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Synopsis

Introduction

The advancement of efficient materials in the detection of toxic gases and
volatile organic compounds (VOCs) is crucial for both environmental
protection and public health. The sensing materials could be useful in
monitoring air quality, managing industrial processes, ensuring food safety,
and facilitating the early diagnosis of some diseases. In this context,
organic-inorganic frameworks, comprising metal nodes (ions or clusters)
and organic linkers, have emerged as strong candidates for high-
performance sensing applications. These frameworks offer significant
advantages, such as large surface areas, tunable pore size, and
functionalisable active sites, which make them particularly well-suited for
detecting various gases and VOCs. Additionally, their intrinsic properties,
including electrical conductivity, luminescence, and chromism, further
enhance their utility in advanced sensor technologies. The high porosity of
these frameworks enables strong interactions with analytes, leading to
observable and measurable responses when exposed to gases and VOCs.
While recent studies have focused heavily on luminescent sensors based on
organic-inorganic frameworks, there remains a lack of comprehensive
investigation of their chemiresistive gas sensing potential /7-5].

Copper(I) complexes have emerged as key contenders for the development
of efficient chemiresistive gas sensors. The redox-active nature of copper,
coupled with the use of multidentate N and S donor ligands, offers
intriguing possibilities for tuning both electrical conductivity and sensing
properties. The presence of distinct secondary building units (SBUs) and
framework dimensionality plays a crucial role in influencing the material's
ability to conduct electricity and interact with target gases, thereby
enhancing its detection capabilities [6—10]/. By employing copper(I)

frameworks with varied dimensionalities and ligand architectures, this



thesis aims to develop novel sensor materials with enhanced performance
for gas sensing applications. An extensive investigation has been carried out
to explore the potential applications of newly developed Cu(I) frameworks
for gas sensing. The key findings and a summary of the thesis chapters are

outlined as follows:

Chapter 1. General Introduction

This chapter addresses the critical challenges in current gas sensing
technologies, emphasizing the necessity for advanced materials that can
meet evolving environmental and industrial demands. Further, different
types of sensing methods, the importance of chemiresistive sensing and the
terminologies used in this field are discussed. The chapter further explores
the benefits of using electrically conductive frameworks, focusing on the
improved detection sensitivity, selectivity, and stability they can offer for
gas sensing. The next part discusses the Cu(I) coordination polymers, their
structural features and their effect on the photophysical and conducting
properties. This foundational overview sets the stage for the subsequent
chapters, where these materials' synthesis, structural characterization, and

application in gas sensing are explored in detail.



Chapter 2. Solvatochromic behavior of cyclic dithioether-
functionalized triphenylamine ligands and their mechano-responsive

Cu(I) coordination polymers
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This study focuses on synthesizing emissive materials that offer an
environment-friendly and cost-effective foundation for creating diverse
functional materials and sensors. Besides the characteristics of the metal
center, organic ligands significantly influence the emissive properties of
coordination polymers. Herein, the synthesis of dithiane- and dithiolane-
substituted triphenylamine ligands L1 and L2 has been reported. These
ligands were found to be emissive both in the solid state and in solution. In
addition, these ligands exhibit solvatochromic behavior due to the twisted
intramolecular charge transfer (TICT) phenomenon. Next, coordination
behavior of these ligands was explored with Cu(l)X salts (X = Br and CI)
and four new 1D coordination polymers [{Cu(u2-X)2Cu}(u2-L)]n, CP1 (X
=Br,L=L1),CP2(X=Cl,L=L1),CP3(X=Br,L=Lz),and CP4 (X =
Cl, L = L2) were synthesized and crystallographically characterized. The
emission behavior of all the CPs suggests ligand-centered transitions. On
mechanical grinding, emission maxima (Aem) for CP1 and CP2 were blue-
shifted, whereas for CP3 and CP4 red-shifts were observed. All CPs were
found to emit at 448 nm with increased intensity after grinding. Grinding is



supposed to be responsible for a change in the spatial arrangement (dihedral

angles) of the phenyl groups of PhsN, causing the observed emission shifts.

Chapter 3. Two-dimensional Cu(I)-MOF with mesoporous architecture

towards chemiresistive NO2 sensing
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This work presents a semiconducting copper(l)-MOF (Cu-MOF) formed
by the self-assembly of Cul and N-phenyl-N-(pyridin-4-yl)pyridin-4-amine
(L3). The Cu-MOF consists of a 2D network comprising Cuasls secondary
building units, which forms an intercalating 3D structure driven by multiple
weak interactions. The semiconducting nature and mesoporous structure
motivated the exploration of its chemiresistive gas sensing capabilities. The
chemiresistive device fabricated with Cu-MOF displays high selectivity
and efficient room temperature NO> sensing with a lower limit of detection

(3.5 ppb) and a swift response/recovery times (~11/13s), fastest among the

iv



reported state-of-the-art MOF-based NO. sensors. Experimental and
theoretical analysis reveals that the adsorption of NO2 on Cu-MOF
withdraws electrons from the Cu(l) center, leading to a change in electrical

response.

Chapter 4. Semiconducting 2D Copper(I) Framework for Ammonia

Sensing
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In this work, two distinct Cul coordination polymers, 2D CuTzl and 1D
CuTz2, were synthesized from 4-amino-1,2,4-triazole and Cul under
similar conditions but in varying ratios. Remarkably, 2D CuTz1 features a
unique Cusls secondary building unit (SBU) while CuTz2 has a thomboid
Cuzl> SBU. The 2D CuTz1 was found to be green emissive, semiconducting
and exhibiting 2D nano-flakes-like morphology. CuTz1 not only shows the
change in emission color from green to yellow-orange in the presence of
aqueous ammonia vapor but also the chemiresistive sensor derived from
CuTzl shows exceptional ammonia sensing capabilities. The sensor
exhibits a remarkable response of 21 at 500 ppm, coupled with rapid
response and recovery times (29.5 s/39.5 s) and very high sensitivity (LOD,
73 ppb; LOQ, 243 ppb) for ammonia vapors at room temperature. Excellent
sensitivity and selectivity, accompanied by fast dynamic response/recovery
time at room temperature, positions CuTz1 as the most promising material

among the reported MOF/CP-based ammonia sensors.



Chapter 5. Semiconducting Cu(I) framework for room temperature

NO: sensing via efficient charge transfer
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Previous studies have suggested that the presence of an electron-rich metal
center is beneficial for effective charge transfer to the analyte which
increases the gas-sensing properties. For this work, PPhs is used as an
auxiliary ligand to synthesize electron-rich Cu(l) CP. Two new one-
dimensional CPs [Cu2X2(PPhs)2(Ls)]n, CP5 (X = 1) and CP6 (X = Br)
synthesized using Cul, (pyridin-4-yl)-N-(4H-1,2,4-triazol-4-
yl)methanimine (Ls) and triphenylphosphine. These CPs were
crystallographically characterized and found to have unique structural
arrangements of secondary building units. Due to their semiconducting
properties, both CPs were fabricated into conventional interdigitated
electrodes by drop-casting. Benefitting from the higher electron density of
Cu(l) center, CP6 demonstrates selective sensing for NO, gas with
excellent sensitivity and reversibility. The material offers one of the best
room temperature NO2 chemiresistive sensing performances among the
MOF/CP-based materials with ultrafast response time (15.5 sec @10 ppm).
Additionally, convenient synthesis and ease of device fabrication for

sensing give our material a distinct advantage. The experimental and

Vi



theoretical findings collectively suggest that the adsorption of NO2 on the
material's surface and the concomitant effective charge transfer between

Cu(l) and NOz are key to its efficacious gas sensing capabilities.
Conclusions

This thesis presents the photophysical and gas sensing properties of some
copper-based coordination polymers (CPs) and metal-organic frameworks
(MOFs). By leveraging the tunable structural and electronic properties of
copper(I) frameworks, the research demonstrates these materials'
multifunctionality and high performance in sensor applications, particularly
for NO2 and NHj3 detection. This work establishes Cu(I) CPs as a promising
material for gas sensing and also provides a way for future research aimed

at environmental monitoring and industrial safety applications.
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Chapter 1

Introduction



1.1 Introduction

1.1.1. Motivation

In today’s rapidly advancing technological landscape, the primary goal is to
enhance and simplify various aspects of human life, with a particular focus
on safety, security, surveillance, and environmental monitoring. Many
individuals frequently work in hazardous environments where exposure to
combustible, flammable, or toxic gases is a serious health risk. Since human
olfactory senses are limited in detecting such gases, exposure often leads to
immediate health consequences. This highlights the critical need for gas
sensor technology as a solution for detecting harmful gases [/-3]. Gas
sensors provide a compact, cost-effective alternative to sophisticated gas
analyzers like gas chromatography, optical spectroscopy, and mass
spectrometry, which analyze gases and volatile organic compounds (VOCs)
based on molecular properties. These sensors are essential in a wide array
of industries, including fuel production, automotive, chemical processing,

food safety, and even domestic applications [4—6].

Historically, the need for gas sensors emerged from the necessity to protect
workers in hazardous environments, such as coal mines, from the dangers
of flammable gases, toxic fumes, and oxygen deprivation. Early methods,
including using open flame lamps and canary birds, were inadequate and
posed their own risks. Significant progress came in 1927 when Dr. Oliver
Johnson developed a commercial gas sensor using a platinum catalyst /7],
and in 1962, when Seiyama et al. introduced semiconducting metal-oxide-
based sensors [8/. Since then, research has evolved, with Taguchi's
commercialization of metal-doped tin oxide sensors in 1969, contributing
significantly to safety in industrial settings /9/. Over the decades, the gas
sensor market has expanded beyond safety applications to encompass fields
such as environmental monitoring, food quality control, and healthcare

diagnostics. The focus of recent research has shifted toward miniaturization,
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improved selectivity, and the development of cost-effective sensors capable
of operating in complex, real-world conditions. Real-world applications
where humidity, temperature, and gas concentrations vary significantly pose
major challenges for accurate detection. For example, human breath
contains over 900 VOCs, making the detection of specific biomarkers like
acetone or ammonia challenging for disease diagnostics. Similarly, plants
emit various VOCs when under stress, and the ability to detect these
emissions can improve agricultural efficiency. To address these challenges,
modern gas sensors must be capable of accurately detecting target gases in

complex environments [/0—12].
1.1.2. Type of Gas Sensors

The fundamental principle of a gas sensor lies in the interaction between
gas species and the surface of the sensor material (receptor) and the
subsequent conversion of this chemical energy into an electrical signal
(transducer). Depending on the specific receptor and transducer principles,
the variations in electrical signals can be monitored through various means,
including changes in resistance, capacitance, or optical properties. Gas
sensors are classified based on the type of electrical and optical signal as

follows:
1.1.2.1 Thermoelectric sensors

Thermoelectric sensors are also known as thermal-conductivity sensors.
They operate as a result of adsorption of the target analyte/gas followed by
the Seebeck effect. According to this principle, the change in the electric
voltage of the sensing material is measured based on the difference in the
temperature arising out of two contact points in the presence of the target
analyte. The sensor device consists of two main parts, one is a
thermoelectric film and the other is the sensing material [/3,14]. For
instance, a bismuth-telluride thermoelectric film consisting of Pt/y-Al.O3
sensing element was used to sense 3 vol.% of Hz/Air with a temperature
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difference of 55 °C [15]. Another example of detection of volatile organic
compounds (VOCs) like acetone with a limit of detection (LoD) of 28 ppm,
was studied by developing films of chromium metal and tin oxide [/6].
Although the simplicity of thermoelectric sensors may be a boon, these
sensors have major drawbacks of temperature fluctuations and longer

response times that may affect the overall sensitivity /77].
1.1.2.2. Optical sensors

The basic principle involved in an optical sensor is the measurement of the
optical properties (absorption/emission scattering) caused by the scattering
of the target analyte molecule when in contact with the optical sensing
element. An optical sensor consists of four parts, that include a light-
emitting diode, a photodetector, the sensing material and a
phosphorescence/fluorescence detector /78/. For example, a hydrogen gas
sensor was developed by coating a WO3 thin film on silica core of the
optical fiber /19]. Although the sensors were effective at room temperature,
the declining durability of the sensor should not be overlooked. Infrared
sensors can also be categorized under optical sensors. An infra-red sensor
consists of an infra-red source (to produce an incandescent light), an optical
fiber (mostly a non-dispersive), a gas cell and an infra-red detector to
convert the electromagnetic radiation to electrical readout signals. Non-
dispersive infrared (NDIR) gas sensors have commonly been explored for

the detection of CO> gas [17].
1.1.2.3. Surface acoustic wave sensors (SAWs)

Surface Acoustic Wave (SAW) sensors operate by utilizing mechanical
waves that propagate along the surface of a piezoelectric substrate, such as
quartz or lithium niobate. These waves are generated by applying an
alternating voltage to interdigital transducers (IDTs) on the substrate, which
creates vibrations through the piezoelectric effect. As the surface acoustic

waves travel across the substrate, they interact with a sensing layer or
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directly with the environment, causing changes in the wave's properties
such as velocity, amplitude, phase, or frequency. These changes arise from
alterations in surface characteristics, such as mass, stress, temperature, or
chemical adsorption, induced by the target analyte or environmental factor.
The modified waves are detected by an output IDT, which converts them
back into electrical signals for analysis. SAW sensors are highly sensitive
to surface interactions and are widely used in gas and chemical sensing,
biosensing, temperature and pressure monitoring, and structural stress
detection [17]. SAW sensors, though versatile, have limitations such as
sensitivity to environmental factors, dependence on stable sensing layers,
and temperature-induced signal drift. Their surface-confined range, fragile
substrates, complex fabrication, and weak output signals requiring

amplification hinder the performance /20].
1.1.2.4. Piezoelectric sensors

Piezoelectric sensors in some cases are also known as acoustic wave sensors
since both can operate on the phenomenon of piezoelectric effect. The basic
criterion for this effect is the presence of a piezoelectric material that can
convert any mechanical stress (ex. external pressure, acoustic wave) into an
electrical signal. Quartz crystal microbalance and microcantilever are also
categorized as piezoelectric gas sensors [27,22]. Common examples of
piezoelectric materials are quartz crystal and lithium tantalate (LiTaOz3)
[23]. Another example is HKUST-1 microcantilever which was developed
for the detection of 400 ppb p-xylene /[24]. Although devices of
piezoelectric materials can be very sensitive for gas sensing, thicker films
can result in a decline in sensitivity. This makes the device fabrication of

piezoelectric sensors trickier.
1.1.2.5. Chemicapacitance sensors

Chemicapacitance sensors detect analytes by measuring changes in

capacitance caused by interactions between the analyte and a dielectric
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layer, typically made of polymers, metal oxides, or functionalized materials,
sandwiched between two electrodes. These changes correspond to the
analyte's concentration or presence. For instance, a film of Cu-BTC (back
electrode) with Ag spots (top electrode) on its top was used to detect ethanol
and methanol /26/. The chemicapacitance sensors are widely used in gas
detection, humidity monitoring, and biosensing due to their high sensitivity,
low power consumption, and real-time response. However, they face
challenges such as environmental sensitivity, limited selectivity leading to
cross-interference, material degradation over time, and weak signals
requiring precise instrumentation. Additionally, the fabrication of consistent
dielectric layers and miniaturization for compact devices remain complex

and costly /17,25].
1.1.2.6. Impedance sensors

Impedance sensors operate by measuring changes in the electrical
impedance of a sensing material when exposed to an analyte. Impedance,
which encompasses resistance and reactance, is influenced by factors such
as charge transfer, ion mobility, or dielectric properties of the material.
These sensors typically consist of electrodes and a sensing layer, which
interacts with the target analyte. The interaction can alter the conductivity,
permittivity, or both, resulting in a measurable impedance change that
correlates with the analyte’s presence or concentration. Impedance sensors
are widely used in chemical, biological, and environmental applications due
to their high sensitivity and capability for real-time monitoring /27].
Achmann et al. demonstrated Fe-BTC (BTC= 1,3,5 benzene tricarboxylic
acid) coated on an interdigitated electrode for sensing of water over ethanol
and methanol target analytes /28/. Impedance sensors face limitations such
as sensitivity to environmental conditions (e.g., temperature, humidity),
poor selectivity leading to cross-interference, and complex signal

processing requirements. Long-term material stability may degrade under
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environmental exposure, and miniaturization or integration into portable

devices can be costly and technically challenging /17].
1.1.2.7. Chemiresistive sensors

Chemiresistive sensing (a combination of chemical interactions to cause a
modification in the electrical resistance of the overall material) is one of the
simplest and most affordable ones. The principle is simply based on the
change in electrical resistance on contact with the target analyte/ gas. The
nature of the sensing material and the target gas property decides the change
in resistance (increase/decrease). These sensors offer significant
advantages, including low-cost fabrication, ease of miniaturization, and
straightforward integration into electronic devices, making them highly

attractive for practical applications /29,30].

1.3.1. Sensing Measurements

5N purity gases are employed to measure the sensing performance of the
fabricated sensor. The flow rate of these gases is precisely controlled by
using an advanced mass flow controller (model: Alicat, MC1! slpm, USA).
The concentration of these test gases is varied by mixing the synthetic air
(99.999 Purity) into the mixing chamber before exposing on the sensor
surface. The resistance change of the sensing layer during test gas exposure
is continuously monitored on the Keithley-2612A source meter by applying

a constant voltage of +1 V.

To improve the practical applicability of a gas sensor, a chemiresistive
sensor was fabricated from the CPs/MOFs. First, it is blended with an
ethanol solution. Subsequently, 5uL of this mixture is drop-casted onto the
active area of the device using a micropipette. The active area of the device
is constructed with Ti/Pt (20/200 nm) interdigitated electrodes (IDEs) on a
glass substrate measuring (5.5 mm x 6 mm) (Fig. 1.1). Following this, the
device undergoes a drying process in a hot air oven for 24 hours at 70 °C to

remove any moisture content present in the sensing material. The sensing
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performance of the fabricated sensor is investigated under a dynamic flow

gas sensing setup (Fig. 1.2).
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Fig. 1.2 lllustration of the dynamic flow gas sensing setup
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1.3.2. Gas Sensing Terminology

Before exploring the details of semiconductor gas sensors, it's important to
define the key parameters that apply to all gas sensors. These fundamental

terms include:
1.3.2.1. Response (R)

Sensor response is the measure of the change in the sensor's baseline
resistance when transitioning from an open-air environment to exposure to

a test gas under stable conditions. It can be expressed as:
Response (R) = | R bascline = R gas / R vasetine | X 100 %

Or

R = Ruoaseline / R gas Or R = Rgas / Ruaseline

Where; Rpascline and Rgas represent the sensor's resistance in open air and in

the presence of the test gas, respectively.
1.3.2.2. Selectivity (S)

Selectivity is the sensor's ability to detect a specific gas in the presence of
other gases. It is determined by comparing the sensor's response to different

test gases.
1.3.2.3. Reversibility

Reversibility refers to the sensor's capacity to return to its original state

once the test gas is removed from the environment.
1.3.2.4. Response Time (Tres)

Response time is the duration it takes for the sensor's output to shift from

0% to 90% of its maximum response after being exposed to the test gas.

1.3.2.5. Recovery Time (Trec)
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Recovery time is the time required for the sensor’s output to decrease from

its maximum response to 10% after the test gas has been removed.
1.3.2.6. Repeatability

Repeatability describes the sensor’s ability to consistently provide the same
response across multiple cycles of exposure to and withdrawal of the test

gas.
1.3.2.7. Long-term Stability

Long-term stability is the sensor's ability to maintain consistent

performance and response characteristics over an extended period of time.
1.4. Materials utilized for chemiresistive gas sensing:

Metal oxides have long been regarded as promising candidates for gas
sensing due to their versatile functionalization capabilities. In particular,
heterojunctions, which incorporate catalysts and filtering layers, have been
shown to improve sensor performance by either activating target gases or
filtering out interferences /37—33/. However, these materials often require
high operational temperatures, leading to significant power consumption
and limiting their portability. Despite their established status as highly
sensitive chemiresistive materials, metal oxides still face significant
challenges, particularly in achieving selective detection of target gases in
complex environments. This is because metal oxides primarily rely on
surface reactions with chemisorbed oxygen, making it difficult to
distinguish between different analytes when multiple gases are present.
Consequently, achieving high selectivity, sensitivity, and stability remains a
challenge in real-world applications. Although metal oxides offer higher
response levels than many other materials, they are hindered by issues such
as low selectivity and baseline drift caused by their high-temperature
operation. Carbon-based materials, which can function at room temperature

and feature high surface areas, suffer from low sensitivity, poor selectivity,
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and limited reproducibility. Likewise, 2D transition metal dichalcogenides
(TMDs), while showing promise, are prone to oxidation when exposed to
air, which limits their practical use. Despite ongoing efforts by researchers
to address these challenges in conventional sensing materials, significant

advancements are still required /34-38].

Conductive metal-organic frameworks (MOFs) and coordination polymers
(CPs) present an exciting alternative for gas sensing. These materials hold
the potential to revolutionize gas sensor technology by offering low power
consumption, enhanced selectivity, and increased sensitivity. Furthermore,
post-synthetic modifications of conductive MOFs/CPs can produce
derivatives with unique porous structures such as hollow, hierarchical, or
multi-dimensional forms resulting in high-performance gas-sensing
materials. By leveraging these advancements, researchers can develop next-
generation gas sensors that overcome the limitations of conventional
materials, paving the way for novel, efficient, and selective gas-sensing

technologies /39-43].

1.5. Electrical conductivity, Electrically Conductive CPs/MOFs and

their applications in chemiresistive gas sensing:

Electrical conductivity is a crucial property of materials, representing their
ability to conduct an electric current under specific conditions such as
temperature, pressure, and applied current. Conductivity is often explained
through Ohm’s law, where the voltage (V) across a material is proportional
to the current (I) flowing through it, with the proportionality constant being

the resistance (R):

V=RxI

To measure electrical conductivity, one can directly determine the resistance
by applying a known current and measuring the resulting voltage. However,

since resistance depends on the material's geometry, measurements are
43



typically expressed in terms of resistivity (p), a more intrinsic property of

the material. Resistivity is defined by the formula:
p=Rx(A)

Where: R is the resistance of the material, A is the cross-sectional area
(calculated as width a times thickness d), and I is the distance between the
points where the voltage is measured. Resistivity is generally reported in
units of ohm-centimeters (€2-cm). The inverse of resistivity is conductivity

(o), given by:
c=1/p
and is measured in Siemens per centimeter (S-cm™).

Though Ohm’s law provides a straightforward approach to measuring
conductivity, it does not apply universally. Semiconductors and many low-
dimensional materials often deviate from Ohm’s law, especially at higher
currents. Even metals, which are generally good conductors, only obey
Ohm’s law within certain current or voltage ranges. As a result, when
reporting conductivity or resistivity values, it is essential to specify the
current or voltage range under which these values were measured to provide
context for the measurement. Thermal Dependence and Conductivity
Mechanisms In addition to room temperature measurements, it is vital to
assess the thermal variation of resistivity, as this can provide insight into the
material’s electronic properties and behavior. For example, the thermal
dependence of resistivity can help differentiate between metallic,

semiconducting, or insulating behaviors [44,45].

Historically, coordination polymers (CPs) and metal-organic frameworks
(MOFs) were considered electrical insulators, leading research to primarily
explore their host-guest interactions in areas like catalysis, molecular
separations, and molecular recognition. However, recent advances in design

and synthesis, such as the incorporation of redox-active building blocks and
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transition metals, have shifted the focus toward their potential as electrically
conductive materials. Conductivity in CPs and MOFs can emerge through
various mechanisms, including continuous conductive inorganic channels
held together by organic ligands, molecular stacks with photoactive or
redox-active ligands, or internal charge transfer via proper electronic
alignment between metal nodes and ligands. Enhanced orbital overlap can
facilitate m-electron delocalization throughout the structure. Additionally,
the intrinsic porosity and well-defined cavities of CPs and MOFs enable the
integration of electroactive guest molecules or conductive phases, further
boosting electrical performance. This progress has led to the development
of electroactive CPs and MOFs with potential applications across diverse
fields /46-50]. In the context of chemiresistive gas sensing, conductive
CPs/MOFs have emerged as promising materials. Their ability to
selectively adsorb gas molecules in well-defined cavities facilitates strong
host-guest interactions, leading to changes in their electrical properties upon
exposure to specific gases. These changes, driven by mechanisms such as
charge transfer between gas molecules and the framework or modification
of charge carrier pathways, enable sensitive and selective detection. For
example, conductive MOFs with redox-active or m-conjugated ligands can
exhibit enhanced responses to gases such as NHs, NO2, HzS, etc /57-55].
Among electrically conductive MOFs, 2D frameworks exhibit the highest
conductivity, attributed to in-plane charge delocalization and extended 7-
conjugation facilitated by electronic communication through metal nodes
[56,57]. Notable examples are Cus(HHTP)2, Cus(HITP)2, and Nis(HITP)2
(HITP = 2,3,6,7,10,11-hexaiminotriphenylene, and HHTP = 2,3,6,7,10,11-
hexahydroxytriphenylene), reported by Dincd and coworkers as one of the
most conductive microporous MOFs (Fig 1.3). These findings highlight the
potential of 2D MOFs, especially those featuring linkages such as o-

phenylenediamine, dithiolene, or o-semiquinone, as advanced functional
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Fig. 1.3 Chemical structures of the conductive 2D MOFs, reproduced with

permission from the American Chemical Society, ref [58].

materials for various applications /52,58,59]. Expanding on this, Dinca and
coworkers pioneered the use of these MOFs in chemiresistive sensing. A
Cu-based 2D MOF demonstrated a reversible "turn-on™ response to sub-
ppm levels of ammonia vapor, with the response being linearly proportional
to ammonia concentration (Fig 1.4). This enabled reliable, quantitative
detection under ambient conditions and high humidity. Further
investigations explored the impact of systematically replacing Ni with Cu
in the Niz(HITP), framework. The resulting Cus(HITP)2 maintained high
electrical conductivity while exhibiting significantly enhanced sensitivity to
ammonia vapor. Unlike the "turn-off" response commonly observed in
carbon nanotube (CNT) and conductive polymer-based sensors,
Cus(HITP). displayed a "turn-on" response similar to metal chalcogenide
sensors. This unique behavior, combined with its linear response to
ammonia concentration, positions Cuz(HITP). as an effective material for
guantitative sensing. Its sensitivity rivals cutting-edge materials like pristine

CNTs, PEDOT-based polymers, and MoS; transistors, meeting detection
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requirements for air quality monitoring and agricultural applications. In
contrast, Niz(HITP)2 showed no detectable response to ammonia under
identical conditions. Theoretical studies attribute this difference to the
substitution of Ni with Cu, a metal with a higher d-electron count, which
raises the Fermi level energy and modifies the electronic structure, thereby
enhancing chemiresistive performance. This stark contrast underscores the

critical role of metal center selection in tuning MOF properties /52].
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Fig. 1.4 Relative response of Cus(HITP)2 devices to various concentrations
of ammonia diluted with nitrogen gas, reproduced with permission from the
John Wiley and Sons, ref [52].

Thus, Cus(HITP)2 not only surpasses Niz(HITP)2 in ammonia sensitivity but
also exhibits distinctive and practical response characteristics, making it a
promising candidate for advanced sensing applications. This comparative
analysis underscores the potential of rationally designed MOFs to enable

next-generation chemiresistive sensors with tailored functionalities.
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1.6. Copper(I) CPs/MOFs:

The quest for novel materials with exceptional optoelectronic and electrical
properties has led to the discovery of a wide array of chromophores and
semiconductors, with coordination complexes standing out as particularly
promising. These materials offer a versatile platform for developing
advanced applications due to their highly tailored molecular structures,
superior environmental stability, and a broad range of electronic properties
arising from their coordinated metal centers. Among these, Copper(I)
compounds have gained considerable attention. Unlike noble metals or rare
earth elements, copper is both abundant and affordable, with low toxicity,
making Cu(I)-based compounds ideal candidates for large-scale
applications across numerous fields, particularly in optoelectronics and

sensor technologies /60—62].

One of the most attractive features of Cu(I) compounds is the ease with
which their structural frameworks can be modified through simple changes
in reaction conditions. This flexibility allows for the creation of materials
that not only exhibit tunable phosphorescence at room temperature but also
possess long luminescence lifetimes lasting several microseconds. These
emission characteristics can be further modulated by external factors such
as temperature, pressure or chemical interactions, making Cu(I) complexes
especially useful for developing materials that display dynamic optical
behaviors. This versatility has propelled them into the spotlight for
applications in optoelectronic devices, where materials with stimuli-

responsive properties are in high demand /63-68].

The pioneering work of Ford and collaborators on luminescent cubane-
shaped CualsL4 clusters and their derivatives (L = N- or P-donor ligands)
laid the foundation for extensive research into copper halide-based

materials. These studies prompted numerous research groups to explore a
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broader range of CuxXxLy species, where X represents halides (Cl, Br, and

I), x varies from 2 to 8, and y ranges between 4 and 8. Among these, copper

iodide-based materials stood out for their intense luminescent properties,

which facilitated the development of diverse functional materials, including

stimuli-responsive and smart systems. These materials encompass discrete

clusters and complexes (0D) as well as coordination polymers with 1D, 2D,

or 3D architectures. In coordination polymers, the CuxXx cores, often

termed secondary building units (SBUs), play a central role in their

structural
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Fig. 1.5 Structures of the various SBUs or 0D complexes encountered for

neutral CuxlxLy motifs (L = N, P or S-donor ligands); top, quasi-planar,

bottom, globular. Note that this list is not exhaustive, reproduced with

permission from the Royal Society of Chemistry, ref [64].
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Structural surveys have shown that CuxXiPy (X = Cl, Br, I) species
predominantly form 0D complexes, while CuxXxNy and CuxXxSy species
are typically found in coordination polymers, particularly in 1D and 2D
structures (Fig 1.5). These differences in SBU geometries and network
structures lead to distinct solid-state properties, such as variations in
electrical conductivity and mechanical behavior. These modern Cu(I)-based
materials exhibit rich electronic, optoelectronic, redox, and mechanical
properties, with significant advancements reported in the last decade /69—
75].  The resulting materials have demonstrated have multifunctional
application like tunable emission, optical sensing, energy storage, gas
sensing, photocatalysis and electroluminescence (Fig. 1.6) [69-73].
Consequently, the continued exploration of CuxXxLy materials, across

diverse ligand systems and structural formats, holds immense potential for
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the development of next-generation functional materials with broad

applications in optoelectronics and beyond.

Tunable emission

Fig. 1.6 Schematic illustration of various CuX nanocluster-based

CPs/MOFs applications. Images taken from ref /64,69,70,73, and 8§].

A key feature of these systems is their stimuli-responsive luminescence,
which can be triggered by changes in temperature or pressure. This behavior
is closely linked to structural adaptability, particularly variations in Cu---Cu
distances. For instance, the CuslsL4 clusters exhibit two extreme geometries
stair-case and closed cubane tetramer and are directly associated with
distinct photophysical properties. Stimuli-responsive luminescence in these
systems extends to light-, solvent-, vapor-, and mechano-chromic effects. In
coordination polymers, such responses may involve solid-to-solid phase

transitions, further enhancing their versatility /74,77].
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1.6.1. Mechanochromic behaviour of Cu(I) frameworks:

Mechanochromic luminescent materials, which exhibit switchable
luminescence in response to external mechanical forces, have garnered
significant interest for applications in strain detection, optical recording,
data storage, and anti-counterfeiting. A key advantage of these materials is
the ease of detecting emission changes through simple, non-invasive
spectroscopic methods or even visually. Despite the growing number of
compounds with luminescent mechanochromism reported over the past
decade, detailed studies on their underlying mechanisms remain limited.
Such investigations are crucial for advancing fundamental understanding
and guiding the design of materials with optimized stimuli-responsive
properties [78—81]. Copper iodide clusters, including non-cubane
geometries such as chair-like isomers, have demonstrated notable
mechanochromic  luminescence  [82-84]. For  example, the
[Cusls(PPh3)4]-2CHCIl3 compound undergoes a mechanically induced
structural isomerization from chair to cubane geometry upon grinding,
resulting in a dramatic emission shift from blue to yellow (Fig 1.7). This
transition involves the formation of additional Cu-I bonds and Cu—Cu
interactions, as confirmed by photophysical and structural data supported
by DFT calculations. The mechanism depends on weak intermolecular
interactions and labile solvent molecules in the crystalline structure,
enabling geometric flexibility /85/. In contrast, robust hydrogen bonding
networks, as observed in [Cusl4(PPh2-CsH4CO2H)4], inhibit such transitions
[86]. Other examples of mechanochromic copper iodide systems include
double cubane [Cusglg(PPhoCsH4-N(CH3)2)4] /86] clusters and butterfly-
shaped [Cusla(PPhopy)2] [87] clusters, where mechanochromism is

attributed to changes in Cu—Cu distances or intermolecular interactions.
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Fig. 1.7 Mechanochromism of [Cusl4(PPh3)4]-2CHCI3 with photographs of
the powder before and after grinding and associated emission spectra with
representations of the two chair and cubane isomers, reproduced with

permission from the Royal Society of Chemistry, ref /83].
1.6.2. Vapochromic behaviour of Cu(I) frameworks:

Vapochromism forms the very basis for the sensing properties of these
coordination polymers. Several examples of small molecule-responsive
coordination polymers built upon copper halide-thioether and -thione
networks have been reported during the past few years. For example,
Boonmak et al. prepared new amino-functionalized iodo-based 2D Cu(I)
coordination polymers of [Cul(pyt-NH>)]. (1) and (2) (where pyt-NH» = 2-
amino-5-(4-pyridinyl)-1,3,4-thiadiazole). They possess densely diverse
crystalline architectures decorated by uncoordinated amino groups as a
binding site. Remarkably, 1 and 2 undergo the change of color and naked-
eye solid-state luminescence in response to formaldehyde (FA) vapor,
demonstrating simultaneous vapochromism and vapoluminescence [73].
FA-exposed 1 and 2 (1-FA and 2-FA) display an extension of absorption
spectral edge to a longer wavelength around 570 nm, which is consistent

with the orange color. The luminescent signals of 1 and 2 are also altered
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by FA vapor, which demonstrates red-shifted emission bands from 567 to
587 nm for 1-FA and from 551 to 590 nm for 2-FA, corresponding to the

emission color change from orange to red-orange under UV light (Fig. 1.8).
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Fig. 1.8 Amino-functionalized chromic Cu(I)-CPs undergo color and
naked-eye luminescent change in selective response to formaldehyde (FA)
vapor, demonstrating simultaneous vapochromism and vapoluminescence,

reproduced with permission from the American Chemical Society, ref [73].

1.6.3. Cu(I) CPs/MOFs in chemiresistive and optical gas sensing:

Beyond optoelectronic applications, Cu(I)-based coordination frameworks
are emerging as highly effective materials for gas sensing technologies.
Monitoring gases such as hydrocarbons, VOCs and several toxic gases such
as ammonia (NH3), and nitrogen dioxides (NO2) is crucial for both
environmental protection and public health. Toxic gases can contribute to
serious environmental issues like acid rain, smog, and the greenhouse effect,
while even non-toxic gases like oxygen and water vapor are critical for
various industrial processes. For instance, oxygen-free environments are

essential in the metallurgical and chemical industries, while humidity
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control is vital in sectors ranging from agriculture to home comfort systems.
Cu(I)-based materials, with their sensitivity and selectivity to different gas
molecules, provide a promising solution for these monitoring needs. The
integration of Cu(I) coordination compounds into gas sensor technologies
takes advantage of the unique optical and chemical properties of these

materials /2,3].

Recent advancements in Cu(l)-based coordination polymers (CPs) and
hybrid materials have demonstrated significant potential for high-
performance sensing applications. In 2023, Jing Li and collaborators
developed Cul-based hybrids featuring tunable 1D or 2D Cul modules
stabilized within potassium isonicotinic acid (HINA) frameworks and its
derivatives. The dimensionality of the Cul modules critically influenced
their properties, with 2D-Cul structures achieving photoconductivity up to
five orders of magnitude higher than 1D counterparts. These materials also
marked the debut of Cul-based hybrid NO> chemiresistive sensors, with
sensitivity exceeding pristine Cul by several orders of magnitude (Fig 1.9).
Notably, the Cul-K-INA hybrid, integrating both 1D and 2D Cul modules,
performed comparably to the best NO2 chemiresistors reported to date /88].
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Fig. 1.9 (i) Schematic illustration of the confinement of 1D chain and/or 2D
layered Cul modules assembled in K-INA-R CPs. (a) Responses of Cul-K-
INA as a sensor to 10 ppm NO:2 with other different 100 ppm gases. (b)
Response and recovery curve of Cul-K-INA toward NO with varied
concentrations at RT, reproduced with permission from the American
Chemical Society, ref [88].

Further, Mishra and coworkers in 2024 synthesized a 2D semiconducting
CP via a one-pot method, achieving a conductivity of 2.02 x 107 S-cm™*,
Structural analysis revealed Cuxl> SBUs bridged by 1,4-TzB through the
triazole ring's nitrogen atoms. The resulting sensor exhibited exceptional
selectivity for methanol vapor over other VOCs, with an impressive
response (Rg/Ra) of 66.7, ultra-fast response and recovery times (17.5/34.2
seconds), and ppb-level sensitivity at room temperature (Fig 1.10).
Furthermore, the device demonstrated excellent repeatability without

requiring external stimuli /72].
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Together, these advancements highlight the transformative role of

integrating semiconducting Cul modules with CPs and MOFs. The synergy
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between tunable electronic properties, enhanced conductivity, and selective
gas sensitivity bridges the gap between fundamental material innovation
and practical sensing technologies. The intrinsic porosity and conductive
pathways in these hybrid systems pave the way for next generation
chemiresistive sensors and optoelectronic devices, underscoring the
interplay between inorganic frameworks and organic coordination

scaffolds.

This thesis aims to develop and investigate copper(I)-based CPs/MOFs as
advanced materials for chemiresistive gas sensing applications. This thesis
focuses on synthesizing novel copper-based frameworks with varied
dimensionalities and ligand architectures to optimize their sensitivity,
selectivity, and stability. Special attention is given to two-dimensional 2D
frameworks, which are known for their superior conductivity and enhanced
gas sensing capabilities due to their high surface area and accessible active
sites. The study explores the role of electron-rich copper(I) centers in
facilitating charge transfer interactions with analytes, thus improving the
sensing performance. By integrating the concepts of framework
conductivity with rational design of Cu(I)-based CPs and MOFs, this thesis
aims to address key challenges in real-world applications, including room-
temperature operation, rapid response times, and long-term stability.
Ultimately, this research contributes to the development of efficient,
scalable, and reliable gas sensor materials tailored for environmental

monitoring, industrial safety, and related fields.
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2.1. Introduction

External stimuli like light, pH, temperature, mechanical force and magnetic
or electric fields can affect the luminescence behavior of various
compounds //-3/. Compounds with unique photoluminescent properties
under different conditions are prominent materials for applications in
sensing, detection, memory, display systems and others /4-6]. However,
synthesizing materials that can respond in a controlled and desirable fashion
under various external stimuli is challenging. Molecules with strong -
interaction in the aggregated state lead to quenching of emission called
aggregation-caused gquenching (ACQ), whereas enhanced emission in the
aggregated state is known as aggregation-induced emission (AIE). In order
to  design  stimuli-responsive  fluorescent  materials,  mostly
tetraphenylethene, triphenylamine, pyrene and anthracene derivatives have
been employed as fundamental building blocks, which could control the
emission via ACQ or AIE phenomenon. Among this group of fluorophores,
the triphenylamine (TPA) unit stands out as an optoelectronically active
motif capable of adopting a range of conformations. Because of the non-
planar propeller-shaped arrangement of three aryl groups around the
nitrogen atom, TPA complexes usually show AIE. However, the occurrence
of this phenomenon largely depends on the substituents present on the
phenyl groups /7—13]. Several stimuli-responsive organic materials with
TPA scaffold have been reported. However, examples of metal-organic
frameworks (MOFs) and coordination polymers (CPs), composed of TPA
ligands showing any response in the presence of external stimuli are
significantly less known /714-20]. Bu et al. have reported a Cd(ll)
coordination network using tris(4-(pyridin-4-yl)phenyl)amine ligand that
exhibits thermo and mechano-luminescence properties due to change in
dihedral angles between the three phenyl rings of the TPA core /20].To the
best of our knowledge, this is the only example of a CP or MOF, where the
dihedral angles between the three phenyls of TPA affect the emission.
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Copper(l) halides-based CPs are known as efficient emissive materials that
offer a versatile platform for developing various stimuli-responsive,
electrically-conductive sensors, and other functional materials /27-24].
Different CunXn cluster cores or secondary building units (SBUSs) present in
these CPs may control the dimensionality of the material and thereby affect
their behaviour and applications. These CPs may respond to various stimuli
and show distinct changes in structural properties, mostly due to
modification in Cu--Cu distance, cluster rearrangement, and solid-to-solid
phase transitions. These structural changes could also alter various
moderate and weak inter- and intra-molecular interactions, which
significantly affect the luminescent properties of the CPs /25-27]. The
development of Copper(l)-based CPs using polydentate organosulfur
ligands has gained significant interest lately as they offer a large structural
diversity /28-34]. In the last few years, we have designed different cyclic
dithioethers, which are easily accessible by condensing an aldehyde and
dithiols HS(CH2)nSH, and used them as a connecting unit to construct
various Copper(l) CPs /32-34]. It was observed that the architecture of
these CPs and the nuclearity of the SBU’s depend on several factors, such
as the nature of ligands, the metal-to-ligand ratio and the reaction conditions
like solvent, temperature, and pressure.

In this work, we have extended our study and substituted two out of three
phenyl rings of triphenylamine unit with 1,3-dithiane or 1,2-dithiolane. The
substitution on the third ring was avoided intentionally to allow the free
movement of a phenyl group even after CP formation, as it can control the
photophysical properties of the TPA unit. The coordination behavior of
these substituted triphenylamine ligands with Cu(l) halides has been
explored to obtain CPs incorporating Cu2X> SBUs. Since both organic and
inorganic units possess unique photoluminescence properties, the objective

was to study the combined effect on the resulting material's behavior.
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2.2. Experimental Section:

2.2.1. General Information

2.2.1.1. Materials

All the chemicals were used as received from Sigma-Aldrich. All reactions
were performed under nitrogen environment and checked by TLC using
Merck 60 F254 pre-coated silica gel plate (0.25 mm thickness) and the
products were revealed under a UV chamber.

2.2.2. Characterization methods

'H NMR and ®*C{H}-NMR spectra were recorded on a Bruker 500 MHz
NMR spectrometer (Bruker BioSpin AG, Faellanden, Switzerland), using
CDCls as solvent and known chemical shifts of residual proton signals of
deuterated solvents (for tH-NMR) or carbon signals of deuterated solvents
(for 3C-NMR) as the internal standard. Liquid-chromatography mass
spectrometer (LCMS) was determined with an Agilent Q-TOF 6510 mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA) using the
direct injection method, and electrospray ionization (ESI) was used as an
ionization technique A Fluoromax-4p spectrofluorometer from Horiba
JobinYvon was used to record the luminescence spectra of all the
compounds (model: FM-100). OriginPro 8.1 was used to evaluate each
luminescence emission spectrum. The luminescence spectra were adjusted
for the instrument's spectrum sensitivity. The temperature was kept constant
throughout each experiment at 25 °C.

Single crystal X-ray data for structural analysis were obtained on dual
source Super Nova CCD, Agilent Technologies (Oxford Diffraction)
System using Mo-Ka= 0.71073 A at 293 K. The structure solution was
obtained by using OLEX software. The crystallinity and phase purity
measurements of all three coordination polymers were performed on a
Rigaku Smart X-ray diffractometer with monochromatic Cu Ka (0.1540

nm) radiation in 26 range of 5-50 degrees. The thermogravimetric analysis
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was performed on Mettler Toledo TGA/DSC 1 star e-system in the
temperature range of 30-800 °C.

2.3. Synthesis

2.3.1. Synthetic procedure for L1, L2, CP1, CP2, CP3 and CP4

2.3.1.1. Synthesis of Li: Into a round bottom flask, bis(4-
formylphenyl)phenylamine (0.1 g, 0.33 mmol) was dissolved in
dichloromethane (1-2 mL). Concentrated HCI (1 mL) and 1,2-ethanedithiol
(0.065 g, 0.696 mmol) were then added to the reaction mixture. The reaction
mixture was stirred for 6h at room temperature. Water was added to the
resulting mixture and product was extracted with dichloromethane. The
organic phase was washed several times with water, dried over anhydrous
Na>SOs, filtered and the solvent was evaporated under vacuum. The
obtained crude was purified by column chromatography [CsH14: EtOAC—
98: 2] to obtain pure L1 as a yellow solid. Yield 65%. MP 150-151 °C. 'H
NMR (500 MHz, CDCls) & (ppm) 7.38 (d, J = 8.7 Hz, 4H), 7.26 - 7.23 (m,
2H), 7.08 (d, J = 7.8 Hz, 2H), 7.04- 6.99 (m, 5H), 5.63 (s, 2H), 3.53 - 3.48
(m, 4H), 3.38 - 3.33 (m, 4H). ¥*C{*H} NMR (126 MHz, CDCls) & (ppm)
147.24, 133.7, 129.1, 128.7, 124.6, 123.1, 55.9, 40.2. LCMS (ESI) m/z
calculated for C24H2aNS4 [M+H]* 454.0711, found 454.0786.

2.3.1.2. Synthesis of L2: The pure product was obtained as a white
crystalline solid following similar procedure as L1, using 1,3-propane dithiol
(0.071 g, 0.66 mmol) instead of 1,2-ethanedithiol. Yield 91%. MP 176-177
°C. 'H NMR (500 MHz, CDCls): & (ppm) 7.32 (d, J = 8.6 Hz, 4H), 7.27-
7.23 (m, 2H), 7.09 (d, J = 8.7 Hz, 2H), 7.05-7.00 (m, 5H), 5.13 (s, 2H),
3.09-3.03 (m, 4H), 2.93-2.89 (m, 4H), 2.18-2.14 (m, 2H), 1.96-1.87 (m,
2H); 3C{*H} NMR (126 MHz, CDCls) & (ppm) 147.9, 147.6, 133.4, 129.7,
129.0,125.4,124.1,123.8,51.3, 32.5, 25.4. LCMS (ESI) m/z calculated for
Ca6H2sNS4 [M+H]" 482.1026, found 482.1099.
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2.3.1.3. General Procedure for Preparation of CP1 - CP4:

Ina50 mL Schlenk tube, ligand L1 or L2 (1 eq.) was dissolved in acetonitrile
and CuX (X = Br and Cl) (2 eq.) was separately dissolved in acetonitrile
under N2. A few drops of methanol were also added to the CuX solution to
avoid Cu(l) oxidation. After that, CuX solution was added to the ligand
solution and the reaction mixture was stirred for 6h at room temperature.
The formation of off-white coloured products was observed after the
completion of the reaction. Further workup was done in open air where the
precipitate was filtered and washed with 5 mL dichloromethane (2-3 times)

and 5 ml MeCN to remove the unreacted reactants.

CP1yield is 83% (54.5 mg). When the 1:4 ratio of ligand L1 and CuBr was
used up to 90% yield was observed. Anal. Calc. for Co4H23BrCuNSs
(597.14): C, 48.27; H, 3.88; N, 2.35; S, 21.48. Found: C, 48.35; H, 3.91;
N, 2.37; S, 21.51%. IR (ATR): 1584, 1496, 1415, 1304, 1263, 1173, 748,
690, 610, 525, 452 cm™,

CP2yield is 79% (48.0 mg). When the 1:4 ratio of ligand L1 and CuBr was
used up to 82% yield was observed. Anal. Calc. for CzaH23CICUNS4
(552.169): C, 52.16; H, 4.19; N, 2.53; S, 23.20. Found: C, 52.13; H, 4.14;
N, 2.49; S, 23.17%. IR (ATR): 1586, 1479, 1415, 1300, 1263, 1167, 844,
749, 688, 530, 449 cmL.,

CP3yield is 69% (41.1 mg). When the 1:4 ratio of ligand L1 and CuBr was
used up to 74% yield was observed. Anal. Calc. for CosH27BrCuNSs
(625.19): C, 49.95; H, 4.35; N, 2.24; S, 20.51. Found: C, 49.92; H, 4.31;
N, 2.19; S, 20.47%. IR (ATR): 1588, 1491, 1413, 1275, 1171, 754, 678,
610, 528, 452 cm™,

CP4 yield is 52% (25.7 mg). When the 1:4 ratio of ligand L1 and CuBr was
used up to 55% vyield was observed. Anal. Calc. for CzsH27CICUNS4
(580.74): C, 53.77; H, 4.69; N, 2.41; S, 22.08. Found: C, 53.73; H, 4.67;
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N, 2.39; S, 22.04%. IR (ATR): 1590, 1506, 1323, 1271, 1167, 825, 762,
696, 513, cm™,

2.4. Results and Discussion
2.4.1. Characterisations of CPs

Ligands L1 and L2 were synthesized by reacting the equimolar ratio of
bis(4-formylphenyl)phenylamine  with  1,2-ethanedithiol and 1,3-
propanedithiol, respectively, in concentrated HCI at room temperature
(Scheme 2.1(a)). After work-up, both ligands were obtained as yellow
solids in good yields. NMR spectroscopy and Mass spectrometry were used

to characterize the resulting organosulfur compounds.

N + HS SH DCM, HCI N
—) S
ov©/ \©\¢o * = %% -:/?
n

n
n=1=L4:Yield = 65%
n=2=L,Yield =91%

(b) ~
© QN—@Z?M /sf &S\Cu
X

n=1:1L4 S N, oK
H = Cu n=1;X=Br:CP1
s % » n=1;X=Cl:CP2
& i’k @ n=2;X=Br:CP3
al-$ n=2;X=Cl:CP4

Scheme 2.1: General synthesis of ligands and copper (1) CPs.

In addition to the aromatic protons, the distinctive *H NMR (Fig. 1 and Fig.
3) signals for the two methine protons at 5.63 and 5.13 ppm confirm the

formation of the 1,3-dithiolane and 1,3-dithiane moieties on TPA.
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Moreover, the 3 C{*H} peak in the aliphatic region confirms the formation
of the ligands (Fig. 2.2 and Fig. 2.4) The structure of L2 was further
authenticated by single-crystal X-ray analysis. Subsequently, CP1 and CP2
of composition [{Cu(u2-Br)2Cu}(p2-L1)]n, and [{Cu(u2-Cl)2Cu}(n2-L1)]n,
respectively, were synthesized by reacting ligand L1 with CuBr and CuCl
in acetonitrile (MeCN) solution at room temperature using a 1:2 molar ratio.
The products were obtained as off-white solids with 83% yield for CP1 and
79% yield for CP2. Similarly, CP3 and CP4 were synthesized by reacting
L2 with CuBr and CuCl in a 1:2 molar ratio. The final compounds were
obtained as white microcrystalline powders with 69% and 52% yields for
CP3 and CP4, respectively (Scheme 2.1b). Attempts to modify the
dimensionality or SBUs of these CPs using different ligands/metal ratios in
different solvents and mixtures of solvents, including EtCN, CH3zCN:DCM,
CH3CN:MeOH, and CH3CN:DMF has not been conclusive and led to the
same CPs (confirmed by PXRD analysis), though a higher ratio of
Copper(l) salts provide better yield of CPs.

2.4.2. Description of the crystal structures of L2 and CP1-CP4

Crystals suitable for single crystal X-ray diffraction (SCXRD) analysis of
L2 were obtained by slow evaporation of a dichloromethane solution. L2
crystallizes in the monoclinic P2i/c space group (Fig. 2.5). The crystal
structure suggests that the TPA unit is positioned in a propeller-like
arrangement where the dihedral angles between the three phenyl planes are
89, 47 and 81°. Two of the three benzene rings are substituted with 1,3-
dithiolane units at the para-position and both 1,3-dithiane units are arranged
in a most stable chair conformation. All CPs were found insoluble in most
of the common organic solvents but partially soluble in acetonitrile,
propionitrile and DMF. In order to obtain suitable crystals for SCXRD
analysis, the precipitates obtained after reactions were redissolved in boiling

acetonitrile and left to evaporate at room temperature. Hexagon-shaped
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crystals of CP1, CP2, and CP3, and plate-shaped crystals for CP4 were
obtained after a few days. SCXRD data were collected at room temperature
and crystallographic details are provided in Tables 2.4-2.5. The
coordination polymers CP1 and CP2 crystallize in the triclinic P1 space
group, whereas CP3 and CP4 crystallize in the monoclinic P21/n space
group. Single crystal analysis of CP1-CP4 reveals the formation of 1D
coordination polymers with centrosymmetric Cu(p-X)2Cu (X = Br, Cl)
rhomboid cores as SBUs confirming a 1:1 metal/ligand ratio (Fig. 2.6-2.9).
Each Cu is coordinated to two sulfur atoms stemming from different ligands
and two bridging halide atoms. Out of the two sulfur atoms in the
dithiolane/dithiane rings, only one coordinate with the metal. However,
since the sulfur atoms of different rings coordinate to different Cu centers,

ribbon-like 1D coordination polymers form in all cases.

Fig. 2.5: Molecular structure of L2
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(a)

(b)

Fig. 2.6: (a) Individual motif of CP1 (b) View of the 1D ribbon of [ {Cu(p-
Br)2Cu}(pu2-L1)]n  (CP1) running along the a axis. Symmetry
transformations used to generate equivalent atoms: *-x,1-y,1-z; 24x,+y,1+z;

x4y, - 142 14X,y -1+ x4y - 14z ey -1z




Fig. 2.7: (a) Individual motif of CP2 (b) View of the 1D ribbon of [ {Cu(p.-
Cl)2Cu}(u2-L1)]n (CP2) running along the a axis. Symmetry
transformations used to generate equivalent atoms: 1-x,1-y,2-z; 2+x,+y,1+Z;

Lx,1-y,2-7; 24+X,4Y,1+2; 34x,+y,-1+2; 1+x,+y,-1+12.
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Fig. 2.8: (a) Individual motif of CP3 (b) View of the 1D ribbon of [ {Cu(p-
Br)2Cu}(u2-L2)]n (CP3) running along theaaxis. Symmetry
transformations used to generate equivalent atoms: 1-x,1-y,1-

Z; 214X, 4y, +Z; 11-x,1-y,1-2; 214X, +y,+7; 3-14+X,+y,+2; 14X, +y,+2.

The geometric parameters for these CPs agree well with the values found in
the similar-reported Cu(l) halide CPs having S-coordinated Cu2X> units
[31-34]. However, there is a significant deviation in structure for CP1 to
CP4. A comparison of the more relevant average bond lengths and average
bond angles of all four CPs are summarized in Tables 2.1-2.2. CP2 and
CP4 incorporating a Cu(p2-Cl)2Cu unit have similar Cu---Cu distances
(~2.92 A) but CP1 and CP3 having Cu(p2-Br)2Cu unit feature slightly
different Cu---Cu distances (2.97 A for CP1 and 2.91 A for CP3). Since

these Cu---Cu separations are clearly beyond the van der Waals radii of two
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copper atoms (2.8 A), one may exclude any cuprophilic bonding interaction

[35].

(a)

(b)

Fig. 2.9: (a) Individual motif of CP4 (b) View of the 1D ribbon of [ {Cu(p-
Ch2Cul(u2-L2)]n  (CP4) running along the a axis. Symmetry
transformations used to generate equivalent atoms: 1-x,1-y,1-

Z; 214X, 4y, +Z; 11-x,1-y,1-2; 214X, +y,+7; 3-14+X,+y,+2; 14X, +y,+2.

Examples of other 1D materials featuring Cu(p2-X)2Cu SBUs with Cu---Cu
contacts in a similar range are [ {Cu(uz-Br)2Cu} {u2-PhS(CH2)3SPh}2]n 9
[ {Cu(p2-Br).Cu}(bis(phenylthio)methane)z]»*” and [{Cu(uz-Cl)2Cu} (pz-
2-methyl-1,3-dithiane),]».*¥ Because of different Cu---Cu distances, the
Cu—Br—Cu angle is more acute in CP3 (71.67°) in comparison to CP1
(74.18°). The average Cu—Br distance is 2.46 A and the average Cu—Cl
distance is 2.35 A, which is similar to the previously reported examples
[35-38]. In addition, CPs formed by 1,2-ditholane have shorter Cu—S bond
lengths compared to CPs formed by 1,3-dithiane ((~ 2.29 vs. ~ 2.36 A).).
The average S—Cu—X angle is close to 107° for CP1
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and CP3 (X = Br), whereas this angle is close to 113° for CP2 and CP4 (X
= CI). Further, the packing arrangement of these CPs indicates multiple
intermolecular C—H---n interactions between the 1D chains and some
intramolecular C—H---xt interactions ranging from 2.75 to 3.15 A (Fig. 2.10-
2.13). In all four CPs, the coordination leads to the formation of 32-
membered macrocycles with a maximum distance of approximately 12.5 A
between the centroids of the phenyl groups of different TPA units in a cycle
(Fig. 2.14-2.17). From the crystal structures, it can be seen that the planes
of the phenyl rings are oriented at different angles with respect to each other
(Table 2.3).

Table 2.1. Selected bond lengths (A) for CP1-CP4.

Compounds Average Cu—Cu  Average Cu—X Average Cu—S

CP1 2.97 2.46 2.29
CP2 2.92 2.35 2.28
CP3 291 2.47 2.36
CP4 2.92 2.35 2.35

Table 2.2. Selected bond angles (°) for CP1-CP4.

Compounds Average Average Average
Cu—X-Cu S—Cu—-X S—Cu-S
CP1 74.18 107.31 110.40
CP2 76.65 113.21 111.49
CP3 71.67 107.66 111.62
CP4 75.93 112.50 111.46
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Table 2.3. The dihedral angle between the planes of different phenyl rings

(Phs— substituted phenyl and Phs— free phenyl).

Compounds Phs— Pht Phs— Phs Phs— Phs
CP1 85.45 86.60 55.95
CP2 84.06 85.15 57.14
CP3 81.88 88.35 44.82
CP4 81.57 88.34 44.28

Fig. 2.10: Molecular packing of CP1 indicating inter- and intramolecular

Ce,

“
‘

C—H---m interactions. Symmetry transformations used to generate

equivalent atoms: 1-x,1-y,1-z; 2+x,+y,1+z

Lix,+y,- 142 T, +y,-1+z
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Fig. 2.11: Molecular packing of CP2 with C-H:--m interactions.
Symmetry transformations used to generate equivalent atoms: -x,1-y,2-

Z; 24,4y, 142 ; 1-X,1-y,2-7; 24X, +Y,1+Z; 3+x,4y,- 142 Lx+y,-142

Fig. 2.12: Molecular packing of CP3 with C—H-- - interactions. Symmetry

transformations used to generate equivalent atoms: 1-x,1-y,1-

Z; 14X, Y, 2 11X 1y 10z 2L,y 7 3L Ry 2 Ly 2
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Fig. 2.13: Molecular packing of CP4 with C—H--- interactions. Symmetry
transformations used to generate equivalent atoms: 1-x,1-y,1-

Z; 214X, 4y, 42, Yex,1-y,1-7; 214X, 4y, 2 S-14X Y+ L1 Yz
y y y y

Fig. 2.14: Macrocyclic 32-member ring of CP1.
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Fig. 2.17: Macrocyclic 32-member ring of CP4.
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Table 2.4. Crystallographic data of CP1, CP2, and ligand L2

Compound L2 CP1 CP2
CCDC No 2242123 2242124 2242127
Formula Ca6H27NSs C24H23BrCuNSs | C24H23CICUNS,
Formula weight 481.72 597.12 552.66
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic triclinic
Space group P2i/c P-1 P-1
alA 11.4918(6) 9.1864(5) 9.1410(5)
b/A 19.6484(8) 10.4799(10) 10.4411(9)
c/A 11.7522(7) 13.0998(10) 13.0328(8)
o/° 90 99.642(7) 100.066(6)
B/° 111.656(6) 103.110(5) 103.938(5)
v/° 90 97.023(6) 95.714(6)
v/ A3 2466.3(2) 1193.94(16) 1175.54(14)
Z 4 2 2
Pealed (g/cm?®) 1.297 1.661 1.561
Temperature/K 293.00 293.00 293.00
GOF 1.049 1.005 0.982
26 range for 7.016 t0 49.996 | 6.28 t0 49.992 6.35 t0 49.998
data collection
Reflections 12620 9205 8170
collected
Independent 4189 4203 4094
reflections [Rint = 0.0386] [Rint = 0.0747] [Rint = 0.1140]
Completeness to 99.7 99.7 98.8
0 =25242
Final R indices R1 =0.0485, R1=0.0491, R1=0.0640,
[ 1>26(1)] WR, = 0.1138 WR2 =0.1206 WR2 = 0.1603
Final R indices R1=10.0635, R1=0.0673, R1 =0.1045,
[all data] wR2 =0.1229 WR2 = 0.1294 WR> = 0.1927
Largest diff. 0.36/-0.34 0.84/-0.73 0.69/-0.64
peak/hole/ eA2
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Table 2.5. Crystallographic data of CP3, and CP4

Compound CP3 CP4
CCDC No. 2242128 2242129
Formula C26H27BrCuNSs C26H27CICUNS,
Formula Weight 625.17 580.71
Wavelength 0.71073 A 0.71073 A
Crystal System monoclinic monoclinic
Space group P21/n P21/n
alA 10.1179(4) 10.1508(3)
b/ A 9.9871(4) 10.0144(3)
c/ A 26.3324(8) 25.8556(6)
a/° 90 90

B/° 97.071(3) 96.520(2)
v/° 90 90

v/ A3 2640.61(17) 2611.33(13)
Z 4 4

Peatca (g/cm?®) 1.573 1.477
Temperature/K 293.00 293.00

20 range for 6.09 to 49.998 5.824 to0 49.994
data collection

Reflections 28346 18333
collected

Independent 4620 4573
reflections [Rint =0.0660] [Rint = 0.0554]
Completeness to 99.7 99.9
0=25.242

Final R indices R1=0.0498, R1=0.0600,
[1>26(1] wR2=0.1221 WR2 =0.1643
Final R indices R1=0.0733, R1=0.0923,
[all data] WR2=10.1341 WR2=10.1843
Largest diff. 0.58/-0.71 0.81/-0.68
peak/hole/ e A3
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Powder X-ray diffraction (PXRD) studies were performed at room
temperature and a comparison of experimental PXRD data with simulated
ones obtained from single-crystal X-ray analysis confirms the bulk identity
of the samples (Fig. 2.18-2.19 ). All four CPs were found to be stable at
room temperature in open vials for several months. Moreover,
thermogravimetric analysis (TGA) was performed on all the compounds,
confirming their stability up to 200 °C (Fig. 2.20 ). As already observed
with coordination polymers containing dithiane ligand and Cu:Br2 or
Cu2Cl2 rhomboids, the decomposition is a complicated phenomenon that
implies at least three steps during which both ligands and halide ion
decompose in the temperature range of 200 to 700 °C /34/. Finally, there is
the formation of CuO which is confirmed by comparing experimental and
theoretical values, which matches well except for CP4 (experimentally
observed 18%, 22%, 20% and 33% calculated 21%, 24%, 20% and 23%,
respectively for CP1, CP2 CP3 and CP4).

3 -
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Fig. 2.18: Comparison of simulated and experimental PXRD patterns of
CP1 and CP2.
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Fig. 2.19: Comparison of simulated and experimental PXRD patterns of
CP3 and CP4
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Fig. 2.20: TGA curve of CP1, CP2, CP3 and CP4.
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2.5. Photophysical studies and solvatochromic behavior of ligands

Triphenylamine-based luminogens are known to be quite sensitive in
response to solvent polarity and show exceptional solvatochromic
properties /39—41]. We recorded the luminescence of the synthesized
ligands in different solvents and found that both ligands Li and L2 are
solvate-fluorochromes (Fig. 2.21). Both ligands show similar emission
behavior in different solvents. The excitation maxima (365 nm) were
constant across the solvent types, while the emission maxima were red-
shifted when increasing the polarity of the solvent (the parameters for
solvent polarity expressed as E1(30) values are reported in Table 2.6 /42].
The highest energy emission bands are observed at 415 (L1) and 418 nm

(L2) in hexane, while the lowest energy band at 524 and 526 nm appear in

DMSO for L1 and L2, respectively.
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Fig. 2.21: (i) Photographs taken under UV lamp (~365 nm) for L, (ii)

photographs taken under UV lamp (~365 nm) for L2, (a) emission spectra

of ligand L1 in different organic solvents, (b) emission spectra of ligand L2

in different organic solvents.
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Similar solvatochromic effects in triphenylamine derivatives have already
been observed and were explained by the involvement of a higher energy
locally excited (LE) state that favors a coplanar conformation and a low
energy twisted state /43—46/. The excited luminogens planar conformation
can be stabilized in nonpolar solvents, producing a high energy and short-
wavelength emission of the LE state. The structure of luminogen rotates
intramolecularly in polar solvents, changing its state from LE to twisted
intramolecular charge transfer (TICT) and accelerating the intramolecular
transfer of electrons from donor to acceptor moieties. We propose a similar
TICT phenomenon with our ligands that results in a red-shifted emission of
ligands in polar solvents. Further to confirm the TICT phenomenon we have
recorded the emission spectra of both the ligands Li and L2 in the
THF/Hexane mixture by gradually increasing the hexane fraction (frex) in
THF solution (Fig. 2.22). Upon decreasing the polarity of the solution by
the addition of hexane up to fhex = 95%, a blue shift of 52 nm and 40 nm
was observed for L1and L2, respectively, suggesting the occurrence of TICT

phenomenon in both ligands.

Table 2.6. Excitation Aaps and emission Aem maxima for Li and L2 in

different solvents

ET(30) / Aabs/ hem/ hem/

Solvents kcal mol? nm nm (L1) nm (L2)
DMSO 45.1 365 524 526
DMF 43.2 365 519 512
Acetone 42.2 365 513 499
Ethyl Acetate 38.1 365 484 475
THE 37.4 365 480 473
2-Me-THF 36.5 365 469 461
Benzene 34.3 365 454 445
Toluene 33.9 365 450 442
Hexane 31.0 365 415 418
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E1(30): Parameter of solvent polarity Aans- Wavelength at electronic

absorption maximum Aem: Wavelength at emission maximum.
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Fig. 2.22: Emission spectra of L1 (a) and (b) L2 in THF and THF/hexane

mixtures (¢ = 1mM) with increasing fractions of hexane; formation of TICT

state.
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Fig. 2.23: Calculated molecular structures of L2 by DFT (a) Ground state
(b) Excited state (c) HOMO in the ground state (d) LUMO excited state.

density was found to be at 1,3-dithiolan-2-yl. To get an insight into the

luminescence behavior, ab initio calculations based on Density-Function

96



Theory (DFT) at the B3LPY/6-31+G(d,p) level have been performed with
the Gaussian 09 program on L2 /47]. It was found that the excited state
LUMO density was more heavily weighted toward the substituted phenyl
moiety of TPA, while the ground state HOMO. Moreover, the unsubstituted
phenyl and substituted phenyl moieties are substantially twisted in the
excited states (Fig. 2.23). This observation is similar to previously reported

systems and suggests TICT in the excited states of ligands /43—46].
2.6. Photophysical studies and mechanochromic behaviour of CPs

All the compounds are off-white solids under ambient light and show cyan-
blue luminescence under UV light (~365 nm) (Fig. 2.24). Solid-state
photoluminescent properties were recorded for all the synthesized CPs at
room temperature (Fig. 2.26(i)). It was observed that upon excitation at 382
nm, CP1 and CP2 emit at lower energy (452 and 463 nm) compared to CP3
and CP4 (426 & 427 nm). In order to understand the origin of the emission,
luminescence spectra of L1 and L2 have also been recorded in the solid state.
The emission maxima for L1 and L2 were observed at 448 and 427 nm,
which is close to the emission of respective CPs and suggests that the

ligand-centered transitions are responsible for the emission in the CPs.

1(2). CP2 (3). CP3and (4).
CP4; (a): under ambient light, (b): under UV lamp (~365 nm).
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We observed that all CPs show interesting mechanochromic behavior.
Mechanical grinding of CP1 and CP2 causes a small blue shift in emission
from 452 and 463 nm to 448 nm with a significant increase in intensity (Fig.
2.25). Contrary to this, CP3 and CP4 display a red shift in emission from
426 and 427 nm to 448 nm with increased intensity (Fig. 2.25).
Interestingly, after grinding, emission maxima for all the CPs were found at
the same wavelength (Fig. 2.26 and Table 2.7). Note that a similar
occurrence of mechanochromism phenomenon was not observed with the

ligands.
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Fig. 2.25: Emission spectra of CPs with the grounded sample at an
excitation wavelength of 382 nm (a) CP1 (b) CP2 (c) CP3 (d) CP4.

Table 2.7. Change in emission Aem of all CPs after grinding.

Aem (NM)
Compounds  Aabs (M) Pristine solid Ground
CP1 382 452 448
CP2 382 463 448
CP3 382 426 448
CP4 382 427 448
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Fig. 2.26: (i) Normalized emission spectra of pristine CP1, CP2, CP3 and
CP4, (ii) luminescence emission spectra of grounded CP1, CP2, CP3 and
CP4.

It has been reported that the dihedral angles between the planes of phenyl
groups of TPA affect the emission behaviour of TPA-derived compounds
[7,20]. To gain further insight, we checked the crystal structure and found
that CP1 and CP2 have similar dihedral angles between the planes of
phenyl groups of TPA which is significantly different from CP3 and CP4
(Table 2.3). In the case of CP1 and CP2, the dihedral angles between the
plane of the phenyl ring of TPA are approximately 85°, 86" and 56" while in
CP3 and CP4, these angles are approximately 82°, 88" and 44°. The unusual
blue shift and red shift observed after grinding could be attributed to the
conformational twisting of the aromatic rings. Probably after PXRD the
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samples, the angles between the plane of the phenyl rings orient somewhere

in between and are similar in all CPs, resulting in the same emission.
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Fig. 2.27: PXRD patterns of pristine and ground CPs.

In addition to the shifting, also an increased emission intensity was observed
after grinding the CPs. We further checked the geometric structures and
packing arrangements of the CPs. No m—m interactions were observed
between the phenyl group of the ligands in the crystal structures. However,
as shown in (Fig. 2.10-2.13), multiple C—H---m inter- and intra-molecular
interactions, with distances ranging from 2.75 to 3.15 A, were found
between different H-atoms and n-cloud of the phenyl rings of PhaN units.
These multiple C—H---m interactions probably contribute to an increase of
intermolecular non-radiative transitions, causing an effect similar to ACQ

[19]. On grinding, these C—H---xt interactions could be partially removed;
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as a result, intramolecular radiative transitions are enhanced, thereby
increasing emission intensity /2,48-50]. To approve this hypothesis, we
have recorded the PXRD of all four CPs after grinding. By comparison with
the data of pristine solid, a loss in crystallinity is suggested to some extent
(Fig. 2.27). Further, the presence of solvent vapors could eliminate or
decrease the weak inter- and intramolecular interactions in a similar way. In
order to verify this, we have recorded the emission of CPs in the presence
of solvent vapors. When the solid product was exposed to DMF vapors for
12 hours, a significant increase in the emission intensity was observed,
similar to that observed after mechanical grinding (Fig. 2.28), confirming a

phenomenon similar to the ACQ in all four CPs presented in this work.
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Fig. 2.28: Emission spectra of CPs in the presence of DMF solvent at an

excitation wavelength of 382 nm.
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2.7. Summary

This study investigates the structural characteristics and photophysical
behaviour of the triphenylamine-based ligands L1 and L2, and their Cu(l)
coordination polymers. It was observed that both ligands L1 and L2 display
solvato-fluorochromic properties due to the TICT phenomenon. With a
Cuz2X2 (X =Brand Cl) rhomboid cluster as SBU, four 1-D polymeric chains
were synthesized, which exhibit mechanochromic properties as well.
Grinding the CPs results in two phenomena: (i) a shift in emission maxima
and (ii) an increase in emission intensity. The former effect results from the
change in the angle between the free and coordinated phenyl groups that
leads to the same Aem for all the CPs. The later effect was observed due to
the relaxation of C—H---w interactions leading to enhanced intensity. This
was further confirmed by emission intensity enhancement in the presence
of solvent vapors.

In conclusion, the variation in the ligand backbone around cyclic
dithioethers and their coordination product could lead to the development
of functional materials for different applications. We are currently
investigating the coordination behaviour of triphenylamine ligand with
dithioether substitution on all three phenyls in anticipation of getting a

luminescent MOF-like structure for sensing applications.
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Chapter 3

Two-dimensional Cu(l)-MOF
with mesoporous architecture
towards chemiresistive NO;
sensing
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3.1. Introduction

Metal-organic frameworks (MOFs) have gained significant interest due to
their porosity along with chemical and structural diversity, leading to
multifunctional properties. Although a majority of MOFs are electrical
insulators, the past decade has witnessed the emergence of several
electrically conductive MOFs (c-MOFs) [1-3]. ¢c-MOFs are usually
composed of m-conjugated ligands capable of effective charge
delocalization and are highly attractive for various electronic applications,
including electrocatalysis, sensing, energy storage, and quantum
information /4-10]. In particular, 2D c-MOFs have emerged as promising
candidates for the development of chemiresistive sensors. Their porous
structures and electrical properties improve gas adsorption and interactions
while maintaining high electrical conductivity under ambient conditions
[4,8,10-14]. Moreover, The presence of diverse binding sites in these
materials enables unique interactions with specific target molecules,
significantly enhancing selectivity. Therefore, the incorporation of c-MOFs
has significantly addressed the key limitations associated with the
selectivity and room temperature operation of traditional sensing materials
for some toxic gases /15—19]. Recently, semiconducting Cu(l) frameworks
have attracted considerable attention in the field of chemiresistive gas
sensing due to their potential for detecting a wide range of chemicals,
including both volatile organic compounds and inorganic toxic gases such
as NHz, MeOH, and NO2/18,20,21]. The tendency of Cul salts to assemble
into different high-nuclearity clusters such as [Cu:l2], [Cusls], [Cuals] etc.,
and their structural diversity makes attractive platforms for various
applications /22-26]. These clusters contribute to the formation of
semiconducting, robust frameworks, and tunable structures, enhancing their
potential for sensing applications. Further, cost-effectiveness, low toxicity,

and convenient synthesis make these materials even more attractive.
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A significant discharge of industrial waste gases and automobile exhaust
has caused considerable damage to the environment and human health. NO>
is one of such commonly emitted toxic gas which can cause ground-level
ozone formation, acid rain, eutrophication, reduced visibility, and climate
change /16,27]. In addition, low-level NO2 exposure can cause respiratory
and cardiovascular issues, including bronchitis, pulmonary edema and
olfactory paralysis, whereas prolonged exposure may lead to severe brain
disorders such as Parkinson’s disease, which can be life-threatening for
humans /28-31]. Toxicity by NO: arises due to its reaction with
hemoglobin to form methemoglobin, which is unable to carry oxygen /32].
Therefore, quick and real-time detection of NO> is essential for public
health and environmental monitoring. Several materials have shown
promising results for room temperature NO- sensing, but response time and
reversibility are still a major challenge. The irreversibility is attributed to
NO:’s strong tendency to extract electrons from metal nodes and form stable
complexes [33,34]. Strategies such as photoactivation and high-
temperature operation have been employed to address this issue, leading to
additional power requirements in the device. The success of these
approaches can not be undermined, but for real-world applications sensors
that are user-friendly and can operate at room temperature would be more
appropriate /28,35].

In this study, we report a 2D Cu-MOF, synthesized from N-phenyl-N-
(pyridin-4-yl)pyridin-4-amine and Cul. The Cu-MOF consists of a Cuals
secondary building unit (SBU). The semiconducting behavior and
mesoporous structure intrigued us to explore its gas-sensing capabilities.
The chemiresistive gas sensor fabricated from Cu-MOF demonstrated a
high selectivity and response for NO, gas with an exceptionally fast
response/recovery time of approximately 11/13 seconds at room
temperature. The sensing mechanism is thoroughly investigated using

experimental and theoretical studies.
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3.2.1. General Information

3.2.1.1. Materials

Materials required for the synthesis of 4,4'-Dipyridylamine were purchased
from Avra Chemicals. For ligand synthesis, TLC was used to monitor
reaction progress using a Merck 60 F254 precoated silica gel plate (0.25
mm thickness), and the products were judged in a UV chamber. Unless
otherwise specified, chemicals were used exactly as received. Cul (>99%)
from Loba Chemie Pvt. Ltd., and used without further purification. Solvents
like diphenyl ether, and acetonitrile (HPLC grade) were bought from
Advent Chembio Pvt. Ltd.

3.2.1.2. Instruments

Powder X-ray diffraction (PXRD) data were recorded on Rigaku Smart X-
ray diffractometer with monochromatic Cu Ka (0.1540 nm) radiation in 20
range of 5-50 degrees. The attenuated total reflectance infrared
spectroscopy (ATR-IR) was performed on Bruker Alpha I
spectrophotometer of the powdered sample in the range of 4000-400 cm™.
Both *H and *C{*H} NMR spectra were collected using a Bruker 500 MHz
spectrometer in DMSO-ds. Data for proton NMR chemical shifts are shown
in ppm downfield from tetramethyl silane and are mentioned in delta ()
units. The *H NMR splitting patterns are singlet (s), doublet (d), triplet (t),
and multiplet (m), and Mestre Nova processed the NMR data. We have
used a field emission scanning electron microscope (FE-SEM) on JEOL
JSM-7400F for morphological characterization and its elemental mapping.
The thermogravimetric analysis was performed on Mettler Toledo TGA 1-
star e-system in the temperature range of 30-700 °C.

3.2.1.3. Crystallographic details

Single crystal X-ray diffraction studies for Cu-MOF were carried out using
Agilent technology (Oxford diffraction) super Nova CCD system, with
monochromated Mo Ka radiation (A=0.71073 A). Unit cell determination,
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data collection and reduction, and empirical absorption correction were
performed using the CrysAlisPro program.

3.3. Synthesis

3.3.1. Synthesis of N-phenyl-N-(pyridine-4-yl)pyridine-4-amine ( L3)

For the synthesis of Ls, in a two-neck r.b., 4,4'-Dipyridylamine (DPA)
(2000 mg, 11.7 mmol) was added with CuSO4 (360 mg, 2.2 mmol), 18-
crown-6 (120 mg, 0.05 mmol), potassium carbonate (3200 mg, 23.4 mmol)
with bromobenzene (3.6 mL, 34.8 mmol) in diphenyl ether (15 mL). The
reaction temperature was maintained at 450 K for two days in N2. 2 days
later, 200 mL of DCM and 200 mL of MeOH were added to the reaction
mixture and passed through the celite pad. Most of the solvent was dried
except diphenyl ether. Solvent and other impurities were removed and
the compound was purified by column chromatography (Ph.O and
bromobenzene were removed by hexane as eluent and L3 was obtained in
ethyl acetate as eluent). (Yield: 2000 mg, ~70%). ‘H NMR (500 MHz,
DMSO-ds) 6 8.41 (s, 4H), 7.50 (t, J = 7.7 Hz, 2H), 7.37 (t, J = 7.6 Hz, 1H),
7.23(d, J=8.1Hz, 2H), 6.95 (d, J = 4.7 Hz, 4H). 3C{*H} NMR (126 MHz,
DMSO-de) & 150.99, 150.16, 143.03, 129.92, 127.17, 126.52, 115.52.
LCMS (ESI) m/z calculated for CisHizsN3 [M+H]" 248.1182, found

248.1201.
CuS0y4, K,CO3 ;
__ 18-crown-6 N
O/ \G PhZO 450 K | N I N
|\~ ~N

Scheme 3.1. Synthesis of L3
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Fig. 3.3: 3C{*H} NMR of L3

3.3.2. Synthesis of Cu-MOF

Into a 50 mL Schenk tube under N2 condition, L3 (100 mg, 0.8 mmol) was
dissolved in 2 ml DCM, to which Cul (153 mg, 1.6 mmol) dissolved in 10
mL ACN was added and resulted in instant white precipitates. The reaction
mixture was stirred for 12 hours, after which the compound was dried and
washed with ACN. (Yield: 200 mg, ~80%). Crystals were obtained by slow
diffusion of Cul dissolved in ACN over ligand dissolved in DCM.

3.4. Results and Discussion

The ligand, Ls was synthesized in 70% vyield by reacting 4,4-
dipyridylamine with bromobenzene (Scheme 3.1) and characterized with

various spectroscopic techniques (Fig. 3.1-3.3).
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The synthesized ligand was reacted with Cul in 1:2 ratio to obtain Cu-MOF
as a white solid in 80 % yield (Scheme 3.2). The synthesized MOF was
initially analyzed using Infrared spectroscopy, which showed slight shifts
from the ligand spectrum, suggesting the coordination of the ligands with
Cul (Fig. 3.4).

'\cl I ""‘"cl |
Y ey
~ci=|Deu-Ne < Nci=)Sew”
N ~G
> ‘“'
<! \\?
Cul
l ~N N I ~N CH;CN @N - N@
N~ ~N \ 1 1 }
N N
I-\}%ly/‘l |~t_(&@|
/Cus\ll—>0u. Cu= N u

Scheme 3.2. Synthesis of Cu-MOF

—L

3
Cu-MOF

Transmittance %

2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™)

Fig. 3.4: Comparison of IR spectra of L3 and Cu-MOF
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Crystals suitable for single-crystal X-ray diffraction (SCXRD were
obtained by slow diffusion of Cul in acetonitrile into a dichloromethane
solution of the ligand over a week. Cu-MOF crystallizes in the monoclinic
system with Cc space group. Other important crystallographic parameters
are given in Table 3.1. The asymmetric unit consists of four copper, four
iodides, and two units of ligand (Fig. 3.6a). The expanded structure reveals
a new two-dimensional network with Cusls distorted cubane tetrameric
SBU. Each copper has distorted tetrahedral geometry and is bridged with
p3-1 and pyridyl nitrogens of ligand. Both pyridyl rings of ligand are
coordinated to two different Cuals clusters. These Cusls SBUs are connected
to adjacent Cuasls via the bridging of ligands, leading to the formation of a
2D framework with 44-membered metallacycle forming rectangular voids
(Fig. 3.5a and 3.5b). The distances between the centroid of adjacent clusters
are 13.196 A along vertical and 13.293 A along horizontal axes (Fig. 3.6b).
In Cuasls distorted cubane tetramer, Cu-1, Cu—N and Cu-Cu distances are in
the range of 2.624-2.748 A, 2.023-2.047 A and 2.624-2.698 A, respectively
(Fig. 3.7). The angle of Cu-I-Cu is predominantly around 59°. These bond
metrics are consistent with the previous reports on Cu(l) iodide frameworks
having Cusls SBU /26,36,37]. C-H---t interactions (2.805-2.898 A)
involving ortho and meta hydrogen of the phenyl ring lead to another
entangled plane which is chemically equivalent to the 2D framework,
partially filling the voids generated by the rhombus-grid structure. In
addition, some solvent molecules are also found trapped in the cavity. Thus
entangled planes and solvent molecules in the voids generated by the 2D
network led to close packing in the crystal structure. Both sheets are nearly
perpendicular to each other with a sliding angle of 77.75°. Such packing in
crystal structures is relatively rare (Fig. 3.5d) /38-40]. Moreover, weak C-
H---1 (3.133 A) interactions were also identified from para-hydrogen of the
phenyl ring to lodine, leading to parallel stacking of sheets with interplanar
distances of 12.776 A (Fig. 3.5c). Thus, there are infinitely parallelly 2D
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stacked sheets and 77.75° tilted 2D sheets forming a closely packed 2D-3D

mixed network.

Fig. 3.5: (a) 2D sheet of rhombus grid network of Cu-MOF (b) Spacefilled
model of 2D Cu-MOF (c) C-H---1 interactions leading to parallel stacking

of sheets (d) Interpenetration of two sheets.

The experimental powder X-ray diffraction (PXRD) patterns confirmed the
phase purity of the bulk sample, which correlates well with the simulated
pattern obtained from SCXRD analysis (Fig. 3.8a). Cu-MOF remains
stable for several months under ambient conditions. The thermal stability of
Cu-MOF was assessed using thermogravimetric analysis (TGA), (Fig.
3.8b), which suggests thermal stability till 250 °C. The Brunauer-Emmett-
Teller (BET) analysis showed a type IV isotherm, with a surface area of
15.033 m?/g, indicating a mesoporous structure for Cu-MOF (Fig. 3.9a).
Additionally, the pore size of Cu-MOF was determined to be 5.77 nm using
the Barrett-Joyner-Halenda (BJH) method (Fig. 3.9b).
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(b)

Fig. 3.6: (a) The asymmetric unit of Cu-MOF (b) different lengths across

axes.

Fig. 3.7: Bond lengths of Cu-Cu and Cu-N in Cusls SBU
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The surface morphology of the synthesized MOF was assessed using a Field
emission Scanning Electron Microscope (FE-SEM). FE-SEM images
suggest the formation of irregular agglomerated petals (Fig. 3.10). These
multiple petals pile up to form nanoflower structures of different sizes.
These nanoflowers have curved ending sides while they seem to have grown
over each other Fig. 3.10a-3.10c. Energy Dispersive X-ray (EDX) analysis
confirms a uniform presence of Cu, C, N, and | elements in the appropriate
portion in MOF (Fig. 3.11).

Table 3.1. Crystallographic parameters of Cu-MOF

Compound Cu-MOF
CCDC No. 2385865
Formula CasH31Cl2CuslsN7
Formula Weight 1382.33
Wavelength 0.71073 A
Crystal System monoclinic
Space group Cc
alA 16.9593(2)
b/ A 20.2694(2)
c/ A 13.3565(2)
a/° 90
B/° 105.5110(10)
v/° 90
v/ A3 4424.14(10)
Z 4
Pealca (g/cm?) 2.075
Temperature/K 298.00
GOF 1.034
20 range for data collection 4.006 to 54.814
Reflections collected 70029
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Independent reflections

9468 [Rint = 0.0377,
Rsigma = 00283]

Completeness to 6=25.242

99.8

Final R indices

R1=0.0345, wR2 = 0.0766

[1>25(1)]
Final R indices R1=0.0416, wR2> = 0.0801
[all data]
Largest diff. peak/hole/ e A 0.48/-0.52
(a) —— Cu-MOF sim (b) ——Cu-MOF
Cu-MOF exp 100+
F £ 8
Y g
fo
£ N
.uM ——e
10 20 30 40 s 2 100 200 300 400 500 600 700
26

Temperature (°C)

Fig. 3.8: (a) PXRD patterns of Simulated and experimental Cu-MOF (b)
TGA curve of Cu-MOF
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Moreover, elemental mapping analysis confirms the uniform distribution of

elements over the surface, indicating a consistent composition (Fig. 3.10d-

3.10g). Transmission electron microscopic (TEM) images also confirmed
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the formation of agglomerated nano-particles of sizes ranging from 100 to
800 nm, with shades of darker color in a single particle which could show
the extent of accumulation (Fig. 3.10h-3.10i). The selected area electron
diffraction (SAED) pattern indicates rings corresponding to different
diffraction planes present in Cu-MOF, suggesting the crystalline nature of
Cu-MOF (Fig. 3.10j).

Fig. 3.10: (a-c) FE-SEM images of Cu-MOF (d-g) Elemental mapping of
elements present in Cu-MOF (h-i) TEM images of Cu-MOF (j) SAED
patterns from TEM.

The optical band gap of Cu-MOF was measured from ultraviolet-visible
diffuse reflectance spectroscopy (UV-Vis DRS) using the Tauc plot
function (Fig. 3.12). Band gap (Eg) of 2.04 eV, suggesting the
semiconducting nature of Cu-MOF. Further, the electrical conductivity of
the pressed pellet of Cu-MOF was measured using a Keithley 6517B
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electrometer across a voltage range of -10V to +10V. The electrical

conductivity was found to be 3.3x107 S cm™ confirming the semiconductor
characteristics of Cu-MOF (Fig. 3.13).
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Fig. 3.11: Energy Dispersive X-ray of Cu-MOF
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Fig. 3.12: Tauc-Plot of Cu-MOF
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3.4.1. Gas Sensing Measurements:

The 2D structure with accessible voids, favorable nanostructure
morphology with mesoporous nature of the material and semiconducting
behavior of Cu-MOF prompted us to explore its chemiresistive gas sensing
behavior. Cu-MOF was mixed in ethanol, drop-casted onto interdigitated
electrodes (IDEs, 1.5 x 1 cm) and then dried in the oven for 12 hours. This
sensing device was kept inside the sensing chamber to perform the sensing
experiment at 27 °C.

Initially, the responses of the Cu-MOF sensor toward different reducing
and oxidizing gases were investigated (Fig. 3.14a). The Cu-MOF sensor
shows response values of -80%, 630%, -48%, 220%, 110%, 60%, -64%
and -49% to interfering gases such as H>S (100 ppm), NO2 (100 ppm),
MeOH (100 ppm), SO2 (100 ppm), CO2 (200 ppm), CH4 (500 ppm), NH3
(100 ppm) and CO (200 ppm) respectively. The selectivity factors of the
Cu-MOF sensor for 100 ppm of NO: are calculated to be SNO2/SH.S =
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7.8, SNO2/SMeOH = 13.1, SNO2/SSO; = 2.9, SNO./SCO., = 5.7,
SNO2/SCH4 =10.5, SNO2/SNH3 = 9.49 and SNO,/SCO =12.8 representing
a significantly high selectivity toward NO> compared to other oxidizing and
reducing gases. Afterward, the dynamic sensing performance of the Cu-
MOF sensor at different concentrations of NO2 was investigated at 27 °C
(Fig. 3.14b). As the concentration of NO> decreases from 100 ppm to 100
ppb, the response value of Cu-MOF sensors also decreases from 630 to
98%. Most importantly, the Cu-MOF sensor exhibited a quick
response/recovery time of only 11.6/13 seconds and 9.1/10.8 seconds at 10
ppm and 100 ppm NO: concentration, respectively (Fig. 3.14c). These
transient times are the quickest among the MOF-based NO- sensors (Fig.
3.16a and Table 3.3). Furthermore, the LOD and LOQ values of the Cu-
MOF sensor were found to be 3.5 and 11.7 ppb, respectively, highlighting
its excellent sensitivity (Fig. 3.14d). The repeatability of the sensor was also
studied up to 11 cycles, and complete consistency was observed with no
significant drop in performance (Fig. 3.14e). To evaluate the quality and
selectivity of the devices toward NO2 under varying relative humidity (RH)
conditions, we measured the response of four different devices A, B, C, and
D, prepared similarly. The response was recorded at room temperature with
RH levels of 36%, 51%, 71%, 84%, and 98.3% (Fig. 3.14f).
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Fig. 3.14: (a) Sensor selectivity analysis for the Cu-MOF sensor with

interfering gases, (b) Cu-MOF sensor response for various NO:

concentrations at room temperature, (c) Transient profile of the Cu-MOF
(d) LOD and LOQ of Cu-MOF (e) Repeatability of the Cu-MOF sensor

performance for six consecutive (f) Changes in response with increasing
humidity and reproducibility.

All four devices showed minimal variation in response, with only a small

deviation in performance. However, as RH increased from 36% to 98%, the

response of the Cu-MOF sensor gradually decreased from 630% to 151%.

Despite this, the sensor maintained a significant response, demonstrating its
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robustness. The decline in response can be attributed to the reduced

availability of active sites for analyte interaction.

—Cu-MOF
——Cu-MOF@NO,
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20°

Fig. 3.15: Comparison of PXRD patterns of Cu-MOF before and after
exposure to NO>

To understand the sensing mechanism, we first recorded the ex-situ PXRD
and ATR-IR of the Cu-MOF sensor after exposure to NO2 gas over the
powder sample. After exposure to NO2, ATR-IR analysis revealed a new
absorption peak at 1643 cm™, which corresponds to molecularly adsorbed
NO2 /41,42]. Additionally, a slight shift in the rest of the spectra confirms
the interaction between the analyte and the sensing material (Fig. 3.16b).
The sharp PXRD patterns confirmed the structural integrity of the Cu-MOF
even after NO> exposure (Fig. 3.15). Additionally, for deeper insight into
the changes in surface chemistry, oxidation states, and material-analyte
interaction, XPS analysis was conducted before and after gas exposure (Fig.
3.17). Peaks at 952.08 eV and 932.08 eV, indicating the the presence of
Cu(l) (Cu2p), 618.88 eV and 630.28 eV correspond to iodine (13d), while
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peaks at 400.28 eV and 284.28 eV correspond to nitrogen (N1s) and carbon
(C1s), respectively (Fig. 3.18). After exposing the material to NO2, two
distinct peaks at 934 and 932 eV, indicating the presence of both Cu?" and
Cu’ (Fig. 3.16¢-3.16d) /12,43—45].
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Fig. 3.16: (a) Response time comparison of Cu-MOF sensor with the
reported MOFs and hybrid MOF-bases NO> sensors at room temperature
(Table 3.3). (b) IR-spectra of Cu-MOF sensor before and after NO>
exposure. High-resolution XPS spectra of Cu2p (c) before NO2 exposure
(d) after NO2 exposure; High-resolution XPS spectra of N1s (e) before NO>

exposure (f) after NO2 exposure.
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Moreover, a new peak at 406.7 eV in the N1s spectrum suggests the
presence of metal-coordinated NO2 molecules(Fig. 3.16e-3.16f) /12,18].
This observation suggests that NO, accepts an electron from Cu(l) and
oxidizes it to Cu(ll) during the interaction, leading to a change in electrical

response.
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Fig. 3.17: (a) XPS survey before NO. exposure (b) XPS survey after NO2

exposure.

To elucidate the experimental findings, we conducted density functional
theory (DFT) calculations to simulate the adsorption of NO2 on a 2D model
of Cu-MOF. DFT calculations were performed for structural optimization
and electronic property analysis. Structural optimizations were performed
using the Linear Combination of Atomic Orbitals (LCAQO) basis set as
implemented in the QuantumATK software /46]. All other calculations
such as adsorption energy, electronic properties and charge density were
calculated using the plane wave basis Quantum Espresso code suite for
enhanced accuracy [47,48]. The exchange-correlation interactions were
addressed using the revised Perdew-Burke-Ernzerhof (RPBE) functional,
which was designed to describe the adsorption process more accurately,
within the Generalized Gradient Approximation (GGA) framework
[49,50]. A 2x2x1 k-point mesh was employed during the structural

optimization process and all subsequent calculations utilized a denser 4x4x1
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k-point mesh in sampling the Brillouin zone for enhanced accuracy. Long-
range interactions were accounted for using the Grimme-D3 dispersion
correction method /517,52]. Mulliken population analysis was calculated
using the QuantumATK code suite which provided insights into the

system's charge distribution.

(@) (b)

Raw
Sum
Baseline
Peak Fit

——Raw
~——Sum
——Baseline
Peak Fit 1
Peak Fit 2

Counts
Counts

965 960 955 950 945 940 935 930 gay g3y 630 628 626 624 622 620 618 616

Binding Energy (eV) Binding Energy (eV)

© (d)

—Raw —Raw
——Sum —Sum
—=Baseline ———Baseline

—_ Peakfit |Peak Fit 1

=

< 7]

- T

z 3

2 o

2

£

408 406 404 402 400 398 396 202 200 288 286 284 282
Binding Energy (eV) Binding Energy (eV)

Fig. 3.18: High-resolution XPS spectra of Cu-MOF (a) Cu2p (b) 13d (c)
N1s (d) C1s.

The experimental findings from XPS suggested the adsorption of NO:
molecules onto the Cu atom. Based on this observation, the optimization
was done with initial configurations positioning the NO2 molecule at a
distance of 2.00 A above the cubane tetramer (Cuals) cluster. This starting
point was chosen to reflect the likely interaction between the analyte and

the substrate.
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Fig. 3.19: The equilibrium structures of (a) pristine Cu-MOF and (b) NO.-
Cu-MOF. Electronic charge density difference plot with (c) accumulation

region (golden yellow) and (d) depletion region (light green).

The post-optimization analysis elucidated that the NO2 gas was effectively
adsorbed onto a Cu atom of the cubane tetramer complex. Furthermore,
enhanced stability was observed when the N atom of the analyte interacts
with the Cu atom compared to the O atom of the analyte. The distance
between the adsorbed NO2 molecules and the Cu atom was found to be 2.74
A. Therefore, our structural optimization studies further support that the
NO; analyte exhibits a preferential binding affinity towards the Cu sites
within the cubane tetramer complex of the Cu-MOF framework. The
structure of bare as well as most stable NO> adsorbed 2D Cu-MOF (NO: -
Cu-MOF) are depicted in Fig. 3.19a-3.19b. The calculated adsorption
energy of -0.286 eV for the most stable adsorbed configuration substantiates
the energetic feasibility of the adsorption process. To elucidate the charge
transfer characteristics, we conducted a comprehensive Mulliken charge

population analysis. Table 3.2 presents the calculated Mulliken charges of
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atoms within the Cusls cubane tetramer and the adsorbate NO2 molecule.
The analysis reveals that the Cu atom directly interacts with the NO. gas
with a subtle reduction in electron density, while the NO. acquires a
marginally increased electron population compared to its molecular form.
This observation suggests a minor charge transfer from the Cu-MOF
framework to the NO2 molecule upon adsorption. To further corroborate
these findings, we plotted the charge density difference, comparing the
electronic charge distribution before and after NO2 adsorption, as illustrated
in Fig. 3.19. In the plot, regions of charge accumulation are depicted in
golden yellow (Fig. 3.19c¢), while areas of charge depletion are represented
in light green (Fig. 3.19d). The plot unambiguously demonstrates electron
transfer from the Cu atom to the NO: gas, providing compelling evidence

for the redistribution of charge occurring during the adsorption process.

We further investigated the electronic structure modifications induced by
NO: adsorption by calculating the density of states for both the pristine Cu-
MOF and NO2-Cu-MOF (NO; adsorbed Cu-MOF), as illustrated in Fig.
3.20. Upon NO: adsorption, a notable shift in the Fermi level (Er) towards
the valence band states was observed. This downward shift of Fermi level
is characteristic of p-type doping in semiconductor materials. Consequently,
the adsorption of NO. on the Cu-MOF framework appears to introduce hole
carriers into the system. This observation suggests that the electrical
response in the NO.-Cu-MOF would predominantly governed by hole
conductivity. Overall, the theoretical study provides valuable insights into
the preferential binding mechanism of NO2 on the properties, which

corroborates the experimental results.
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Fig. 3.20: DOS of prinstine and adsorbed NO2 on Cu-MOF

adsorption on NO2 molecule and Cu-I complex of Cu-MOF

Atom Before adsorption After Adsorption
Cul 18.744 18.582
Cu2 18.750 18.682
Cu3 18.739 18.694
Cu-MOF | cu4 18.750 18.758
11 7.317 7.280
12 7.338 7.332
13 7.336 7.291
14 7.310 7.283
N 4.897 5.002
Adsorbate
NO, 0 6.050 6.231
molecule 1 6.053 6.225
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Table 3.3. Comparison table for NO gas sensing with MOF-based sensor
at room temperature.

. Conc. Res /Rec LOD
Sensing (ppm) time (s) References
material PP
Cu-Salphen- 0.28 Angew. Chem. Int. Ed.,
MOF 10 135/412.2 ppm 2023, 62, 8202302645
Adv. Sci., 2019, 6,
Cuz(HHTP), 1 1080/-- - 1000250
. 10 0.21 Angew. Chem., 2023, 135,
HIOTP-Ni 101.4/619.2 opm 6202306224
0.269 Angew. Chem. Int. Ed.,
Zns(HHTQ) | 3 1325594 1 om | 2024, 35, £202408189
14.12 J. Am. Chem. Soc., 2023,
Cul-K-INA 10 121.8/312.6 opb 145 1929319302
Cus(HHTP), Nat. Commun., 2021, 12,
powder 3 1038/ 1 ppm 4294
0.93 ACS Sens., 2023, 8,
PCN-222-Cu 0.02 67/261 opb 43534363
. 5.98 ACS Sens., 2023, 8,
PCN-222-Ni 0.15 82/159 opb 43534363
Cu-MOF 10 11.6/13 3.5 ppb This Work
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3.5. Summary:

In this study, we have successfully demonstrated the potential of
semiconducting Cu(l) MOF as a chemiresistive gas sensor for NO:
detection. The Cu-MOF, constructed from Cusls SBUs and the Ls ligand
forms a 2D network which was thoroughly characterized by IR, SCXRD,
PXRD, FE-SEM, TEM, and XPS. The mesoporous properties and
semiconducting behavior of Cu-MOF offer distinct advantages for
chemiresistive gas sensing. The sensor exhibited excellent performance in
detecting NO; at room temperature, achieving a LOD of 3.5 ppb and
exceptionally fast response and recovery times of less than 15 seconds. This
performance surpasses that of many current state-of-the-art NO2 sensors,
making the Cu-MOF a strong candidate for practical sensing applications.
The sensing mechanism was further investigated through IR, PXRD, XPS,
and DFT analyses, suggesting electron transfer from the Cu(l) center to NO>
during adsorption, resulting in a distinct and measurable change in electrical
response. The straightforward synthesis and the outstanding performance of
the Cu-MOF-based sensor in selective NO detection, highlight its

potential for industrial and environmental gas monitoring.
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4.1 Introduction

Conducting 2D coordination polymers (CPs)/metal-organic frameworks are
an emerging class of materials because of their unique properties and have
found potential applications in energy storage devices, electrocatalysis, gas
sensors, etc [I—6]. Especially for the development of efficient room
temperature chemiresistive gas sensors and volatile organic compound
(VOC) sensors these materials present an ideal option. Chemiresistive gas
sensing materials have drawn considerable attention due to their simplicity,
cost-effectiveness, ease of use, and rapid nature. Copper(I) iodide CPs have
gained significant interest because of their unique structural and
photophysical properties /7,8/. Recently, there has been a growing
exploration of Cu(I) CP as chemiresistive sensors for various gases and
volatile organic compounds because of its high stability and semiconducting
nature along with low-cost synthesis /9—/2]. We have recently reported a
Cu(I) CP chemiresistive sensor with excellent methanol sensing
capabilities, while Wu et al. have designed Cu(I) CPs for NO> sensing
[11,12]. The rapid surge in ammonia (NH3) concentration, due to its
extensive usage in pharmaceuticals, chemical, fertilizer industries and
others, has raised serious concerns regarding environmental and human
safety, owing to the inherent toxicity, flammability, and corrosiveness of
NH; [13—-15]. Three primary sources that contribute to both direct and
indirect exposure to NH3 in the environment are atmospheric deposition,
nitrification, and combustion /76—19]. Prolonged exposure to NH3 poses a
risk of causing severe life-threatening diseases, while higher concentrations
can even result in fatality /20]. Additionally, exhaled NHs serves as a
critical biomarker for kidney and liver diseases /21]. Consequently, there is
an urgent need for a low-cost, stable, sensitive, selective, and room-
temperature gas sensor with rapid and precise NHj3 detection. Among
different materials explored for NH3 sensing, metal oxide-based NHj3

sensors offer high sensitivity and long-term stability /22]. However, their
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poor selectivity and high operating temperature hinder their
commercialization potential /23]/. In recent years, some coordination
polymers (CPs)/metal-organic frameworks (MOFs) have also been
explored for chemiresistive ammonia sensing. However, these sensors
demonstrate moderate sensitivity and selectivity with lower response and
higher response time. Some of the recent reports include Mg-MOF/?# (87s),
Co-Porphyrin/?/ (180s), NDC-Y-fcu-MOF/?%  (250s) & Cus(HHTP),/'¥
(81s) Zn-MOF”?” (60s) etc., which could sense ammonia at lower
concentrations at room temperature. Unfortunately, most of these materials
exhibit response times in the range of several minutes. Inspired by these
findings, we aimed to synthesize Cu(I)-MOF to achieve improved

performance with improved response and lower response time.

Herein, we report two CPs of different dimensionalities CuTz1 (2D) and
CuTz2 (1D), which can be conveniently synthesized using different ratios
of Cul and 4-amino-1,2,4-triazole (L4). CuTz1 and CuTz2 could easily be
converted into each other in the presence of excess Cul and Ligand.
Moreover, CuTzl was found to be green emissive and interestingly, was
able to sense ammonia and show yellow-orange emission in the presence of
aqueous ammonia vapor. Intrigued with this result, we have further used the
semiconducting property of CuTzl1 to study ammonia-sensing behavior by
measuring electrical resistivity. It was found that the chemiresistive sensor
designed from CuTzl1 could sense ammonia at room temperature with an
excellent response (Rg¢/Ra) of 21. Lower response and recovery time
(29.5/39.5 s) with a detection limit of 73 ppb outperformed the reported
MOFs/CPs and metal oxide-based ammonia sensors (Tables 4.2-4.3).

4.2. Experimental section
4.2.1. General Information

4.2.1.1. Materials
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4-amino-1,2,4-triazole (L4) (>99%), bought from Spectrochem (India), Cul
(>99%) from Loba Chemie Pvt. Ltd., and used without further purification.
Acetonitrile (HPLC grade) and other solvents were bought from Advent
Chembio Pvt. Ltd.

4.2.1.2. Characterisation

Rigaku Smart X-ray diffractometer with monochromatic Cu Ka (0.1540
nm) radiation in 26 range of 5-50 degrees was utilized to check phase purity
of the coordination polymer, which is further characterized by single crystal
X-Ray using dual source Super Nova CCD, Agilent Technologies (Oxford
Diffraction) System using Mo-Ka = 0.71073 at 293 K. The structure
solution was done on OLEX software. The Brunauer-Emmett-Teller (BET)
surface area and pore size on an Autosorb iQ, Quantachrome instruments
by using Asiquin software. The attenuated total reflectance infrared
spectroscopy (ATR-IR) was performed on Bruker Alpha I
spectrophotometer of the powdered sample in the range of 4000-400 cm™.
Morphological characterisation and its elemental mapping was done using
field emission scanning electron microscope (FE-SEM) on JEOL JSM-
7400F. The thermogravimetric analysis was performed on Mettler Toledo
TGA/DSC 1 star e- system in the temperature range of 30-800 °C.

4.3. Synthesis
4.3.1. Synthesis of CuTz1:

To asolution of L4 (4-amino-1,2,4-triazole) (9 mg, 0.10 mmol) in acetonitrile
(5 mL) was added an acetonitrile solution of Cul (38 mg, 0.20 mmol). After
stirring for 2h at room temperature, a white precipitate was obtained which
was washed three times with hot acetonitrile. Further white powder was
redissolved by heating in acetonitrile. The solution was cooled to room
temperature and then kept at room temperature for a few days to get needle-
shaped crystals, which were filtered off and air-dried to give CuTz1 (62 mg,
148



67% yield). IR (ATR): 3300, 1608, 1528, 1327, 1204, 1068, 952, 852, 609,
and 420 cm™. Anal. Calc. for C4HsCualsNg (927.42): C, 5.17; H, 0.87; N,
12.05. Found: C, 5.25; H, 0.91; N, 12.37 %.

4.3.2. Synthesis of CuTz2:

To a solution of Ls4 (4-amino-1,2,4-triazole) (20 mg, 0.24 mmol) in
acetonitrile (5 mL) was added an acetonitrile solution of Cul (23 mg, 0.12
mmol). After stirring for 2h at room temperature, a white precipitate was
obtained which was washed three times with hot acetonitrile. Further white
powder was redissolved by heating in acetonitrile. The solution was cooled
to room temperature and then kept at room temperature for a few days to get
needle-shaped crystals, which were filtered off and air-dried to give CuTz2
(70 mg, 56% yield). IR (ATR): 3266, 3210, 3162, 3108, 1596, 1527, 1405,
1206, 1072, 1015, 986, 850, 665, and 609 cm™. Anal. Calc. for C4HsCu:l2Ns
(547.75): C, 8.75; H, 1.47; N, 20.41. Found: C, 8.84; H, 1.52; N, 20.49 %.

4.4. Results and discussion

Self-assembly reaction between Cul and 4-amino-1,2,4-triazole (L) in
acetonitrile solvent at room temperature produces two different
coordination polymers (CPs): two-dimensional CP CuTzl, and one-
dimensional CP CuTz2 (Scheme 4.1). The reaction of Cul and L ina 2:1
molar ratio yielded [Cua(po—T)(us—1)2(ps—I)(p2—L4)2]n (CuTzl), while
reaction in 1:2 molar ratio yielded [Cuz(pa—1)2(p2—L4)2]n (CuTz2). These
CPs can also be interconverted into one another. When the ligand was added
in excess to an acetonitrile solution of CuTzl at 70 °C, CuTz2 was
obtained. On the other hand, when Cul is added in excess to an acetonitrile
solution of CuTz2 at 70°C, the formation of CuTz1 is observed (Scheme
4.1). Both CPs exhibit high stability and can be stored at room temperature
in an open atmosphere for several months without any noticeable
degradation which was confirmed by the powder X-ray diffraction (PXRD)

analysis.
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4.4.1. Structural analysis

The compounds were dissolved in boiling acetonitrile and left undisturbed
for a few days to obtain colorless needle-shaped crystals suitable for single-
crystal X-ray diffraction analysis. CuTz1 crystallizes in monoclinic space
group P21/n with Z =4 (Table 4.1). The asymmetric unit contains two units
of ligand, four Cu atoms, and four iodide atoms. The grown structure
suggests the formation of a 2D coordination polymer with Cusls secondary
building units (SBUs) (Fig. 4.1). In addition to frequently observed cubane
and staircase arrangements of Cusls SBUs, some rarely observed
arrangements are flower-basket, fused cubane, open and closed cubane
tetramer [28-31].

%
'AVI ’0 AVI
'A\‘A“ o 9

CuTz1 CuTz2

Scheme 4.1: Synthesis of CuTz1 and CuTz2.
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(a)

(b)

Fig. 4.1: (a) Individual motif of CuTz1 (b) Polymeric structure of the 2D
coordination polymer CuTz1.

However, in the case of CuTz1 a hitherto unknown arrangement of Cusls
SBU is observed, which could be described as Cuzls clusters bridged by a
Cu atom (Fig. 4.2). Three copper in the Cusls units are arranged in a
triangular fashion with Cu-Cu distances ranging from 2.64 to 2.82 A. This
Cu triangle is bridged by four iodine atoms. Interestingly, three different
bridging modes of iodines are present in a single molecule. Out of four
iodines, one is doubly bridging (p2-1), two are triply bridging (ps-1) and one
is quarterly bridging (u4-1), generating the unique Cusls cluster (Fig. 4.2).
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To the best of our knowledge, CuTz1 is the second example of Cul cluster
having three different bridging modes of iodines in a single System [32].
Further, the

Fig. 4.2: (a) Individual motif of CuTz1 (b) Cualscluster structure of the
2D coordination polymer CuTz1.

nitrogen’s of the 4-aminotriazole ligand are bridged with Cu atoms to satisfy
the electronic requirement of the Cu atoms. Two copper atoms have the
same coordination environment, including one nitrogen atom of the ligand
and three iodine atoms. The coordination environment around the third
copper atom is entirely distinct, consisting of four iodide atoms while the
fourth copper is coordinated to two nitrogen’s of different ligands and two
iodines. All the copper centers have distorted tetrahedral arrangements with
Cu-I and Cu—N distances in the range of 2.56—2.82 A and 2.09-2.04 A,
respectively (Fig. 4.2b). The unit-cell packing diagrams in CuTz1 reveal

the presence of a densely packed structure (Fig. 4.3).
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o N1

) .

Fig. 4.3: (a) Individual motif of CuTz2 (b) Polymeric structure of the 1D

coordination polymer CuTz2.

CuTz2 crystallizes in the triclinic space group P1(Table 4.1). The
asymmetric unit consists of one Cu atom, one iodide and one ligand unit.
CuTz2 is built from a one-dimensional Cuzl> rhomboid SBU anchored with
amino triazole ligands (Fig. 4.3). Cuzl SBU is the most commonly
observed unit in Cul CPs [33]. Cu(]) is coordinated with two po—I and two
N atoms of different ligand units in a distorted tetrahedral fashion. The
distances of Cu—I and Cu—N are in the range of 2.62—2.72 A and 2.02-2.05
A, respectively, which is similar to corresponding bond lengths in CuTz1.
The diagonal Cu—Cu distance in Cuzl2 rhomboid chain is 2.95 A, which is
quite longer than the sum of the van der Waals radii (2.80 A) and in the
range of similarly reported Cuzl> rhomboid CPs [34-36].
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Table 4.1. Crystallographic parameters of CuTz1 and CuTz2

Compound CuTzl CuTz2
CCDC No. 2283962 2283961
Formula C4HsCuaslaNs C4HsCuz2l2Ns
Formula Weight 929.94 549.06
Wavelength 0.71073 A 0.71073 A
Crystal System monoclinic triclinic
Space group P21/n P-1
alA 10.8898(15) 6.5596(5)
b/ A 13.9053(18) 6.5954(3)
o A 11.8940(14) 7.7719(5)
a/° 90 111.635(5)
B/° 104.128(14) 90.391(6)
v/° 90 93.530(5)
v/ A3 1746.6(4) 311.67(4)
z 4 1
Pealcd (9/cm?) 3.537 2.925
Temperature/K 293.00 293.00
GOF 1.149 1.033
20 range for 5.832 t0 54.97 6.662 to 58.01
data collection
Reflections collected 16305 2906
Independent 3960 [Rint =0.0488] | 1434 [Rin = 0.0472]
reflections
Completeness to
0225242 99.9 99.6
Final R indices R1=0.0625, R1=0.0413,
[1>26(D)] WR2=0.1777 WR2 = 0.1004
Final R indices R1=0.0724, wR> = R1=0.0454, wR> =
[all data] 0.1834 0.1048
Largest diff. 1.59/-4.86
peak/ﬂole/ e As 164/-1.53
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Powder X-ray diffraction studies were performed at room temperature to
validate the phase purity of CuTz1 and CuTz2 (Fig. 4.4a-4.4b) We may
infer that the bulk material and the crystals are homogeneous since the
experimental PXRD patterns correlate well with the simulated data
generated from X-ray single-crystal data. The thermal stability of copper-
based CuTzl and CuTz2 was assessed, as thermal stability is a crucial
factor for the application of materials in different fields. The temperature
gradient analysis (TGA) experiments were performed with heating at a rate
of 10 °C min'tunder an N, atmosphere. The thermogravimetric curve Fig.
4.4c demonstrates that CuTz1 and CuTz2 are stable up to 228 and 211 °C,

respectively, and have a similar two-step decomposition curve.

The initial decomposition of 20% in CuTzl and 24% in CuTz2 suggests
the loss of ligands. These values are in good agreement with the theoretical
values of 18% and 25%, respectively. Subsequently, a second
decomposition step is observed at 341°C and 360°C, with a loss of 46% and
45%, respectively for CuTz1 and CuTz2. The remaining residues can be
attributed to the formation of copper oxide (CuQ), supported by a good
agreement in experimental (37% and 29%) and theoretical values (34% and
31%). The higher stability of CuTz1 is probably due to the formation of a
higher nuclearity 2D CP than CuTz2.

110
——CuTz1-sim b ——CuTz2 - sim — CuTz1
(a) ——CuTz1- exp| ( ) —— CuTz2 - exp (C)

Intensity (a.u.)
ey (a.u.)

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50 700 200 300 400 500 600 700 800
degree (20) degree (26) Temperature (°C)

Fig. 4.4: (a) PXRD pattern of CuTzl and (b) CuTz2 (c) TGA curve of
CuTz1 and CuTz2.
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4.4.2. Photoluminiscent Propperties of CuTz1 and CuTz2

We examined the photoluminescent properties of the synthesized CPs in the
solid state at room temperature (Fig. 4.5). CuTz1 appeared off-white solid
in visible light but emitted green light when exposed to UV light of 365 nm.
In contrast, CuTz2 was found to be weekly emissive with no observable
color under UV light by the naked eye. The emission spectra of both CuTz1
and CuTz2 displayed three emission peaks with Amax = 372, 396, and 532
nm for CuTz1 (Fig. 4.5a) and 372, 396, and 513 nm for CuTz2 (Fig. 4.6),
respectively. Very strong emission bands at Amax = 396 and 532 nm in
CuTz1 are characteristics of a high nuclearity Cul cluster [37]. The high-
energy band at 396 nm can be assigned to a *XLCT/AMLCT mixed
transition, while the low-energy emission at 532 nm has been attributed to
a combination of halide-to-copper charge transfer (XMCT) transition and
cluster-centered transition (CC"), which largely depends on the Cu----Cu
distances [8,31,39]. This is supported by the small average Cu----Cu
distance of 2.71 A, less than twice the van der Waals radii of Cu (2.8 A).
The intense peak at 532 nm in CuTz1 gives green emission to the complex.
Corresponding peaks in CuTz2 at 396 and 513 nm are very weak.
Moreover, the weak emission at 372 nm, in both CPs, can be assigned to
intra-ligand (m—7m*) charge transfer in the amino triazole ligand [28,40].
These observations are consistent with the previously reported high

nuclearity Cul clusters [8].
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Fig. 4.5: (a) Excitation (338 nm) and emission spectra of CuTzl (b)

Emission spectra of CuTz1 with and without ammonia vapor, excited at 338

and 370 nm respectively.

To investigate the vapor-responsive characteristics, the powder form of
CuTzl was exposed to different volatile compounds such as methanol,
ethanol, acetone, ammonia, triethylamine, acid vapors, etc. Remarkably,
CuTzl shows selectivity towards ammonia vapors only, as illustrated in
Fig. 4.5b. When aqueous ammonia vapor came into contact with CuTzl,
the emission color red shifted from its original bright green (532 nm) to

yellow-orange (567 nm).
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Fig. 4.6: Excitation (330 nm) and emission spectra of CuTz2.
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This significant change in emission color confirms that CuTz1 exhibits
selective vapochromic behavior in response to the presence of ammonia
vapor. In contrast, CuTz2 did not show any change in response to different

gas vapors.
4.4.3. Gas Sensor Fabrication and Measurement:

The electrical conductivity measurements suggest the semiconducting
nature of CuTz1 with an electrical conductivity value of 6.52 x 107 S cm’
' (Fig. 4.7). A continuous Cul cluster with small average Cu-Cu (2.71 A)
and Cu-I (2.67 A) distances leads to better overlapping of orbitals for the
propagation of charge carriers [35,36,41]. To improve the practical
applicability of a gas sensor, a chemiresistive sensor was fabricated from
the coordination polymer CuTzl. First, it is blended with an ethanol
solution. Subsequently, SuL of this mixture is drop-casted onto the active

area of the device using a micropipette. The active area of the device is

6.0X10'7 ® CuTz1
Linear fit

4.0x107

2.0x107

0.0
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Current (A)
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-6.0x107
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-10 -5 0 5 10
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Fig. 4.7: Electrical conductivity of (a) CuTz1.

Constructed with Ti/Pt (20/200 nm) interdigitated electrodes (IDEs) on a

glass substrate measuring (5.5 mm % 6 mm). The sensing performance of
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the fabricated CuTzl sensor is investigated under a dynamic flow gas

sensing setup [42].

The fabricated CuTz1 sensor response was evaluated across a broad range
of NH3 concentrations, ranging from 500 ppm to 10 ppm, under ambient
conditions in a dynamic flow gas sensing setup, as depicted in Fig. 4.8a.
CuTz1 sensor exhibits a relatively higher response (R) of 21 for the higher
concentration (500 ppm) of NH3z exposure. As the concentration of NHj3
decreases to 10 ppm, the response of the sensor comes down to 5.9. It is
noteworthy to mention here no external stimuli are employed during the
recovery of the sensor to its base value. Notably, the CuTz1 sensor exhibits
a substantial response (5.9) even at a 10 ppm NH3 concentration. This
enhanced sensing ability or greater sensing capability owing to the the small
charge transfer caused by low concentration of gas molecules [44,45].
Moreover, the transient profile of the CuTz1 sensor towards 500 ppm NH3
exposure at room temperature is depicted in Fig. 4.8b. Response and
recovery time values suggest the potential of the developed sensor for real-
time deployment. The response (Tres) and recovery time (Trec) of the CuTzl
sensor are 29.5 sec and 39.2 sec, respectively. Response and recovery times
are less than a minute, which highlights the quick response of the CuTz1
sensor toward NH3 sensing. Compared to previously reported MOFs/Metal
oxide-based ammonia sensors which have poor response and higher
response time (in minutes) (Tables 4.2-4.3), CuTzl sensors offers a
significant advantage for industrial and commercial applications. The
selective behavior of the fabricated CuTz1 sensor is examined by exposing
the CuTzl sensing material to various toxic gases, including NO> (100
ppm), H2S (100 ppm), SO (100 ppm), and CO> (500 ppm), at room
temperature, as depicted in Fig. 4.8c. The CuTzl sensor demonstrates
notable selectivity towards NH3 (15.5) in comparison to other interfering
gases such as NO; (7), H2S (5), SO (11), and CO> (3.8). The higher

sensitivity, selectivity, room temperature operation, and lower transient time
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of the developed CuTzl sensor exhibit wide applicability for various

commercial and industrial applications.
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Fig. 4.8: (a) CuTzl sensor response for varying NH3 concentrations at room
temperature, (b) transient performance of the CuTz1 sensor, (c) selectivity
analysis for the CuTzl sensor with interfering gases, (d) Stability of
ammonia detection for CuTz1 upon exposure to 500 ppm of NHj3 at variable

relative humidity (RH) %, (e) repeatability of the CuTzl

160



Furthermore, the examination of sensor performance in varying relative
humidity (RH) is essential humidity serves as a significant limiting factor
in the operation of the sensor under environmental conditions, affecting the
modulation of active sites on the sensing surface through the adsorption of
water molecules. The response of CuTzl is assessed under various RH
conditions, ranging from 47% to 97.5%, with exposure to 500 ppm of NHj3
(Fig. 4.8d). As the RH within the sensing chamber varies from 47% to
97.5%, the sensor response decreases from approximately 21 to about 4.6,
respectively. The lower response is probably due to less availability of
active sites at higher RH. It is noteworthy to mention that even under
extremely humid conditions (RH = 97.5%), the sensor response remains at
4.6, demonstrating the durability of the sensor in harsh humid

environmental conditions.

After performing the sensor response with varying concentrations of NH3,
the repeatability of the CuTzl sensor performance was examined by
exposing 500 ppm of NH3 for four consecutive cycles as shown in Fig. 4.8e.
The sensor significantly recovered to its base value in each cycle without
any drift, which signifies the highly repetitive nature of the CuTz1 sensor.
The limit of detection (LoD) and limit of quantification (LoQ) for the
fabricated CuTz1 sensor are 73 ppb and 243 ppb as shown in Fig. 4.8f. The
range of LoD and LoQ is in the sub-ppb level, highlighting the ultra-

selective nature of the CuTz1 sensor towards NH3 gas at room temperature.

A comparison of all MOF/CP and metal oxide-based chemiresistive
ammonia sensors are provided in Tables 4.2-4.3, which highlights the
superiority of the CuTz1 sensor in terms of response, transient time along

with LoD and LoQ.

The reproducibility of the CuTz1 sensor is investigated for four fabricated
devices (A, B, C and D) of the CuTzl sensor keeping the synthesis and

fabrication process of CuTzl and interdigitated electrode device (IDEs)
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constant. These four devices (A, B, C and D) are tested in a similar sensing
environment as employed in the earlier device sensing performance

depicted in Fig. 4.9a. Interestingly, no significant deviation was observed
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Fig. 4.9: (a) Reproducibility of the CuTz1 sensor response for varying NH3
concentrations at room temperature and (d) long-term stability of the

CuTz1 sensor.

in the sensing performance of these four devices. This highlights the
excellent reproducibility of the fabricated CuTz1 sensor. Further, the long-
term operation/performance of the fabricated CuTz1 sensor is investigated.
Fabricated CuTzl sensor was kept in ambient conditions for 60 day
observation period and the sensing performance of the CuTz1 sensor was
measured repeatedly. As shown in Fig. 4.9b, no degradation is observed in
the sensing performance of the fabricated CuTzl sensor during this
observation period, which highlights the durability of the fabricated CuTz1

SENsor.

Surface morphology and elemental composition of the synthesized CuTz1
material is investigated by using scanning electron microscopy (SEM) and
elemental mapping depicted in Fig. 4.10. CuTzl exhibits flake-like
morphology with varying lengths in the 1-2 pm range while the thickness
of the nano flakes is in the 100-200 nm range. Fig. 4.10a-4.10b depicts the
magnified image of CuTz1 confirming flakes-like morphology. As depicted

in Fig. 4.10a, the flakes exhibit various shapes, such as hexagonal,
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rectangular, and circular. Furthermore, the magnified image in Fig. 4.10b
reveals that these flakes are adorned with small nano-particles, enhancing
the active surface area of the synthesized CuTz1 material and subsequently
improving its sensing performance at room temperature. The aspect ratio,
being less than 1, indicates a high surface-to-volume ratio of the synthesized
material. These microstructural parameters contribute to the efficient
sensing performance of the synthesized CuTz1 sensor. Elemental mapping

images of Cu, I, N and C elements highlight the uniform distribution and

significant presence of these elements in the synthesized CuTz1 material as

depicted in Fig. 4.10c-4.10f.

Fig. 4.10: FESEM images of CuTzl (a-b), and elemental mapping of
CuTzl1 (c) — ().
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Though the mechanism for gas sensing on MOFs and CPs is not clearly
understood, it is proposed that ligands as well as metal nodes can be
involved in the interaction depending on the nature of the analyte.* In case
of CuTzl, the change in emission, which is particularly due to cluster-
centered transitions, clearly suggests the interaction of ammonia with the
Cuals cluster. In-situ PXRD and FT-IR measurements under ammonia vapor
were not possible so the ex-situ FT-IR and PXRD of the CuTz1 sensor was
recorded immediately after the ammonia gas exposure over the powdered
sample. However, even after exposure to ammonia vapors, there is no
significant change in PXRD data (Fig. 4.11), which suggests no change in
lattice arrangements on gas exposure. A similar observation was reported
by Xu and co-workers [46]. Further, ATR-IR spectroscopy was used to
show the interactions between the CuTzl sensor and the ammonia gas.
Nakamoto thoroughly studied the metal interaction with ammonia through
IR spectroscopy [47]. He has reported that for ammonia, antisymmetric and
symmetric stretching, degenerate deformation, symmetric deformation, and
rocking vibrations appear in the regions of 3400-3000, 1650—-1550, 1370—
1000, and 950-590 cm™!, respectively.
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Fig. 4.11: PXRD patterns of CuTzl sensor before and after ammonia
exposure.
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Fig. 4.12: IR spectra of and CuTzl sensor, before and after ammonia

exposure.

Coordination with metal leads to weakening of the N-H bonds and shifting
of NHj stretching frequencies to lower energy regions [47]. The ex-situ IR
of the CuTz1 sensor was recorded with and without ammonia gas exposure
over the powdered sample. The ammonia-exposed sample clearly shows
new peaks at 3190, 3137, 1593, 1152, 820, 704, and 466 cm! (Fig. 4.12).
The appearance of these peaks in the reported region confirms the
interaction of metal with ammonia. Further, a new peak at 466 cm
confirms the Cu-N bond. Similar changes in the IR bands with the ammonia

interactions were also explained by Mircea and Yao et al [2,16,49]. These
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results clearly suggest the interaction of ammonia gas with the Cu(I) cluster

(Fig. 4.13).

It has been proposed that the increased resistance of the device in the
presence of n-type gas vapors (such as NHz) are due to the interaction of
lone pair of analyte with the p-type material [2,42]. We propose a similar
phenomenon: a p-type semiconductor (CuTzl sensor) undergoes n-type
(NHs3) doping and during this process, the recombination between the holes
in the CuTz1 and the doped electrons from the ammonia reduces the carrier
concentration and increases the sensor's resistance. To confirm this, we
conducted UV-Visible diffuse reflectance spectra (DRS) analysis of the
CuTz1 sensor before and after ammonia exposure. The band gap of CuTz1
was estimated using the Tauc-plot method. As shown in Figure S12, the
energy band gap (Eg) values were 2.93 eV for the bare sample and 3.09 eV
after ammonia exposure (Fig. 4.14). This increase in band gap energy after
ammonia exposure suggests a rise in the Fermi energy level, leading to an
increase in resistance. Moreover, it is suggested that the electron-rich metal
centre plays a pivotal role in enhancing the chemiresistive response of
MOFs/CPs [45]. The superior response of CuTz1 compared to other MOFs

and CPs may be attributed to the presence of electron-rich Cu(l) clusters.
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Fig.4.14: The Taut plots of CuTz1 sensor (a) before and (b) after ammonia

exposure.

Table 4.2. Comparison table for ammonia sensing with MOF-based sensor

Sensing material conc. Response IT\"es/Rec LOD Ref.
(ppm) time (s)
NDC-Y-fcu-MOF 100 0.025% 250/NA | 92 ppb [50]
Cus(HHTP), 100 129% 81/546 | 0.5ppm | [51]
0.025
Cus(HHTP);THQ | 100 800% 99/154 - [52]
PP Table 4.3. Comparison
Co-Porphyrin 20 85% 180/10 | 1ppm | [54] | sensing  with  Metal
oxide-based sensors.
Mg-MOF 50 2.4 87/127 | 1.5ppm | [55]
ZIF-8 100 9 67/54 NA [56]
DPA-Ph-
0
DEPZDCN 100 73% 36/15 | 2ppm | [57]
Zn-ICP 100 15 8.8/54.8 NA [58]
29.5/39. This
CuTzl 500 21 c 73ppb |\
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Sensing Conc. Res/Rec | LOD
i Response . Ref.
material (ppm) time (s)
0.5
WS,/SnO; 10 850% | 2700/3600 opm [59]
Cu20 /MOS; 100 268% 269/NA NA [60]
Cu;0 /rGO 200 104% 28/206 NA | [61]
a-Fe;Os/graphene 10 13.5% 152/648 NA | [62]
12
CuO-rGO 50 6.3% 16/10 [63]
ppm
SnO; Nanosheets 100 106.5% 8/55 Ob(;iﬂ' [64]
PPy/ZnO 100 76% 45/NA . [65]
ppm
73 This
CuTzl 500 21 29.5/39.5 opb | Work

4.5. Summary:

This study demonstrates the synthesis of two coordination polymers of
different dimensionality by varying the concentration of Cul and 4-amino-
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1,2,4-triazole. CuTzl, characterized by a distinctive Cusls SBU (Cusls
clusters bridging with a Cu), exhibited green luminescence in the solid state,
while the 1D chain of CuTz2 was non-emissive. Further, CuTz1 was found
to have 2D nano-flakes like morphology decorated with small nano-
particles. Notably, exposure to aqueous ammonia vapors induced a
remarkable change in the solid-state emission color of the CuTzl from
green to yellow-orange. The change in emission color clearly suggests an
interaction of ammonia with Cugls cluster, which is also confirmed by the
significant shifts in vibrational frequencies by ATR-IR spectroscopy.
Further, a chemiresistive sensor developed with CuTzl by a convenient
drop-casting method shows exceptional sensing capabilities towards
ammonia vapors over other gases. The sensor exhibited a remarkable
response of 21 at 500 ppm, coupled with rapid response and recovery time
(29.5s/39.5s) and very high sensitivity (LoD 73 ppb, LoQ 243 ppb) for
ammonia vapors at room temperature. Moreover, the chemiresistive sensor
shows long-term stability and high response even in highly humid
conditions. The introduction of an n-type gas into a p-type semiconductor
leads to the recombination of the hole-electron pair and decreases the charge
carriers consequently leading to increased resistance. The readily available
reagents, facile synthesis, long-term stability and dual-mode sensing
capability combined with excellent sensitivity and selectivity of room
temperature chemiresistive sensors make CuTz1 as one of the prominent
ammonia sensors for real-world application. To the best of our knowledge,
this work presents the first Cu(I) CP chemiresistive ammonia sensor with
superior sensing performance than the reported MOF/CP-based sensors.
This could be a significant step towards the development of practical and
affordable sensors for a wide range of applications in environmental

monitoring, industrial safety and healthcare.
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Due to the advancements in industrialization and urbanization, the increased
discharge of harmful gases and volatile organic compounds into our
environment causes severe consequences to human health and ecological
systems /7-3]. In particular, nitrogen dioxide (NO>) is a major air pollutant
which is generated by burning fossil fuels, automobile emissions, etc.
Several reports suggest that NO2 accounts for 2% of all cardiovascular
deaths, Parkinson’s disease and even accounts for several respiratory
diseases [4-6]. Therefore, there is a pressing need to develop highly
efficient NO2 sensors that offer rapid response and high selectivity to ensure
human safety from this hazardous gas. Chemiresistive gas sensing has
revolutionized the field of gas sensors due to its simplicity, low power
requirements, precise sensitivity and potential for miniaturization. These
sensors operate on the principle of change in electrical resistivity or
conductivity upon the interaction of gas molecules with the sensing material
[7—11]. Traditional chemiresistive sensors based on metal oxides and
carbon have been extensively studied. However, high operating temperature
to achieve satisfactory sensitivity and selectivity is a major drawback,
which increases power consumption and limits their applicability.
Additionally, these materials often lack systematic design strategies and
methods for tailoring sensor properties /12—14].

Conducting coordination polymers (CPs)/Metal-organic frameworks
(MOFs) present a promising class of hybrid materials for next-generation
electronic devices [15-19]. The vast structural diversity and adjustable
properties by altering the molecular building blocks make them particularly
attractive for gas sensing applications. It is observed that organic ligands,
redox-active metal centers, or both can be involved in the interaction with
the analyte /7,20-23]. So, the sensing properties can be easily altered by
modifying the organic ligands and metal centers. While several MOF and
hybrid MOF materials have shown promising results for NO. sensing,
challenges such as prolonged transient time and irreversible sensing remain
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for room temperature operation. These issues are primarily due to the strong
binding of NO> to metal ions, resulting in the formation of stable complexes
[24-30].

In recent years, various semiconducting copper(l) CPs have been identified
as promising materials in gas sensing applications. Additionally, the high
abundance, low cost and lower toxicity of copper further enhance their
acceptability /31,32]. Li et al. have introduced the first semiconducting
Cu(l) organic-inorganic framework for chemiresistive NO2 gas sensing but
with a response time of 121 seconds /32]. We have recently reported
semiconducting Cul frameworks for chemiresistive gas sensing of methanol
and ammonia /33,34]. In continuation of our work on the exploration of
Cu(l) materials towards gas sensing application, herein, we report two 1D
Cu(l) CPs using (pyridin-4-yl)-N-(4H-1,2,4-triazol-4-yl)methanimine and
triphenylphosphine ligands. Both compounds consist of unique secondary
building units and show semiconducting behavior. It is proposed that an
electron-rich system leads to efficient charge transfer between the material
and the analyte to give a better response /35,36/. Triphenylphosphine as a
co-ligand along with nitrogen donor ligand is utilized in the synthesis to
make the system more electron-rich, aiming to improve charge transfer with
the analyte for efficient sensing properties. Moreover, the 1D nature of
materials has the advantage of exposed metal centers that provide more
interaction sites to the analytes compared to 2D and 3D materials /37].
Because of these properties, CP5 was found to be an efficient
chemiresistive gas sensor for NO. gas with excellent sensitivity (LOD
1.3ppb), response (1250 % @ 10 ppm), and ultrafast response (15.5
seconds) at room temperature. The observed chemiresistive NO2 sensing
performance is one of the best among MOF/CP-based sensors (Table 5.2).
The detailed experimental and theoretical studies have been performed to

understand the gas sensing mechanism.
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5.2. Experimental Section:
5.2.1. General Information
5.2.1.1. Materials

All the synthesis was performed in an oven-dried two-neck round bottom
flask kept at 80 °C, a day before use and the reactions were performed using
the Schlenk line technique under N2 atmosphere. Materials required for the
synthesis of CP5 and CP6; 4-amino-1,2,4-triazole, 4-pyridine
carboxaldehyde, triphenylphosphine, and CuBr (>99%) bought from
Spectrochem (India), Cul (>99%) from Loba Chemie Pvt. Ltd., and used
without further purification. Solvents like chloroform, methanol and
acetonitrile (HPLC grade) were bought from Advent Chembio Pvt. Ltd.

5.2.1.2. Physiochemical Characterisation

The phase purity of the coordination polymer was confirmed using a Rigaku
Smart X-ray diffractometer with monochromatic Cu Ko (0.1540 nm)
radiation in 260 range of 5-50 degrees. The attenuated total reflectance
infrared spectroscopy (ATR-IR) was performed on Bruker Alpha Il
spectrophotometer of the powdered sample in the range of 4000-400 cm'™.
We have used a field emission scanning electron microscope (FE-SEM) on
JEOL JSM-7400F for morphological characterization and its elemental
mapping. The thermogravimetric analysis was performed on Mettler Toledo
TGA 1-star e-system in the temperature range of 30-600 °C. The resistance
of the fabricated sensing device was monitored on the Keithley-2612A

source meter by applying a constant voltage of +1 V.

The characterization of ligand is done on a Bruker Avance Neo
spectrometer operating at 400 MHz and Bruker-Daltonic-Micro-TOF-QI|I
mass spectrometer for exact mass and isotopic measurement. Dual source

Super Nova CCD (Agilent Technologies (Oxford Diffraction) is used for
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Single crystal X-Ray data using Mo-Ko= 0.71073 at 293 K. The structure
solution was obtained by using OLEX software. The Brunauer-Emmet-
Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore size
distribution were calculated using N2 gas adsorption-desorption on an
Autosorb iQ, Quantachrome Instruments and the data was collected using

AsiQwin software.
5.2.1.3. Theory and Computational Details

Vienna Ab initio Simulation Package (VASP) has been used to perform all
the density functional theory (DFT) and generalized gradient
approximation (GGA) functionals Perdew—Burke—Ernzerhof (PBE)
calculations /38—40]. The weak dispersion effects were taken into account
in the present calculations; 1i.e., semiempirical Grimme’s 3™ order
dispersion corrections (noted by -D3) have been incorporated in order to
consider weak van der Waals (vdW) dispersion interactions in the subject
materials contemplated in the present investigation /[4/—43]. The
dispersion-corrected DFT and PBE methods have been shown to give quite
accurate thermochemistry for both covalently bonded systems and systems
dominated by dispersion forces. To study the NO> sensing of both the CP5
and CP6, we have employed the PBE-D3 method with spin-polarized
calculations. The equilibrium structure and electronic properties, i.e., the
electronic band structures and total density of states (DOS) of the CP5
material, were computed by employing the projected augmented wave
(PAW) method with a given pseudopotential /44]. To describe the
exchange and correlation effects, the Perdew-Burke-Ernzerhof (PBE)
method, which is a form of generalized gradient approximation (GGA)
functionals, was used in the present investigation /45-47]. A plane-wave
cutoff energy of 550 eV was included during the calculations, and the
convergence energy was set to 1x10 eV. The pseudopotential basis sets

used for carbon (C), hydrogen (H), nitrogen (N), phosphorus (P), copper
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(Cu), iodine (1), and oxygen (O) atoms were PAW_PBE C_GW 28Sep2005,
PAW _PBE H_GW 21Apr2008, PAW_PBE N_GW 10Apr2007,
PAW PBE P_GW 19Mar2012, PAW PBE Cu GW 19 May 2006,
PAW_PBE |I_GW 12Mar2012, and PAW_PBE O_GW 28Sep2005; which
are implemented in VASP suite code. The PBE-D3 calculation utilized a
4x1x1 Monkhorst-Pack k-point grid with Gaussian smearing of 0.05 eV
[48]. We have calculated the Gibbs free energy of the studied CPs (i.e., CP1
and CP2) and the change in free energy (AG) after the NO2 adsorption on
the CP1 and CP2 materials. The change of Gibbs free energy (AG) has been

calculated by employing the following equation.
AG= Gyo,—cp1 — (Gepr + Gyo,) (1)
AG= Gyno,-cp2 —(Gepz + Gno,) (2

In the above equations (1) and (2),Gyo,-cp1 and Gyo,—cp2 represents the
change of Gibbs free energy of NO, adsorbed on both the CP1 and CP2.
Whereas Gcpq, Gepz and Gy, represent the free energy of CP, CP2, and

the NO2 molecule. We have used VESTA software to visualize the
equilibrium structure of the studied CPs /49].

The adsorption energy of the NO> molecule is calculated using the following

equation (3)
AE = Ejcp + no,] + Efcp] + Evo, 3)

Where Ejcp + no,]» E[cp}» and Epyo,) correspond to the NO2 adsorbed CP

system, CP system (adsorbent), and NO: molecule (adsorbate),

respectively.
5.2.2. Ligand synthesis

5.2.2.1. Synthesis of ligand (Ls)
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In a two-neck round bottom flask, 4-amino-1,2,4-triazole (1.26 g, 15 mmol)
was dissolved in 8 ml of toluene. To this solution, 4-pyridine
carboxaldehyde (1.61 g, 15 mmol) was added with 1 ml of acetic acid. The
reaction mixture was stirred for 6 hours under reflux. Upon completion of
the reaction period, an off-white product was formed. The mixture was
cooled, and the resulting mixture was then washed with dichloromethane (5
ml) two to three times and once with ethanol (5 ml), then dried in a vacuum.
The white solid was recrystallized in ethanol to get the pure product. (Yield:
2.09 g, ~80%). 'H NMR (500 MHz, DMSO-ds) 6(ppm) 9.20 (s, 2H), 9.13
(s, 1H), 8.77 (s, 2H), 7.75 (s, 2H). 3C{*H} NMR (126 MHz, DMSO-ds)
8(ppm) 156.16, 150.77, 139.19, 121.86.

Y
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H N
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| N—N reflux, 6 h X
N |
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Scheme 5.1: Synthesis of Ligand (Ls)
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5.2.3. Synthesis of CPs
5.2.3.1. Synthesis of CP5:

Cul (40 mg, 0.20 mmol) was added to a solution of triphenylphosphine
(PPh3) (109 mg, 0.41 mmol) in a mixture of MeOH (1 mL) and CHCIs (2
mL). After stirring for 15 min at room temperature, the bridging ligand, Ls
(36 mg, 0.20 mmol) was added and the reaction mixture was stirred for
another 1 hour at room temperature. After this, an orange microcrystalline
product was obtained which was washed three times with a mixture of
MeOH (1 mL) and CHCI3 (2 mL) to remove the unreacted insoluble
materials. Subsequently, the orange product was dissolved in acetonitrile
solution and then kept at room temperature for two days to get orange
needle-shaped crystals, which were filtered off and air-dried to give CP5
[Cuzl2(PPh3)2(Ls) MW 1078.66] (136 mg, 61 % yield). IR (ATR): 3063,
1513, 1478, 1425, 1307, 1161, 995, 821, 612, and 433 cm™. Anal. Calc. for
CasH37Cu2l2NsP2 (1078.66): C, 48.99; H, 3.46; N, 6.49. Found: C, 48.97;
H, 3.49; N, 6.48 %.

5.2.3.2. Synthesis of CP6:

CuBr (30 mg, 0.20 mmol) was added to a solution of triphenylphosphine
(PPh3) (109 mg, 0.41 mmol) in a mixture of MeOH (1 mL) and CHCls (2
mL). After stirring for 15 min at room temperature, the bridging ligand, Ls
(36 mg, 0.20 mmol) was added, and the reaction mixture was stirred for
another 1 hour at room temperature. After this, a yellow-orange
microcrystalline product was obtained which was washed three times with
a mixture of MeOH (1 mL) and CHCl; (2 mL) to remove the unreacted
insoluble materials. Subsequently, the orange product was dissolved in
acetonitrile solution and then kept at room temperature for two days to get
orange needle-shaped crystals, which were filtered off and air-dried to give
CP6 [CuzBr2(PPh3)2(Ls) MW 980.95] (120 mg, 60 % yield). IR (ATR):

3045, 1515, 1480, 1427, 1309, 1164, 995, 821, 694, and 437 cm™'. Anal.
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Calc. For Cs4H37BrCuaNsP2 (980.95): C, 53.67; H, 3.79; N, 7.11. Found:
C, 53.62; H,3.76; N, 7.10 %.

5.3. Results and discussion:

Ligand (pyridin-4-yl)-N-(4H-1,2,4-triazol-4-yl)methenamine (Ls) was
synthesized by the Schiff-base condensation reaction of 4-pyridine
carboxaldehyde and 4-amino-1,2,4-triazole in 80% vyield following the
reported procedure /50] (Scheme 5.1 and Fig. 5.1-5.2). Subsequently, the
synthesized ligand was reacted with CuX (X = I; CP5 and X = Br; CP6)
and PPhz in a 1:1:2 ratio to obtain two new Cu(l) 1D CPs with 61 and 60%
yields (Scheme 5.2). The synthesized CPs were characterized by single-
crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), and
X-ray photoelectron spectroscopy (XPS) techniques.
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Scheme 5.2: Synthesis of CP5 and CP6.
5.3.1. Structural analysis:

SCXRD analysis confirms the formation of CP5 with triclinic space group
P2, and CP6 with monoclinic space group P1 (Table 5.1). Fig. 5.3 shows
the molecular structure of CP5 and CP5. The 1D CP5 features two
crystallographically independent copper atoms with an unusual open

[Cuz(u2-1)I(PPh3)2] secondary building unit (SBU). One iodine bridges the
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two copper atoms, while the other iodine coordinates with only one Cu. The
triazolyl nitrogens coordinate with the two copper atoms of an SBU to form
a five-membered CuzNz2l ring, while the pyridine nitrogen coordinates with
the copper atom of another SBU to form a polymeric structure (Fig. 5.3a).
Average Cu—l, Cu-N and Cu-P distances are 2.62, 2.34 and 2.22 A,
respectively, which is similar to the other iodo-bridged Cu(l) polymers with
N heteroaromatic ligands and PPhs /51—54].

In contrast to CP5, the polymeric structure of CP6 consists of two distinct
cluster cores: a closed [Cuz(u2-Br)2(PPhs)2] rhomboid and an open
[Cu2Br2(PPh3)2] SBU (Fig. 5.3b). These SBUs are alternately arranged in
XYXY pattern along the 1-D polymeric chain. The [Cuz(u2-Br)2(PPhaz)2]

rhomboid is coordinated to the pyridine N atom of the ligand, while the
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Fig. 5.3: The Polymeric structure of the 1D coordination polymer (a) CP5
and (b) CP6.
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Table 5.1. Crystallographic parameters of CP5 and CP6

Compound CP5 CP6
CCDC No. 2310728 2310729
Formula C44H37CU2|2N5P2 C44H37BF2CU2N5P2
Formula Weight 1078.60 984.62
Wavelength 0.71073 A 0.71073 A
Crystal System monoclinic triclinic
Space group P2; P1
alA 9.2405(11) 9.2431(5)
b/ A 17.6751(19) 13.6120(7)
o A 13.3599(15) 18.2551(9)
a/° 90 99.296(4)
/e 106.185(3) 99.283(4)
v/° 90 107.388(5)
v/ A 2095.5(4) 2108.8(2)
VA 2 2
Peatca (glcm?) 1.709 1.551
Temperature/K 298.00 298.00
GOF 1.029 1.115
20 range for 3.922 t0 56.702 6.662 to 58.01
data collection
Reflections collected 37146 26656
Independent 10450
reflsctions [Rint =0.0433] 9918[Rin = 0.0496]
Completeness to
8-25 247 100 99.6
Final R indices R:=0.0279, wR,= | R;=0.0522, wR, =
[1>26(1)] 0.0474 0.1212
Final R indices R1=0.0331, wR,= | R1=0.0705, wR;=
[all data] 0.0490 0.1312
Largest diff. peak/hole/ e A3 0.86/-0.52 0.77/-0.50

open [Cu2Br2(PPhz)2] SBU is coordinated with the two triazolyl nitrogens
to form the polymeric structure. Average Cu—Br, Cu—N and Cu-P distances
are 2.62, 2.34 and 2.22 A, respectively, aligning with reported CuBr, CPs
[55-57]. Further, the Cu-Cu distance in 1D CP5 was found to be 3.01 A,
whereas in CP6, the distances were 3.20 and 3.84 A. Both compounds
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consist of analogous [Cu2X2(PPhs)2(Ls)]n chemical formula but with
distinct secondary building units (SBUs). To our knowledge, structural
arrangements of copper halide clusters similar to CP5 or CP6 have not been

reported.

The phase purity of CP5 and CP6 was confirmed by comparing the
experimental Powder X-ray diffraction (PXRD) pattern with the simulated
data derived from SCXRD analysis (Fig. 5.4a-5.4b). Both CPs exhibit high
stability in ambient conditions, allowing them to be stored for several
months without any deterioration. Further, temperature gradient analysis
(TGA) was conducted under a nitrogen atmosphere from 30 to 800 °C,
which indicates that both CPs are thermally stable up to 210 °C (Fig. 5.4c).
In CP5, initial decomposition begins at 220 °C, involving the removal of
two phosphine units and one ligand, accounting for 65% of the mass loss
and the second decomposition step at 441 °C results in the loss of two
iodines from the Cuzl> cluster, contributing to 24% mass loss. Similarly,

CP6 undergoes two degradations at 214 and 444 °C, which corresponds to
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Fig. 5.4: (a) PXRD pattern of CP5 (b) PXRD pattern of CP6 (c) TGA curve
of CP5 and CP6.

the loss of organic ligands and bromides, respectively. The observed weight
loss closely matches the theoretical values. The TGA profiles demonstrate
high thermal stability, making these materials suitable for applications in

electronic devices requiring high-temperature resilience.
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The electrical conductivity of CP5 and CP6 was measured at room
temperature using the two-probe direct current method. The
microcrystalline samples were pressed into pallets at a pressure of 5.0 GPa

for 10 minutes.
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Fig. 5.5: Electrical conductivity of (a) CP5 (b) CP6.
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Fig. 5.6: The Tauc plot of (a) CP5 and (b) CP6.

Further, the silver paste was used to make contact with the pressed pallets
and a Keithley model 6517B electrometer voltage source to measure
conductivity within a voltage range of -5V to +5V. CP5 and CP6 exhibited
a conductivity value of 4.8 x 107 S cm™*and 6.8 x 10® S cm™, respectively
(Fig. 5.5), suggesting the semiconducting nature of the synthesized CPs.
Additionally, band gaps of 1.90 eV for CP5 and 2.55 eV for CP6 were

measured using Tauc plots from their UV/Vis reflectance spectra (Fig. 5.6).
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This optical band gap further confirms the semiconducting nature of both
CPs.

5.3.2. Gas Sensor Fabrication and Measurement:

The semiconducting nature of CPs encouraged us to investigate their gas-
sensing performance. CPs were dissolved in ethanol, drop-casted on an
interdigitated electrode (IDE) device (1.5 x 1 cm?) and dried in the hot air

oven for 24h.

CP5 and CP6 chemiresistive sensor’s performance were initially observed
for various toxic gases such as NO2, CO2, SO2, H2S, and NHz for 100 ppm
concentration at atmospheric pressure and room temperature. Interestingly,
both sensors exhibit a notably higher response to NO2 than other toxic gases.
An increase in sensor resistance was observed upon NO> gas exposure, and
it came back to its initial value when purged with dry air. However, CP5
exhibited approximately 2.5 times better response than CP6 (Fig. 5.7a);
therefore, all further studies were performed with the CP5 sensor. The
selectivity of the CP5 sensor was assessed by exposing different toxic gases
such as NO2 (100 ppm), CO2 (100 ppm), SO2 (100 ppm), H2S (100 ppm),
and NHz (500 ppm) to the sensing material at the room temperature as
shown in Fig. 5.7d. Interestingly, the CP5 sensor exhibits a remarkable
selectivity toward NO2 (25) compared to other interfering gases CO- (6.2),
SO2 (3.6), NHz (-5), and HaS (-5.7).

Since NO: is hazardous to humans even at smaller concentrations, the
dynamic sensing performance of the sensor was investigated from 100 ppm
to 100 ppb NO2 concentrations (Fig. 5.7b). CP5 sensor exhibited a response
of 2400%, (Ry/ Ra = 25) at 100 ppm, which decreased to 480%, (Ry¢/ Ra =
6.36) at 1 ppm and 280% (Ry/ Ra = 4.40) at 100 ppb. This value (1250%
@10 ppm ) is approximately 10* times higher than the response of pristine
Cul (-0.0098% ppm™™) towards NO. at 240 °C /58]. The high response

values and excellent selectivity suggest that using a coordinating assembly
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to confine Cul significantly enhances the gas-sensing performance. After
assessing the sensor response to varying NO:z concentrations, the
repeatability of CP5 performance by exposing it to 100 ppm of NO- for 5
consecutive cycles was explored (Fig. 5.9). The sensor consistently returned
to its base resistance in each cycle without any drift, indicating its highly
repetitive nature. Subsequently, the CP5 sensor demonstrated a swift
response, with a response time (tres) Of 15.5 seconds and a recovery time
(trec) Of 21 seconds toward 10 ppm NO: (Fig. 5.7c). The sensor response
was measured on five different devices under varying relative humidity
(RH) levels (from 47% to 97.5%) with exposure of 100 ppm of NO,. As RH
increased from 47% to 97.5%, the sensor response gradually decreased from
25 to 7.5 (Fig. 5.7e). This decline in response is attributed to the reduced
availability of active sites at higher RH levels. Notably, even under extreme
humidity conditions (RH = 97.5%), the sensor maintained a response of 7.5,

indicating its durability and robustness.

The limit of detection (LoD) and limit of quantification (LoQ) for the CP5
sensor were calculated to be 1.3 ppb and 4.3 ppb, respectively (Fig. 5.7f).
The CP5 sensor's high response, excellent sensitivity and selectivity, room
temperature operation with ultrafast response and recovery time in seconds
make it an excellent NO2 sensor. The performance is found to be one of the
best in terms of response and response time among the MOF/CP-based

room temperature NO> sensors (Fig. 5.8 and Tables 5.2-5.3). Moreover,
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the convenient synthesis of CP5 using cost-effective and non-toxic material

makes the sensor ideal for various commercial and industrial applications.
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Fig. 5.7: (a) CP5 and CP6 sensor response for NO2 at room temperature,
(b) response and recovery of NO> at various concentrations of the CP5
sensor, (c) transient performance of the CP5 sensor, (d) selectivity analysis
for the CP5 sensor with interfering gases, (e) stability of CP5 sensor for

NO: with different RH concentrations for all the five devices, (f) LoD and

LoQ analysis for CP5 sensor.
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5.3.3. Sensing Mechanism:

To understand the sensing behavior, first of all, the surface morphology and
elemental composition of the synthesized CP5 and CP6 material were
investigated using scanning electron microscopy (SEM) and elemental
mapping (Fig. 5.10-5.11). The low magnification SEM image reveals that
CP5 has irregular 2D rod-like morphology with a cross-sectional area of
about 2-4 pum and a length of 20-30 um (Fig. 5.10a-5.10b). High-
magnification FE-SEM images provide a detailed view of this 2D microrod
structure (Fig. 5.10b). However, CP6 exhibits irregular plate-like
morphology with different shapes and sizes (Fig. 5.11). The EDS analysis
indicates the presence of Cu, I, Br, C, P, and N in appropriate proportions
(Fig. 5.10c and Fig. 5.12). Additionally, elemental mapping analysis
highlights the uniform distribution of these elements, indicating a consistent
composition throughout the material (Fig. 5.10d and Fig. 5.11c ). The low
and high-magnification TEM images of CP5 also suggest the formation of
a well-separated crystalline 2D structure with an average length of 450 nm
(Fig. 5.10e-5.10g). At 77 K, N2 sorption isotherm shows that the Brunauer—
Emmett-Teller (BET) surface areas for CP5 and CP6 are 27.32 and 10.23
m2gL, respectively (Fig. 5.13a and 5.13c), suggesting type IV isotherm and
a mesoporous structure. Further, the pore volume of CP5 and CP6 were
calculated using the Barrett-Joyner-Halenda (BJH) method and found to be
3.44 and 2.39 nm, respectively (Fig. 5.13b and-5.13d). A higher surface
area, pore volume, and favorable morphology favor CP5 over CP6 as a
better material for gas sensing applications.over CP2 as a better material for

gas sensing applications.
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Fig. 5.10: Morphologlcal and elemental anaIyS|s of CP5 (a) SEM image

at 10 um (b) SEM image at 2 um (¢) EDX of CP5 (di-ds) elemental
mapping of Cu, I, N, P and C (e) TEM images of CP5 at 20 nm (e) TEM
images of CP5 obtained at 1 um (f) TEM images of CP5 obtained at 500
nm (g) TEM images of CP5 obtained at 100 nm.

8 -
10pm 1/11/2024 ipm 1/11/2024
WD 5.8mm  11:15:37

10%im|(Br P J-pitn : Jychs
Fig. 5.11: FE-SEM (a) and (b); (C1—C5) elemental anaIySIS of CP6.
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Next, the ATR-IR and PXRD of the samples of the CP1 were compared
before and after ex-situ NO2 exposure over the powder sample. In the IR

spectrum, a new peak at 1640 cm™! corresponds to adsorbed NO: (Fig. 5.14)

[2,62].
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Fig. 5.14: IR-spectra of CP5 sensor before and after NO2 exposure (a) full

spectra (b) zoomed spectra.
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Fig. 5.15: PXRD patterns of CP5 sensor before and after NO> exposure.
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The structural integrity of the CP5 after exposure (Fig. 5.15). To understand
the changes in surface chemistry, oxidation states, and material-analyte
interaction, X-ray photoelectron spectroscopy (XPS) analysis was
conducted before and after gas exposure. The XPS analysis revealed the
presence of Cu, I, P, N, and C elements before and after exposure. The high-
resolution spectra for 13d, P2p, and C1s remained unchanged after NO>
exposure to CP5. Significant changes were observed in the Cu2p and N1s
peaks after exposure. The XPS spectrum for the CP5 before gas exposure
shows only one peak at 932, which corresponds to Cu(l). After exposing the
material to NOy, two distinct peaks at 935 and 932 eV, indicating the
presence of both Cu(ll) and Cu(l) (Fig. 5.16a and 5.16d) /1,8,27,28].
Additionally, a new peak at 406.7 eV in the N1s spectrum indicates the
presence of metal-coordinated NO2 molecules (Fig. 5.16b and 5.16e),
which is consistent with previous reports /27,32]. These observations
suggest a reversible charge transfer between NO and Cu(l) of CP5 takes
place during gas sensing. Further, the resistance of the CP5 sensor increases
upon exposure to the NO2 gas. This is a typical phenomenon when p-type
doping occurs in a n-type semiconductor. NO is known to behave as a p-
type dopant, confirming the n-type semiconducting property of CP5. The
recombination between the electrons in the CP5 sensor and the holes from
analytes decreases carrier concentration and increases the resistance of the
sensor. It was also observed that the band gap (Eg) of NO2 adsorbed CP5
has increased to 2.14 eV from 1.90 eV of pristine CP5 (Fig. 5.16¢ and
5.16f). The higher band gap results in increased resistance of material after

gas exposure.
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Fig. 5.16: (a) XPS spectra of Cu 2p before NO2 exposure (b) XPS spectra
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Overall, experimental results suggest that the sensing performance is due to

the adsorption of NO- and reversible charge transfer between the analyte

and Cu(l).

203



To support the experimental observations, computational analysis was done
using PBE-D3 GGA calculations. The equilibrium structure of both the
CP5 and CP6 for NO2 sensing was obtained by PBE-D3 method using
Vienna Ab initio Simulation Package (VASP) suite code /63—65]. This
study investigated the potential of CP5 and CP6 for NO2 sensing by
optimizing their structures and calculating the change in Gibbs free energy
(AG) after NO, adsorption. The change in Gibbs free energy (AG) was
calculated after NO» adsorption for both the CP5 and CP6 to assess their
NO- sensing capabilities. The results revealed that the change in the values
of Gibbs free energy for the CP5 is lower than the CP6. Specifically, the
values of AG were determined to be -2.5 eV for CP5 and -2.0 eV for CP6.
Further, the adsorption energy of NO2 molecules on CP5 and CP6 material
was found to be -2.48 eV and -2.21 eV. These values suggest that the NO-
adsorption on the CP5 is energetically more favorable than the CP6.
Moreover, We performed a Bader charge analysis to calculate the charge on
the atoms of the CPs (Fig. 5.17) /66]. In case of the CP5, the Cu atom
acquired a 0.24e charge, while the charge acquired by the Cu atom in CP2
was -0.30e. A small positive charge on the Cu atom of CP5 material
indicates that it is electron-rich and would be more favorable to interact with

n—accepting NO> than CP6.

(b)

©=C 0=Cu @=1 =P =N O=H ©=Br
Fig. 5.17: The charge density distribution of (a) CP5 and (b) CP6 material,

in yellow, shows the charge accumulation.
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CP5, (e) The electronic band structure of the NO.-CP5, and (f) The total
DOS of the NO»-CP5.

This higher activity of CP5 towards NO sensing can be attributed to its
superior electronic properties and structural characteristics. So, we have
exclusively focused on the CP5 for further investigation because it has
demonstrated superior NO2 sensing capabilities compared to the CP6; The
optimized structures of both the CP5 and NO,-CP5 (where NO: is
considered with the pristine CP5) are shown in Fig. 5.18a and 5.18d,
respectively. We further analyzed the electronic properties of both the
pristine CP1 and NO.-CP5. The electronic band structure calculations show
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that the pristine CP5 has a direct band gap of 0.28 eV, as shown in Fig.
5.18b. The normalized band structure of CP5 has been computed with
respect to the Fermi level (Er) using the k-vector I'-M-K-I" path. This
finding is confirmed by the total density of states (DOS) calculations,
illustrated in Fig. 5.18c. The small energy band gap of the pure CP5
material suggests that there is a possibility of higher electronic conductivity
and a more efficient charge transfer during NO> adsorption. Furthermore,
we have used the same PBE-D3 GGA method to obtain the equilibrium
structure of the NO2-CP5 after sensing the NO. Our calculations reveal that
the NO2 molecule adsorbs at the Cu site of the CP5. The weak bond length
between Cu and the adsorbed NO. molecule has been calculated to be
approximately 2.37 A. The electronic band structures and the total DOS of
the NO2-CP5 are shown in Fig. 5.18e and 7f, respectively. A highly
symmetric k-vector I'-M-K-I" direction has been used to compute the
normalized band structure of NO2-CP5. The electronic band structure
calculations of NO»-CP5 reveal a band gap of about 0.59 eV. This
observation is further confirmed by the DOS calculations presented in Fig.
5.18f, where we have observed almost negligible electron density of states
around the Fermi energy level (Er). We have also analyzed the Fermi energy
(EF) level shift after the NO adsorption on CP5 material. The Fermi energy
of CP5 (before NO. adsorption) was —3.23 eV and the Fermi energy of
NO,-CP5 (after NO2 adsorption) was —3.80 eV. The Fermi energy level shift
was found to be —0.57 eV which means the Fermi energy (Er) level has
shifted downwards by 0.57 eV after the NO> adsorption on CP5. The
increase in the band gap suggests that the strong electron-withdrawing
nature of the NO- group significantly alters the electronic properties of the
NO2-CP5, potentially enhancing its sensitivity towards NO- detection. Our
study demonstrates that CP5 is a promising candidate for NO2 sensing
applications due to its higher activity and better electronic properties than

CP5. These findings provide valuable insights
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for designing and developing advanced NO- sensors based on the organic-

inorganic framework.

Table 5.2. Comparison table for NO2 gas sensing with room temperature

MOF-based sensors.

Sensing Conc. Res/Rec | LOD
. Response . References
material (ppm) time (s)
Angew. Chem.
Cu-Salphen- 0 0.28 Int. Ed. 2023,
MOF 10 766 % 135/412.2 opm 62,
e202302645
Adv. Sci. 2019,
0, — —
Cus(HHTP), 5 29.95% | 1080/ 6. 1000250
10 021 Angew. Chem.
HIOTP-Ni 405 % 41.4/619.2 ' m 2023, 135,
PP | 6202306224
Angew. Chem.
0.269 | Int. Ed. 2024,
Zns(HHT 1 168 % 132/594
n( Q)2 0 68 % 32/59 opm 63,
202408189
J. Am. Chem.

CUFK-INA | 10 | 14349 | 218312\ 14120 o0 5003 145

° PP 1 9203 10302
Cus(HHTP), Nat. Commun.
pf)wder “| s | 18% | saw0- | 1ppm 2021, 12, 4294
ACS Sens.
PCN-222-Cu | 0.02 | 4418% | 67/261 (;r?s 2023, 8, 4353—
4363
ACS Sens.
PCN-222-Ni | 015 | 1815% | 82/159 ir?t? 2023, 8, 4353
4363
CP5 10 1250% 15.5/21 F:)Lpi ThisWork
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Table 5.3. Comparison table for NO2 gas sensing with hybrid room

temperature MOF-based sensors.

. . Conc. | Respo | Res/Rec | LOD
Sensing material . References
(ppm) | nse time (s)
Nis(HHTP),/
polyimide (P1), 1| 215% | -/ 56b Acslgigs'léozz;’ %
tape (PET) PP -
0.19 ACS Appl. Mater.
AU/ZIF-8-film 10 46 % | 7.2/>600 ) m Interfaces 2019,
PPM |11, 13624-13631
63.9 - 600/~ ACS Cent. Sci.
Cus(HHTP),-NFs 5 % 600 - 2021, 7, 1176—
1182
Cus(HHTP),/Fe,O 63.5 ~ 600/~ 11 ACS Cent. Sci.
Us(HHTP)/Fe; 5 ' 2021, 7, 1176
3 % 600 ppb
1182
89.9 1 Nat. Commun.
Pt@Cus(HHTP); 3 % 492/492 opm 2021, 12, 4294
MIL-101(C 0.06 J. Am. Chem. Soc.
10HCS g0 | 4s9 | 1somrr. | %9 | 2016, 138, 10088
PEDOT ppm
10091
LIG@Cus(HHTP,) 0.168 Nat. Commun.
0.001 151 oob | 2023, 14, 3114
Pd@Cus(HHTP), 62.1 828/-- Adv. Sci. 2019, 6,
) 1ppm
% 1900250
Thin film
89.9 0.1 Nat. Commun.
Pt@Cus(HHTP), 3 % 492/-- ppm 2021, 12, 4294
cP@ Coz(HHTP), 95 2863 300/600 0.25 | Adv. Mater. 2024,
' % ppm 36, 2312382
CP@ Nig(HITP), | . | 2282 " 0.25 | Adv. Mater. 2024,
' % ppm 36, 2312382
CP5 10 1550 15.5/21 13 This Work
%) ppb
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5.4. Summary:

We have demonstrated two new semiconducting 1D hybrid Cu(l)
frameworks, [Cu2X2(PPh3)2(Ls)]n (X = | and Br for CP5 and CP6,
respectively) with distinct SBUs. While CP5 has a repeating SBU with one
terminal and one bridging iodine, CP6 has two distinct SBUs arranged
alternately throughout the 1D chain. Chemiresistive sensing devices
fabricated using these semiconducting materials exhibit NO2 sensing
properties. CP5, in particular, exhibited superior sensing performance, with
a response approximately three times higher than that of CP6. Room
temperature operation and selective sensing for NO2 gas coupled with a high
response (1250%), and ultrafast response time (15.5 sec.) toward 10 ppm
NO- gas highlights its potential as a highly efficient chemiresistive NO>
sensor. The experimental and theoretical studies were performed to
elucidate the mechanism, which suggests that the excellent performance is
due to effective charge transfer between Cu(l) and adsorbed NO> on CP5.
Further, the exposed active sites in a 1D framework and comparatively
electron-rich metal center, make CP5 an efficient NO2 sensor whose sensing
performance is comparable to the best room temperature MOF/CP based
chemiresistive sensors reported so far. This work provides further insight
into designing novel chemiresistive sensing materials using coordination
complexes and holds great potential for the development of stable and
efficient room temperature NO> sensors for applications in environmental

monitoring and healthcare.
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Chapter 6

General conclusion and future

scope



6.1. Conclusions

In conclusion, this thesis demonstrates the design, synthesis, and
application of copper-based coordination polymers (CPs) and metal-
organic frameworks (MOFs) for effective gas sensing, with an
emphasis on detecting toxic gases such as NO2 and NHs. Chapter 1
introduces the need for advanced materials in gas sensing and
highlights copper(l) frameworks, especially those with N and S
donor ligands, as promising alternatives. Chapter 2 explores
copper(l) coordination polymers with unique emissive properties,
including solvatochromism and mechanoluminescence, which
support their potential for multifunctional sensor applications.
Chapter 3 presents a 2D semiconducting copper(l)-MOF that
exhibits mesoporosity, enabling highly selective and rapid NO-
detection at room temperature, setting new benchmarks in MOF-
based sensors. Chapter 4 investigates two copper(l) coordination
polymers, CuTz1 and CuTz2, focusing on the impact of framework
dimensionality on gas sensing. CuTzl, in particular, shows
excellent NHs selectivity, sensitivity, and response times,
establishing it as a leading material for ammonia sensing. In Chapter
5, two 1D Cu(l)-based frameworks (CP5 and CP6) are introduced,
with CP6 displaying an ultrafast, reversible NO2 sensing response
due to efficient charge transfer, along with straightforward synthesis
and device fabrication. Collectively, these chapters present a
cohesive study on copper(l)-based frameworks, showcasing their
advantages over traditional materials and underscoring their
potential in practical applications for environmental monitoring,
industrial safety, and diagnostics. The work provides a promising
pathway for future developments in MOF/CP-based gas sensing
technologies.
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6.2. Future Scopes:

6.2.1. Advancing Material Properties: The effectiveness of
copper(l) CPs and MOFs in chemiresistive gas sensing hinges on
critical parameters such as surface area, porosity, stability, and
conductivity. Enhancing these aspects through the strategic design
of conjugated ligands and stable molecular frameworks will
improve charge transfer efficiency and enable more precise and
reliable sensing performance.

6.2.2. Improved Fabrication Techniques: Drop-casting methods
often result in uneven material distribution, which compromises
sensor uniformity and repeatability. Employing advanced
techniques like spin coating, spray coating, in-situ growth, or layer-
by-layer deposition can create uniform, high-quality films, leading
to enhanced sensitivity and consistent sensing outcomes.

6.2.3. Optimizing Analyte Interaction: Engineering surface-active
sites to enhance selective interactions with target gases will
significantly improve sensitivity and reduce cross-reactivity,
enabling more efficient and accurate detection of specific analytes.
Scalable

6.2.4. Production and Integration: Developing scalable and cost-
effective methods for producing chemiresistive sensors can
facilitate their adoption in diverse applications such as
environmental monitoring, industrial safety, and healthcare. These
advancements will enable the integration of sensors into portable
and real-time monitoring devices.

6.2.5. Robust Performance in Diverse Conditions: Addressing
challenges like humidity and temperature variations by
incorporating durable materials and adaptable sensing protocols can
ensure long-term operational stability, expanding chemiresistive

sensors' utility across various environmental conditions.
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6.2.6. Addressing Real-World Challenges: To further strengthen
practical applicability, future studies should also focus on evaluating
sensor stability under humid conditions, selectivity against complex
mixtures of volatile organic compounds (VOCs), and challenges
associated with scaling up device fabrication. Addressing these
aspects will provide a more comprehensive and balanced

understanding of the material and device performance in real-world

scenarios.

Fig. 6.1: Schematic |Ilustrat|on of dlfferent technlques for achieving
improved sensing performance, reproduced with permission from John
Wiley and Sons, ref [1].
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Fig. 6.2 An overview of the main techniques and applications of the energy-

saving gas sensors, reproduces with permission from Elsevier, ref [2].
(Nano Energy 79 (2021) 105369)
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