-CP; Set-3, Ni-3@Co-CP). It was then
thoroughly washed by methanol and air dried in oven (60 °C) for a period of 6 h.

Table 5.1 A compilation of components utilized in various catalysts.

NiCl,6H,0

Co-CP 0.1 mmol
Ni-1@Co-CP 0.1 mmol 0.05 mmol
Ni-2@Co-CP 0.1 mmol 0.075 mmol

Ni-3@Co-CP 0.1 mmol 0.1 mmol

After 3h Overnight

—

NiCl,in MeOH Ni@Co-CP

Figure 5.4. Synthesis of nickel-cobalt bimetallic composite at room temperature.
5.2.5 X-ray Crystallography Analysis

A suitably shaped block size Co-CP crystal was separated from mother liquor, coated
with oil and then affixed to the goniometer head. A Bruker APEX Il CCD diffractometer,
paired with a graphite-monochromatic Cu Ko radiation source (A = 1.54178 A) and
maintained at 273 K, was employed for this analysis (Table 5.2). The matrices concerning
crystal orientation, along with the parameters describing the unit cell, were assessed using
least-square refinements applied to all reflections, with the hkl values falling within a
specified range of -8 <h <8, —13 <k <13, -17 <1< 17. Data were systematically processed
using the SAINT V8.38A program®4, adhering strictly to the integration criteria where

I1>20(1). Following this essential step, an absorption correction was meticulously performed

)
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using SADABS®, reinforcing the reliability and precision expected in such critical analytical
procedures. The molecular structure of the single crystal was determined through the
application of SHELXT 2018/2 software and subsequent refinement of the structure was
carried out using Olex2 version 1.5°6-%¢ ensuring precision in the analysis process. The
anisotropic thermal parameters are essential for accurately refining the non-hydrogen atoms
within the compound. Meanwhile, the hydrogen atoms were precisely positioned, constrained
to follow the parent atoms in their geometrically ideal locations, reflecting their critical role
in ensuring structural integrity. All the data and molecular pictures are evaluated using the
WinGX System and Mercury 3.10.3. Selected bond lengths and bond angle have been
prescribed in Table 5.3. CCDC number for Co-CP: 2441349.

Table 5.2 Crystal data and refinement parameters for Co-CP.

Formula C28H40C03N10020S2

CCDC 2441349
Formula weight 1077.61
Crystal system Triclinic

space group P-1

a(A) 7.2003 (6)

b (A) 12.0589 (9)
¢ (A) 15.4657 (12)

o (deg) 72.683 (4)

[ (deg) 79.504 (5)

v (deg) 83.807 (4)

V (A% 1258.47 (17)

Z 1
Dcaicd(g/cmd) 1.422
w (mm) 9.098
A(A) 1.54178
data[l >2o(1)]/params 2707/296
GOF on F? 1.040
Final R indices[l >24(1)]2? R1=0.0577
WR2 = 0.1660

3R1 = X||Fo| = |Fell/ Z|Fol, "WR2 = [Ew(Fo® — Fe?)?/Zw(Fo?)?]*?

)
] o0
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Table 5.3 Selected bond lengths and bond angles in Co-CP framework.

Co(1) - O(1) 2.115(4) O(1) - Co(1) - O(5) 92.40(17)
Co(1) - O(5) 2.032(5) O(1) - Co(1) - O(6) 92.42(19)
Co(1) - O(6) 2.038(5) O(1) - Co(1) - O(7) 88.79(16)
Co(l) - O(7)  2.174(5) O(1) - Co(l) - N(1) 175.45(18)
Co(1) - N(2) 2.153(5) O(1) - Co(1) - N(2)a 82.33(18)
Co(1) - N(2)a  2.187(5) O(5) - Co(1) - O(6) 175.14(18)
Co(2) - O(8) 2.102(5) O(5) - Co(1) - N(2) 88.15(18)
Co(2) - 0(9) 2.070(4) 0O(6) - Co(1) - O(7) 89.58(19)
Co(2) - N(5) 2.151(5) O(8) - Co(2) - 0(9) 87.87(19)
Co(2) - O(B)b  2.102(5) O(9) - Co(2) - O(8)b 92.13(19)
Co(2) - O(9)b  2.070(4) N(1) - Co(l) - N(2)a 102.19(18)
Co(2) - N(5)b  2.151(5) O(8) - Co(2) - N(5) 88.64(18)
0(9) - Co(2) - N(b) 91.67(19)
N(5) - Co(2) - N(5)b 180.00
Symmetry Code: a = 1-X, 1-y, 2-z; b = 1-x, 3-y, 1-z.

5.2.6 Electrochemical Measurements

The electrochemical properties were assessed with a Metronm AUTOLAB-M240
device, utilizing methods like cyclic voltammetry (CV), linear sweep voltammetry (LSV),
and chronoamperometry (CA). These experiments took place within a standard three-
electrode system, consisting of a Hg/HgO as reference electrode, a graphite rod as the counter
electrode, and nickel foam (NF) serving as the working electrode. To construct the working
electrodes, 1 mg of polyvinylidene fluoride (PVDF) was used as a binder and N-Methyl-2-
pyrrolidone (NMP) for preparing the slurry. Moreover, it is also stated that the powder form
of the crystalline materials is used for the electrochemical measurement. To measure the
electrochemical properties; typically, the = 4:1 (with respect to overall catalyst loading over
the electrode surface) ratio of powder catalyst and PVDF had taken into a mortar, followed
by the addition of NMP solvent with continuous mixing by a pestle. Then a certain amount of
catalyst ink was fabricated over the 1 cm? area of the nickel foam (NF). The amount of
loaded catalyst was calculated by measuring the difference in weight of coated and uncoated
nickel foam (NF). Then, EIS analysis of all the catalysts were performed at an applied

)
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potential of 0.7 V (vs Hg/HgO) for OER. Likewise, chronoamperometric analysis also carried
out at a potential of 0.68 V (vs Hg/HgO) for OER.

5.3 Results and Discussion

5.3.1 General Characteristics of the Co-CP and Ni@Co-CP Composites

The FTIR spectrum of Co-CP was compared with the spectra of pmta and H.tda
(Figure 5.5). The broad absorption bands observed at 3460-2840 cm™ are characteristics of
stretching vibrations from coordinated OH and/or H20 molecules and aromatic C-H bonds
found in the Co-CP. There are noticeable peaks at 1558 and 1362 cm™ those are
corresponding to asymmetric and symmetric stretching vibrations of the -COO in 2,5-
dicarboxylate ion (tda*). The C=N bonds in the pmta ligand produce a prominent peak at
1526 cm™. In the Ni@Co-CP no significant alterations in the stretching frequencies of the

functional groups have been noted.

[ Ni-2@Co-CP
E Co-CP

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm!)

Figure 5.5 Comparison of IR-spectra between Co-CP and Ni-2@Co-CP.

The Powder X-ray Diffraction (PXRD) study conducted at room temperature and has
been compared with the simulated spectra obtained from the single crystal diffraction
coordinates. The spectra are matched well which suggests notable consistency and uniformity
throughout the entire bulk material, indicating a high degree of phase purity (Figure 5.6).
Likewise, PXRD analysis was carried out on the Ni-doped Co-CP (Ni-1@Co-CP, Ni-2@Co-

g
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CP and Ni-3@Co-CP), and the results showed no notable alterations, except for the
broadening of the main peaks as seen in the as-synthesized compound with higher nickel

content (Figure 5.6). This validates their isostructural identity and exceptional phase purity.

| Ni-3@Co-CP

Ni-2@Co-CP

Ni-1@Co-CP
' Co-CP

As-synthesized

10 20 30 40 50
2 Theta (degree)

Figure 5.6 PXRD patterns of Co-CP.

In order to determine the thermal stability of the compounds, thermogravimetric
analysis was conducted (TGA). It is revealed that Co-CP is stable till 265 °C (Figure 5.7).
Despite the initial weight loss (18%) due to the release of coordinated water molecules of Co-

CP.

100 - <

' ——Co-CP

18%

-—-

20 -+

S
0 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5.7 TGA plot of Co-CP.
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5.3.2 Crystal Structure of {[Cos(pmta)z(tda)2(H20)s(OH)2].xH20}, (Co-CP)

The Co-CP belongs to triclinic crystal system and space group P-1 (Table 5.2). Each
asymmetric unit consists of three Co(Il) centres where two Co(ll) centres are bridged by two
triazolyl-Ns from two pmta and forms a six membered hexagonal unit (CozN4) ((Col-N1 =
2.153(5), Col-N2_a = 2.187(5) A; N(1)-Co(1)-N(2)a = 102.19(18)°, Co(1)-N(1)-N(2) =
129.1(3)°, N(1)-N(2)-Co(1)a = 128.7(4)°). The Co(Il) centres of ‘CozN4 bridging motif” are
coordinated with one of the carboxylate-O of tda?" while other -COO unit is hanging freely.
A hydroxyl group, and two water molecules coordinate to Co(II) of ‘Co2N4’ motif to satisfy
charge and coordination number. The pyridyl-N of bridged pmta has been coordinated to
third Co(Il) centre (Co(2)-N(5) = 2.151(5) A) (Figure 5.8a) which serves as linker unit to
adjacent ‘Co2N4’ motif and four H20 ligands (Co2-N5 = 2.150(5), Co2-08 = 2.098(5), Co2-
09 = 2.075(4), Co2-08_b = 2.098(5), C02-09_b = 2.075(4), Co2-N5_b = 2.150(5) A; N(5)-
Co(2)-N(5)b = 180.00°) (Figure 5.8a) to satisfy the octahedral structure. The total charge of
three Co(ll) centres has been balanced by four carboxylates from two tda? and two hydroxyl
groups. The propagation of ‘Co2N4’ unit bridging with third Co(ll) enables the formation of a
1D chain bridged by pyridyl-N to [Co(H20)4] (Figure 5.8b). It is also fascinating to observe
the H-bonding interaction between the coordinated hydroxyl group and the non-coordinated

oxygen atom of the carboxylate group of tda? (H7...02 =2.519 A) (Figure 5.9).

Carbon
® Oxygen
@ Nitrogen

Sulphur
@ Cobalt

Figure 5.8 (a) Overview of the various coordination structures surrounding the metal centres
of Co-CP. (b) Structure of the one-dimensional network with tda? and pmta.
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Figure 5.9 H-Bonding interaction in Co-CP.

Intermolecular hydrogen bonds have been strategically established with precise
distances (05-H5A---03, 2.097 A; 06-H6A.---04, 2.183 A) (Figure 5.10a), to enhance the
robustness and supramolecular attributes in the 1D chain (Figure 5.10b). Hence, this
structural assembly is likely to impact charge mobilization and potentially alter the electrical
properties when electrochemical performances have been drawn in accordance with the

polymeric compound.

(b)

Figure 5.10 (a) A view of H-bonding interaction present in the network. (b) Polyhedral view
of the supramolecular assembly of Co-CP.

5.3.3 Electron Microscopic Studies

A catalyst of a uniform and smooth texture, along with interconnected particles and a
large specific surface area and pattern is instrumental in effectively supporting the active sites
required for the OER. The morphology and microstructure of the Co-CP and Ni-2@Co-CP
are examined by FE-SEM and HR-TEM studies. The FE-SEM images of the Co-CP shows
the agglomeration of particle sizes are not uniform (Figure 5.11) and the occurrence of larger
particles is likely due to the aggregation or overlapping of smaller particles. The Energy
Dispersive X-ray (EDX) Spectroscopy was used to further ascertain the constituents of the

Co-CP catalyst (Figure 5.12). The EDX findings are validated the presence of expected
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elements such as Co, C, O, S, and N, which were found in weight percentages of 10.57,

43.25, 24.62, 6.12 and 15.44%, respectively. The HR-TEM images (Figure 5.13) further
substantiate the agglomerated morphology of Co-CP.

Atomic % [ESAEG AP
54.45

16.67

2327

2.89

2.7

1 2 3 4 S 6 7 8 9 10

b

Figure 5.13 Low to high magnification (a, b) HRTEM images of Co-CP.
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Figure 5.14 EDS spectrum of Ni-2@Co-CP at FE-SEM mode.

The EDX analysis shows that the elements- cobalt (Co), nickel (Ni), sulphur (S),
nitrogen (N), oxygen (O), and carbon (C) were present in Ni-2@Co-CP (Figure 5.14). The
elemental distribution of Ni-2@Co-CP is characterized by the following order: C > O > N >
Co > S > Ni, indicating that carbon and oxygen are the most abundant components (Figure
5.14).

700 nm

(Co M|

700 nm 700 nm

Figure 5.15 Low to high magnification (a, b) FE-SEM and (c, d) HR-TEM images; (e) area
chosen for HAADF colour mapping; and (f-i) colour mapping O, S, Co and Ni, respectively
of Ni-2@Co-CP.
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The integration of Ni atoms into the Co-CP structure induces a transformation in the
morphology of the optimal Ni-2@Co-CP electrocatalyst, changing from an agglomerated
state to a sleek rectangular surface (Figure 5.15a,b). The elements detected in the EDX
spectrum provide clear evidence of the successful synthesis of nickel-cobalt bimetallic
composite, with these components expected to function as active sites on the surface, thereby
supporting applications related to the OER. The HR-TEM images of Ni-2@Co-CP (Figure
5.15c¢,d) at varying magnifications validate the smooth rectangular nature of the surface of
the catalyst. The high-angle annular dark-field scanning transmission electron microscopy
(HAADF-TEM, Figure 5.15e) analysis, along with the corresponding elemental mapping
results (Figure 5.15f-i), has convincingly established that the amorphous Ni-2@Co-CP
catalyst exhibits a spatially uniform distribution of oxygen (O), sulphur (S), cobalt (Co), and
nickel (Ni), without any indication of impurities.

5.3.4 X-ray photoelectron spectroscopy (XPS) measurements

In a broad sense, the heterometallic surface can be optimized through the adjustment
of the electronic structures of metal sites in bimetallic systems, which can lead to a marked
improvement in the OER activity of the catalyst. To this end, we compared the X-ray
photoelectron spectroscopy (XPS) spectra obtained before and after the integration of nickel,
aiming to elucidate the binding site of Ni(ll) and how shifts in the electron binding energy of
each element affect the catalytic performance of the material. The presence of oxygen (O),
carbon (C), nitrogen (N), sulphur (S) and cobalt (Co) in the Co-CP has proved its

composition (Figure 5.16).
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Figure 5.16 Deconvoluted XPS spectra of (a) O 1s, (b) C 1s, (c) Co 2p, (d) Ni 2p in Co-CP.
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This finding aligns well with the results obtained from EDX spectrum analysis
(Figure 5.12). High-resolution spectra for S 2s and N 1s indicate that there is a lack of
significant change associated with Ni incorporation, thereby suggesting that the coordination
environment of sulphur and nitrogen in the Co-CP matrix remains largely unaffected by the
presence of Ni.
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Figure 5.17 Deconvoluted XPS spectra of (a) O 1s, (b) C 1s, (c) Co 2p, (d) Ni 2p in the
heterostructure catalyst Ni-2@Co-CP.

The O 1s spectra for Co-CP display prominent peaks at 533.53 eV and 534.20 eV,
which correspond to Co-O (carboxylate) and free-CO, respectively (Figure 5.16); a
noticeable alteration is the energy decrement in the Co-O (2.26 eV) to C-O (-COO-) (2.02
eV) peaks. The Co 2p spectrum (Figure 5.16) reveals that the binding energy is 784.19 and
800.04 eV, corresponding to Co 2ps2 and Co 2pus2, respectively which proves the Co?* redox
state. Additionally, the satellite peaks observed at 788.25 eV and 805.10 eV are likely
attributed to shakeup excitations associated with high-spin Co?* states. Notably, the binding
energy of Co 2ps2 experiences a decrease for 3.0 eV upon the introduction of Ni. In contrast,
the Co 2pu2 peak exhibits even a lower binding energy 3.16 eV but also reduced peak

intensity (Figure 5.17).° This phenomenon may be attributed to the partial electron transfer
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occurring between Ni and Co ions via the bridging oxygen of the ligands, which alters the
electron density at the Co centre. This observation strongly reinforces the crucial role of
chemically bonded Ni(ll) to regulate the local electronic structure of Co within Co-CP
network.5%6 The high-resolution XPS survey (Figure 5.17 and 5.18) shows that the peaks at
856.13 eV and 873.71 eV are attributed to Ni 2pi2 and Ni 2psp, respectively and
demonstrates the +2-oxidation state, along with corresponding satellite peaks detected at
binding energy values of 861.34 eV and 879.76 eV. Compared to NiCl2-6H20, the strikingly
diminished binding energy level of Ni-2@Co-CP underscores a profound alteration in the
electronic structure of nickel within the material as it undergoes post-treatment. This shift
points to significant transformation in its characteristics, highlighting the serious implications
for understanding the behaviour and potential applications of the material. The significant
shift in binding energy within metallic elements serves as a clear indication of electron
transfer, and the ensuing synergistic coupling between nickel and cobalt, which is anticipated
to contribute positively towards the enhancement of the performance of the composites in the

oxygen evolution reaction (OER).5263
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Figure 5.18 XPS survey spectrum of Ni-2@Co-CP.

5.3.5 Electrocatalytic OER studies

The electrochemical OER activity has been executed in a 1 M KOH solution in three-
electrode system, incorporating an Hg/HgO reference electrode, a platinum counter electrode,
and Ni foam as working electrodes. In order to assess the oxygen evolution reaction (OER)
capabilities of Co-CP and Ni@Co-CP, a linear sweep voltammetry (LSV) experiment was
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performed at a scan rate of 5 mV/s. Initially, it was observed that Co-CP demonstrated
subpar oxygen evolution reaction (OER) activity, as evidenced by its low current density (10
mA cm2) even when subjected to high overpotentials of 430 mV (Figure 5.19a). In contrast,
all Ni@Co-CP catalysts exhibited a remarkable improvement in OER performance,
characterized by significantly decreased overpotentials. This enhancement strongly suggests
that the integration of nickel (Ni) into the Co-CP framework substantially boosts its

electrocatalytic efficiency for facilitating oxygen evolution reactions.
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Figure 5.19 (a) The polarization curve for LSV recorded at a scan rate of 5 mV/s. (b) Tafel
plot. (c¢) Comparative diagram of the overpotential and Tafel slope values. (d) EIS outcomes
of Co-CP and Ni@Co-CP catalysts (Inset represents the equivalent circuit diagram).

The Ni-2@Co-CP is capable of reaching the benchmark current density of 10 mA
cm2 with overpotential of only 290 mV (Figure 5.19a). In comparison, other OER catalysts,
necessitate much higher overpotentials of 400 (Ni-1@Co-CP) and 340 mV (Ni-3@Co-CP).
In the context of catalyst evaluation, Tafel slope serves as a crucial metric for assessing the
kinetic characteristics of internal charge transfer within a catalyst; with a smaller slope
reflecting a more favourable condition for the electrocatalytic reaction. The Tafel slope
analysis revealed that Ni-2@Co-CP has the most favourable value 35 mV/dec, while the
results for Co-CP (140 mV/dec), Ni-1@Co-CP (100 mV/dec), Ni-3@Co-CP (80 mV/dec) are
much higher than that of Ni-2@Co-CP (Figure 5.19b). This observation indicates that
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Ni-2@Co-CP exhibits the highest efficiency in electron transfer, accompanied by enhanced
kinetics, thereby serving as a highly effective catalyst for the OER. To facilitate better
understanding, a comparative diagram has been drawn illustrating the recorded overpotential
values at 10 mA/cm? alongside the Tafel slopes (Figure 5.19c). The EIS was studied to
consider the charge transfer resistance (Rct) at the interface between the electrode and
electrolyte and the Rct values are 24.64 Q (Co-CP), 9.37 Q (Ni-1@Co-CP), 8.22 Q (Ni-
3@Co-CP) and the lowest value is 6.97 Q for Ni-2@Co-CP (Figure 5.19d).
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Figure 5.20 (a-d) CVs recorded for Co-CP and Ni@Co-CP composites in a non-Faradaic
region (Potential: 0.2-0.3 V) in 1M KOH solution.

This indicates that Ni-2@Co-CP exhibits fastest charge transfer kinetics between the
electrode and the electrolyte solution, thereby facilitating enhanced catalytic activity for the
OER. It is noteworthy to mention that the impedance spectra of the electrocatalysts are pure
semi-circle and the Ni-2@Co-CP shows the lowest radius. This finding further illustrates that
the tuning of the electronic structure has the potential to significantly enhance the rate of
electron transfer in the material and fastest for Ni-2@Co-CP. Ni is an active electrode
material and its incorporation plays a crucial role in lowering the charge transfer resistance at
the interface of the catalyst. However, an overabundance of Ni doping can cause considerable
lattice distortion, which undermines this advantageous outcome.®* Increase in Ni doping in

the Co-CP lattice can improve reactivity by changing the reaction energy landscape more
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regular and/or decreasing the barriers of rate-determining steps® compared to the pristine
CPs. However, the catalytic performance is decreased after reaching an optimum level of Ni
doping which may be due to the synergistic effect of Ni with Co in the pristine CP and the
optimal electronic structure is achieved at this doping levels.

Electrochemically active surface area (ECSA) values for all the catalysts were derived
by taking the ratio of the double-layer capacitance (Ca) to the capacitance value (Cs) inal M
KOH solution that pertains to a flat electrode surface. The values of the ECSA for all the
derived OER electrocatalysts are determined through cyclic voltammetry (CV) study in the
potential range 0.2-0.3 V with varies scan rate (Figure 5.20a-d). The slope (Figure 5.21a) is
critical for evaluating the double layer capacitance (Cai); a high Cal value implies that there
are many surfaces intrinsic active sites available, which aids in accelerating the kinetics of
OER. The observed Ca values are 1.09 (Co-CP), 4.24 (Ni-1@Co-CP), 7.12 (Ni-3@Co-CP),
and 9.01 uF/cm? (Ni-2@Co-CP).
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Figure 5.21 (a) Double layered capacitance (Ca) of all four catalysts. (b,c) charge
accumulated over the surface and surface-active sites of Co-CP and Ni-2@Co-CP,
respectively. (d) TOF values of Co-CP and Ni-2@Co-CP determined at 290 and 320 mV
overpotential for OER.

The active area of the Co-CP deposited electrode is being 4.5435 x 10® VA and has
been increased to 7.6287 x 10° VA for Ni-2@Co-CP. The observation proposes that the
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incorporation of Ni?* in Co-CP framework enhances the surface area, which might be a
contributing factor to the improved OER performance of the Ni-2@Co-CP. The calculated
active sites due to Ni?* (Ni-2@Co-CP) impregnation is 16.8 times higher than that of Co-CP
only and hence the accumulated surface charge is substantially increased by the same amount
(Figure 5.21b and 21c). Moreover, to obtain a deeper understanding of intrinsic activity, the
turnover frequency (TOF) was analysed at two different overpotentials (290 and 320 mV)
(Figure 5.21d) which identifies that Ni-2@Co-CP presents higher TOF values of 0.1652 and
0.3278 s, suggesting that the rate of O2 molecule conversion per active site per unit time is
greater than that of Co-CP, which has TOF values of 0.0619 and 0.1047 s, respectively.
Alongside remarkable catalytic efficiency for OER, the durability of catalysts is a
fundamental aspect. An assessment of the long-term durability of Ni-2@Co-CP was
conducted utilizing the chronoamperometric (CA) technique at a fixed potential of 1.6 V
against the reversible hydrogen electrode (RHE). The CA curve (Figure 5.22a) has revealed
outstanding stability, showing no significant deviations in current density throughout a 9 h of
continuous electrolysis in a 1 M KOH solution. Furthermore, the LSV curves (Figure 5.22b)

exhibited a decline in performance after 1000 cycles of CV testing.
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Figure 5.22 (a) Durability testing at 10 mA c¢cm for 9 h of Ni-2@Co-CP. (b) LSV plots of
Ni-2@Co-CP before and after continuous OER study at 10 mA cm™.

A comparison®-® of the overpotential values for the Ni-2@Co-CP catalyst in relation
to previously reported MOF/CP-based electrocatalysts (Figure 5.23, Table 5.4) revealed that
the OER activity of the Ni-2@Co-CP catalyst is comparable to, and in certain cases
surpasses, that of other catalysts reported in the literature. This exceptional electrochemical
performance can be primarily attributed to the structural characteristics and intrinsic

properties of the bimetallic material.

)
=S



Chapter 5: Triazolyl-pyridylimine ..............water splitting reaction

450

400 -

350 -

300 -

250 4.

N

o

o
1

-

A

o
1

Overpotential (mV)

100 4
50 -

Catalyst

Figure 5.23 Histogram comparison of similar types of reported OER catalysts with Ni-
2@Co-CPp.567°

Table 5.4 Comparison of MOF/CP based electrocatalyst with our catalyst for OER study.

Sl. No Electrocatalyst Substrate  Electrolyte Overpotent  Current  Reference
ial density
(mV) (MA. cm?)
1 2D-CoNiBDC CC 1.0 M KOH 251 10 1
2 CoFe-MOF GCE 1.0 M KOH 265 10 2
3 CoFe-2D MOF NF 1.0 M KOH 274 10 3
4 CosFe-MOF GCE 1.0 M KOH 280 10 4
5 Co-Ni@HPA-MOF GCE 1.0 M KOH 320 10 5
6 Feo.4Coos@NC GCE 1.0 M KOH 333 10 6
7 Co12Nii2-HIPA GCE 1.0 M KOH 367 10 7
8 CoNi-C-200 GCE 1.0 M KOH 408 10 8
9 Coo.sFeo2-MOF CcC 1.0 M KOH 237 10 9
10 AB&PS-13 GSE 1.0 M KOH 330 10 10
11 CoNi-Cu(BDC)-MOF GCE 1.0 M KOH 327 10 11
12 Fe2Co-MOF GCE 1.0 M KOH 339 10 12
13 CoMo-HsBTC GCE 0.1 MNaCH 320 10 13
14 NiCoV-LDH CC 1.0 M KOH 280 10 14
15 Ni-2@Co-CP NF 0.1 M KOH 290 10 This work

CC: Carbon Cloth; GCE: Glassy Carbon Electrode; NF: Nickel Foam; GSE: Graphite Strip Electrode.

)
=S



Chapter 5: Triazolyl-pyridylimine .............water splitting reaction

5.3.6 Post OER Characterisation of Ni@Co-CP Composites

A notable feature of the electrode material in the colour change from bluish pink to
greenish was observed during the OER test. The characterization of the Ni-2@Co-CP
structure took place after the stability test. The integrity of the structure suggests that the
catalyst possesses remarkable stability. To visualise any morphological change after
prolonged electrocatalysis, FE-SEM and HR-TEM analyses were performed for Ni-2@Co-
CP catalyst. It is evident that particle agglomeration has taken place during electrolysis,
leading to a roughening of the catalysts surface when compared to its original pristine state
(Figure 5.24). But no considerable change in their shape and morphology was detected,
thereby demonstrating reasonable morphological stability throughout the process of

electrocatalysis.

Figure 5.24 Low to high magnification (a, b) FE-SEM and (c, d) HR-TEM images of Ni-
2@Co-CP after OER study.

An investigation into the chemical composition and elemental state of Ni-2@Co-CP
by the XPS survey analysis (Figure 5.25) confirms the persistence of Co 2p, Ni 2p, O 1s, and
C 1s, even after the OER assessment. The analysis of the deconvoluted XPS spectrum for Ni
2p (Figure 5.26) reveals two doublets associated with the Ni 2ps2 and Ni 2p1s2 orbitals. The
discernible energy splitting at 855.73 eV and 857.11 eV points to the existence of nickel in
+2 and +3 oxidation states. It appears that Ni?>" is converted to Ni** during the
electrochemical oxidation (OER), providing active catalyst sites for OER, as evidenced by
the detection of Ni in the +3-oxidation state.®® Similarly, the deconvoluted Co 2ps/2 spectrum
(Figure 5.26) illustrates two distinct peaks. These peaks are associated with varying
oxidation states of cobalt, specifically Co®*" at 780.61 eV and Co?" at 782.23 eV.%! The
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deconvolution of the O 1s spectrum provides clear evidence for the existence of distinct
oxygen environments, supporting earlier findings. However, a new peak has been detected
(Figure 5.26), which is associated with the adsorption of molecular water on the surface
during the extended chronoamperometric analysis. The post-OER characterizations indicated
a high degree of preservation in the material's nature, structure, and stability.
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Figure 5.25 XPS survey spectrum of post Ni-2@Co-CP.
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Chapter 5: Triazolyl-pyridylimine .............water splitting reaction

5.4 Conclusions

This study implemented a straightforward electrochemical based methodology at
ambient temperature of cobalt-based coordination polymers (Co-CP), derived from 2,5-
thiophenedicarboxylate and pyridinyltriazoleimine. Following the effective incorporation of
nickel(I1), the cobalt-nickel bimetallic composite (Ni-2@Co-CP in the molar ratio 0.75 : 1)
demonstrated significant activity characterized by a minimal overpotential of 290 mV and a
low Tafel slope of 35 mV dec? in alkaline environment. Additionally, the introduction of
nickel into cobalt-based framework (Co-CP) results in an enhancement of the
electrochemically active surface area, thereby boosting the catalyst's performance. The
presence of Ni (with a vacant d orbital) fosters a strong dn-pm interaction with O%, thereby
facilitating electron transfer in the Ni-2@Co-CP system. Additionally, this modification led
to improved electron transfer kinetics, facilitating the OER process. This improved charge
transfer capability allows for faster and more efficient reactions, making the material ideal for
applications in energy conversion and storage. It is seen that the OER of Ni-2@Co-CP
appears to be highest out of three Ni-doped materials. The combination of
pyridinyltriazoleimine and thiophene opens up new opportunities for developing advanced
materials that can revolutionize industries such as nanotechnology, renewable energy, and
biotechnology. This research carries important ramifications for the electrochemical energy
science for the effective application of Ni@Co-CP composites in cutting-edge energy

conversion technologies.
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6.1 Dissertation Summary

This dissertation presents a comprehensive investigation into the design, synthesis,
structural engineering, and multifunctional applications of coordination polymers (CPs) and
metal-organic frameworks (MOFs)-materials renowned for their dynamic architectures and
adaptive functionalities. Through the deliberate selection of m-conjugated organic linkers and
metal centers, the work explores how molecular interactions and crystal engineering can be
harnessed to produce advanced materials with tunable optical, electronic, and catalytic
properties.

Chapter 1 lays the groundwork by contextualizing CPs/MOFs within the broader
landscape of functional materials. Emphasis is placed on the interplay between organic
ligands and inorganic nodes in dictating the geometry, dimensionality, and robustness of the
resulting frameworks. Key non-covalent interactions =n---m stacking, C-H---m contacts, and
hydrogen bonding-are shown to critically influence the self-assembly and stability of these
structures. The chapter also highlights the methodologies employed in synthesis and
characterization, providing a multidimensional view of how these materials are engineered
for specific applications in sensing, catalysis, gas sorption, and electronic devices.

Chapter 2 introduces a cadmium-based one-dimensional coordination polymer,
[Cd(glu)2(pbig)2(H, O)]n, whose supramolecular architecture is stabilized via extensive
hydrogen bonding and =m-interactions. This material exhibits notable photoluminescence in
acetonitrile and demonstrates high sensitivity toward nitroaromatic explosives, particularly
trinitrophenol (TNP), with a detection threshold in the sub-micromolar range. Its
semiconducting behavior (band gap: 3.31 eV) and nonlinear current-voltage characteristics
underscore its potential in optoelectronic sensing platforms.

Chapter 3 advances the discussion with the synthesis of a two-dimensional cadmium-
based MOF, {[Cd2(5-nip)2(pdiq)2(H20)2(CH30H)]-H20}n. This system illustrates how subtle
variations in ligand design and framework dimensionality can modulate luminescence and
charge transport. Notably, the material responds selectively to TNP with high quenching
efficiency, even in competitive environments, and displays enhanced electrical conductivity
under illumination-a promising trait for photoresponsive sensor technologies.

Chapter 4 transitions to a three-dimensional zinc-based MOF, [Znz(tdc)a(pdig)s],
integrating sulfur-containing ligands to explore the impact of heteroatoms on framework
performance. The material exhibits dual functionality: precise and selective fluorescence

quenching in the presence of APP* ions (LOD: 1.39 x 107 M) and exceptional sensitivity
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toward TNP. The pronounced photo-conductivity under ambient light conditions further
accentuates its utility in next-generation semiconducting and sensing applications.

Chapter 5 shifts the focus to catalytic applications, showcasing a redox-active cobalt
coordination polymer synthesized with a triazole-derived ligand and thiophenedicarboxylate.
The incorporation of nickel ions into the Co-CP matrix results in a series of Ni@Co-CP
composites, with the optimized variant (Ni-2@Co-CP) exhibiting remarkable electrocatalytic
activity for the oxygen evolution reaction (OER). With a reduced overpotential, low Tafel
slope, and minimal charge transfer resistance, this system demonstrates the promise of CPs as
tunable electrocatalysts for energy conversion technologies.

In its entirety, this dissertation embodies a multifaceted exploration of coordination
frameworks-bridging structural design with real-world application. The research not only
deepens our understanding of the underlying chemistry that governs CP/MOF behavior but
also opens new pathways for their integration into environmental sensing, energy systems,
and electronic materials. The innovations presented here reflect a deliberate convergence of
synthetic strategy, functional insight, and technological relevance, contributing meaningfully

to the evolving landscape of advanced material science.
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ABSTRACT: Pyridyl-substituted imidazoquinoline, a potent
fluorescent framework, is advantageous to architect multifunctional
coordination networks for sensing and fabricating emergent
electrical conductors. In this work, a Cd(II)-based one-dimen-
sional (1D) coordination polymer (1D CP), [Cd-
(glu),(pbiq),(H,0)], (1), [Hyglu = glutaric acid and pbiq = 4-
(6-(pyridin-4-yl)benzo[4,5 Jimidazo[ 1,2-c]quinazoline)], has been :
structurally confirmed by single-crystal X-ray crystallography. The
H-bonding and 77 interactions built a three-dimensional (3D)
supramolecular structure that strongly emits at 416 nm in
acetonitrile suspension. Potentially intrusive nitroaromatics

(NAs) and trinitrophenol (TNP) selectively quench the strong emission of 1, and the highest quenching is noted in the case of
TNP. A detection limit (limit of detection (LOD)) of 1.51 X 107" M for TNP is determined. The band gap (3.31 eV) of 1
recognizes semiconducting behavior, and an electronic device is fabricated. The correlation of current vs voltage (I—V plot) reveals a
substantial non-ohmic electrical conductivity of 1 (A: 1.10 X 107> S m™") along with a low energy barrier (®y: 0.69), and the series
resistance (R,) becomes 6.21 kQ.

450 500 g ¢ 600
Wavelength (nm)

Current Density (A/m?)

Bl INTRODUCTION luminescent CPs are more useful because of higher structural
stability even in strenuous and toxic environment, larger
surface area and porosities, and faster response rates than those
of molecular sensors.”’~*" Based on the straightforward design
approach and structural flexibility, one-dimensional (1D)
luminescent CPs are extremely appealing, and such molecules
can quickly recognize exogenous analytes because of the better
availability of interacting sites with respect to higher-dimen-
sional CPs.’””> Such smooth interactions are extremely
significant in terms of selectivity and time to recognition.
Moreover, 1D luminescent CPs have the ability to self-
assemble into supramolecular aggregates through secondary
interactions, which led to better, faster, and smoother
performance than their corresponding native form and
improvement in thermal and mechanical stability. These
supramolecular interactions and aggregation are crucial in the

Over the past few years, the design strategy is focused on
integrating different functional properties in one system of
coordination polymer (CP)/metal—organic framework
(MOF) toward the design of multifunctional materials for
achieving sustainable development goals (SDGs).'~* Multi-
functional materials, a sort of smart material, can be activated
by stimulating agents (light, heat, magnetic field, mechanical)
to induce new challenging property(ies) that have been
associated with the change in geometry of the molecular
component of the material.”® The CPs/MOFs have been
drawn into fascinating network topologies in a variety of potent
applications due to their tunable pores, large surface area, and
variable functionality.”® They can be used in sensing, electrical
conductivity manipulation, gas sorption and separation,
variable-temperature magnetism, catalysis, drug delivery,
etc.”™”” Out of many properties, the sensing of explosives —
and manipulation of energy-saving materials have attracted Received:  April 22, 2023 NN
intensive attention in science and engineering fields.'”*"** A Published: August 2, 2023
great deal of interest is being paid to luminescent frameworks

for the detection of ions and molecules.”> > A country’s

defense and security is of primary importance when it comes to

selective and sensitive molecular sensing. In comparison,

© 2023 American Chemical Society https://doi.org/10.1021/acs.inorgchem.3c01308

v ACS PUblicationS 12773 Inorg. Chem. 2023, 62, 12773—12782


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gurupada+Bairy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pubali+Das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Basudeb+Dutta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saumitra+Bhowmik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Partha+Pratim+Ray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chittaranjan+Sinha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chittaranjan+Sinha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.3c01308&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01308?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01308?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01308?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01308?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01308?fig=abs1&ref=pdf
https://pubs.acs.org/toc/inocaj/62/32?ref=pdf
https://pubs.acs.org/toc/inocaj/62/32?ref=pdf
https://pubs.acs.org/toc/inocaj/62/32?ref=pdf
https://pubs.acs.org/toc/inocaj/62/32?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c01308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

CRYSTAL
GROWTH
SDESIGN

pubs.acs.org/crystal

2D Cd(I)-MOF of Pyridyl-Imidazoquinazoline: Structure,
Luminescence, and Selective Detection of TNP and Fabrication of

Semiconducting Devices

Gurupada Bairy,J‘ Arka Dey,J‘ Basudeb Dutta, Partha Pratim Ray,* and Chittaranjan Sinha*

Cite This: Cryst. Growth Des. 2022, 22, 3138-3147

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Pyridyl-substituted imidazoquinolines are highly fluorescent probes
and are useful for the design of smart materials. A hitherto unknown pyridyl-
imidazoquinazoline-coordinated two-dimensional (2D)-Cd(II)-MOF {[Cd,(s-
nip),(pdiq),(H,0),(CH;0H)]-H,0}, (CP 1), [H,nip = S-nitroisophthalic acid
and pdiq = 6-(pyridin-4-yl)-S,6-dihydrobenzo[4,5]imidazo[ 1,2-c]quinazoline] has
been designed and structurally confirmed by single-crystal X-ray crystallography.
The presence of C—H:-z and #---7 interactions in CP 1 makes it a three-
dimensional (3D) supramolecular structure. The excellent luminescent behavior of :i(j&{(/k%"g*\/é M\Tizlg&ﬁ“\
CP 1 is selectively quenched by trinitrophenol (TNP) even in the presence of .~ . °
potentially intrusive nitroaromatic explosives (NAEs). A limit of detection (LOD)
of 2.75 X 1077 M for TNP is achieved (36/m). In addition, the CP 1 displays ' )
electrical conductivity on an electronic device with the metal—semiconductor Y E
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(MS) junction. Current vs voltage (I—V plot) correlation reveals the substantial

enhancement of electrical conductivity upon illumination (A: 1.12 X 107> S m™" (dark), 6.33 X 107> S m™" (light)) along with a
decrease in energy barrier (®g: 0.53 (dark), 0.42 (light)). The plots of log V vs log I show a non-Ohmic feature at a higher voltage
(log V > 0) both in the dark and the light phase, which is the characteristic of a Schottky diode barrier (SDB).

H INTRODUCTION

The field of porous coordination polymers (PCPs) or metal—
organic frameworks (MOFs) has been of immense interest for
the last two decades owing to their high porosity and
extraordinary crystallinity.' Due to the tunable pore size,
large surface area, and variable functionality, intriguing network
topologies of PCPs have attracted attention in the field of
potent applications such as catalysis, gas sorption and
separation, magnetism in variable temperatures, drug delivery,
sensing, electrical conductivity, etc.” "> The choice of the metal
center, bridging organics, and/or capping groups/ligands
define the structural motif of MOFs, whereas temperature,
pressure, solvent, pH of the medium and counteranion of the
metal salt, efc. represent the different dimensionalities within
the MOFs. Both the m-electron-rich organic ligand and
aromatic polycarboxylate as building blocks have been widely
used to impart luminescent properties to the products. Among
MOFs, luminescent frameworks are of great choice of interest
to detect ions/molecules."*™"” In the field of selective and
sensitive molecular sensing, the detection of explosives is of
paramount importance, considering the defense and security
purposes of a country. The structural stability, size, porosity,
surface area, etc, of luminescent MOFs make them more
attractive and effective over luminescent molecules because
they increase sensitivity, decrease the limit of detection
(LOD), increase the rate of response, and reduce the response

© 2022 American Chemical Society

WACS Publications

3138

time.”””>° Two-dimensional (2D)-MOFs (metal—organic
frameworks) have potential advantages over one-dimensional
(1D) and three-dimensional (3D)-MOFs due to their more
exposed dynamic sites, higher sensitivity, faster response time,
better stabilit;y, and ultralow limit of detection for sensing
applications.”

Nitroaromatic explosives (NAEs), major constituents of
explosive materials, are used in land mines, high-explosive
shells and armed devices, etc.”’ Among various NAEs, 2,4,6-
trinitrophenol (TNP) prevails, being even stronger than its
well-known counterpart 2,4,6-trinitrotoluene (TNT), and has
been broadly used in aniline synthesis, oxidative metal etching,
fireworks, matches, and rocket fuels as well as in leather,
pharmaceutical, and dye industries.”®”” During mass produc-
tion and indiscriminate commercial uses, it is released into the
environment and causes serious health issues.”*™** Similarly,
TNP is widely used as NAEs in devastating terror attacks,
which ultimately turn out to be fatal to human civilization.
Therefore, a selective, sensitive, safe, economic, environ-
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Revised:  March 31, 2022
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Introduction

Rational synthesis of a pyridyl-imidazoquinazoline
based multifunctional 3D Zn(i)-MOF: structure,
luminescence, selective and sensitive detection of
Al>* and TNP, and its semiconducting device
applicationt

Gurupada Bairy,1? Arka Dey, () 1€ Basudeb Dutta, I ® Suvendu Maity® and
Chittaranjan Sinha (2 *2

In the age of sustainable development, the exploration of multifunctional materials is of high priority due
to their economic benefits and environmental suitability. A stable luminescent coordination polymer,
[Zn,(tdc)4(pdig)s] (1), (pdig = pyridyl-imidazoquinazoline; Hytdc = 2,5-thiophenedicarboxylic acid) has
been prepared and structurally confirmed by single-crystal X-ray diffraction analysis. The 3D framework
consists of a distorted octahedral geometry with a ZnO4N, coordination sphere where four carboxylato-
O donations come from two tdc?™ as bridging ligands and two pyridyl-Ns come from two pdiq. The &--x
interactions between the imidazolium and phenyl groups bestow robustness on the architecture. The
compound is chemically stable to water, shows tolerance to acid/base aqueous solutions (pH = 2-12),
and is stable to the impact of organic solvents. The high dispersibility of Zn-MOF (1) in acetonitrile may
enhance the fluorescence intensity compared to that in water, which prompted fluorescence measure-
ments in the former solvent and it is used for the efficient and selective turn-off ratiometric sensing of
AB* ions (LOD, 1.39 x 10~ M). In addition, the fluorescence emission of 1 is instantly quenched by trini-
trophenol (TNP) and the LOD is 1.54 x 10~ M. The Tauc's plot is used to measure the semiconducting
band gap (3.33 eV) and the electrical conductivity is significantly increased upon illumination (A: 1.14 x
1073 S m™ (dark), 5.35 x 107> S m™ (light)) and the energy barrier declines marginally (FB: 0.57 (dark),
0.49 (light)). Transit time (z) and diffusion length (Lp) at the quasi-Fermi level were analyzed to offer infor-
mation on the charge transport mechanism of the compound. The better performance on photo-
irradiation signifies the enhanced charge transfer kinetics of a Zn-MOF coated thin-film device (TFD 1),
which encourages its application in semiconductor devices.

a kind of ordered porous hybrid material, have attracted exten-
sive attention in gas storage and separation, molecular mag-

Coordination polymers (CPs) or metal-organic frameworks netism, ion exchange, electrical conductivity, sensing, catalysis

(MOFs) have received widespread attention as novel materials and drug delivery.

3716 MOFs have been widely engineered to

due to their intriguing architectures, stability, flexibility and have robust structures and chemical stability by incorporating
versatile applications.”” Metal-organic frameworks (MOFs), as  both appropriate n-electron-rich organic ligands and inorganic
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E-mail: crsjuchem@gmail.com

bDepartment of Chemical Sciences, Indian Institute of Science Education and

secondary building units (SBUs)."”2° In recent years, lumines-

cent MOFs (LMOFs) have attracted a lot of attention due to
their high selectivity, sensitivity, rapid response, and reversibil-
ity as chemical sensors.”’® It is possible to adjust the lumi-

Research Kolkata, Mohanpur 741246, West Bengal, India nescent properties by picking different metal clusters, and
‘Department of Physics, National Institute of Technology Durgapur, Durgapur selecting N, O, or S recognition sites, and post-synthesizing

713209, India

tElectronic supplementary information (ESI) available. CCDC 2162910. For ESI
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modified organic motifs. Sensors based on CPs/MOFs gener-
ally detect by either increasing (turning on) or decreasing
(turning off) their luminescence intensity at a single wave-

1 These authors contributed equally to this work. length. Ratiometric luminescent sensors, on the other hand,
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