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ABSTRACT

The rise of industrialization and population has directly hastened air
pollution, due to the emission of toxic gases or volatile organic
compounds (VOCs). These hazardous gases or VOCs directly or
indirectly pose serious threats to the environment and human health.
Consequently, the detection of these harmful gases has gained paramount
importance. Therefore, there is a need to develop a gas or VOC sensor
that can identify toxic gases or VOC molecules in the surroundings. Thus,
the development of high-quality, low-power-consuming, and affordable
gas sensors has become a crucial societal demand for the real-time
monitoring of toxic and inflammable gases or VOCs. This demand
requires advanced functionalized sensing materials, such as conjugated
polymers and organic-inorganic hybrids, which offer increased sensitivity
and efficiency at room temperature (RT). Conjugated polymers and
organic-inorganic hybrid materials have emerged as promising sensing
materials due to their unique properties, such as high sensitivity,
selectivity, stability, reproducibility, and the ability to operate at room
temperature.
In this thesis, | have focused on designing and synthesizing functionalized
organic molecules including conjugated polymers and organic-inorganic
hybrid materials. These functionalized organic molecules will serve as
active functional sensing materials for chemiresistive sensors. These
sensing materials have the potential to detect toxic gases or VOCs with
high sensitivity and selectivity in various environments.
The primary objectives of my current research are as follows:
¢ To design and synthesize covalent organic polymers, whose backbones
were functionalized with amide or thioamide functional groups for the
detection of H>S at 25 °C.
¢ To design and synthesize conjugated polymers with backbones
containing benzoselenadiazole and thiazole for the detection of SO; at
25 °C.
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To design and synthesize imine-linkage nanoporous covalent organic
polymers (nCOPI), subsequently imine bonds were reduced to amine
linkage nanoporous covalent organic polymer (hnCOPA) and employed
for the detection of NHz at 25 °C.

To design and develop the NDICY-ZnO nanohybrid (NDI =
naphthalenediimide, C = 6-aminocaproic acid, Y = L-tyrosine) via a

single-pot method for the detection of ethanol at 27 °C.

Investigating the Role of Amide to Thioamide Substitution of a
Covalent Organic Polymer for the Selective Chemodetection of
H2S at Room Temperature

The demand for hydrogen sulfide (H2S) sensors significantly rising
due to their importance in diagnosing metabolic diseases and
monitoring environmental pollution. Covalent organic polymers
(COPs) are gaining interest in gas sensing due to their unique
features, including high surface area, porous characteristics,
lightweight, and operation at RT. Herein, | have designed and
synthesized two covalent organic polymers (COPs), in which the
backbone was functionalized with amide (COPO) and thioamide
(COPS) bonds and characterized through various techniques.
Furthermore, COPO and COPS were employed as sensing materials
for the selective detection of H.S at 25 °C. The COPO sensor
exhibited a response 2.6 times higher, reaching 190%, to 100 ppm of
H>S, with a rapid response/recovery time of 20/40 s, in comparison to
COPS (response = 73%). The COPO sensor exhibited a linear
increment in the response value with an increase in concentration.
The COPO sensor also exhibited remarkable selectivity against other
toxic gases with limit of detection (LOD) and limit of quantification
(LOQ) values of 0.75 ppb and 2.5 ppb, respectively. The sensing
mechanism of COPO and COPS was proposed based on the
hydrogen bonding between H>S and NH of amide or thioamide
bonds, which inhibits the conduction of proton in the COP.
Accordingly, the resistance of COP sensors increased and the

response was calculated. The above-discussed results suggest the
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diverse applications of COPO in industries and environmental

monitoring.

. Tailoring Thiazole Decorated Polymer with Benzoselenadiazole for
Enhanced SO:2 Sensing

Sulfur dioxide (SO.) poses a threat to both human health and the
environment. Nevertheless, the progress in the development of SO-
sensors operating effectively at RT has been significantly limited due
to their insufficient recovery capabilities. Conjugated polymers (CPs)
incorporated with benzoselenodiazole/thiazole rings in the backbone of
CPs offer significant selectivity towards SO> gas in real-time
monitoring. Herein, | have designed and developed CP, which was
decorated with thiazole rings named BBT. Further, the backbone of
BBT CP was functionalized with benzoselenadiazole ring, resulted CP
was named BBTBSe and both BBT and BBTBSe were well
characterized by different techniques. Furthermore, BBTBSe and BBT
were employed for the selective chemodetection of SO, at 25 °C. The
BBTBSe sensor exhibited a 4.3 fold enhanced response (R¢/Ra) of
199.4 to 100 ppm of SO with a fast response/recovery time of 60/70 s,
as compared to BBT (response = 45.7). Thus, the BTBBSe sensor
shows excellent selectivity against other interfering gases with a
selectivity factor greater than 5.3, complete reversibility, and
prolonged stability at 25 °C. Moreover, BBTBSe sensors exhibited a
linear increase in the response with concentration. Additionally, the
LOD and LOQ values were calculated to be 0.23 and 0.76 ppb,
respectively. The plausible mechanism is described on the basis of the
interaction of SO> molecules on the surface of CPs. The nitrogen atom
present in the benzoselenadiazole and thiazole ring increases the
basicity of the CP, which offers a large number of active sites for the
interaction of SO» (acidic gas) molecules. The lone pairs of N would
be transferred to S of SO, leading to weak dipole-dipole interaction. A
significant change in the resistance was observed in the BBTBSe

sensor. Impressive outcomes propose a practical method for precise



detection of SO using the BBTBSe sensor, which recommends its

industrial and environmental applications.

. Tailoring NHs Sensing Responsiveness through Amine
Modification of Imine-based Nanoporous Covalent Organic
Polymer

In this report, 1 have synthesized imine-linkage nanoporous covalent
organic polymer (nCOPI) and further imine bonds were reduced to an
amine-linkage nCOP (nCOPA). nCOPI and nCOPA have been
employed for the selective detection of NHz at 25 °C. The nCOPA
sensor exhibited 18.8 fold enhanced response (Rg/Ra) of 1700% to 500
ppm of NHs with a fast response/recovery time of 60/70 s, as
compared to nCOPI (response = 91%). The nCOPA sensor shows
remarkable selectivity against other interfering gases, repeatability,
complete reversibility, and long-term durability at 25 °C. Moreover,
the response of the nCOPA sensor linearly increases with
concentration. Additionally, the LOD and LOQ values were observed
to be 0.25 ppb and 0.86 ppb, respectively. The proposed NH3z sensing
mechanism is based on the charge transfer between the NH3 (which
acts as an electron donor) and p-type nCOPA (an electron acceptor),
where the holes are the majority carriers. In the NH3 atmosphere, NH3
molecules donate their electrons to the holes in nCOPA which reduces
the number of holes. This increased the resistance of the nCOPA
sensor and the response value was calculated. Additionally, NH3
molecules may form hydrogen bonds with the NH group of nCOPA,
which inhibits the conjugation within the nCOPA backbone. This
weakened conjugation causes a decrease in the mobility of charge
carriers (holes), resulting in a notable increase in resistance. The
impressive outcomes suggest that nCOPA sensors could be employed

for precise NHs detection in industries and environmental monitoring.

. Fabricated Chemiresistive Sensor for Detection of Ethanol Using
NDICY-ZnO Nanohybrid



Elevated levels of ethanol vapors may serve as a biomarker for fatty
liver diseases and can cause significant damage to the nervous system.
In this study, | have synthesized an NDICY-ZnO (NDI =
naphthalenediimide, C = 6-Aminocaproic acid, Y = L-tyrosine)
nanohybrid using a facile single-pot hydrothermal method and
characterized it by using various techniques. The NDICY, ZnO, and
NDICY-ZnO nanohybrids were used to detect ethanol vapors at 27 °C.
The sensing experiment revealed that the NDICY-ZnO nanohybrid
exhibited a maximum response of 66.4% towards 500 ppm ethanol,
compared to the NDICY and ZnO precursors, which exhibited
responses of 17.8% and 19.6%, respectively. It also demonstrates
sufficient selectivity towards ethanol vapors over other interfering
gases or VOCs. Interestingly, the sensor's performance was improved
under humid conditions. Furthermore, the NDICY-ZnO fabricated
device exhibited excellent stability and remained steady for 90 days
under ambient conditions. The synergistic effect of NDICY-ZnO
nanohybrid has resulted in excellent sensitivity and adequate selective
behavior towards ethanol, which makes it a promising sensing material

for practical applications with outstanding features.
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0.1/P-1.0 sensors and (f) proposed NO. gas sensing
mechanism.

Figure 1.10 (a) Heteroatom-containing Ph-COP, Py-COP, and
BF-COP organic polymers. (b) Response curves to 40 ppm
NHz for Ph-COP, Py-COP, and BF-COP sensors. (c) Transient
plot illustrating BF-COP sensor response to different
concentrations of NHs, insets showing the correlation between
response and concentrations of NHz. (d) Long-term durability

analysis of BF-COP sensor responding to NHz (40 ppm) at RT,
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with insets demonstrating the repeatability curve and (e)
selectivity of BF-COP sensor against different gases exposed at
40 ppm, with insets showcasing sensor response under varying
relative humidity levels.

Figure 1.11 (a) Schematic illustration of growth of NBA-ZnO
nanohybrid. (b) Schematic of the flexible sensor and SEM
images of interdigitated electrodes. (c) Dynamic response of
NBA NPs, ZnO NPs and NBA-ZnO nanohybrid towards 2000
ppm CO. (d) Transient response curve of NBA-ZnO
nanohybrid towards CO> gas (5000 ppm). (e) Selectivity graph
of NBA-ZnO nanohybrid towards interfering gases. (f) The
dynamic response graph of NBA-ZnO nanohybrid to different
concentrations of CO- gas. (g) Correlation curve of NBA-ZnO
nanohybrid between response and concentration of CO, gas
and (h) repeatability graph for 3 consecutive cycles to
CO2 (5000 ppm) gas under different bending conditions.
Figure 1.12 (a) Response/recovery times curves to 10 ppm
NHs for the GCs/PANI-1, GCs/PANI-3, and GCs/PANI-9
sensors. (b) Response of the GCs/PANI-3-based sensor
exposed to different concentrations within the range of 5-1600
ppm of NHaz. (c) Repeatability curve of GCs/PANI-3 towards
100 ppm NHz for four consecutive cycles. (d) Selectivity graph
of GCs/PANI-3 towards 100 ppm of other interfering gases. (e)
Impact of RH on the response to NHs for GCs/PANI-3. (f)
Long-term durability to NH (100 ppm) of GCs/PANI-3 and (g)
schematic illustration of the interaction of PANI and NH3
molecules.

Figure 1.13 (a) Schematic depiction for PAInxAy nanohybrid
preparation and sensing device fabrication. (b) Dynamic
response of PANI, PAIn10, PAIn20A0.5, PAIn20Al1, and
PAIN5A2 sensors to different NHs concentrations. (c) Single
cycle response curve of PAIn20A1 sensor towards 5 ppm NHa.

(d) Repeatability curve of PANI, PAIn10, PAIn20A0.5,

XXiil

30

32

34



PAIN20A1 and PAIN5A2 sensor towards 5 ppm NHs. (e) Long-
term durability graph of PAIn20A1 sensor towards 5 ppm NHs.
(F) Selectivity of PAIN20A1 sensor to NHs against different
gases and (g) schematic representation of sensing mechanism

of PAInx nanohybrid and PAInxAy nanohybrid.

Chapter 2: Investigating the Role of Amide to Thioamide
Substitution of a Covalent Organic Polymer for the
Selective Chemodetection of H2S at Room Temperature
Figure 2.1 (a) Schematic representation of COPO synthesis via
mechanochemical method and gas sensing device fabrication
on IDEs. (b) PXRD patterns of 1,3,5-benzenetricarbonyl
trichloride, 3,4-diaminobenzhydrazide, COPO and COPS, and
(c) FT-IR spectra of 1,3,5-benzenetricarbonyl trichloride, 3,4-
diaminobenzhydrazide, COPO and COPS.

Figure 2.2 13C CP-MAS solid-state NMR of (a) COPO and (b)
COPS. Nitrogen (N2) adsorption/desorption isotherm of (c)
COPO and (d) COPS. (inset figures pore diameter curve of
COPO and COPS, respectively, calculated by BJH method).
Figure 2.3 (a) Thermal stability graph of the COPO and COPS
and (b) DSC curves of COPO and COPS on the second heating
scan.

Figure 2.4 FE-SEM image of (a) COPO and (b) COPS. (c)-(f)
EDS pattern and elemental mapping of COPO. (g)-(j) EDS
pattern and elemental mapping of COPS.

Figure 2.5 High-resolution TEM images of (a) COPO (inset
SAED pattern) and (b) COPS (inset SAED pattern). AFM
images of (¢) COPO and (d) COPS.

Figure 2.6 (a) Single transient response-recovery cycle of the
COPS sensor to 100 ppm H>S at 25 °C. Transient resistance
response of the (b) COPO and (c) COPS sensors to 100 ppm
H>S at 25 °C.

Figure 2.7 (a) The response of COPO and COPS fabricated
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sensor towards 100 ppm H.S. (b) Single transient response-
recovery cycle of the COPO towards 100 ppm H.S. (c)
Selectivity of the COPO sensor against other gases at different
concentrations. (d) Dynamic response of COPO sensor for H,S
from 100 ppm to 100 ppb. (¢) The linear fitting curve of
response and concentration of H.S and (f) effect of RH on
sensing performance of COPO towards 100 ppm H2S.

Figure 2.8 (a) Response of the COPO sensor to 100 ppm H>S
for 25 consecutive cycles at 25 °C and (b) response of the
COPO sensor to 100 ppm H2S for 2 months at 25 °C.

Chapter 3: Tailoring Thiazole Decorated Polymer with
Benzoselenadiazole for Enhanced SO2 Sensing

Figure 3.1 *H NMR spectrum (500 MHz, CDCls) of 2.
Figure 3.2 13C NMR spectrum (125 MHz, CDCls) of 2.
Figure 3.3 'H NMR spectrum (500 MHz, DMSO-ds) of 3.
Figure 3.4 1*C NMR spectrum (125 MHz, DMSO-ds) of 3.
Figure 3.5 *H NMR spectrum (500 MHz, CDCls) of 5.
Figure 3.6 1*C NMR spectrum (125 MHz, CDCls) of 5.
Figure 3.7 'H NMR spectrum (500 MHz, CDCls) of 6.
Figure 3.8 1*C NMR spectrum (125 MHz, CDCls) of 6.
Figure 3.9 (a) PXRD spectrum of 2,5-diaminobenzene-1,4-
dithiol, BPBSe and BBTBSe. (b) PXRD spectra of 1,4-
dicyanobenzene and BBT. (c) FTIR spectrum of 2,5-
diaminobenzene-1,4-dithiol, BPBSe and BBTBSe and (d)
FTIR spectra of 2,5-diamino-1,4-benzenedithiol, 1,4-
dicyanobenzene and BBT.

Figure 3.10 (a) 13C CP-MAS NMR of BBTBSe and (b) H
NMR (500 MHz, DMSO-dg) spectrum of BBT.

Figure 3.11 N adsorption/desorption isotherm curves of (a)
BPBSe (b) BBTBSe, and (c) BBT (Inset pore diameter curve of
(a) BPBSe, (b) BBTBSe, and (c) BBT, calculated by NL-DFT

method). (d) Thermogravimetric analysis of BPBSe and
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BBTBSe and (e) thermogravimetric analysis of BBT to
investigate the thermal stability of the curve.

Figure 3.12 FESEM images of (a) BPBSe, (b) BBTBSe.and

(c) BBT. HRTEM images of (d) BBTBSe and (e) BBT.

Figure 3.13 (a) XPS survey spectrum of BBTBSe. The
deconvolute spectrum of (b) Se, (c) S 1s, (d) N 1s, and (e) C 1s
in BBTBSe. (f) XPS survey spectrum of BBT. The
deconvoluted spectrum of (g) S 1s, (g) N 1s, and (i) C 1s
present in BBT.

Figure 3.14 Current-Voltage (I-V) analysis of (a) BBTBSe and
(b) BBT fabricated sensors.

Figure 3.15 (a) Response of BPBSe, BBT, and BBTBSe
sensors to 100 ppm SO2. (b) Single transient curve of
response/recovery time of BBTBSe sensor to 100 ppm SO.. (c)
Selectivity of BBTBSe and BBT sensors for various gases. (d)
Dynamic response for BBTBSe and BBT sensors for different
concentrations of SO (1 to 100 ppm). (e) The relation between
SO> concentration (1 to 50 ppm) and the response of BBTBSe
sensor and (f) the relation between SO> concentration (1 ppm
to 50 ppm) and the response of BBT sensor at 25 °C.

Figure 3.16 (a) Response of BBT and BBTBSe sensors
towards 100 ppm SO2 under different RH (57% to 97% RH)
conditions. (b) Repeatability curve of BBTBSe and BBT sensor
towards SO> and (c) long-term stability of BBTBSe and BBT

sensors towards 100 ppm SO..

Chapter 4: Tailoring NH3 Sensing Responsiveness through
Amine Modification of Imine-based Nanoporous Covalent
Organic Polymer

Figure 4.1 'H NMR spectrum (500 MHz, CDClIs) of TP3F (3).

Figure 4.2 C NMR spectrum (125 MHz, CDClIs) of TP3F (3).
Figure 4.3 (a) Synthetic scheme of conversion of imine based
nCOP to amine based nCOP and (b) Schematic illustration of
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fabrication of nCOP on IDE.

Figure 4.4 (a) FTIR spectrum of 3,4-diaminobenzhydrazide,
TP3F, nCOPI, and nCOPA. (b) PXRD spectrum of 3,4-
diaminobenzhydrazide, TP3F, nCOPI, and nCOPA. (c) *C CP-
MAS NMR of COPA. FE-SEM images of as-synthesised (d)
nCOPI and (e) nCOPA.

Figure 4.5 FE-SEM images of as-synthesized (a) TP3F, (b)
nCOPI and (c) nCOPA. (d)-(i) EDS pattern and elemental
mapping of nCOPI. (h)-(k) EDS pattern and elemental mapping
of NCOPA. HR-TEM images of (I) nCOPI and (m) nCOPA.
Figure 4.6 Nitrogen sorption isotherm of (a) TP3F, (b) nCOPI,
and (c) nCOPA. (d) Thermal stability curve of TP3F, nCOPI,
and nCOPA.

Figure 4.7. (a) XPS survey spectrum of nCOPI. Deconvoluted
spectra of (b) Cls (c) N1s and (d) Ols of nCOPI. (e) XPS
survey spectrum of nCOPA. Deconvoluted spectra of (f) C1s,
(9) N1s and (h) O1s of nCOPA.

Figure 4.8 (a) Current-voltage (I-V) curve of nCOPA
fabricated sensor at 25 °C. (b) Comparison of response for
nCOPI and nCOPA towards 500 ppm NHs at 25 °C. (c) Single
cycle response curve of nCOPA with response/recovery time
towards 500 ppm NHaz. (d) Response of nCOPA towards
different gases at 100 ppm at 25 °C. (e) Dynamic response
curve of nCOPA from 1 to 500 ppm NHz concentration at 25
°C.and (f) response of nCOPA towards 500 ppm NHz under
different humid (57% to 97% RH) condition at 25 °C.

Figure 4.9 (a) Correlation between response of nCOPA and
different concentrations of NH3 (b) Repeatability assessment of
nCOPA sensor towards 500 ppm NHs for 5 consecutive cycles
at 25 °C. (c) Long-term stability curve of nCOPA at every 5™
day for 60 days at 25 °C and (d) response of nCOPA to 500

ppm NHj3 at different temperatures.
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Chapter 5: Fabricated Chemiresistive Sensor for Detection
of Ethanol Using NDICY-ZnO Nanohybrid

Figure 5.1 'H NMR spectrum (400 MHz, DMSO-ds) of
Boc-Cap-OH (2).

Figure 5.2 13C NMR spectrum (100 MHz, DMSO-ds) of Boc-
Cap-OH (2).

Figure 5.3 ESI-MS spectrum of Boc-Cap-OH (2).

Figure 5.4 'H NMR spectrum (400 MHz, DMSO-ds) of Boc-
Cap-Y-OMe (5).

Figure 5.5 3C NMR spectrum (100 MHz, DMSO-ds) of Boc-
Cap-Y-OMe (5).

Figure 5.6 ESI-MS spectrum of Boc-Cap-Y-OMe (5).

Figure 5.7 'H NMR spectrum (400 MHz, DMSO-ds) of
NDICY-OMe (7).

Figure 5.8 *C NMR spectrum (100 MHz, DMSO-ds) of
NDICY-OMe (7).

Figure 5.9 ESI-MS spectrum of NDICY-OMe (7).

Figure 5.10 *H NMR spectrum (400 MHz, DMSO-ds) of
NDICY (8).

Figure 5.11 C NMR spectrum (100 MHz, DMSO-ds) of
NDICY (8).

Figure 5.12 ESI-MS spectrum of the NDICY (8).

Figure 5.13 Schematic representations of the synthesis of
NDICY-ZnO composite nanohybrid via hydrothermal method
and fabrication of nanohybrid on interdigitated electrode.
Figure 5.14 Schematic representation of self-assembled
organic-inorganic nanohybrid.

Figure 5.15 (a) PXRD patterns of NDICY, ZnO, and NDICY -
ZnO nanohybrid. (b) FTIR spectra of NDICY and NDICY-
ZnO nanohybrid. (c) TGA curves of NDICY and NDICY-ZnO
and (d) table containing the amount (%) of ZnO in NDICY-
ZnO nanohybrid was determined by TGA using the given

formula.
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Figure 5.16 BET surface area of (a) NDICY, (b) ZnO, and (c)
NDICY-ZnO nanohybrid inset with pore diameter curve
calculated by NL-DFT method and (d) Table containing BET
surface area and pore volume of NDICY, ZnO and NDICY-
ZnO nanohybrid.

Figure 5.17 (a) SEM images of NDICY. SEM images of
NDICY-ZnO nanohybrids at different molar concentrations (b)
1:25, (c¢) 1:50 and (d) 1:100 inset with EDS analysis of
NDICY-ZnO nanohybrid. (e) Elemental mapping of NDICY -
ZnO showing uniform distribution of elements in (a) 1:25, (b)
1:50 and (c) 1:100 molar ratio.

Figure 5.18 (a) SEM image, (b) EDX, (c) and (d) Elemental
mapping of ZnO.

Figure 5.19 (a) TEM image of NDICY-ZnO. (b) HRTEM
image of NDICY-ZnO. (c) SAED pattern of NDICY-ZnO. (d)
TEM of ZnO. () HRTEM of ZnO and (f) SAED pattern of
ZnO0.

Figure 5.20 (a) XPS survey spectra of NDICY-ZnO.
Deconvoluted XPS spectra for the element of (b) Zn, (c) Cls,
(d) O1s, and (e) N1s in NDICY-ZnO nanohybrid.

Figure 5.21 XPS spectra of (a) ZnO. (b) Deconvoluted XPS
spectra of (b) Zn and (c) O1s.

Figure 5.22 (a) 1-V response of NDICY-ZnO nanohybrid at 27
°C. (b) Single-cycle response of ethanol when exposed to
NDICY, ZnO and NDICY-ZnO sensing layer. (c) Dynamic
response-recovery curve of the NDICY-ZnO nanohybrid
sensor. (d) Response of ethanol (500 ppm) at different molar
concentrations of NDICY and ZnO. (e) Dynamic response of
ethanol of the mechanical grinded NDICY-ZnO composite-
based sensor to 500 ppm at 27 °C and (f) Response/recovery
variation at different concentrations of ethanol vapors.

Figure 5.23 (a) Humidity effect on the sensing layer when

ethanol vapors were exposed at 27 °C. (b) The selectivity of
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ethanol among different interfering gases and VOCs. (c) The
repeatability study of the NDICY-ZnO sensor at 500 ppm of
ethanol vapors and (d) long-term stability of ethanol response
was studied for 90 days.

Figure 5.24 Reproducibility curve of (a) 1:25, (b) 1:50, and (c)
1:100 NDICY-ZnO based sensors towards 500 ppm ethanol.
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1.1 Introduction

1.1.1 Essential Need for a Gas or Volatile Organic Compound (VOC)
Sensor

Over the past few years, the advancement of modern civilization has led
to a substantial release of detrimental gases (such as CO2, NO2, NHs,
SOz, and CO) and volatile organic compounds (VOCs) (including
ethanol, methanol, acetone, formaldehyde, and chloroform) directly into
the air [1,2,3,4,5,6,7,8,9]. The evolution of the contemporary economy,
including sectors such as oil, electric power, chemical, and automobile
has significantly improved the human productivity and lifestyle.
Nevertheless, environmental pollution stemming from these industries
cannot be owverlooked [9,10,11,12,13]. Many human activities have
majorly contributed to environmental pollution for example release of
toxic pollutants from different sources such as the burning or dumping of
garbage, wastewater treatment, refineries, thermal power plants,
automobile emissions, and laboratories (Figure 1.1). Additionally, the
agro-livestock sector also contributes to pollution through the release of
nutrients, fertilizers, halogenated organic compounds, heavy metals, and
plant protection products [1,7].

The constant release of toxic gases or VOCs into the atmosphere,
deteriorating our natural surroundings as reported by the United Nations
[1,7,14]. According to the World Health Organization (WHO), the toxic
gases or VOCs in our environment have led to severe health risks [5,15].
People living in the areas where chemicals and contaminants are exposed
without control, experience an elevation in health disease. The
continuous intake of these toxic gases or VOCs has an adverse
physiological impact on human health for instance queasiness, fainting,
long-term illnesses, and respiratory infections which cause early death of
large numbers of people [3,8,11,12,14,16]. Moreover, VOCs can be
detected in exhaled breath because of diverse metabolic processes within
the human body. Remarkably, human breath contains nearly 900 VOCs,
serving as biomarkers that aid in the early detection of certain diseases

(Figure 1.1) [7,3,11,14,16]. The significant permissible limit, properties,
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sources, biomarkers of disease, and negative effects of these toxic gases

have been discussed in Table 1.1.
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Figure 1.1 Sources of dangerous gases or VOCs and their immediate and

prolonged impact on human health. [Adapted from google images]

Hence, the rapidly increasing demand for gas or VOC sensors across
various applications, including industrial processes, environmental
monitoring, healthcare, etc., has sparked considerable research
enthusiasm in gas sensor technology. Significant advancement in
materials science, gas sensor technology is aiming for major
advancements to meet the demands of future sophisticated sensor
devices. Additionally, strict government regulation significantly shapes
the growth of the gas-sensor market, which is expected to achieve a
compound annual growth rate (CAGR) of 7.0%, as stated by market
research [17].

The human olfactory system is intricate, highly sensitive, and capable of
discriminating a wide range of odors. However, it is important to note
that not all gases possess an odor, which makes them undetectable by
humans. Additionally, the nasal system may not perceive low
concentrations of gases or VOCs. Therefore, there is a significant need to
develop user and environment-friendly sensing materials with excellent
sensitivity and selectivity for detecting toxic gases or VOCs in real-time.

Additionally, sensors with properties such as cost-effective, long self-
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life, reliability, rapid response/recovery time, low-temperature operation,

tiny, low-power consumption, and low detection limit are in high

demand due to their wide range of applications for ecosystem
[2,5,10,15,18,19].

Table 1.1 Sources of pollutants, their impact on human health, exposure

limit, and the biomarkers for disease diagnosis

S. | Gas | Sources Negative Exposure | Biomarker | Reference
No. effects on | limits
human (ppm)
health
1. H2S Mining and | Eye and throat | 10 ppm Halitosis 20,21,17
petroleum injury,
industries dizziness, loss
of sense
2. NOz | Combustion | Chest <0.2 ppm Asthma 22,17
processes in | tightness,
automobiles, | coughing,
power damaged
plants, nervous and
chemical cardiovascular
factories systems,
respiratory
distress
3. SO2 Combustion | Skin and eye | 5 ppm - 17,23
of fossil | irritation, lung
fuels, failure,
industrial damage
pollutants, respiratory,
volcanic neurological,
eruptions, cardiovascular,
power plants | and  nervous
systems
4. NHs Emissions Respiratory 35 ppm Hepatic - | 24,25,26
from tract lesions, encephal-
industry, damage skin opathy,
agriculture, | and eye, helicoba--cter
and animal | chronic kidney pylori
husbandry disease infection
5. CO2 Buming of | Respiratory 5000 ppm - 27,28
fossil  fuel, | disorders such
volcanic as asthma and
gases chronic
obstructive
pulmonary
disease
6 CcO Incomplete Nausea, 9 ppm Chronic 17,29,30
combustion, | dizziness, obstructi-ve
industry and | coma pulmona-ry
vehicle disease
emissions,
smoking of
tobacco
7. EtOH | Painting Eyes and nose | 1000 ppm Fatty liver | 31,32
colors, irritation, diseases
fermentation | headache,
of sugar | drowsiness,
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cooking, dizziness,
and oil | nausea
refinery
8. Acet- | Vehicle Headache, 250 ppm Diabetic 33,34,35
one emissions, Necrosis,
tobacco fatigue, and
smoke irritation to the
eyes, nose, and
throat

1.1.2 Types of Gas or VOC Sensors

Gas or VOC sensors are employed in various sectors including
environmental surveillance, industrial security, and health care, thus, it is
important to detect toxic gases with high selectivity and sensitivity.
Therefore, different techniques have been discussed briefly that

effectively detect these harmful gases and VOCs (Figure 1.2).

1.1.2.1 Resistive Sensor

The principle of resistive sensors is based on alterations in resistance
resulting from the adsorption/desorption process of specific gases or
VOCs on the surface of the sensing material. VVarious materials, such as
metal oxides, polymers, organic-inorganic hybrid or composites, carbon
nanotubes, and graphene, can function as sensing materials. Metal oxides
are favored for high-temperature applications, whereas graphene-based
metal oxides, polymers, and carbon nanotubes are common in low-
temperature scenarios. The change in resistance, either increasing or
decreasing, depends on the targeted gas (reducing or oxidizing) and
sensing material type (p- or n-type). The fabrication of these sensors
involves placing the sensing layer onto an insulating substrate and
positioning them between or on the top of two metal electrodes (for
example Au or Pt) to observe the changes in electrical resistance.
Resistive gas sensors find utility in detecting toxic and explosive gases or
VOCs due to unique characteristics, including easy miniaturization,
affordability, excellent sensitivity, simple measuring electronics, and
rapid response/recovery time. This versatility makes them vital in
various applications where precise gas detection is essential for safety

and environmental monitoring [36,37,38,39].
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1.1.2.2 Electrochemical Sensor

An electrochemical gas sensor operates on the principle of potential or
current changes during the exposure of the gas or VOC on the sensing
material. The tested gas or VOC species undergo reduction or oxidation
on the cathode or anode, which alters the internal potential or current of
the sensing material. Typically, it is composed of a working electrode,
reference electrode, and solid electrode, these sensors measure potential
changes upon introducing the targeted gas and determines the gas
concentration through potential differences. The sensor offers wide-range
of gas or VOC detection with high resolution. The electrochemical
sensors demonstrate accuracy and repeatability at room temperature,
proving a cost-effective and reliable option for gas sensing that also
reveals crucial surface chemistry for selective interactions [40].

[ Types of Gas or ]
VOCs sensor
I

! ! l }
Resistive Electrochemic Colorimetry Optical
Gas Sensor al Gas Sensor Gas Sensor Gas Sensor

Interaction Between an Analyte and Sensing Materials

Changes Changes

Changes Changes Colour scattering,
Electrical Electrical of the absorption,
Resistance Current Sensing or emission
Material behaviour

IRRRREI

Figure 1.2 Various kinds of sensors for Gas or VOC detection. [Adapted
from ref. no 41,42,43]

1.1.2.3 Colorimetric Sensor

Colorimetric sensors work as a function of change in color due to
interaction between sensing material and targeted analyte. Recently,
colorimetric tubes have been employed in detecting various toxic gases

or VOCs. This technique involves the exposure of gas or VOC through a
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tube containing a sensing material, where the interaction between the gas

and sensing material induces a colour change of the material. The gas
concentration is subsequently assessed by measuring the length of the
resulting colour stain in the sensing material. Because of its rapid
detection, low cost, easy handling, and change in colour, it is regarded as
a useful technology for detecting hazardous gases or VOCs. These
features make it a practical and accessible option for gas and VOC

detection in a variety of applications [40,44,45,46].

1.1.2.4 Optical Sensors

An optical gas sensor functions by detecting a changes in the optical
absorption spectrum of the sensitive layer when it adsorbs gas molecules,
which provides information about the type and concentration of the gas
or VOC. Different techniques like UV, IR, fluorescence, and laser
absorption spectroscopy are generally considered as optical sensors. The
interaction of the gas molecules and sensing material causes a
measurable change in polarity, wavelength, and phase and these changes
are employed to recognize and quantify the concentration of gas or VOC.
However, the testing equipment for this sensor is typically bulky and
costly [40,47,48]. The selection of the sensing technique depends on the
targeted analyte, response time, selectivity, cost, and sensitivity

requirements.

1.1.3 Sensing Parameters

Analysis of gas or VOC sensing performance is a crucial feature of
evaluating the efficiency and reliability of the sensing material and
fabricated devices (Figure 1.3). Here are some fundamental parameters

used for investigating gas or VOC sensing performance:

1.1.3.1 Response: Response is the measure of change in resistance
during the exposure of the targeted gas or VOC over the sensing
material. This parameter is typically determined as the ratio of change in

electrical properties to baseline electrical properties when the targeted
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gas or VOC is exposed to the sensing material [50,51,52]. The
calculation of the response involves:

R
R (reducing gases) = R—a (1.1
g
R (oxidising gases) = I;—g (1.2)

a

where, Ry and Ra are the measurable properties of the sensor under
targeted gas or VOC and in atmospheric air, respectively. Additionally,

the percentage of response can be calculated using the given formulas:

R,— R
R (%) = % x 100 (1.3)
a

Rq— Ry

R (%) = x 100 (1.4)

g

Sensing Parameters

Response
Value

Response
Time

Recovery
Time

Dynamic
Concentration

Long Term
Durability

Figure 1.3 Various parameters for gases or VOCs sensing, provide
diverse methods to detect and analyze environmental toxic analytes.
[Adapted from ref. no 49]

1.1.3.2 Sensitivity: It is described as the ratio of the sensor's response to
targeted gas or VOC divided by the concentration per unit [53,54].

Response

§= Concentration (1.5)
1.1.3.3 Selectivity: Selectivity is the capacity of the sensing material to
discriminate a specific gas or VOC against other interfering gases or

VOCs under the same environment [55].

1.1.3.4 Response time: Response time is described as the duration it
takes to reach 90% of its total change in the property after the gas or

VOC is adsorbed on the sensing material’s surface [56,57].
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1.1.3.5 Recovery time: The recovery time represents the inverse of the

response time. It is defined as the duration it takes to regain 90% of its
initial baseline value after the gas or VOC is desorbed from the surface
of the sensing material [35,57].

1.1.3.6 Dynamic range: The sensor can detect gas or VOC molecules
within the concentration range situated between the lower and the upper

concentration limits [13,55,57].

1.1.3.7 Repeatability: The sensing material can induce a consistent
response when the same gas or VOC is exposed or removed repeatedly
for several consecutive cycles. It assures that the sensor’s results remain

reliable and robust over a period of time.

1.1.3.8 Stability: It is the capacity of the sensing material to reproduce a
similar response without much drift for a longer time when exposed to a

specific gas or VOC under the same environment [53,54,58].

1.1.3.9 LOD and LOQ: The limit of detection (LOD) is expressed as the
lowest quantity of the targeted gas that can be recognized by the sensing
material, while the limit of quantification (LOQ) is expressed as a
minimum level of targeted gas that can be quantified accurately and
precisely [13,53]. The LOD and LOQ are defined as:

3 XSD
c

10 XSD

o

where, SD is the standard deviation of the response obtained from the

LOD =

(1.6)

LOQ =

(1.7)

calibrated curve and o is slope of the fitted curve.

Through comprehensive evaluation of sensing parameters, researchers
can acquire valuable insights regarding the capabilities and restrictions of
the sensing material. This analysis aids in optimizing the sensor’s design,
pinpointing the area that needs to be modified, and assessing its

appropriateness for specific sensing applications.
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1.1.4 Sensing Mechanism

The plausible sensing mechanism during the exposure of gases or VOCs
into sensing chamber is usually directed by the nature of the sensing
material. Therefore, it is important to understand the nature of the
material and the interaction of targeted gas with the host material.
Herein, the sensing mechanism of the materials has been briefly

discussed below.

1.14.1 Gas or VOC Sensing Mechanism for Organic-Inorganic
Hybrid Material

The sensing mechanism in organic-inorganic hybrids relies heavily on
the interaction between the targeted gas or VOC and the sensing
material. The hybrids can function as either donors or acceptors of
charge carriers, thereby altering the material's resistance based on the
predominant charge carriers and the type of the gas or VOC (oxidizing or
reducing). Upon exposing the fabricated sensor to the atmosphere, the
oxygen molecules present in the air are adsorbed onto the sensing
material's surface. These adsorbed oxygen molecules capture electrons
(e”) from the conduction band of the sensing material, which leads to the
formation of oxygen (O) ions on the surface of the sensing material.
However, temperature plays a crucial role in the formation of oxygen
anions; different oxygen anions are generated at different temperatures
(Equation 1.8-1.11) [54,59,60,61].

At the optimized temperature, the adsorbed O anions interact with the
targeted reducing or oxidizing gas, which leads to the extraction or
donation of electrons and results in a subsequent change in the width of
the electron depletion layer. This leads to a rise in resistance for n-type

material and a reduction in resistance for p-type material [54,60,62,63].

0, (gas) — 0, (adsorbed) (1.8)
0, (adsorbed) + e~ — 0, (adsorbed) at T < 100 °C (1.9)
0, (adsorbed) + e~ 20~ (adsorbed) 100 °C < T 300°C (1.10)
0~ (adsorbed) + e~— 0% (adsorbed) at T > 300 °C (1.11)

11
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The organic-inorganic hybrids are synthesized by combining two distinct

materials, facilitating the movement of electrons from a higher to a lower
energy state and the migration of holes from a lower energy level to a
higher one until the Fermi level attains equilibrium. The type of
heterojunction formed at the interface determines the presence of a
depletion or accumulation layer (Figure 1.4a).

(a) Organic-Inorganic Hybrids

In air In oxidizing gas or VOC In reducing gas or VOC
(NO,, NO, SO,, O, etc.) (NH,, acetone, EtOH, H,S, etc.)

e 2.0

(@)
Sensing . _ oo
material Resistancet due ) Resistance § due
decrease in no. of increase in no. of e-
Electron depletion
layer
(b) Conjugated Polymer
0 ° gype ()
Sensng  Resscebdiets Regaancet dueto
material ) 9 .
carriers charge carriers
e = electron, ¥ = oxygen anion (0,), = oxidizing gas or VOC molecules,

oz hole, Q- reducing gas or VOC molecules,

Figure 1.4 The sensing mechanism of n- and p-type (a) organic-
inorganic hybrid and (b) conjugated polymer or small organic compound

toward reducing and oxidizing gases or VOCs.

When the sensor encounters the desired gas or VOC, adsorbed oxygen
releases free electrons to the heterojunction. If the metal oxide is of n-
type behaviour and the gas or VOC exhibits reducing properties, it has

the potential to modify the p-n heterojunctions at the interfaces of the

12
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organic-inorganic hybrid. As a result, free electrons are subsequently

liberated to the conduction band of the sensing material, which reduces
the width of the electron depletion layer. Consequently, the resistance of
the sensing material decreases. However, in the presence of oxidizing
gases, the gas extracts electrons from the sensing material. As a result,
the sensor experiences an expansion in the electron depletion layer and
increases the resistance of the sensing material. Conversely, reducing
gases or VOCs elevate the resistance in p-type metal oxide due to a
decrease in the hole accumulation layer of the hybrid material.
Conversely, exposing p-type metal oxide to oxidizing gases reverses this
effect and decreases the resistance of the sensing material [61].

Additionally, initial resistance is restored through the desorption process
of gas molecules from the material’s surface [7,8]. Moreover, the
catalytic properties of metal oxide nanoparticles enhance the organic-gas
molecule interaction, promoting increased gas adsorption on the
nanoparticle surface. This complex interaction demonstrates how the
sensor reacts dynamically to various gases, providing insights into its

significant behaviour across different gas environments [64,65,66].

1.142 Gas or VOC Sensing Mechanism for Small Organic
Molecules and CP

The fundamental sensing mechanism of small organic molecules and CP
remains a mystery. It is widely recognized that small organic molecules
or CP can act as either donors or acceptors towards the target gas
molecules, which results in a change of the resistance or current in the
sensing materials. Gas sensing typically involves two steps; (i)
adsorption or physisorption and (ii) charge transfer. These processes alter
the charge carrier concentration and resistance by adsorbing target gases
or VOCs onto the surface of sensing materials. Moreover, small organic
molecules or CPs interact with gases or VOC molecules through weak
interactions (i.e. van der Waals interactions or H-bonding), which results
in a lower binding energy. During the weak interactions, the gas
molecules either donate or attract electrons from the sensing material,

which depends upon the type of material (n- or p-type) used, and the
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nature of the targeted gas or VOC (oxidizing or reducing) (Figure 1.4b).

This process significantly changes the density of the charge carriers and
as a result, resistance of the sensing material changes. In both the charge
transfer and interaction process, the material recovers to its baseline
resistance after the removal of the targeted gas or VOC [45,58,67].
Mishra et al. reported the physisorption phenomena to elucidate the
dynamic interaction between PCPDTBT sensing film and H,S
molecules. H.S molecules, known as reductive gas, participate in charge
transfer interactions as m electron donors. PCPDTBT, being a p-type
organic semiconductor with holes as the majority carriers, plays a crucial
role. When H>S molecules are adsorbed onto the active sites of the
PCPDTBT film, they inject electrons into it. These electrons then
interact with the majority of holes in the PCPDTBT film, effectively
trapping the majority of charge carriers of the sensing film.
Consequently, this process reduces carrier density in the PCPDTBT film
and increases the resistance of the PCPDTBT film [45].

Trosin et al. explained that exposure of NH3 onto the surface of FNDI-
based sensors results in a drastic increment in the IDS current. This was
attributed to the transfer of charge from electron-donating NH3
molecules to electron-deficient n-type semiconductors (FNDI). This
charge transfer may induce doping in FNDI, which consequently
increases the concentration of charge carriers. Thus, the charge carrier
mobility of FNDI enhances and IDS current of FNDI sensor in the
presence of NH3 [46].

However, the main challenges with pure conjugated polymers as host
sensing materials are their insufficient sensitivity and poor long-term
durability. These limitations can be overcome by functionalizing the
backbone of the CP with specific bonds, heteroatomic rings, functional

groups, etc. [37].

1.1.5 Functionalized Organic Molecules in Gas or VOC Sensing
Organic molecule or compound-based sensors are gaining significant
attention due to their special properties, including diverse materials, cost-

effectiveness, simple fabrication, selective detection, and room
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temperature operation. These sensors have shown notable enhancements

by optimizing morphology, functionalizing the backbone with specific
groups, employing enhanced device structures, etc., which directly tunes
the electrical properties of the sensing materials. Thus, the strategic
molecular design offers potential for developing a high-performance
sensor, which makes these materials feasible for large-scale industrial
production [47,68,69,70,71,72].

1.1.5.1 Gas Sensors Based on Small Organic Molecules

Organic small molecules (OSMs) can be broadly categorized as either
hole or electron-transporting (p- or n-type) materials, which are
determined by the orderly transfer of charge carriers under specific
conditions [73]. OSMs including pentacene, rubrene, phthalocyanine,
and porphyrin are particularly intriguing due to their extensive =-
conjugated systems and exceptional optical/electrical characteristics [74].
OSM crystals exhibit weak interactions such as n-m stacking,
electrostatic forces, and Van der Waals, which pose a challenge for
achieving desired crystal structures through topology-induced synthesis
[54,75,76]. Moreover, the charge transport in OSMs relies on carrier
hopping between molecules and variations in molecule packing, which
affects the semiconducting properties and device performance.
Additionally, the extensive efforts have been focused on controlling
long-range arrangement of OSMs to influence material or electrical
properties, which is crucial for device performance [77,78,79,80]. Small-
molecule semiconducting crystals find applications in solar cells, organic
thin-film transistors (OTFT), microfluidic chips, and light-emitting
diodes leveraging their unique optical and electronic properties [81].
Despite their advantages in gas or VOC sensors, crystalline OSM-based
electronic devices remain infrequently reported, emphasizing their

further exploration in electronic devices [82].
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Figure 1.5 (a) Schematic of the fabricated NDI-A device. (b) NDI-A
based sensor’s response/recovery curve. (C) NDI-A sensor’s response to
varying NHs concentrations. (d) Impact of humidity on NDI-A NHs
sensing performance. (e) NDI-A sensor’s selectivity to NH3 compared to
other gases. (f) Molecular configuration of NDI-CN4 and NDI-Has. (g)
Device structures of fabricated NDI-CN4 and NDI-Hs. (h) NH3 response
and recovery times for NDI-CNa. (i) NDI-CNg4 selectivity against other
interfering gases. (j) Dynamic response to NHs concentrations from 3
ppm to 50 ppm for NDI-CN4 sensor and (K) recyclability and long-term
durability of NDI-CN4 sensor toward 50 ppm NHas. [Adapted from ref.
no 86 and 87]

Extensive research has been conducted on naphthalene diimide as OSMs
because of their rigid, extensive n-conjugated systems, electron-deficient

nature, and intrinsic electroactive imide groups [83,84,85]. Langford et
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al. broadly studied naphthalene diimide (NDI) based OSMSs, utilizing

them for the detection of ammonia (NHs) at RT. They functionalized the
NDI core with phenylalanine and assessed its NH3 sensing capabilities at
RT (Figure 1.5a). The NDI-A sensor exhibited a notable change in
current intensity when exposed to different concentrations of NHz (range
50-2 ppm). The NDI-A sensor demonstrates high sensitivity (66%) to 50
ppm NHz with short response/recovery times (15.3/32 s) (Figure 1.5b)
and the lowest detection limit value of 2 ppm (Figure 1.5¢). Notably, the
sensor displayed a remarkable response in a high-humid environment,
showing a 55% response to 50 ppm NHz under 90% relative humidity
(Figure 1.5d) and exhibited excellent selectivity (Figure 1.5e). The
excellent sensing properties of the NDI-A sensor are due to the presence
of -COOH groups in NDI-A, which facilitates effective interaction with
NHs molecules through acid-base interactions and influences the electron
transfer process. This alters current or resistance, which was utilized to
calculate the NDI-A sensor's response [86]. Further, Langford et al.
explored the impact of electron-withdrawing groups (EWG) on sensing
performance, when introduced into the NDI moiety. Two derivatives
were synthesized, denoted as NDI-CN4 and NDI-H4, and investigated
their sensing capabilities for NHs gas (Figure 1.5f and 1.5g). The NDI-
CNas exhibited remarkable sensitivity (178%) to 50 ppm NHs at RT
compared to NDI-Hs (0.2%) (Figure 1.5h). The NDI-CN4 sensor
demonstrated rapid response/recovery times (12.5/39s), exceptional
selectivity, linear response with various concentrations, and recyclability
(Figure 1.5i-1.5k). Density functional theory (DFT) and cyclic
voltammetry analyses suggested that incorporating cyano groups (EWG),
significantly lowered the reduction potential of NDI-CN4, which results
in enhanced sensor current due to efficient charge transfer between NHs
and NDI-CNg4 [87].

In addition, perylene diimide (PDI) has also been widely explored as an
organic semiconducting material (OSMS) due to its strong electron
affinity, outstanding electron mobility, high absorption coefficient

impressive chemical and thermal stability [65,88,89]. Wang et al.
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investigated the PDI and developed d-THBPDI, in which the imide core

was substituted with n-ethylhexamine for detecting hazardous hydrazine
vapor (NH2NH2) (Figure 1.6a and 1.6b). The d-THBPDI exhibited a
79.4% response (AR/Ro*100) with a rapid response/recovery time of
5/5s to 200 ppm NH2NH: (Figure 1.6c). The sensor demonstrated high
selectivity, low reduction potential, reproducibility, and linear response
within the concentration range of 5 to 200 ppm (Figure 1.6d-1.6e) [90].
Later, Liu et al. explored the impact of chirality-induced morphology on
the sensing performance of PDIs. They synthesized three PDI
derivatives, denoted as SOT, STB, and SPP, differing in hydroxyl group
position in the alkyl/aryl chains. Among these three derivatives, SPP
displayed the highest response (4.5%) with an LOD value of 0.48 ppm
and the fastest response/recovery times (17/6 s) than STB and SOT. The
reason behind the higher response of SPP is the lowest LUMO energy
and uniform films with optimal - stacking (3.28 A). The research
highlights the substantial influence of chiral alkyl chains in the bay
regions on PDI sensing performance, affecting molecular orbital energy,

n-n overlap distance, and crystalline structure [71].

(b)
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Figure 1.6 (a) Chemical structure of d-THBPDI. (b) An optimized
device utilizing d-THBPDI film for gas-sensing measurements. (c)
Response/recovery times of d-THBPDI device towards 100 ppm
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hydrazine. (d) A device utilizing d-THBPDI film response to hydrazine

vapour concentrations ranging from 5 ppm to 200 ppm and (e)
repeatability response curve of d-THBPDI to hydrazine vapours.
[Adapted from ref. no 90]

The incorporation of pentacene typically increases the charge carrier
mobilities (exceeding 1.5 cm?/V) and displays an ambipolar charge
transport nature. Additionally, the strategy of functionalization
significantly impacts both the electronic and intermolecular ordering
characteristics of pentacene [91,92,93,94]. Chi et al. presented an
exceptionally sensitive chemosensor using a film of TIPS-pentacene for
NO. detection. The TIPS-pentacene sensor demonstrated responses of
983%, 1833%, 3083%, 4500%, and 5555% to 1, 2, 3, 4, and 5 ppm NO2,
respectively, with a response/recovery time of ~200/400 s. The TIPS-
pentacene sensor exhibited reproducibility and selective response to NO»
over various gases with a calculated LOD value of 20 ppb [95].

Moreover, the modified porphyrin ring plays a crucial role in the electron
transfer process and -7 stacking degree, which enhances or weakens
their adaptation performance in various applications [96,97,98]. Various
groups investigated the semiconducting properties of the material, which
can be tuned through interactions with solvents. Xu et al. explored the
correlation between the structure of hydrogen bonding, packing mode,
and sensing performance in OSMs. The study revealed that hydrogen
bonds between porphyrin molecules served as crucial linkage nodes,
which influence the long-range crystal packing and establish enduring
porosity. They reported three porous OSM based on TCPP, denoted as 1,
2, and 3, showcasing different levels of porosity and m—m interactions
among TCPPs by modifying the H-bonding linkage nodes. Compound 1,
exhibited extensive overlap between porphyrin rings and robust face-to-
face m—m interactions, which demonstrates superior sensing performance.
Compound 1 exhibited a 37.8 times higher response, and quicker
response/recovery times (2.5/0.6 min) compared to compounds 2 and 3
(Figure 1.7a). The TCPP sensor showed a linear increment in response

within a range of concentration (0.2 - 100 ppm) with a low LOD value of
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20 ppb (Figure 1.7 b). Additionally, it also exhibited robust
reproducibility (Figure 1.7c) and exceptional selectivity against 16
interfering gases (Figure 1.7d). This research highlights the

effectiveness of hydrogen bonds in shaping and regulating the packing

structures of OSM, which improves the pathways for both mass and
charge transport (Figure 1.7¢) [82].
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Figure 1.7 (a) Response of TCPP 1 to 100 ppm NO: in dark. (b)
Repeatability curve of TCPP 1 towards 100 ppm NO:in the visible light.
(c) Dynamic response to different concentrations of NO; for TCPP 1. (d)
Selectivity graph of TCPP 1 to NO: against other gases and (e) the

possible sensing mechanism for TCPP 1 to NO». [Adapted from ref. no.
82]

Functionalized benzothiophene enhances the intramolecular 7n—n
stacking, boosts charge mobility, reduces n—n distance, improves hole
mobility and stability [99,100,101]. Ponomarenko et al. explored the
formation of monolayer thin films using BTBT organosilicon dimer D2-
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Und-BTBT-Hex. They employed Langmuir-Blodgett, Langmuir—

Schaefer, and spin-coating methods to achieved uniform and low-defect
monolayer. The developed monolayers were utilized in fabricating
organic field-effect transistor (OFET) devices, exhibiting outstanding
electrical properties with holes mobility of 7x102 cm? V! s at a
threshold voltage of near 0 V with on—off ratio of 10°. Initial tests
indicated that monolayer OFETs displayed an significant response to
NHs at different concentrations ranging from 400 ppb to 1 ppm,
demonstrating that BTBT-based OFETSs could be used as a promising
material for gas sensing applications on large scale [102].

Despite the widespread application of organic small molecules, they face
significant challenges due to their inherent limitations. Specifically, these
molecules suffer from poor charge carrier mobility and limited light
absorption range. The deposition methods OSM are predominantly
vapour-based, which restricts large-scale sensor array manufacturing
[54]. Additionally, the polycrystalline nature of OSM microstructures
poses challenges in terms of uniformity and flexibility [78]. The key
hindrance of OSM-based sensors is their low conductivity, primarily
attributed to the mechanism of charge hopping, significantly impeding
signal detectability [95]. These shortcomings affect the owverall

performance of OSM for achieving optimal functionality and efficiency.

1.1.5.2 Gas Sensors Based on Conjugated Polymer

Conjugated polymers (CPs) are semiconductors containing alternate
single and double bonds, which form a n-conjugated backbone that
enhances the delocalization of electrons. Belonging to the subclass of
organic materials, CPs consist of lightweight elements such as H, N, C,
and O, which are bonded covalently through sp? hybridized atoms
[103,104]. The continuous advancement has sparked the researcher’s
curiosity, both in industry and academia, leading to a thorough
exploration of CP properties and their applications across diverse fields.
The outstanding characteristics of CPs, including their lightweight

nature, excellent electrical conductivity, tunable band gap, high porosity,
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and enhanced thermal/chemical stability, have facilitated their utilization

in various applications such as photovoltaics, OFET, solar cells,
biosensors, gas sensors, energy storage, light-emitting diodes and
optoelectronics  [10,103,104,105]. In contemporary times, the
incorporation of various functional groups, bonds, and heteroatomic
rings into the backbone of the CPs elevates their development as sensing
agents, which contributes to the designing of selective sensor [16].
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Figure 1.8 (a) Schematic depiction of the SAPS process for crafting
ultrathin nanoporous DPP-DTT films. (b) Responsiveness of DPP-DTT
films with different thicknesses to 10 ppm methanol. (c) Comparative bar
chart of response and recovery times for different thicknesses of DPP-
DTT films. (d) Selectivity curve of bar chart of DPP-DTT films
comparing the response/recovery times for 10 ppm MeOH vapour
towards different VOCs. (e) Bar chart of DPP-DTT films comparing the

response/recovery times for different VOCs. (f) Dynamic response curve
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to diverse concentrations of MeOH. (g) Repeatability curve of DPP-DTT
to different VOCs. [Adapted from ref. no 113]

The widespread utilization of nitrogen (N)-rich CP elevates the polymer's
basicity and renders them remarkably efficient for detecting acidic gases
(H2S, SO2, CO, etc.) [16]. The incorporation of N atoms into the CP has
effectively modulated the energy difference between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) more efficiently [106,107,108]. Nacify et al.,
synthesized p(D-co-M) polymer, possessing a moderate level of basicity
ideal for detecting a wide range of CO, concentration. The p(D-co-M)
was employed to design a flexible, low-cost, and reversible CO2 sensor
with chemoresistive properties. The p(D-co-M) sensors exhibited
significant decrease in both direct resistance and alternating current
impedance across a wide CO> concentration range (1-100%) at RT, with
response/recovery times of 6/14 min, respectively. When p(D-co-M) was
exposed to CO. under humid conditions a surface potential increased to
+6.34 'V, which indicates the protonation of the amine sites and
facilitates CO, detection under a humid environment. The developed
p(D-co-M) sensors demonstrated superior properties, making them
promising candidates for flexible, affordable, extremely sensitive, and
selective CO> sensors, even in elevated humid environment [109].

Amine functionalized polymers can also detect basic gases by engaging
in weak interactions, such as hydrogen bonding. Niu et al. synthesized
four polymers containing N-atom, namely primary amine (1°), secondary
amine (2°), tertiary amine (3°), and quaternary ammonium, arranged in
distinct configurations to explore their different sensing capabilities.
Results revealed that 1°, 2°, and 3° amines served as outstanding NH3
adsorption sites, showcasing their effectiveness in NH3z sensing. At RT,
the Amino-COP, Caz-COP, and CTF sensors exhibited response values
of -62%, -51%, and -76%, respectively, with response/recovery times
ranging from 18 to 206 s for 100 ppm NHz. The LOD values are
calculated to be 7.5 ppb, 10 ppb, and 76 ppb for CTF, Amino-COP, and
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Caz-COP, respectively. DFT calculations and in-situ UV-Vis

experiments affirmed that 1°, 2°, and 3° amine-containing polymers
interact with NHs molecules through hydrogen bonding and showed
remarkable sensing performance to NH3 [91].

The incorporation of diketopyrrolo-pyrrole (DPP) involves altering the
electronic structure of the backbone and engineering side chains. The
backbone of polymer comprising of electron-withdrawing components
creates a robust planar structure with significant light absorption
property, and enhances their fluorescence brightness [92,110,111,112].
Chang et al. presented a donor-acceptor copolymer DPP-DTT and
employed a FET substrate using shearing-assisted phase separation
(SAPS) conjugated with selective solvent etching of polystyrene (Figure
1.8a). This approach fabricates an ultrathin nanoporous structure of DPP-
DTT-based OFET device and optimized for gas sensing applications. By
adjusting the shear rate, the film morphology achieves an ultrathin
thickness and nanopore size of ~8 nm and 80 nm, respectively,
promoting an effective diffusion of analytes and their interaction with the
active sensing layer. Notably, the DPP-DTT OFET sensor (shear coating
rate of 4 mm/s) displayed high responsivity to 10 ppm MeOH (~69.5%),
with rapid response/recovery times of ~80/234 s compared to 1 mm/s
(40%) and 8 mm/s (35%) (Figure 1.8b-1.8c). Additionally, the device
demonstrates outstanding selectivity against other gases or VOCs, linear
behaviour with concentration, and repeatability towards different VOCs
(Figure 1.8d-1.8g) [113].

The functionalization of benzothiadiazole serves as a fused heterocyclic
electron-deficient ring, which is extensively employed in the backbone
of polymer for its exceptional intramolecular charge-transfer properties.
Consequently, it effectively adjusts the electrical properties and enhances
charge transfer capabilities, offering valuable insights for the design of
efficient organic sensing materials [97,114,115]. Mishra et al. have
developed a thin film of PCPDTBT CP, which was utilized as an active
sensing layer to detect H>S at room temperature. The economically

viable solution-processed floating film transfer method (FTM) was
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adapted to form the PCPDTBT film, followed by solvent vapour

annealing to improve the crystallinity. The PCPDTBT film exhibited a
response of 71.3% towards 1 ppm HzS with 8/250 s response/recovery
time. The proposed sensing mechanism relies on the interaction between
the PCPDTBT film and HzS gas through a physisorption process. HS, a
known reductive gas, participates in the charge transfer process as a ©
electron donor, which injects electrons into the PCPDTBT film (majority
carriers are holes) and traps the majority charge carriers, leading to
reduced drain current and carrier density. Moreover, the superior
planarity, stronger intermolecular interactions, and enhanced conjugation
in CPDT and BTD enhance the transport of charge carriers along the
backbone of the polymer [67].

Moreover, the incorporation of EWG with fused heterocyclic electron-
deficient rings improves the structural and electronic properties of the
devices [115]. Noh et al. reported printed sensor based on OTFTs
sensitive to NHz sensor, which was fabricated with PDFDT polymer.
The PDFDT polymer was coated through bar coating and spin coating
technique, denoted as BC PDFDT and SC PDFDT, respectively, which
omits receptor additives. The OTFT sensors made of 3.1 nm thick BC
PDFDT exhibited an 8-fold increase in sensitivity (56%) as compared to
the 8.32 nm thick BC PDFDT sensors when exposed to 1 ppm NHz. The
improved response resulted from the significant adsorption of the NHs
molecules to the bottom surface of the transistor channel in the
semiconductor films. PDFDT-NHs interactions (weak interactions such
as hydrogen bonds and electrostatic interactions) lowered the HOMO
levels, which further leads to trapping of holes in PDFDT sensor. These
trapped holes transport in the conductive channel of PDFDT and results
in a systematic reduction in current when encountered with different NHs
concentrations. Moreover, DFT calculations demonstrated that
incorporation of specific functional (such as fluorine and dithienosilole)
groups enhances sensitivity, selectivity and elevates the sensing

performance [100].
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Figure 1.9 (a) Schematic depiction of flexible NO, chemoresistive
sensor based on IM-x/P-y CP. (b) Dynamic variations in resistance for
IM-0.1/P-y sensors with varied PEI dopant weight ratios. (c) Gas
sensitivity was observed when exposed to 0.1-1 ppm NO2 using IM-
0.1/P-y sensors with diverse PEI dopant weight ratios. (d) Selectivity of
IM-0.1/P-1.0 sensor toward various gas analytes and humidity. (e) Long-
term stability toward cyclic exposure to 1 ppm NO: gas for IM-0.1/P-1.0
sensors and (f) proposed NO, gas sensing mechanism. [Adapted from
ref. no 117]

The presence of imine bonds in the backbone of the polymer tunes the
supramolecular assembly between building blocks. Moreover,

polyimides containing polymer exhibits electron withdrawing behaviour,
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excellent mechanical/thermal properties and self-assembly. The strong

electron affinity nature tunes the band gap of the polymer and alters the
device performance [88,101,116]. Park et al. has developed new
PDNIT2/IM-x film doped with poly(ethyleneimine), denoted as IM-x/P-
y sensing material for detecting NO2 gas (Figure 1.9a-1.9b). The
conjugation in IM-x/P-y was effectively modulated by donating imine
bond lone pair electrons to NO> analytes and dedoping of PEI dopant,
resulting in significant electrical signal changes. The IM-X/P-y film
exhibited excellent sensitivity of 240% at 1 ppm NO2 with LOD value
0.1 ppm (Figure 1.9c). The IM-X/P-y film showed high selectivity factor
(Sno2/Sinter > 32.2) and long term durability (Figure 1.9d and 1.9e).
Under NO> environment, imine bonds donated its lone pair of electron to
NO. molecules, which destroys the conjugation in the backbone of the
CPs and also decrease the charge carrier density. Consequently, drastic
increase in the resistance was observed and response of IM-X/P-y film
(Figure 1.9f). Furthermore, IM-x/P-y proved to be a promising flexible
sensor platform, capable of monitoring sub-ppm levels of NO, gas with
high sensitivity even in bent or after 500 bending cycles [117].

Maiti et al. synthesized a COP containing imine and amide bonds, which
was employed as an effective chemosensor for detecting gaseous H.S at
25 °C via proton conduction. The fabricated COP sensor achieved a
substantial ~51% response towards 200 ppm of H.S, with an ultrafast
response/recovery time of 9/12 s. Moreover, it also demonstrated high
selectivity against other gases and response evaluated at different
concentrations (50-200 ppm). The adsorption of H>S at the active sites of
the COP restricted the proton transportation process inside the backbone
of the COP. Consequently, the resistance of the COP fabricated device
enhances and thus, the response of the COP sensor was calculated [118].

The unique feature of triazine moiety for instance presence of the C=N
bond and the absence of weak linkage imparts high chemical tunability
and stability, high surface area, and porous nature. The nitrogen-rich CPs
automatically lead to an extraordinary heteroatom effect (HEA), which
enhances the performance of the derived device. The possible reason

could be considerable micron size, non-uniform layered structure, and
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large m—m stacking between layers of the CTF material. Yang et al. have

synthesized triazine decorated 2D polymer (T-2DP) through 2 steps: (i)
triflic acid to obtain CTF and (ii) CTF liquid exfoliation to obtain T-2DP.
As synthesized polymers were employed as a chemiresistive gas sensor
to detect NO2. The T-2DP sensor showed good response (452.6 ppm-1) at
low concentration with 2.2 ppb LOD value. The presence of CTF
promotes the transportation and diffusion of the gas molecules, which
allows them to interact with maximum active sites of the polymer.
Consequently, the interaction of NO2 molecules with the inner part,
inducing modification in the density of the carriers. Moreover, the sensor
demonstrated mechanical flexibility, maintaining consistent conductance
through 500 bending cycles at 45°, whereas only 2.5% signal was
degraded after 1000 cycles, which showcase its excellent strain
tolerance. Additionally, the response of T-2DP to NO. was observed at
various bending angles (0, 30, 45, and 90°). The sensing performance of

T-2DP makes it highly suitable for real-time monitoring [119].

@ @\

DMSO THF THF
180°C, 24 h 70°C, 24 h 25°C, 24 h
+| +

Wl

1.17 Debye 2.49 Debye

N oY
}cop }i:cop
Low I

Figure 1.10 (a) Heteroatom-containing Ph-COP, Py-COP, and BF-COP
organic polymers. (b) Response curves to 40 ppm NH3 for Ph-COP, Py-
COP, and BF-COP sensors. (c) Transient plot illustrating BF-COP sensor
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response to different concentrations of NHs, insets showing the
correlation between response and concentrations of NHs. (d) Long-term
durability analysis of BF-COP sensor responding to NHz (40 ppm) at RT,
with insets demonstrating the repeatability curve and (e) selectivity of
BF-COP sensor against different gases exposed at 40 ppm, with insets
showcasing sensor response under varying relative humidity levels.
[Adapted from ref. no 121]
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The organic polymers decorated with difluoroboron B-diketones can

enhance sensing abilities by adjusting redox property and altering
primary charge carriers, thereby improving overall sensing performance
[109,120]. Recently, Long et al. prepared a range of COPs featuring
distinct phenylene (Ph-COP), pyrimidine (Py-COP) or boron (-diketone
(BF-COP) units (Figure 1.10a). The BF-COP exhibited an outstanding
sensing response of 1500 towards 40 ppm NH3z at RT, which represents
the highest response value compared to pristine COPs when utilizing as
n-type sensing materials (Figure 1.10b). Additionally, the BF-COP
exhibited linear increase in the response with increase in concentration,
excellent repeatability, long-term durability and selectivity (Figure
1.10c-10.e). The incorporation of B/N-heterocyclic groups effectively
modifies the electronic interactions, redox properties and charge transfer
within typical n-conjugated COPs [121].

1.1.5.3 Gas Sensors Based on Organic-Inorganic Hybrid

The rapid proliferation of organic-inorganic hybrids in both industry and
academia has garnered extensive attention in advanced functional
material science in recent years. The hybrids composed of organic and
inorganic counterparts at nanoscale, engage in molecular-level
interactions that generate unique properties at the interface. Organic-
inorganic hybrid materials serve as a bridge between two domains of
chemistry, which makes a significant contribution to the fields of
materials science and offers numerous advantages due to their unique
features. Inorganic materials within these hybrids can serve multiple
roles such as improving mechanical and thermal stability, creating active
sites for sensing or catalysts, adjusting the refractive index, specific
magnetic, redox, electronic, chemical or electrochemical properties.
Incorporating organic components significantly improves mechanical
properties, enhances selectivity, and allows the fabrication of films and
fibres. Additionally, organic components impart specific chemical or
physical properties, which include electrochemical, optical, electrical,
etc. behaviour [42,122,123,124].

29


109
42

Chapter 1
The collective features of organic-inorganic hybrids arise not solely from

the independent qualities of their constituents but also from the
synergistic effects generated by the hybrid interface. The characteristics
of the inorganic/organic interface, encompassing the surface energy,
types of interaction, and the presence of labile bonds, significantly
influence various properties such as electrical, chemical, and thermal
stability, separation capacity, mechanical, optical, sensing capability, and
catalytic activity. Subsequently, these nanocomposites are anticipated to
find a wide application in hydrogen storage systems, gas sensors,

microwave absorbers, polarizers, and optical limiters [64,125,126,127].
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Figure 1.11 (a) Schematic illustration of growth of NBA-ZnO
nanohybrid. (b) Schematic of the flexible sensor and SEM images of
interdigitated electrodes. (c) Dynamic response of NBA NPs, ZnO NPs,
and NBA-ZnO nanohybrid towards 2000 ppm CO. (d) Transient
response curve of NBA-ZnO nanohybrid towards CO. gas (5000 ppm).
(e) Selectivity graph of NBA-ZnO nanohybrid towards interfering gases.
(F) The dynamic response graph of NBA-ZnO nanohybrid to different

concentrations of CO> gas. (g) Correlation curve of NBA-ZnO
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nanohybrid between response and concentration of CO> gas and (h)

repeatability graph for 3 consecutive cycles to CO; (5000 ppm) gas
under different bending conditions. [Adapted from ref. no 131]

The incorporation of metal oxides into host materials yields several
benefits, which include the creation of additional electron depletion
layers, increased adsorption sites, enhanced catalytic activity, improved
electron transport, and altered energy band structure [37,128,129].
Mukherjee et al. developed a tyrosine functionalized BTC-ZnO
nanohybrid using a facile single-pot hydrothermal synthetic route. The
Tyr-BTC-ZnO nanohybrid is drop-casted on interdigitated electrodes and
employed for the detection of CO at RT. The synthesized nanohybrid
exhibited a good response of 94% towards 300 ppm CO and exhibited
linear behaviour at different concentrations (5-300 ppm). The synergistic
effect of the Try-BTC-ZnO hybrid results in good capacitance behaviour,
reduces response time, complete reversibility, and good linearity [130].
Mukherjee et al. delved into the impact of bending on the sensing
capabilities of a novel nanohybrid material. They developed a unique
hybrid material consisting of NBA (organic component) and ZnO
(inorganic component), developed on a flexible polydimethylsiloxane
(PDMS) substrate (Figure 1.11a). Figure 1.11b displayed the flexible
device and its SEM images. The resulting CO2 sensor employing NBA-
ZnO nanohybrid exhibited remarkable performance, displaying a
response of ~9% towards 500 ppm of CO, at RT, coupled with a
relatively swift response/recovery time of about 3/6 minutes (Figure
1.11c-11d). Moreover, NBA-ZnO nanohybrid exhibited excellent
selectivity and linear increase in the response with increase in
concentration (Figure 1.11e-11g). The sensor demonstrated excellent
mechanical flexibility when subjected to two distinct bending conditions
over three consecutive cycles, each with 5000 ppm CO- (Figure 1.11h).
Under a 20 mm diameter bending condition, the sensor response
experienced negligible change (0.8%), while under a 10 mm diameter

bending condition, a slight decrease of ~3.53% was observed compared
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to the normal (without bending) condition. Further, after reverting the

sensor to the normal condition, it retained its properties and exhibited a
response of 29.7 % to 5000 ppm of CO> [131].
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Figure 1.12 (a) Response/recovery times curves to 10 ppm NHz3 for the
GCs/PANI-1, GCs/PANI-3, and GCs/PANI-9 sensors. (b) Response of
the GCs/PANI-3-based sensor exposed to different concentrations within
the range of 5-1600 ppm of NHa. (c) Repeatability curve of GCs/PANI-3
towards 100 ppm NHzs for four consecutive cycles. (d) Selectivity graph
of GCs/PANI-3 towards 100 ppm of other interfering gases. (e) Impact
of RH on the response to NHz for GCs/PANI-3. (f) Long-term durability
to NH (100 ppm) of GCs/PANI-3 and (g) schematic illustration of the
interaction of PANI and NHz molecules. [Adapted from ref. no 132]

The carbon-based materials, predominantly comprising carbon black,
graphene, carbon nanotubes, and their derivatives are employed to adjust
electronic properties, interface characteristics, and surface durability of
the material [132,133,134]. Wang et al. engineered 3D hollow graphite
capsules-polyaniline (GCs/PANI) hybrid through in-situ polymerization
of aniline, adhering it to the graphite surface. The response values
recorded for GCs/PANI-1, GCs/PANI-3, and GCs/PANI-9 are 1.14,
1.30, and 1.28 towards 10 ppm NH3 with response/recovery times of
65/42, 34/42, and 50/52 s, respectively (Figure 1.12a). GCs/PANI-3
displayed an increase in response within the concentration range of 5-
1600 ppm (Figure 1.12b). GCs/PANI-3 demonstrated repeatability
behaviour, remarkable selectivity, remarkable response under different
humidity, and long-term stability to NHs (Figure 1.12c-1.12f). The
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improved response in detecting NH3 was ascribed to the synergistic
effects of PANI and GCs within the 3D hollow hierarchical hybrid

structure (Figure 1.12g) [132]. Feng et al. reported an extremely
sensitive sensor for NHs gas based on 2D w-mPPy@rGO
heterostructures. The synthesized hetrostructure displays an impressive
45 % response to 10 ppm NHa, attributed to its substantial specific
surface area (193 m2/g). This characteristic ensures rapid gas diffusion
and carriers transport. Additionally, w-mPPy@rGO heterostructures
displayed remarkable selectivity, superior reversibility, low LOD value
(41 ppb), linear behaviour between concentration and response (0.2 to 2
ppm), and excellent repeatability, which offers high potential for
practical application [135].

In numerous instances, the introduction of multiple guest materials can
mitigate these flaws and significantly enhance sensitivity [20,136,137].
The emergence of organic-inorganic ternary nanocomposites
incorporated with single-walled carbon nanohorns (SWCNHs),
carbonaceous material, amino acids, metal oxide, and polymer,
represents the significant advancement in material research. This
development aims to enhance the reliability of the sensors by utilizing
the unique properties and contributions of each component in the
composite structure [132,138]. Kim et al. reported core-shell nanorod
SWCNT@PPy@PA composites synthesized via facile one-pot
polymerization technique. 0.008 wt% SWCNT@PPy@PA was
employed to detect NHs gas, which exhibited a response sensitivity of
2.2 to 1 ppm NHs at RT with a response time of 700 s. Notably, the
sensor demonstrated reliable detection even at 100 ppb NHs
concentration at RT, showcasing its potential practical application in gas
sensors [139].

The functionalization with noble metals like Pd, Au, Pt, etc. is commonly
employed in gas or VOC sensors. The deposition of noble metals onto
host materials forms heterostructural nanoparticles, which enhances the
sensitivity and lowers the working temperatures through catalytic and
adsorption effects [20,59,62]. Lu et al. synthesized Au-loaded

mesoporous  In20s  nanospheres@PANI  core-shell  nanohybrids
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(PAInxAy) via hydrothermal and in-situ polymerization methods. They

varied the amount of In,Os and Au-loaded mesoporous In20s (2—
50 mol%) and compared the sensing performance of PAInxAy. The
amount of Au also varied from 0.5% to 2.0% and these materials were
fabricated on a flexible polyethylene terephthalate substrate for
evaluating the gas sensing performance at RT (Figure 1.13a). The
sensor, employing PAIn20A1 (1% Au and 20mol% In20s3
nanospheres@PANI), demonstrated superior sensing performance with a
response value of ~46 towards 100 ppm of NHs. This was approximately
14 times and 4 times greater than the values observed for pure PANI
(3.2) and PAIN10 (9.6), respectively at RT. All the fabricated sensors
displayed a linear increase in the response with increase in concentration
(Figure 1.13b) and PAINn20A1 showed low LOD value of 500 ppb. The
PAIN20AL1 sensor exhibited rapid response/recovery time (118/144 s —
5 ppm) and all the sensors showed excellent repeatability (Figure 1.13c-
1.13d). In addition, the PAIN20A1 sensor displayed long-term durability
with outstanding selectivity (Figure 1.13e and 1.13f). The improved
sensing performance resulted from the synergistic effect of p-n junction
formed between PANI and mesoporous In,Oz nanospheres, which was
coupled with the catalytic influence of Au (Figure 1.13g). This sensor
holds promise for practical applications in flexible and wearable

electronic devices for monitoring and protecting the environment [140].
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Figure 1.13 (a) Schematic depiction for PAInxAy nanohybrid

preparation and sensing device fabrication. (b) Dynamic response of
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PANI, PAIn10, PAIn20A0.5, PAINn20Al1, and PAIN5A2 sensors to
different NHz concentrations. (c) Single cycle response curve of
PAIN20A1 sensor towards 5 ppm NHa. (d) Repeatability curve of PANI,
PAIN10, PAIN20A0.5, PAIN20A1 and PAIN5A2 sensor towards 5 ppm
NHs. (e) Long-term durability graph of PAIn20A1 sensor towards 5 ppm
NHs. (f) Selectivity of PAIN20A1 sensor to NHs against different gases
and (g) schematic representation of sensing mechanism of PAInx
nanohybrid and PAInxAy nanohybrid. [Adapted from ref. no 140]

1.2 Summary

This chapter describes the importance of gas sensors. The discussion
then expands to encompass various gas sensors, focusing on their ability
to detect toxic gases at RT. Sensing parameters, such as response,
response time, recovery time, selectivity, dynamic range, sensitivity,
LOD, LOQ and stability, are also covered. The sensing mechanisms
related to small organic molecules, conjugated polymers, and organic-
inorganic hybrid materials are described briefly. The chapter emphasize
on the significant enhancement of sensing performance through
functionalization of the organic materials with different bonds,
heteroatomic rings, carbon materials, and metal oxides. The sensing
performance of small organic molecules, such as modified NDI, PDI,
porphyrin, and pentacene, are also discussed in detail. The chapter also
highlights the sensing performance of conjugated polymers, which have
been functionalized with imine bonds, amine functional groups,
benzothiazole ring, triazine rings, etc. Additionally, the sensing
performance of organic-inorganic hybrid materials has also been
discussed. The chapter also discusses how the doping of small molecules
or polymers with metal oxide, noble metal, carboneous material, etc
influences sensing performance. Furthermore, the chapter explores the
impact of EWG or EDG on sensing performance when functionalized
with the parent material. Also, the chapter delves into the impact of

bending on the sensing capabilities of these functionalized materials.
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1.3 Thesis Organization

The thesis is organized into six chapters. Chapter 1 offers a succinct
review of the current literature, shedding light on the research
motivation. It explores existing gas sensors and their operating
principles, followed by an in-depth discussion on the functionalization of
small organic molecules, conjugated polymers, and organic-inorganic
hybrids, evaluating their suitability in gas sensing applications. In
Chapter 2, the focus is on designing and synthesizing the amide and
thioamide functionalized COP, denoted as COPO and COPS,
respectively. Both materials serve as effective gas-sensing agents for
detecting H.S gas in ambient conditions. The chapter details the device
fabrication, outlines the setup of a dynamic flow gas sensing system used
to assess sensor performance, and delves into the potential mechanism
behind gas selectivity. Chapter 3 involves the functionalization of the
backbone of a thiazole-based conjugated polymer with a
benzoselenadiazole ring, followed by characterization using various
techniques. Beyond polymer characterization, the polymers are
dropcasted onto interdigitated electrodes (IDEs) for the detection of SO>
at RT. The chapter also discusses the plausible mechanism based on
weak interactions between nitrogen of the heteroatomic rings and SO
gas molecules. Then in Chapter 4, we synthesized imine-functionalized
COP (COPI), subsequently the imine bonds in COPI were reduced to
amine-functionalized COP (COPA) using a reducing agent. COPA and
COPI were employed to detect NH3 in ambient conditions. In addition,
the sensing mechanism was proposed on the basis of charge transfer
between NHs gas molecules and COPA (p-type nature where majority
carriers are holes). Chapter 5 involves the development of an organic-
inorganic nanohybrid material through a facile one-pot hydrothermal
method. The study examines how incorporating the inorganic component
into the organic component influences sensing performance. This
nanohybrid is then utilized for detecting ethanol molecules under
ambient conditions. At last, Chapter 6 provides a summary of the current
Ph.D. research findings and identifies potential avenues for future

exploration. It suggests directions for further research in this field.
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2.1 Introduction

Hydrogen sulfide (H2S) is a colorless, combustible, highly toxic, and
corrosive gas with a rotten egg-like odor. It can harm the nervous system
of human beings even at low concentrations [1,2]. H2S is often generated
from natural gas processing, coal gasification plants, laboratories,
sewage, petroleum extraction, food processing plants, and the
degradation of sulfur-rich foods [2,3,4]. According to the American
Conference of Governmental Industrial Hygienists (ACGIH) and the
Occupational Safety and Health Administration (a Federal organization
in the US), exposure to 10 ppm of H,S is permissible for 8 h.* Therefore,
it is important to design and develop gas sensors that can effectively and
selectively detect HoS gas at parts per million and subppm levels.
Various types of gas sensors, such as chemiresistive, electrochemical,
optical, and fluorescent gas sensors, have been explored to detect toxic
and harmful gases [5,6]. Among these, chemiresistive sensors have
gained significant interest due to their low cost, long-term stability, easy
fabrication, repeatability, real-time response, and ease of miniaturization
[4,7,8].

Currently, sensors based on metal oxide are used to detect toxic gases at
parts per million and subppm levels. However, these sensors have
limitations such as the need for high-temperature operation and lack of
selectivity [9,10]. Choa et al. have reported a sensor based on SnO>-CuQO
nanotubes for detecting H>S, which operates at 200 °C [11]. Therefore,
scientists are looking for a different class of organic material that
exhibits high selectivity and can operate at room temperature [9].
Recently, there has been significant interest in the development of porous
materials such as covalent organic frameworks (COF), metal-organic
frameworks (MOFs), porous carbons (PCs), and covalent organic
polymers (COPs) due to their various potential applications [12]. Among
the aforementioned materials, COPs formed from strong covalent bonds
containing hetero atoms such as C, N, O, and S are considered more
promising. This is due to their high tunable porosity, low mass density,

large surface area, high chemical, and thermal stability, and long-term
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durability [13,14,15,16]. COPs have a wide range of applications in

energy storage, gas sensing, gas storage, dye degradation, and catalysis
[17,18,12,19,20,21]. Various chemical reactions have been studied for
the synthesis of COPs, such as condensation and coupling methods.
These methods involve drastic conditions like high temperature, inert
atmosphere, and controlled pressure [22]. Therefore, the
mechanochemical method is used as a promising alternative route to
synthesize COPs. This is because the grinding action provides the
initiation energy for the reaction to start, increases the active sites, and
enhances the reactivity of precursors [23].  Furthermore,
mechanochemical synthesis minimizes the use of solvents, reduces
reaction time, operates at room temperature, and produces structural and
electronic defects that enhance selectivity [24,25,26]. Rajput et al. have
used a mechanochemical method to synthesize a porous polymer
framework using 1,3,5-benzenetricarbonyl trichloride and p-
phenylenediamine or benzidine (BD) [27]. In particular, polyamide COP
is well known for its excellent thermal, mechanical, and chemical
stability. The COP with amide bonds increases basicity, which can be
utilized for detecting acidic gases [28,29]. Thioamide is formed by
replacing oxygen (C=0) in the amide bond with sulfur (C=S).
Thioamide-based compounds can adjust binding affinity or
conformational flexibility through hydrogen bonding [30] Moreover,
thioamides impart different strengths of H-bonding compared to amides,
and the sulfur in thioamides acts as a Lewis base [31]. The presence of
sulfur in the thioamide bond increases the rotational barrier at the C-N
bond and decreases the capacity to accept hydrogen, but increases the
capacity to donate hydrogen compared to an amide bond [32]. These
points motivated us to synthesize a covalent organic polymer with
abundant amide and thioamide bonds using mechanochemical and
solution phase methods. These polymers have been used as sensing
materials for the detection of H.S gas under ambient conditions. In this
study, we have synthesized COPO and COPS polymers using
mechanochemical and solution phase methods, respectively. The sensor

based on COPO shows a better response to H>S gas compared to the
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sensor based on COPS 25 °C. The response of COPO to H>S was also
studied (i) in relation to other interfering gases, (ii) different

concentrations of H,S, and (iii) varying levels of humidity. Here, a
solvent-free method was used to synthesize COPO, resulting in selective
and highly sensitive detection of H2S gas with complete recovery.

2.2 Aims and Objectives
The aims and objectives of the current work are mentioned as follows;

(1 To synthesize an amide-decorated covalent organic polymer
(COPQO) and further, amide bonds were converted to
thioamide bonds in the COP.

(i) To investigate the presence of amide and thioamide bonds in
COPO and COPS, respectively.

(iii)  To evaluate the thermal stability and surface morphology of
the COPO and COPS.

(iv)  To investigate the sensing performance of COPO and COPS
for detecting H.S at RT.

(v) To investigate the selectivity, the dynamic response at
different concentrations, and the effect of humidity on the
sensing response of COPO.

(vi)  To investigate the proposed sensing mechanism of the COPO

Sensor.

2.3 Experimental Section
2.3.1 Materials and Methods
1,3,5-Benzenetricarbonyl trichloride, 3,4-diaminobenzhydrazide,

triethylamine, ethanol, and ethyl acetate were purchased commercially.

2.3.2 Synthesis of COPO and COPS

The COPO was synthesized using an environmentally friendly
mechanochemical method at ambient conditions [27] In a typical
mechanochemical technique, 1,3,5-benzenetricarbonyl trichloride (1 g)
and 3,4-diaminobenzhydrazide (640 mg) were taken in a mortar and a

few drops (4 to 5 drops) of triethylamine (TEA) were added to neutralize
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the hydrochloric acid (HCI) that would be released during the reaction.

Within 1 min, it turned into a pale brown thick paste. Then, it was
manually ground with a pestle until it became a fine powder. The
resulting powder was washed with water, ethanol, and ethyl acetate to
remove HCI, TEA, and any unreacted precursors. It was then dried in an
oven at 70 °C for 10 h to remove any remaining water, ethanol, and ethyl
acetate, resulting in a faded brown amide-decorated COP (Figure 2.1a).
The COPO was dispersed in degassed tetrahydrofuran and stirred for 10
min. Then, a solution of Lawesson’s reagent in degassed THF was added
to the mixture. The reaction was heated to 90 °C and refluxed for 5 days
under an argon atmosphere. After that, the reaction mixture was cooled,
filtered, washed, and dried in an oven at 60 °C for 10 h to obtain white
solid powder (Scheme 2.1).

Scheme 2.1 Synthetic scheme of COPO and COPS
>‘
%y
Et3N ﬁ/é\( Lawessonsreagent SYé\“/H hnTh
THF, 90 °C \©\f
/Q)‘\ SNH kn:©/§s HN‘NH
v 3
1

COPO COPS

2.3.3 Characterization of COPO and COPS

Solid-state Cross-Polarization Magic Angle Spinning Carbon-13 Nuclear
Magnetic Resonance (**C CP-MAS NMR spectrum) spectrum was
recorded using a solid-state  NMR spectrometer (JEOL, model:
ECZ600R/S1; proton frequency: 600 MHz). Powered X-ray Diffraction
(PXRD) data was collected using Rigaku SmartLab, an Automated
Multipurpose X-ray Diffractometer. Fourier transform infrared (FT-IR)
spectra of polyamide COP were recorded on a Bruker (Tensor-27) FT-IR
spectrophotometer. Thermogravimetric analysis (TGA) was obtained by
using a Mettler Toledo Thermal Analyzer with a heating rate of 10

°C/min and heated from 25 to 800 °C under a nitrogen atmosphere.
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Differential Scanning Calorimetry (DSC) analysis was performed on
(model: I PerkinEImer DSC 8000) with a heating rate of 10 °C/min and
heated from 25 to 500 °C. Surface area analysis was recorded using

Quantachrome, Autosorb iQ2. In addition, the pore size was obtained by
using Barrette-Joyner-Halenda (BJH) method. For field emission
scanning electron microscopy (FE-SEM) analysis, a small quantity of
COP was dispersed in ethanol and drop-casted on a glass slip. Then, the
glass slip was dried in an oven and coated with Au. High-resolution
transmission electron microscopy (HR-TEM) analysis was performed
using a Field Emission Gun-Transmission Electron Microscope 200 kV
(model no. Tecnai G2, F30), operated on a voltage of 200 kV. Atomic
force microscopy (AFM) analysis was examined on park systems NX10

and the samples were prepared on mica foil.

2.3.4 H>S Sensor Fabrication

2.3.4.1 Device dimensions: The platinum IDEs are patterned on Corning
glass using photolithography with a 5214 E image reversal photoresist.
The electrodes have a thickness of 200 nm, with a spacing of 25 pum
between them. To enhance adhesion, a 20 nm titanium layer is deposited
via e-beam evaporation at room temperature, under a working pressure
of 1.5 x 107 Torr and a deposition rate of 0.3 A/s. Additionally, the
contact pads on the device are also made up of same material as that of
electrodes (i.e., platinum) and the dimensions of the contact pads are
Imm x Imm.

2.3.4.2 Device fabrication: The resulting powder of COPO and COPS
was mixed with 3 to 4 droplets of water to form a uniform thick paste
and drop-casted on the interdigitated electrode (IDE) to form a uniform
layer. The fabricated device was annealed at 80 °C in a hot air oven for
12 h.

2.3.4.3 Sensing setup and measurements: The sensing experiment was
performed in a dynamic flow-through measurement system, which
includes a stainless steel chamber with an internal volume of
approximately 500 cm®. The sensor’s contact pads were connected to the

Keithley 2612A source meter, which was used to observe the change in
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the resistance during exposure or removal of the targeted gas. The flow

rate of the H>S was controlled by a mass flow controller, MFC (model:
Alicat®, MC 1slpm, USA) [33]. The COPO and COPS fabricated
devices were placed in the sensing chamber for gas sensing experiment.
The electrical resistance of the sensor was measured using Keithley
source meter. During the gas sensing experiment, a fixed current of 10
MA was set. The response % of sensing material when exposed to a
targeted gas is defined as

Ry~ Ra\100 2.1

R,

where, Rgas and Rair are the resistance in targeted gas and air,
respectively. Generally, response time is expressed as the experiment
time taken by the sensing material to reach 90% of the total resistance
change after exposing the target gas. Similarly, recovery is defined as the
time taken by the sensing material to come back to 90% to its base
resistance [34].

The cylinders of HzS, SOz, CO2, SO2, NO2, and CO were commercially
purchased from air gas material with a purity of 99.999% of known
concentration and used to achieve different gaseous environments in the
chamber. Further, various concentrations of H.S were achieved by
mixing synthetic air and H2S gas in the mixing chamber with pre-defined
gas flow rates controlled by mass flow controllers. The desired relative
humidity (RH) was achieved in the sensing chamber by blowing
synthetic air through a saturated aqueous solution of different salts viz.
NaCl, KCI, and K>SO to generate approximately 75%, 86%, and 97.5%
relative humidity, respectively. To validate the repeatability of the sensor
response, the fabricated device for exposed to H2S gas for 25 consecutive
cycles. The sensitivity of gas was used to determine the limit of detection
(LOD) and limit of quantification (LOQ). The LOD is expressed as the
lowest concentration of H>S that can be detected by the sensor while
LOQ is defined as the lowest amount of H.S that can be quantitatively
detected with precision and accuracy [35]. The LOD and LOQ of the gas

sensor are calculated from:
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3 X standard deviation
LOD = (2.2)
slope

10 X standard deviation

LOQ = (2.3)

where the standard deviation is the deviation of response in air and slope

slope
is the slope of the linear part of the calibrated curve [34,36].

2.4 Results and Discussion
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Figure 2.1 (a) Schematic representation of COPO synthesis via
mechanochemical method and gas sensing device fabrication on IDEs.
(b) PXRD patterns of 1,3,5-benzenetricarbonyl trichloride, 3,4-
diaminobenzhydrazide, COPO and COPS, and (c) FT-IR spectra of
1,3,5-benzenetricarbonyl trichloride, 3,4-diaminobenzhydrazide, COPO
and COPS.

The powder X-ray diffraction (PXRD) pattern was used to determine the
nature of the monomers and as-synthesized COPs. The PXRD patterns of
1,3,5-benzenetricarbonyl trichloride and 3,4-diaminobenzhydrazide show
sharp peaks, indicating that the monomers are crystalline. However, the
PXRD patterns of COPO and COPS show a broad peak, indicating that
both polymers are amorphous (Figure 2.1b) [29]. The successful

formation of amide and thioamide bonds in COPO and COPS was
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characterized by Fourier transform infrared (FT-IR) analysis. Figure

2.1c displays the FT-IR spectra of 1,3,5-benzenetricarbonyl trichloride,
3,4-diaminobenzhydrazide, COPO and COPS. The FT-IR spectrum of
1,3,5-benzenetricarbonyl trichloride exhibits a peak at 1751 cm™, which
is attributed to the stretching frequency of C=0, and a peak at 701 cm™?,
which is ascribed to the stretching frequency of C-ClI. In the spectrum of
3,4-diaminobenzhydrazide, a stretching frequency of 3320 cm? s
observed, corresponding to the NH group. The FT-IR spectrum of COPO
shows significant peaks at 1646 and 1511 cm™, which correspond to the
stretching frequency of the amide | (C=0) and amide Il (NH) bands,
respectively [37,27]. The significant shift in the peak of C=0 and the
disappearance of the peak of acid chloride of 1,3,5-benzenetricarbonyl
trichloride in the FT-IR spectrum of COPO confirm the formation of
amide bonds in the COPO. In addition, the FT-IR spectrum of COPS
shows notable peaks at 1488, 1321, 1026, and 726 cm?, which
correspond to the vibrational stretching frequencies of NH, C-N, C=S,
and NCS bands, respectively [38,39]. A slight change in the bending
frequency of N-H and the appearance of a peak at 1026 cm*
(corresponding to C=S) confirm the presence of C=S bond in the COPS.
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Figure 2.2 1¥C CP-MAS solid-state NMR of (a) COPO and (b) COPS.
Nitrogen (N2) adsorption/desorption isotherm of (¢) COPO and (d)
COPS (inset figures pore diameter curve of COPO and COPS,
respectively, calculated by BJH method).
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Moreover, the formation of the amide and thioamide bonds in the COPO

and COPS was also confirmed by the solid-state cross-polarization magic
angle spinning carbon-13 nuclear magnetic resonance (*C CP-MAS
NMR spectrum) (Figure 2.2). The 3C CP-MAS NMR spectrum of the
COPO indicates two types of carbon at chemical shifts of 129.9 and 166
ppm, which correspond to the carbon in the aromatic ring (C=C) and
amide bond (C=0), respectively (Figure 2.2a) [37]. On the other hand,
the ¥C CP-MAS NMR spectrum of the COPS reveals two types of
carbon at chemical shifts of 128.8 and 174 ppm corresponding to the
carbon in the aromatic ring (C=C) and the thioamide bond (C=S),
respectively (Figure 2.2b) [40]. The 3C CP-MAS NMR spectra provide

confirmation of the successful formation of COPO and COPS.
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Figure 2.3 (a) Thermal stability graph of the COPO and COPS and (b)

DSC curves of COPO and COPS on the second heating scan.

Furthermore, the Brunauer-Emmett-Teller (BET) surface area and
porosity of COPO and COPS were determined using nitrogen sorption
analysis at 77 K. Both COPO and COPS exhibit type IV sorption
isotherm curves (Figure 2.2c and 2.2d) [41,42]. The calculated BET
surface area (Sger) of COPO was found to be 21.6 m?/g, while for COPS
it was 10.2 m?/g. COPO exhibits a larger Sger compared to COPS. In
addition, pore size distribution of COPO and COPS was determined
using the BJH method and the values were found to be 3.5 nm and 3.4
nm, respectively (inset Figure 2.2c and 2.2d). To study the thermal
stability behavior of COPO and COPS, a thermogravimetric (TGA)

experiment was performed under a dry nitrogen atmosphere within a
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temperature range of 27 to 800 °C (Figure 2.3a). Initially, a small weight
loss is observed up to 260 °C for both COPO and COPS, which can be

attributed to residual solvents and moisture trapped in the samples [43].

The major and gradual weight loss was observed within 260 to 570 °C
and within 260 to 700 °C for COPO and COPS. This weight loss is
attributed to the disintegration of functional groups in both COPO and
COPS [44]. The results of the TGA curves indicate that both COPO and
COPS have promising thermal stability. To gain further insight into their
thermal properties, a differential scanning calorimetry (DSC) experiment
was performed (Figure 2.3b). However, no significant peak indicating a

glass-transition temperature was observed in the DSC curves.

COPO[ copPo

Figure 2.4 FE-SEM image of (a) COPO and (b) COPS. (c)-(f) EDS
pattern and elemental mapping of COPO. (g)-(j) EDS pattern and
elemental mapping of COPS.

The surface morphologies of COPO and COPS were observed using
field emission scanning electron microscopy (FE-SEM), high-resolution
transmission electron microscopy (HR-TEM), and atomic force
microscopy (AFM) images. COPO shows an irregular buffy stack
morphology (Figure 2.4a), while COPS indicates a rough morphology
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(Figure 2.4b) [45] However, a higher magnification FE-SEM image of

COPS reveals cauliflower-like morphology (inset Figure 2.4b) [46].
Additionally, the energy-dispersive X-ray spectroscopy (EDS) spectrum
and elemental mapping of COPO confirm the presence and uniform
distribution of C, N, and O on the surface (Figure 2.4c-2.4f). Similarly,
the EDS spectrum and elemental mapping of COPS confirm the presence
and uniform distribution of C, N, and S over the surface (Figure 2.4g-
2.4j).

2 1/nm 5 1/nm

Figure 2.5 High-resolution TEM images of (a) COPO (inset SAED
pattern) and (b) COPS (inset SAED pattern). AFM images of (¢) COPO
and (d) COPS.

Further, the HR-TEM technique was used to confirm the FE-SEM
images of COPO and COPS. It was observed that the HR-TEM images
of COPO and COPS align with the FE-SEM results (Figure 2.5a and
2.5b) [44]. Additionally, the selected area electron diffraction (SAED)
patterns of COPO and COPS exhibited an amorphous structure (inset
Figure 2.5a and 2.5b) [47]. To further validate the FE-SEM findings,
AFM analysis was also conducted on COPO and COPS. The 2D AFM
images of COPO and COPS confirm the presence of irregular buffy stack
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morphology and cauliflower-like morphology, respectively (Figure 2.5c
and 2.5d).

2.4.1 H,S Sensing Performance of the COPO and COPS

The gas sensing performances of the COPO and COPS sensors were
investigated by measuring the change in electrical resistance when
exposed to H.S under ambient conditions (25 °C, 45% relative humidity
(RH)). Before exposing the H2S molecules, the COPO and COPS sensors
were kept inside the sensing chamber for a while in ambient conditions
to obtain a stable base resistance. Afterwards, the sensors were exposed
to H.S, a reducing gas, which results in an increase in resistance. This
increase in resistance demonstrates that both COPO and COPS sensors
have a the p-type nature [48]. The response value of the COPO sensor to
100 ppm H2S is found to be 190%, while that of the COPS sensor is
found to be 73% (Figure 2.7a). The response and recovery times for the
COPO and COPS sensors are found to be 20/40 s and 30/50 s (Figure
2.7b and 2.6a), respectively.
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Figure 2.6 (a) Single transient response-recovery cycle of the COPS
sensor to 100 ppm H.S at 25 °C. Transient resistance response of the (b)
COPO and (c) COPS sensors to 100 ppm H.S at 25 °C.

Additionally, the transient resistance response of the COPO and COPS
sensors to HoS at 25 °C is displayed in Figure 2.6b and 2.6¢. The COPO
sensor is restores to its base resistance, while the COPS sensor does not
fully recover to its 90% base resistance value. Figure 2.7b illustrates the
transient graph, which depicts the response and recovery time of the
COPO sensor for a single cycle of H.S exposure at 25 °C. It is evident
from Figure 2.7a that the COPO sensor exhibits a higher response with a

shorter response/recovery time and complete recovery compared to the
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COPS sensor, revealing a faster adsorption and desorption process of

H2S molecules from the surface of the COPO sensor. Therefore, further

sensing experiments were conducted by using the COPO sensor.
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Figure 2.7 (a) The response of COPO and COPS fabricated sensor
towards 100 ppm HS. (b) Single transient response-recovery cycle of
the COPO towards 100 ppm H.S. (c) Selectivity of the COPO sensor
against other gases at different concentrations. (d) Dynamic response of
COPO sensor for H2S from 100 ppm to 100 ppb. (e) The linear fitting
curve of response and concentration of H.S and (f) effect of RH on
sensing performance of COPO towards 100 ppm HS.

Further, the selectivity of COPO-based sensors has been studied for
various oxidizing and reducing gases at different concentrations (Figure
2.7¢). The COPO sensor exhibits a response of 190%, 70%, 104%, 69%,
and 95% to HS (100 ppm), NO2 (100 ppm), SO2 (100 ppm), CO- (500
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ppm), and CO (200 ppm), respectively. Therefore, COPO shows

adequate selectivity towards H>S in comparison to other interfering
gases.

We investigated the dynamic transient profile of the COPO sensor under
different concentrations of H.S, ranging from 100 to 0.1 ppm (Figure
2.7d). The results demonstrate that as the concentration of H>S decreases
from 100 to 0.1 ppm, the response of the COPO sensor also decreases
from 190% to 71%, respectively. Figure 2.7d depicts that even at parts
per billion exposure of H,S gas, the COPO sensor exhibits a significant
response, which is the OSHA short-term exposure limit. Figure 2.7e
determines the correlation between H>S concentration and response,
indicating that the COPO sensor has a limit of detection (LOD) value of
0.75 ppb and a limit of quantification (LOQ) value of 2.5 ppb.
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Figure 2.8 (a) Response of the COPO sensor to 100 ppm H.S for 25
consecutive cycles at 25 °C and (b) response of the COPO sensor to 100

ppm HaS for 2 months at 25 °C.
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The response of COPO towards H.S was investigated under different
relative humidity (RH) levels, as it is a major factor for practical gas
sensing applications (Figure 2.7f). The response of COPO towards H,S
at 75, 86, and 97.5% RH was found to be 69, 60, and 49%, respectively.
Based on these results, it can be concluded that as the RH increases in
the sensing chamber, the response towards H.S decreases. This is
because as the RH increases, more H.O molecules are adsorbed on the
surface of COPO, limiting the number of active sites accessible for H>S

molecule adsorption [49]. Therefore, as the relative humidity increases, it
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becomes difficult for H.S molecules to adsorb on the surface. It is

observed that the COPO based sensor does not fully recover when the
RH is increased at 25 °C, because the H>S and water molecules do not
completely desorb. However, even though the response at higher
humidity levels compared to atmospheric humidity, the COPO sensor
still exhibits a significant response (49%) even at 97.5% RH.

Moreover, we conducted a study to assess the repeatability of the COPO
sensor. We exposed the COPO sensor to 100 ppm of H,S for 25
consecutive cycles in the sensing chamber at 25 °C. The results, as
shown in Figure 2.8a, indicate that there is no noticeable change in the
COPO sensor’s response after repeated exposure to H2S. This suggests
that the COPO sensor shows good repeatability and fully recovers after
each exposure to HjS. Consequently, we examined the long-term
stability of the COPO sensor by exposing it to 100 ppm HS at 25 °C
every 5" day for a period of 2 months (Figure 2.8b). The COPO sensor
shows slight changes in its response, which could be attributed to the
change in environmental conditions. Therefore, the COPO sensor may
provide a fresh perspective for the design of advanced sensing devices.

Table 2.1 shows a comparative study of an H2S sensing experiment
using the COPO sensor and previously reported sensors. It has been
observed from Table 2.1 that the COPO sensor reported in this paper
exhibits an excellent response of 190% towards H.S under ambient
conditions, compared to other reports. This makes it a promising device

for monitoring environmental pollution and human health.

Table 2.1 Comparative study of various H,S gas sensors with COPO

S. Material Conce | Resp | Tempe | Respo | LOD | Refe
No. ntratio | onse | rature | nse/re renc
n (°C) cover es
(ppm) y time
1. Cu-doped | 100 087 |24 14/32 | 136 | [50]
ZnO/RGO % S ppb
2. MOF- 50 97% |25 <8/30 | NA | [51]
5/CS/IL S
membrane
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3. CuO doped | 1 83.9 | 200 9/160 | NA | [52]
Zn0O 8% S
4. polyaniline | 10 25% |25 120/2 | NA | [53]
— 50s
polyethyle
ne oxide
5. p-CuO/n- | 100 46.8 | 25 41/92 |3 [54]
TiO2-20 1% S ppm
6. PANI/rGO | 100 56% | 25 35/40 | NA | [55]
/SnO2 S
7. In2O3 whi | 10 37% |25 1- NA | [56]
sker 4min/
2h
8. COP 200 50% |25 9/12s | NA | [57]
9. COPO 100 190 |25 20/40 | 0.75 | This
% sec ppb | work

(*NA = not available)

2.4.2 H>S Mechanism

The mechanism of H,S gas sensing through H-bonding has been
previously outlined [8]. The detection of H>S gas relies on changes in
resistance in a sensor made of polymer. These changes occur mainly due
to the mobility of protons through amide or thioamide bonds. The COPO
and COPS polymers have amide and thioamide functional groups,
respectively, which provide a pathway for NH protons to move through
enol forms of both polymers (Scheme 2.2). The presence of abundant
amide and thioamide bonds in the COPO and COPS polymers increases
their basicity, indirectly enhancing their sensitivity and selectivity
towards acidic gases like H>S. Upon the exposure of H,S gas to the
surface of COPO and COPS sensors, the conduction of protons
decreases. This is because of the interaction between H.S and the
polymer, specifically the H-N-(C=0) and H-N-(C=S) groups. The
formation of the enol is also inhibited, which further decreases the
transportation of protons on the surface of the polymers. H2S molecules
interact with the HN-C=0O (COPO) and HN-C=S (COPS) groups
through H-bonding, which strongly inhibits the conduction of protons on
the polymer surface. As a result, the resistance of the COPO and COPS
increases, indicating that they have a p-type nature [48,58].
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Scheme 2.2 Interaction of amide and thioamide bonds in the COPO and
COPS with H2S molecules

: X : X .
' x AL
X= 0 (COPO) or X='S (COPS),” €=H,S H-Bond

The COPO sensor exhibited better sensing performance compared to
COPS sensor when exposed to H2S molecules on the surface. This could
be because COPO has a larger BET surface area (Seer = 21.6 m?/g),
which offers more active sites for the interaction between H.S molecules
and NH of COPO [59]. On the other hand, COPS has fewer active sites
available for interaction with H>S molecules due to its smaller BET
surface area (Sger = 10.2 m?/g). Therefore, more H>S molecules would
interact with NH through H-bonding in COPO compared to COPS,
leading to a significant change in resistance observed in the COPO
sensor. Consequently, the sensing response to H>S gas molecules is
found to be higher in COPO (response = 190%) compared to COPS
(response = 73%). Moreover, the presence of a large number of active
sites on the surface of the COPO sensor increases the adsorption and
desorption process of H>S molecules, resulting in complete
recoverability [59,49]. Therefore, COPO exhibits a higher response to
H>S with complete recovery.

Furthermore, it has been observed that when the concentration of H2S
gas increases, the resistance of the COPO sensor also increases rapidly.
This could be due to the interaction of more H>S molecules with the
amide bonds of COPO, which drastically inhibits the conduction of
protons on the surface. As a result, the response of the COP sensor to
H2S increases. The response of the COPO sensor to H.S gas was also
examined at higher temperature. The base resistance of the COPO is not
stable at higher temperatures, which could be due to higher molecular
vibrations in the bonds of the COP. Therefore, at higher temperature,
H>S molecules do not interact accurately with amide bonds and inhibit

the interaction of COPO with H»S gas. One interesting fact in this report
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is that the resistance of the COPO sensor decreases in the presence of

relative humidity (RH), which could be attributed to proton conduction.
The possible reason for this is that as RH% increases (more H20
molecules), there are protons available for conduction. As a result, water
molecules provide an alternative route for proton conduction on the
surface of COPO [60,61,62,63]. Therefore, the resistance of COPO
decreases as RH increases; as a result, the trade-off between H,S and
H>0 decreases the response of COPO to HaS.

2.5 Conclusion

In summary, we have successfully reported on the role of amide- and
thioamide-decorated covalent organic polymers for selective
chemodetection of H»S at room temperature. We characterized the
COPO and COPS using various techniques such as PXRD, FT-IR, 13C
CP-MAS NMR, BET, TGA, FE-SEM, TEM, and AFM. Furthermore, we
tested both COPO and COPS for gas sensing at 25 °C. Among them, the
COPO sensor demonstrated a good sensing performance of 190% with a
fast response/recovery time of 20/40 s to 100 ppm H,S at 25 °C. The
presence of abundant polar amide bonds in COPO facilitated the
selective detection of H>S through a proton conduction mechanism. In
addition, the LOD and LOQ for COPO were found to be 0.75 ppb and
2.5 ppb, respectively. The COPO and COPS sensors showed adequate
selectivity for detecting H2S in the presence of other interfering reducing
and oxidizing gases. Moreover, the COPO showed good repeatability,
complete reversibility, and long-term stability. These results indicate that
COPO is an exceptional material for selectively detecting H.S and

suggest its potential use as an H.S sensor for environmental monitoring.
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3.1 Introduction

Conjugated polymers (CPs) are a subset of polymers with a n-conjugated
system. CPs have garnered enormous attention due to their wide
application in sensors, supercapacitors, energy storage, photovoltaics,
organic field-effect transistors (OFET), and optoelectronics [1,2,3,4,5].
The interaction between the chains of the CPs decreases the HOMO-
LUMO gap, resulting in improved electrical properties [6,7]. Moreover,
the introduction of heteroatoms in the conjugated polymers can enhance
the performances of the derived devices. Recently, CPs have been
considered as a preferable option to inorganic semiconductors for
sensing materials used in detecting toxic gases. This is because they
possess unique properties such as excellent sensitivity, selectivity,
improved electrical properties, light weight, ability to operate at room
temperature, and flexibility. These properties are achieved by introducing
specific functional groups into the side chain of the CPs [3,8,9].

Thiazole decorated polymers are currently receiving significant attention
among CPs due to their electron-deficient behavior. The introduction of a
thiazole ring in the CPs increases their oxidative stability and ionization
potential and enhances their interaction with other molecules through van
der Waals forces and charge transfer behavior [10,11]. The presence of
nitrogen in the thiazole ring imparts the polymers a basic nature,
allowing for acid-base interactions and further enhancing charge transfer
absorption [8]. Reichmanis et al. have developed a m-conjugated polymer
based on thiazole and investigated the chemical sensing of protic and
Lewis acids [8]. Ozkaya et al. have synthesized a thiazole-based p-tert-
butylcalix[4]arene diamine which produced C[4]-DT. They used a C[4]-
DT LB fabricated sensor for the sensitive and selective detection of
DCM [12]. Additionally, incorporating a benzoselenadiazole ring in the
CPs promotes electron-deficient behavior and decreases the band gap of
the CPs [7,13]. Moreover, the strong polarizability of Se provides an
electrophilic center that allows weak interactions with other molecules

[14]. The z— interaction between the polymeric chain also accelerates
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the charge carrier mobility, leading to increased sensitivity toward

targeted molecules [7,15].

Today, there is significant concern about the impact of industrial
development and the release of large amounts of toxic gases and volatile
organic compounds (VOCs) into the environment. One particular
harmful air pollutant, sulfur dioxide (SOz), is commonly emitted from
activities such as burning fossil fuels, industrial processes, motor vehicle
emissions, thermal power plants, and forest fires [16,17,18,19].
Moreover, SO, reacts with water to form sulfurous and sulfuric acid,
resulting in acidic rain. This acidic rain has a detrimental impact on
agricultural productivity and the environment. The National Ambient Air
Quality Standards (NAAQS) state that the acceptable safety limit for SO»
in atmospheric air is 0.5 ppm for a duration of 3 h [20]. Exposure of even
trace amounts of SO, for a longer time period can cause eye irritation,
respiratory illnesses such as asthma, cardiovascular diseases, and even
death. Excessive exposure to SO decreases the level of intracellular
glutathione (GSH), which in turn destroys the antioxidant defense system
of the body [21]. For this reason, there is a lot of interest in developing
sensitive and selective methods to detect low concentrations of SO
under ambient conditions. So far, various types of gas sensors have been
developed for this purpose such as electrochemical sensors, fluorescence
sensors, and chemiresistive sensors [16,22]. The chemiresistive sensor is
widely used among different sensors due to its unique properties such as
easy miniaturization, low power consumption, reliability, affordability,
simplicity, and high sensitivity [23,24,25]. Therefore, researchers are
motivated to develop a sensing material that can detect SO, at room
temperature with high sensitivity and selectivity. This is important for
monitoring environmental pollution and human health. [26].

In this study, we developed two types of CPs named BBTBSe and BBT
through solution phase polymerization. BBTBSe is decorated with a
benzoselenadiazole ring, while BBT doesn’t have this decoration. Both
BBTBSe and BBT CPs were fabricated on interdigitated electrodes for
the purpose for detecting SO,. The BBTBSe sensor displays high

sensitivity (Rg/Ra) and selectivity towards SO, with a short response
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time of 60 s and recovery time of 70 s at room temperature. Furthermore,

sensing experiments using BBTBSe and BBT were performed by
varying the concentration of SO,. The results reveal that SO could be
detected even at low ppm levels with a limit of detection (LOD) of
0.23 ppb. Both sensors exhibited highly selective behavior towards SO,
distinguishing it from other interfering oxidizing and reducing gases.
Moreover, both BBTBSe and BBT sensors demonstrated complete
reversibility, good repeatability, and superior durability under ambient

conditions.

3.2 Aims and Objectives

The aims and objectives of the current work are mentioned as follows;

Q) To synthesize a benzoselenadiazole containing monomer,
denoted as BPBSe, and two conjugated polymers (CPs) in which, one is
decorated with thiazole rings (BBT) and the other contains thiazole and
benzoselenadiazole rings in the backbone of the polymer (BBTBSe).

(i)  To investigate the presence of thiazole rings in BBT CP and
thiazole and benzoselenadiazole rings in BBTBSe CP.

(iii)  To evaluate the thermal stability and surface morphology of the
BPBSe, BBT, and BBTBSe.

(iv)  To investigate the sensing performance of BBT and BBTBSe for
detecting SO2 at RT.

(v) To investigate the selectivity, a dynamic response at different
concentrations, and repeatability of BBT and BBTBSe CPs.

(vi)  To investigate the proposed sensing mechanism of the BBTBSe

Sensor.

3.3 Experimental Section

3.3.1 Chemicals and Methods

The chemicals and reagents were purchased commercially and used
without further purification. o-Phenylenediamine, 4-bromobenzonitrile
and copper acetate were purchased from Alfa Aesar. Selenium dioxide,
potassium carbonate and potassium acetate were purchased from SRL,

India and bis(pinacolato)diborane and triethylamine were purchased
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from Spectrochem. Bromine and 1,4-dicyanobenzene were purchased

from Merck. Tetrakis(triphenylphosphine)palladium(0) and 2,5-
diaminobenzene-1,4-dithiol were purchased from TCI Chemicals. All the
solvents used in the reactions were purchased from Merck and distilled
before use by following the standard procedure. Thin layer-layer
chromatography (aluminium plates coated with Merck silica gel 60
F254) was used to monitor the progress of reactions. All the
intermediates and final compounds were purified using silica gel with
100-200 mesh size.

3.3.2 Synthesis of Compounds
3.3.2.1 Synthesis of Intermediates and Monomer (4,4'-benzol[c][1,2,5]
selenadiazole-4,7-diyl)dibenzonitrile, BPBSe)

Scheme 3.1 Synthetic scheme of BPBSe (4,4-benzo[c][1,2,5]

selenadiazole-4,7-diyl)dibenzonitrile, 6)

Br

NH, N N

@[ EtOH, Se0, C[/ | H,S0, _N,
o Se ——» Se

NH, reflux, 80 °C SN Brp, 0°C =\

N

THF 90 °C

Pd(PPhs)s, K,CO4 NCmCN
i 7\}\/ PA(PPha);, ACOK i Toluene, 100 °C

BPBSe

4 5

3.3.2.1.1 Synthesis of benzo[c][1,2,5]selenadiazole (2)

1 g of o-phenylenediamine (9.2 mmol) and 1.13 g of SeO; (10.17 mmol)
were dissolved in ethanol (10 mL) and refluxed for 4 h at 70 °C. After
the completion of the reaction, ethanol was evaporated under reduced
pressure. The obtained solid was dissolved in ethyl acetate and washed
with IN HCI (3 x 30 mL). The ethyl acetate layer was dried over
anhydrous Na»SOs and evaporated under reduced pressure to obtain
brown needles. The solid state was purified by column chromatography
on silica gel (eluting with 70:30 DCM in hexane). Yield = 89% (1.5 g,
8.19 mmol). *H NMR (CDCls, 500 MHz): 7.84-7.82 (d, 2H, Se ring, J =
10.2 Hz), 7.46-7.44 (m, 2H, Se ring). *C NMR (CDCls, 125 MHz): § =
160.59, 129.48, 123.48.
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Figure 3.1 *H NMR spectrum (500 MHz, CDCls) of 2.
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Figure 3.2 *C NMR spectrum (125 MHz, CDCls) of 2.

3.3.2.1.2 Synthesis of 4,7-dibromobenzo[c][1,2,5]selenadiazole (3)

1 g of benzoselenadiazole (5.4 mmol) and 1.67 g of silver sulfate (5.4
mmol) were dissolved in concentrated sulphuric acid (20 mL). 1.9 g of
bromine (11.9 mmol) was added to the reaction mixture under cold
conditions and stirred overnight at room temperature. After the
completion of the reaction, excess bromine was quenched with cold H0,

the resulting precipitate was filtered using a Buchner funnel. The product
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was extracted using ethyl acetate and the ethyl acetate solution was dried

over NaxSOs. The solvent was evaporated under reduced pressure to
obtain a golden yellow product. The crude product was purified by
column chromatography on silica gel (eluting with 50:50 DCM in
hexane). Yield = 54% (1.08 g, 2.93 mmol). *H NMR (DMSO-ds, 500
MHz): 7.8 (s, 2H, Se ring). *C NMR (DMSO-ds, 125 MHz): § = 156.63,
132.21, 116.45.
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Figure 3.3 'H NMR spectrum (500 MHz, DMSO-ds) of 3.
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Figure 3.4 *C NMR spectrum (125 MHz, DMSO-dg) of 3.
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3.3.2.1.3 Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)benzonitrile (5)

500 mg of 4-bromobenzonitrile (2.74 mmol) was dissolved in dried
tetrahydrofuran (THF) and purged with nitrogen gas for 10 min. 539 mg
of potassium acetate (5.49 mmol) was added to the reaction and stirred
for 15 min under an inert atmosphere. 1.04 g of bis(pinacolato)diboron
(4.1 mmol) was added to the above mixture and allowed to stir. 158 mg
tetrakis(triphenylphosphine)palladium(0) (5 mol%) was added and the
reaction mixture was allowed to reflux under an inert atmosphere at 90
°C for 24 h. After the completion of the reaction, THF was evaporated
under reduced pressure and diluted with dichloromethane (DCM). The
mixture was passed through celite and the filtrate was taken in a
separating funnel and washed with water (3 x 30 mL). The DCM layer
was dried over Na;SOs4 and evaporated under reduced pressure to obtain
a white solid compound. Yield = 60% (375 mg, 1.64 mmol). *H NMR
(CDCls, 500 MHz): 7.89-7.87 (d, 2H, H of Ph, J = 8.15 Hz), 7.64-7.63
(d, 2H, H of Ph, J = 8.25 Hz), 1.35 (s, 12H, H of CHs). 3C NMR
(CDCls, 125 MHz): 6 = 135.10, 131.15, 118.88, 114.55, 84.51, 29.70,
24.87.
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Figure 3.5 'H NMR spectrum (500 MHz, CDCls) of 5.
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Figure 3.6 *C NMR spectrum (125 MHz, CDCls) of 5.

3.3.2.1.4 Synthesis of 4,4'-benzo[c][1,2,5]selenadiazole-4,7-diyl)
dibenzonitrile (BPBSe, 6)

500 mg of 4,7-dibromo-2,1,3-benzoselenadiazole (3, 1.47 mmol), 1,01 g
of 4-(4,4,5,5-tetramethyl-1,2,3-dioxaborolan-2-yl)benzonitrile ( 5, 4.4
mmol) and 2 g potassium carbonate (14.7 mmol) were dissolved in
toluene (15 mL) and H2O (5mL). The above reaction mixture was
purged with nitrogen for 30min and then, 68 mg of
tetrakis(triphenylphosphine)palladium(0) (4 mol%) was added to the
above mixture. The reaction was refluxed and stirred under an inert
atmosphere for 48 h at 100 °C. The toluene was evaporated under
reduced pressure. The product was passed through celite and extracted
using DCM and washed with deionized water (3 x 30 mL). The DCM
layer was dried over Na;SOs and the solvent was evaporated under
reduced pressure to obtain a yellow solid compound. Yield = 65% (370
mg, 0.96 mmol). *H NMR (CDCls, 500 MHz): 7.79-7.77 (d, 4H, Ph ring,
J =8.4 Hz), 7.70-7.68 (d, 4H, Ph ring, J = 8.4 Hz), 7.64 (s, 2H, CH of Se
ring). *C NMR (CDCls, 125 MHz): & = 157.26, 132.91, 132.16, 127.95,
116.55, 112.68.
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Figure 3.8 *C NMR spectrum (125 MHz, CDCls) of 6.

3.3.2.2 Synthesis of BBTBSe

A mixture of 150 mg of 4,4'-(benzo[c][1,2,5]selenadiazole-4,7-
diyl)dibenzonitrile (6, 0.38 mmol), 7.7 mg of copper acetate (0.58 mmol)
and 78 mg of triethylamine (0.77 mmol) were added to ethanol. The

resulting solution was stirred for 10 min and then 143 mg of 2,5-
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diaminobenzene-1,4-dithiol (7, 0.58 mmol) was added to the above

solution and the mixture allowed to stir for 72 h at 70 °C (Scheme 3.2).
After the completion of the reaction, the solution was filtered and
washed with water and ethanol. The resulting product was dried in an

oven at 60 °C for 8 h to obtain black powder.

Scheme 3.2 Synthetic scheme of BBTBSe and BBT CPs
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3.3.2.3 Synthesis of BBT

A mixture of 200 mg of 1,4-dicyanobenzene (1.56 mmol), 31 mg of
copper acetate (0.58 mmol), and 158.9 mg of triethylamine (0.77 mmol)
were added to ethanol. The resulting solution was stirred for 10 min and
382 mg of 2,5-diaminobenzene-1,4-dithiol (0.58 mmol) was added to the
above solution and allowed to stir for 72 h at 70 °C (Scheme 3.2). After
the completion of the reaction, the resulting solution was filtered and

washed with water and ethanol, and dried in an oven at 60 °C for 8 h.

3.3.3 Characterization Techniques

'H and *C NMR spectra of the intermediates and final compound were
recorded on a Bruker AV 500 MHz instrument. The solvents used were
CDCls; and DMSO-ds, with TMSA as an internal standard. The chemical
shifts (3) were expressed in ppm relative to TMS. FTIR spectra of
precursors and polymers were recorded on a Bruker (Tensor-27) FT-IR
spectrophotometer. The crystalline nature of the samples was studied by
Empyrean, Malvern Panalytical X-ray diffractometer with Cu-K,
radiation (1 = 1.54 A) in the 26 range of 5°-60°. The **C CP-MAS NMR
spectrum was recorded using a solid state NMR spectrometer (500 MHz
Bruker Advance Neo). Thermogravimetric analysis (TGA) was

performed using a Mettler Toledo Thermal Analyzer with a heating rate
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of 10 °C/min, heating from 25°C to 800 °C under a nitrogen

atmosphere. The surface area and pore size of the precursor and
conjugated polymers were analyzed using the Quantachrome Autosorb
i1Q2. The surface morphology was investigated using FE-SEM (Supra55
Zeiss). Further, high-resolution transmission electron microscopy
analysis was performed using the Field Emission Gun-Transmission
Electron Microscope 300 kV (model no Tecnai G2, F30), operated at a
voltage of 300KkV. X-ray photoelectron spectroscopy (XPS)
measurements were carried out to determine the surface chemical state
and elemental composition of the conjugated polymers by Thermo Fisher
Scientific NEXA Surface analyzer.

3.3.4 Device Fabrication and SO Sensing Evaluation

Scheme 3.3 Schematic representation of fabrication of CPs on
interdigitated electrodes (IDES)

N
. Q\-\
Dispersed solution Dropcasting Sensing
of CP in EtOH on IDE Chamber

The as-synthesized BBTBSe powder was dispersed in 1 mL of ethanol
and 10 pL nafion (used as a binder) to form a paste. This paste was
dropcasted onto platinum IDEs and the fabricated device was heated in a
hot air oven at 70 °C for 12 h to enhance the stability of the sensing layer
(Scheme 3.3). The same process was repeated for the fabrication of
BPBSe and BBT. The complete information on the sensing instrument,
which is used for the SO sensing experiment, has already been reported
[27]. All the SO sensing experiments were carried out under ambient

conditions. The SO» sensing response is a function of resistance and the
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change in the resistance was measured using a Keithley source meter
(2612A) at a constant voltage of 10 mV. After the stabilization of the

resistance of the fabricated sensors in the environment, the targeted gas
was exposed to the sensing chamber and the changes in resistance were
observed. The required different concentrations of SO, were obtained by
mixing SO with synthetic air and controlling the flow rate using mass
flow controllers (MFCs).

The response of the CP sensor was calculated using the equation below:

R
Response (R) = Ri (3.1)
a

where, Rg and Ra are the resistance of the fabricated device in the
targeted gas and air, respectively. Generally, the response/recovery time
is expressed as the time required for achieving 90% of the resistance
change after exposing or removing the targeted gas from the sensing
chamber. The cylinders of gases H.S, NO., CO, SO, NH3, SO», and CO>
with a purity of 99.9% of known concentration were purchased from air
gas material and used to attain different gaseous environments inside the
chamber. Further, low concentrations of SO, were achieved by mixing
SO2 with synthetic air in the mixing chamber with pre-defined gas flow
rates controlled by mass flow controllers. To investigate the repeatability
behavior of the sensor, the fabricated device was exposed to SO gas for
3 consecutive cycles, and a change in the resistance was observed. The
different levels of relative humidity (RH) were achieved by using the
saturated solutions of magnesium nitrate Mg(NOs3)2, sodium chloride
(NaCl), potassium chloride (KCI), and potassium sulfate (K.SO.) to
obtain 57, 75, 84, and 97% RH, respectively.

The gas sensitivity is utilized to establish the limits of detection (LOD)
and quantification (LOQ). The LOD represents the minimum detectable
SO> concentration by the sensor, while the LOQ represents the lowest
amount of SO, that can be precisely and accurately quantitatively

detected [28]. The LOD and LOQ values are determined by:

3 xXSD
LOD = s (3.2)
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LOQ =——— 3.3
Q=— (33)
where, SD represents the standard deviation of sensor response values

obtained in the presence of air, while o represents the slope of the linear

portion of the calibrated curve.

3.4 Results and Discussion

The synthesized BPBSe (monomer), BBT CP, and BBTBSe CP were
characterized using various techniques. Figure 3.9a displays the PXRD
pattern of 2,5-diaminobenzene-1,4-dithiol, BPBSe, and BBTSe, while
Figure 3.9b illustrates the PXRD spectrum of 1,4-dicyanobenzene and
BBT. The PXRD patterns of 2,5-diaminobenzene-1,4-dithiol, BPBSe,
and 1,4-dicyanobenzene exhibited sharp peaks, corresponding to their
high crystalline nature [28,29]. On the other hand, the PXRD patterns of
BBT and BBTBSe showed sharp peaks with a broad hump, suggesting a
low crystallinity for both CPs [30].
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Figure 3.9 (a) PXRD spectrum of 2,5-diaminobenzene-1,4-dithiol,
BPBSe and BBTBSe. (b) PXRD spectra of 1,4-dicyanobenzene and
BBT. (c) FTIR spectrum of 2,5-diaminobenzene-1,4-dithiol, BPBSe and
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BBTBSe and (d) FTIR spectra of 2,5-diamino-1,4-benzenedithiol, 1,4-
dicyanobenzene and BBT.

FT-IR analysis was performed to ascertain the functional groups in
BBTBSe and BBT. The FT-IR spectra of 2,5-diaminobenzene-1,4-dithiol
showed characteristic peaks at 2564, 1280, and 1100 cm?, which
correspond to stretching frequencies of S-H, C-N and C-S, respectively
[31]. Additionally, the FT-IR spectra of BPBSe exhibited a signal at
2227 cm?, indicating the stretching frequency of CN [32]. The
disappearance of characteristics peaks in the FT-IR spectra of BBTBSe
at 2564 and 2227 cm™ and the appearance of peaks at 1594, 1210, and
860 cm, which correspond to the stretching frequencies of C=N-C, N—
C-S, and C-S-C, respectively, reveal the formation of thiazole ring in
BBTBSe CP (Figure 3.9c) [33,34]. Similarly, the FT-IR spectrum of
BBT shows the disappearance of characteristics peaks at 2564 and 2232
cm? and the appearance of signals at 1602, 1220, and 834 cm™, which
correspond to the stretching frequency of C=N-C, N-C-S, and C-S-C,
respectively, revealing the formation of a thiazole (Figure 3.9d)
[33,34,35]. It was observed that CN and SH stretching frequency peaks
disappeared, and new C=N-C, N-C-S, and C-S-C stretching frequency
peaks appeared in BBTBSe and BBT. These changes are ascribed to the
successful formation of the thiazole ring in the CPs.

Moreover, the successful formation of BBTBSe and BBT was studied
using 3C CP-MAS NMR and 'H NMR, respectively. The peaks at &
154.28 and 141.52 ppm correspond to C=N and C-N, respectively
[36,37]. The signals at & 131.25, 125.44, and 110.06 ppm are attributed
to other aromatic carbons of the polymer (Figure 3.10a) [38]. The results
of ¥C CP-MAS NMR corroborate the findings of FTIR spectra,
providing unambiguous evidence of the successful formation of
BBTBSe. The *H NMR data of the synthesized BBT matches completely
with the previously reported NMR of BBT (Figure 3.10b). The peak at 5
8.09 ppm corresponds to the benzene ring, while the peaks at 6 7.97 and

7.87 ppm are attributed to the benzothiazole ring. The signals at & 7.45
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and 7.38 ppm are attributed to the terminal benzene ring and the signal at

d 6.86 ppm is attributed to the terminal benzothiazole ring of the polymer
[39].
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Figure 3.10 (a) **C CP-MAS NMR of BBTBSe and (b) *H NMR (500
MHz, DMSO-ds) spectrum of BBT.

The porosities of BPBSe, BBTBSe, and BBT were calculated using N2
sorption isotherm (Figure 3.11a-3.11c). The BET surface area of
BPBSe, BBTBSe, and BBT were found to be 9.809 m?/g, 17.9 m?/g, and
18.9 m?/g, respectively. Moreover, the pore size of BPBSe, BBTBSe,
and BBT was calculated using the NL-DFT method, and the values were
determined to be 0.019, 0.057, and 0.057 cm®(g, respectively. The
surface area of BBTBSe and BBT is almost similar and higher than that
of BPBSe.

The thermal stability of BPBSe, BBTBSe, and BBT was studied using
TGA analysis (Figure 3.11). The BBTBSe showed a weight loss of 8.5%
up to 260 °C, which can be attributed to the removal of entrapped water
and residual solvents. The TGA curve then sharply declined between 260
— 610 °C, resulting in a total weight loss of 90% (Figure 3.11d). BPBSe,
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on the other hand, showed a weight loss of 9% up to 250 °C, which can

be attributed to the loss of water molecules and residual solvents. Then, a
sudden decrease in weight loss of 91% was observed in the range of 317-
470 °C. At 470 °C, all of the monomer was completely lost. The TGA
graph of BBT exhibits two weight losses (Figure 3.11e). The BBT
remains stable up to 133 °C, but above this temperature, CP starts to
degrade. The weight losses of 58% and 33% were observed between 133
and 196 °C, and between 196 to 507 °C, respectively. These observations
correspond that BBTBSe has higher thermal stability compared to
BPBSe and BBT [40,41]. Therefore, the TGA results reveal that all the
fabricated sensors are thermally stable enough to work as sensing

materials at 25 °C.
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Figure 3.11 N2 adsorption/desorption isotherm curves of (a) BPBSe (b)
BBTBSe, and (c) BBT (Inset pore diameter curve of (a) BPBSe, (b)
BBTBSe, and (c) BBT, calculated by NL-DFT method). (d)
Thermogravimetric analysis of BPBSe and BBTBSe and (e)
thermogravimetric analysis of BBT to investigate the thermal stability of

the curve.

The surface morphologies of BPBSe, BBTBSe, and BBT were observed
using the FE-SEM technique. The FE-SEM images of BPBSe show a
rod-like morphology with a rough surface (Figure 3.12a) [42]. On the
other hand, the FE-SEM images of BBTBSe and BBT show a coral-reef-
like morphology (Figure 3.12b and 3.12c, respectively) [43]. HR-TEM
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analysis was performed to corroborate the morphology of BBT and

BBTBSe, which also showed a coral reef-like morphology for both CP
(Figure 3.12d and 3.12e). The difference in microstructure or
morphology of BPBSe from BBT and BBTBSe CP could potentially be
the self-aggregation of molecules and the van der Waals interaction
between conjugated polymer chains. Moreover, increasing the number of
conjugated units in the backbone of the CP induces interchain
interactions (m-m stacking) within the conjugated polymer. These
interactions alter the microstructure of the BPBSe, BBT, and BBTBSe
[44,45,46].

)

HRTEM images of (d) BBTBSe and (e) BBT.

The surface composition of the BBTBSe and BBT samples, as prepared,
were analyzed using XPS. The survey spectrum of BBTBSe illustrates
the presence of Se, S, N, and C (Figure 3.13a). The binding energy peak
at 56.6 eV is attributed to 3ds. of the benzoselenadiazole ring in
BBTBSe CP [47]. This high-resolution XPS spectrum of Se shows the
presence of Se and N-Se-N bonds in BBTBSe CP (Figure 3.13b)
[48,49]. The deconvoluted S spectrum consists of two binding energy
peaks at 163.1 and 164.3, which are ascribed to C-S-C. This further
confirms the successful formation of the thiazole ring (Figure 3.13c)
[50,51]. The deconvoluted XPS spectrum of N exhibits 2 peaks at 398.7
and 400.7 eV, indicating the binding energies of C=N of
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benzoselenadiazole and C-N-C, respectively (Figure 3.13d) [48,52].

Five deconvoluted peaks were observed for C1s centered at 288.2, 286.4,
286, 284.8, and 284.4 eV, indicating C-N, N-C-S, C-S, C-C, and C=C
bonds, respectively (Figure 3.13e) [53].
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Figure 3.13 (a) XPS survey spectrum of BBTBSe. The deconvolute
spectrum of (b) Se, (c) S 1s, (d) N 1s, and (e) C 1s in BBTBSe. (f) XPS
survey spectrum of BBT. The deconvoluted spectrum of (g) S 1s, (g) N
1s, and (i) C 1s present in BBT.

The survey spectrum of BBT illustrates the presence of S, N, and C
(Figure 3.13f). The deconvolute XPS spectrum of S 2p exhibits three
predominant peaks at 164, 163.1, and 161.5 eV, indicating the presence
of C-S and C-S-C bonds (Figure 3.13g) [50,51]. The deconvoluted
XPS spectrum of N 1s displays two binding energy peaks at 400 and
398.6 eV, which are attributed to C-N-C and C=N bonds, respectively
(Figure 3.13h) [48,52]. As displayed in Figure 3.13i, the C 1s spectrum
exhibits peaks at 288.2, 286, 284.8, and 284.2 eV, which are ascribed to
C-N, N-C-S, C-S, and C=C, respectively [53]. The deconvoluted XPS

spectrum of nitrogen exhibited slightly higher binding energies in
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BBTBSe than BBT. This suggests a different chemical environment,

including variation in chemical bonding, structure, and chemical state
around nitrogen atoms [54,55]. However, the electronegativity difference
among carbon, sulfur, and selenium also impacts the binding energies of
nitrogen, highlighting the different chemical interactions and bonding of
nitrogen [47]. The XPS spectra indicate the presence of Se, S, N, and C
elements in BBTBSe CP and S, N, and C elements in BBT CP.

3.4.1 SO; Sensing Performance

The 1-V analysis of BBTSe and BBT sensors were investigated in the
absence of SO. at a constant voltage range of -5 to 5 V (Figure 3.14a-
3.14b, respectively). The 1-V graph of BBTBSe shows a nonlinear
nature, indicating a Schottky contact between BBTBSe and platinum
electrode [27,56]. On the other hand, the I-V graph of BBT shows a
linear curve, indicating an ohmic nature [57,58]. The current observed
for both sensors was in the nanoampere range, indicating that they are

low-power device sensors.

{(b) —BBT

©
~
N

1(@) -._BBTBSe.‘/

[EnY
L

©
[N}
o
I

'
[y
L

Current (nA)
=

N
Current (nA)

°
N
1
—,
.
w N
.

-4 4

2 0 2 2 0 2
Voltage (V) Voltage (V)
Figure 3.14 Current-Voltage (I-V) analysis of (a) BBTBSe and (b) BBT

fabricated sensors.

The response values of BBTBSe, BPBSe, and BBT sensors to 100 ppm
SO, at 25 °C were compared (Figure 3.15a). The graph clearly shows
that BBTBSe exhibits a significantly higher response compared to
BPBSe and BBT. The BBTBSe sensor exhibits a 4.3-fold higher
response (Rg/Ra) of 199.4 compared to BBT (Ryg/Ra = 43.5). All of the
sensors show complete recovery to their base resistance after the

exposure of SO> in the sensing chamber was stopped, but BBTBSe and
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BBT show a low recovery time compared to BPBSe. One possible

reason is that the higher surface area and pore size of BBTBSe and BBT
provide proper sorption channels, which in turn decrease the
response/recovery times of BBTBSe and BBT. The transient
response/recovery graph indicates that BBTBSe exhibits a response of
199.4, with a rapid response/recovery time of 60/70 s (Figure 3.15b).
This may be due to the extended n—=n conjugation in the polymer, which
enhances carrier transport [59].
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Figure 3.15 (a) Response of BPBSe, BBT, and BBTBSe sensors to
100 ppm SO>. (b) Single transient curve of response/recovery time of
BBTBSe sensor to 100 ppm SO.. (c) Selectivity of BBTBSe and BBT
sensors for various gases. (d) Dynamic response for BBTBSe and BBT
sensors for different concentrations of SO, (1 to 100 ppm). (e) The

relation between SO. concentration (1 to 50 ppm) and the response of
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BBTBSe sensor and (f) the relation between SO> concentration (1 ppm to

50 ppm) and the response of BBT sensor at 25 °C.

Selectivity is one of the crucial parameters in the obscure environment.
Therefore, the responses of BBTBSe and BBT sensors towards different
reducing and oxidizing gases were investigated under ambient conditions
(Figure 3.15c). The BBTBSe sensor shows response values of 18.6, 26,
199.4, 25, 37.5, and 21 to interfering gases such as H2S (100 ppm), NO-
(200 ppm), SO2 (100 ppm), CO (200 ppm), CO2 (500 ppm), and NH3
(500 ppm), respectively. The BBT sensor responses to different
interfering gases such as H>S (100 ppm), NO2 (100 ppm), SO, (100
ppm), CO (200 ppm), CO2 (500 ppm), and NH3 (500 ppm) with the
response values of 9.6, 5.8, 45.7, 7.3, 4.3, and 2.3, respectively. The
selectivity factors of the BBTBSe sensor for 100 ppm SO are calculated
to be Sso2/Shzs = 10.7, Sso2/Sno2 = 7.6, Ss02/Sco = 7.97, Sso02/Sco2 = 5.3
and Sso2/Snnz = 9.49 [60]. The selectivity factors of the BBT sensor for
100 ppm SO- are calculated to be Sso2/Shzs = 4.76, Sso2/Sno2 = 7.87,
Ss02/Sco = 6.2, Sso2/Sco2 = 10.6 and Sso2/SnHz = 19.86 [60]. It is evident
that BBTBSe and BBT sensors exhibit a significantly higher response to
SO, compared to other oxidizing and reducing gases, indicating their
highly selective behavior towards SO> gas.

Afterward, the dynamic sensing performance of BBTBSe and BBT
sensors at different concentrations of SO> were investigated at 25 °C
(Figure 3.15d). As the concentration of SO, increases from 1 to
100 ppm, the response values of BBTBSe and BBT sensors increase
from 11.3 to 199.4 and 6.25 to 45.7, respectively. The graph clearly
shows that both sensors respond linearly to increasing concentration. The
LOD and LOQ values for BBTBSe are found to be 0.23 and 0.76 ppb,
(Figure 3.15e) respectively, whereas for BBT, the values of LOD and
LOQ are found to be 1.7 and 5.6 ppb, respectively (Figure 3.15f).
Moreover, the BBTBSe sensor exhibits an excellent response even at low
concentrations, with a response value (Rg/Ra) of 11 at 1 ppm of SO..

Both the BBTBSe and BBT sensors display complete recovery at all
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concentrations, indicating excellent reversibility behavior after every

cycle.
[ BBT —— BBTBSe
175-(a) [ BBTBSe 200-(b) . a——BBT 4m
— — g ¥
1401 3
& & 150
X 105 14
&L105 <100 :
B 70 &
g g 50+
35- LY N YN
% % 0 Nt N NS
(O] o4 S:') . . Y T T
04 57% _ 75%  84%  9T% 0 100 200 300 400
Relative Humidity (%) Time (sec)
_ 2507 (c) 100 ppm SO, —o-BBTBSe
D:m —¢-BBT
= 2001999293333 3333
[@2]
04
~— 150
]
2
S 100
>
o 901 40—
04
0-

0 10 Na%wbg? of4('§I)ay55'O 60
Figure 3.16 (a) Response of BBT and BBTBSe sensors towards 100
ppm SO. under different RH (57% to 97% RH) conditions. (b)
Repeatability curve of BBTBSe and BBT sensor towards SO and (c)

durability test of BBTBSe and BBT sensors towards 100 ppm SO..

The sensing performance of the BBT and BBTBSe sensors to detect 100
ppm of SO was investigated under varying levels of relative humidity
(RH) at 25 °C (Figure 3.16a). When exposed to 100 ppm of SO, the
BBT sensor showed responses of 39, 33, 25, and 18 under RH levels of
57%, 75%, 84%, and 97%, respectively. In contrast, the BBTBSe sensor
displayed responses of 182, 154, 123, and 106 under the same RH
conditions of 57%, 75%, 84%, and 97%, respectively, upon exposure to
100 ppm of SO2. As the relative humidity (RH) increases, the response
of both BBT and BBTBSe sensors to SO» decreases. The low response
under humid conditions might be due to water molecules competing with
SO2 molecules to occupy the sensor’s active sites, which in turn

decreases the number of available active sites for SO, gas molecules on
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the sensor's surface. [27,56]. Consequently, the response of both the BBT

and BBTBSe sensors to SO decreases significantly under high RH
conditions. Further, reproducibility and stability are important factors for
the practical application of the device. Figure 3.16b displays the
response/recovery curve of BBTBSe and BBT sensors to 100 ppm of
SO for 3 consecutive cycles. The results illustrate that there were no
significant fluctuations in the response values when SO, molecules were
injected or withdrawn from the sensing chamber. This result proves that
BBTBSe and BBT sensors exhibit excellent repeatability under ambient
conditions. Further, a monthly aging analysis was performed for 2
months, every fifth day (Figure 3.16c). Both BBTBSe and BBT sensors
did not show any noticeable change in their response to 100 ppm of SO,
indicating the excellent stability of the sensors.

Finally, the sensing performance of BBTBSe towards SO, gas was
compared with the materials that have been previously reported. It is
evident from Table 3.1 that BBTBSe exhibits a significantly high
response and can be used as an excellent sensing material for detecting

SO», with a fast response/recovery time under ambient conditions.

Table 3.1 Comparison of sensing performance of BBTBSe sensor with

other reported materials towards SO>

S. Material | Respo | Concentrati | Tempera | Reference
No. nse on (ppm) | ture (°C)

1. AuNPs- 10.4 20 200 25
Sn0O;

2. NiO/SnO; 56 500 180 61

3. Ag/PANI/S 20 50 20 62
nO;

4. ZnO— 156 70 300 18
MWCNT
(15:1)

5. Ag/AQ2S/S 10 100 180 63
-SnO;
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6. Ru/Al.Os/ 65% 100 350 64
Zn0O
7. CBD of | 93% 70 300 65
ZnO
8. SnO2/MoS; | 16 20 RT 66
9. BBTBSe 199.4 100 25 This work

3.4.2 SO2 Sensing Mechanism

However, the mechanism by which BBTBSe senses SO is not well
understood, and this will be an important topic for future research. The
sensing mechanism of BBTBSe conjugated polymer for SO, at 25 °C
could be explained on the basis of the interaction between SO, and CP
(Scheme 3.4). The presence of nitrogen (N) in the benzoselenadiazole
and thiazole rings of BBTBSe increases the number of active sites on its
surface for the adsorption of SO2. The lone pairs of N in the
benzoselenadiazole and thiazole rings are transferred to the S atom of
SO which has a partial positive charge. This transfer leads to a dipole—
dipole interaction. Subsequently, the donation of lone pairs to SO causes
an electron deficiency in the C=N bond, which weakens the conjugation
(delocalization of electrons) in the backbone of the CP and decreases the
charge carrier density of the CP [67]. Consequently, an increase in
resistance was observed for the CP sensor when exposed to SO». This led
to the calculation of the response value of the sensors. Moreover, this
weak interaction not only enhances the adsorption/desorption process,
but also decreases the adsorption/desorption time of SO; on the surface
of BBTBSe. Consequently, the response and recovery time of the
BBTBSe sensor decrease upon exposure to SO, [68].

In addition, there are plenty of N present in the BBTBSe ring, which
highly increases its basicity [69]. This allows it to form a temporary
complex with SO> molecules through weak Lewis acid-base interaction
[70]. The physisorption of SO, on the BBTBSe surface results in a
significant change in the resistance of the sensor. As a result, the

response of the BBTBSe sensor to SO» gas was calculated. The sensor
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exhibits complete recoverable behavior due to the complete desorption of

SO, from the surface of BBTBSe [17]. The adsorption of acidic gas can
be increased by increasing the basicity of the conjugated polymer. This
can be achieved by introducing more N into the polymer as nitrogen
contains lone pair of electrons, which act as basic active sites for the
interaction with acidic gases. However, the lone pair of electrons of
nitrogen in BBTBSe and BBT is not strong enough to chemically bind
with SO>. Instead, the nitrogen present in BBTBSe and SO, are bonded
through a weak physical interaction. Therefore, these weak interactions
accelerate the complete desorption of SO, molecules from the polymer
surface without much difficulty [71].

Scheme 3.4 Interaction of BBTBSe with SO, molecules
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The lower response of the BBT sensor to SO, could be due to lower N
content. Consequently, there are fewer nitrogen lone pairs available in
BBT that interact with SO. gas molecules. This leads to a smaller change
in resistance [72,73]. As a result, the BBT sensor exhibits a lower
response. Reversibility is an essential criterion for evaluating the
detection of SO gas. The complex formed by a very weak acid-base
interaction can be easily demolished by passing synthetic air through the
chamber. Therefore, both the BBTBSe and BBT sensors exhibit
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complete reversible behavior in sensing SO2 [70,71]. The results

discussed above suggest that the BBTBSe could be used as a facile,
inexpensive, highly sensitive, and selective sensing material for detecting
SO, at room temperature. This can be beneficial for monitoring
environmental pollution and human health. However, the parameters
which affect the sensing performance of the sensing material are very

complex.

3.5 Conclusion

In summary, we have successfully synthesized BPBSe, BBTBSe CP, and
BBT CP using a simple solution-phase method. The introduction of
benzoselenadiazole ring in the CP significantly enhanced the sensing
performance for SO, gas as compared to BBT CP. The BBTBSe sensor
showed a 4.3 times higher response (R = Rg/Ra) of 199.4 with a fast
response/recovery time of 60/70 s, in contrast to BBT (R = 45.7%).
Furthermore, the response of BBTBSe to SO> gas increased in a linear
manner within a concentration range of 1 to 50 ppm. The LOD and LOQ
values for the BBTBSe sensor were found to be 0.23 and 0.76 ppb,
respectively. More significantly, BBTBSe exhibited high selectivity,
consistent repeatability, complete recovery, and superior durability for
60 days. Overall, the BBTBSe sensor exhibited an excellent response
with a lower LOD value, suggesting that the BBTBSe can be used as a
promising sensing material for monitoring human health and

environmental pollution, especially in ambient conditions.
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4.1 Introduction

The rapid development of industrialization and urbanization has led to
the release of a large quantity of toxic gases directly into the
environment. This has had a severe impact on the living environment and
humans [1,2,3]. Particularly, ammonia (NHsa) is a highly toxic natural gas
that is generated from excessive livestock, waste discharge
ammonification, fertilizer factories, food processing, and combustion
[4,5,6]. Exposure to NHz has severe effects on human health, such as
causing coughing, respiratory damage, skin and eye irritation, and even
death in cases of excessive exposure [7,8]. Furthermore, NHz can be
used as a biomarker for liver diseases, oral cavity diseases, helicobacter
pylori diagnosis, and hepatic encephalopathy diagnosis [9,5]. The
concentration of NHs in the lungs of a healthy person is found to be 400-
1800 ppb, while in patients affected by renal disease (late stage), it is
found to be 820-14700 ppb [9]. The Occupational Safety and Health
Administration (OSHA) has set a threshold limit value (TLV) of 25 ppm
for NH3 [10]. Therefore, there is a need to develop an NHz sensor with
excellent selectivity and sensitivity, especially under ambient conditions
(room temperature of approximately 25 °C and atmospheric humidity of
approximately 45%).

Among the different types of gas sensors, chemiresistive sensors are
widely investigated because of their easy miniaturization, inexpensive
and easy handling [11,12]. Many sensors based on metal oxides (MOSs)
have been explored for monitoring NHs, but these sensors have
significant issues such as requiring high operating temperatures and
lacking selectivity [11]. A composite of ZnWO4/12W03-0.5 wt% rGO
exhibited an excellent response of 10.1-20 ppm of NHj3 at a temperature
of 140 °C [13]. A modified FeVO4-SE with 20 mol% NiO showed a very
good response to 100 ppm NHa, which was operated at a temperature of
650 °C [14]. Recently, scientists have engineered nanoporous covalent
organic polymers (nCOPs) to address the limitations of MO sensors
employed in the detection of NHs gas. nCOPs have sparked a

considerable attention due to their unique features, such as a large
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surface area, rapid charge transfer, excellent chemical and thermal

stability, redox properties, and tunable properties [15,16,17,18,19].
These properties make nCOPs a promising candidate for various
applications, including energy storage, proton conduction, gas storage,
drug delivery, and catalysis [16,20,21,22,23]. A nCOP with imine
linkages was used as a sensing material for detecting NHs. The
fabricated sensor exhibited excellent sensitivity to NHs with rapid
response/recovery time [24]. A triazine-based COP has been synthesized
for the selective and sensitive detection of NHs with good reversibility
[25]. Different functional groups such as triazine, amine, hydroxyl,
imine, and thiophene have been incorporated into the backbone of the
nCOPs, which improves the sensitivity, recovery, and selectivity towards
specific targeted gas molecules [26].

Among the various functional groups, imine and amine bonds have
attracted broad attention due to their diverse structural and functional
properties. The nitrogen-decorated polymer exhibits the properties of
Bronsted and Lewis acids [27]. Imine bonds can be easily formed and
broken in a reversible manner, and the presence of imine bonds in the
nCOPs provides the electrophilic behavior to the polymer’s backbone
[28]. The imine bonds are protected from hydrolysis through H-bonding
between interlayer C-H and N-H, as these H-bonds create steric
hindrance and a water-repelling environment near the imine bonds [29].
In addition, amine-functionalized nCOPs provide a large surface area and
exhibit physiochemical stability [30]. The presence of amine groups in
the nCOPs offers active sites that can interact with targeted gas
molecules through hydrogen bonding and electrostatic interaction.
Additionally, the amine groups lower the highest occupied molecular
orbital (HOMO) level of the nanoporous polymer [31].

In the present report, we have reported a nanoporous covalent organic
polymer with imine (nCOPI), which was subsequently reduced to amine
(C-N) linkage nanoporous covalent organic polymer (nCOPA). The
synthesized nCOPI and nCOPA were thoroughly characterized using
various techniques. Further, both nCOPI and nCOPA were dropcasted

onto intergitated electrodes (IDEs) and used them as sensing materials
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for detecting NHs gas under ambient conditions. The sensing

performances of the fabricated nCOPI and nCOPA have been
investigated and also the response/recovery time. Compared to nCOPI,
NCOPA exhibited 18.8 times higher response. The nCOPA sensor also
showed a good linear increase in response when the concentration of
NHz ranged from 1 to 500 ppm. The sensor has the lowest detection limit
(LOD) and quantification limit (LOQ) values of 0.25 and 0.86 ppb,
respectively. Its remarkable selectivity, complete reversibility, and
superior NHs response under different relative humidities make it a
promising candidate for NHs sensors operated at RT (~25 °C).
Furthermore, a plausible mechanism of enhancement in the sensing
performance of NCOPA with respect to NHz was also discussed in detail.
This work aims to improve the NH3 sensing performance by modifying
the chemical structure. This is achieved by reducing the imine (C=N)
linkage covalent organic polymer to amine (C-N) linkage covalent

organic polymer.

4.2 Aims and Objectives
The aims and objectives of the current work are mentioned as follows:

Q) To synthesize an imine-linkage nanoporous covalent organic
polymer (nCOPI), further, nCOPI to be reduced to amine-
linkage nCOP (nCOPA).

(i) To investigate the presence of imine and amine linkage in
nCOPI and nCOPA, respectively through FT-IR and 3C CP-
MAS NMR.

(iii)  To evaluate the thermal stability and surface morphology of
the nCOPI and nCOPA.

(iv)  To investigate the sensing performance of nCOPI and
nCOPA for detecting NH3z at RT.

(v) To investigate the selectivity, dynamic response at different
concentrations, and effect of humidity on sensing response of
nNCOPA to NHa.
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(vi)  To investigate the proposed sensing mechanism of the
nNCOPA sensor towards NHs.

4.3 Experiemental Section

4.3.1 Chemical and Methods

The chemicals and reagents were bought commercially and utilized
without purification. 4-Formylphenylboronic acid was obtained from
SRL, India and bis(triphenylphosphine)palladium (Il) dichloride
(Pd(PPh3).Cl;) was bought from TCI. 3,4-Diaminobenzhydrazide,
sodium borohydride (NaBHs) and potassium carbonate (K.CO3) were
purchased from Sigma Aldrich. 1,3,5-Tribromobenzene was purchased
from Alfa Aesar. All the solvents used in the reaction were purchased
from Merck and purified using the standard method before use. The
progress of the reaction was monitored by thin-layer chromatography
(TLC, aluminium plates covered with silica gel 60 F254). The
intermediate was purified by flash column chromatography using 100-

200 mesh size silica gel.

4.3.2 Synthesis of 5'-(4-formylphenyl)-[1,1':3",1""-terphenyl]-4,4"'-
dicarbaldehyde (TP3F), Imine Linkage Nanoporous Covalent
Organic Polymer (nCOPI) and Amine Linkage Nanoporous
Covalent Organic Polymer (nCOPA)

Scheme 4.1 Synthetic scheme for solution phase synthesis 5'-(4-
formylphenyl)-[1,1":3',1"-terphenyl]-4,4"-dicarbaldehyde (TP3F), Imine
Linkage Nanoporous Covalent Organic Polymer (nCOPI) and Amine

Linkage  Nanoporous Covalent Organic  Polymer (nCOPA)
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4.3.2.1 Synthesis of 5'-(4-formylphenyl)-[1,1':3",1""-terphenyl]-4,4"-
dicarbaldehyde (TP3F, 3)

500 mg of 1,3,5-tribromobenzene (1, 1.59 mmol) and 1.07 g of 4-

formlyphenylboronic acid (2, 7.13 mmol) were dissolved in toluene (15

mL) and H2O (5mL). The above reaction mixture was purged with
nitrogen for 30 min and then, 1.05 g potassium carbonate (7.6 mmol)
was added to the above mixture followed by the addition of 44.6 mg of
Pd(PPh3)2Cl> (4 mol%). The reaction was refluxed at 90 °C and stirred
under an inert atmosphere for 48 h. The solvent was evaporated under
reduced pressure. The product was dissolved in DCM and passed
through celite. The product was extracted using DCM and washed with
deionized water (3 x 30 mL). The DCM layer was dried over Na;SO4
and the solvent was evaporated under reduced pressure to obtain a solid
compound. The crude compound was purified using flash
chromatography using silica gel (100-200 mesh) eluted with EtOAc:
hexane (3:7) as a mobile phase to obtain a desired pale brown product
(Scheme 4.1). Yield: 74% (460 mg, 1.18 mmol).

'H NMR (CDCls, 500 MHz): 10.11 (s, 3H, H of CHO), 8.04-8.02 (d, 6H,
Ph ring, J = 8.25 Hz), 7.91 (s, 3H, H of Ph ring), 7.89-7.87 (d, 6H, Ph
ring, J = 8.2 Hz). ®°C NMR (CDCls, 125 MHz): § = 191.78, 146.3, 141.6,
135.76, 130.46, 127.99 and 126.49.
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Figure 4.1 *H NMR spectrum (500 MHz, CDCls) of TP3F (3).
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Figure 4.2 3C NMR spectrum (125 MHz, CDCls) of TP3F (3).

4.3.2.2 Synthesis of Imine Linkage Nanoporous Covalent Organic
Polymer (nCOPI)

The nCOPI was synthesized using the same procedure that has already
been reported [32]. 3,4-Diaminobenzhydrazide (62 mg, 0.12 mmol) and
TP3F (100 mg, 0.12 mmol) were dissolved in 40 mL methanol and 6 M
acetic acid. The mixture was then refluxed for 3 days at 90 °C. After 3
days, the product was filtered, washed with water and ethanol, and dried
at 60 °C for 8 h in the oven to obtain the yellow product (Scheme 4.1).
The yellow product, named nCOPI, was characterized by FT-IR.

4.3.2.3 Synthesis of Amine Linkage Nanoporous Covalent Organic
Polymer (nCOPA)

The imine bond of nCOPI was reduced to amine bonds using a
previously reported procedure [33]. To do this, 100 mg nCOPI and
25 mg NaBH4 were dispersed in a flask with 30 mL of methanol. The
reaction mixture was refluxed for 7 days. After the completion of the
reaction, the product was filtered, washed with water and ethanol. The

obtained product, named nCOPA, was then dried at 60 °C in an oven for
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7 h to remove any entrapped water and ethanol to obtain a yellow solid
(Figure 4.3a).

4.3.3 Characterization Techniques

A powder X-ray diffractometer was used to observe the X-ray diffraction
patterns (XRD) of the materials (Empyrean, Malvern Panalytical X-ray
diffractometer) in the 26 region of 5-60° with Cu-Ko radiation (4 =
1.54 A). To explore the surface morphology of the materials scanning
electron microscopy (SEM: Supra55 Zeiss) with energy dispersive X-
rays (EDS) and high-resolution transmission electron microscopy
(HRTEM: Field Emission Gun-Transmission Electron Microscope 300
KV, model no Tecnai G2, F30) was performed. X-ray photoelectron
spectroscopy (XPS: Thermoscientific NEXA Surface analyzer) was used
to analyze the composition of the polymers. Fourier transform infrared
(FT-IR) spectroscopy of monomers and polymers was observed on
Bruker (Tensor-27) in the range 600 to 3700 cm™. The Brunauer-
Emmett-Teller (BET) surface area and pore size of monomer and
polymer were calculated using quantachrome, Autosorb Q2.
Thermogravimetric (TGA: Mettler Toledo Thermal Analyzer) analysis
was performed with constant heat of 10 °C/min in the range of 27 to 800
°C under a nitrogen atmosphere. 3C Cross Polarization Magic Angle
Spinning Nuclear Magnetic Resonance (**C CP-MAS NMR) was
observed on 500 MHz Bruker Advance Neo NMR. *H and *C NMR of
the compound were observed on Bruker AV 500 MHz instrument using
the chloroform-d (CDClz) as a solvent and TMSA was used as an

internal standard.

4.3.4 HS Sensor Fabrication and Characterization

4.3.4.1 Device fabrication: nCOPA powder was mixed with water,
ethanol, and 10 pL nafion (binder) to make a thick paste. This paste was
then dropcasted onto a platinum interdigitated electrode (IDE). The
fabricated device was heated in an oven at 80 °C for 24 h to enhance the

stability of the nCOPA. The same procedure was repeated for fabricating
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nCOPI. The response of both sensors is determined by the changes in

resistance (Figure 4.3b).

. Y
(@) { ” { ,
N MeOH, NaBH, NH
(o] Vi _— (o] /
@N 80 °C, 7days @NH
N—NH g HN—NH Ry
/
nCOPA
L)
- -
nCOP Dispersed solution Dropcasting of nCOP Sensing
of NnCOP in EtOH on Interdigitated Chamber

electrode

Figure 4.3 (a) Synthetic scheme of conversion of imine-based nCOP to
amine-based nCOP and (b) schematic illustration of fabrication of nCOP
on IDE.

4.3.4.2 Sensing setup and measurements: The sensing experiment was
performed in the dynamic flow-through measurement system, which
includes a stainless steel chamber with an internal volume of
approximately 500 cm?®. The sensor’s contact pads were connected to the
Keithley 2612A source meter, which was used to observe the change in
the resistance during exposure or removal of the targeted gas with a
constant bias voltage of 10 mV. The flow rate of the NHz was controlled
by a mass flow controller, MFC (model: Alicat®, MC 1slpm, USA). The
detailed illustration of it is presented is included in the Supporting
Information under H>S sensor fabrication and measurement and also
described elsewhere [34]. The response of nCOPI and nCOPA sensors
was calculated using the following equation (1):

R, — R
Response% (R) = % x 100 (4.1)

a

where, Ry and Ra represent the resistance of the fabricated device in the

presence of targeted analyte and air, respectively. The response/recovery
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time is calculated as the time it takes for the resistance to change by 90%

after being exposed to the targeted gas/air [35]. All the sensing
experiments were carried out at atmospheric humidity and room
temperature. Different concentrations of NH3 were measured by mixing
synthetic air with NHs gas molecules and the flow rate was controlled
using a mass flow controller (MFC). The high purity (99.9%) cylinders
of SOz, H2S, NHs;, CO; CO, and NO. gases were commercially
purchased from air gas material of known concentration and used to
achieve different gaseous environments in the chamber for selectivity
experiment. The sensing performance of NHs was investigated under
different relative humidity (RH) levels, which were achieved by using
saturated solutions of Mg(NO3)2, NaCl, and K>SO to obtain 57, 75, and
97% RH, respectively [36]. The LOD and LOQ are calculated as

follows:

3xXSD
LOD = (4.2)
O
10 x SD
LOQ = p (4.3)

where, SD represents the standard deviation of the response of the

calibrated curve and o represents the slope of the calibrated curve.

4.4 Results and Discussion

Fourier-transform infrared (FT-IR) analysis was performed to confirm
the presence of functional groups in 3,4-diaminobenzhydrazide, TP3F,
nCOPI, and nCOPA (Figure 4.4a). The FT-IR spectra of 3,4-
diaminobenzhydrazide exhibit significant peaks at 3393, 1623, and
1575 cmt, corresponding to NH2, C=0 (amide 1), and C-N (amide 1),
respectively [37,38]. In TP3F, the peak observed at 1680 cm? is
attributed to C=0 [39,40]. In nCOPI, the appearance of a peak at 1601
cm? and the disappearance of the peak at 1680 cm™ confirm the
formation of a C=N functional group [41]. Additionally, the appearance
of peaks at 3345 (stretching frequency of NH), 1595 (bending stretch of
C-N-H bond), 1355 (stretching frequency of C-N), and 1212 cm®

(vibration stretching of C-N bond in the secondary amine linkage) in the
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nCOPA spectra confirms the presence of C-N bonds [37,42].
Furthermore, a powder X-ray diffraction (PXRD) experiment was

performed to analyze the amorphous and crystalline properties of TP3F,
nCOPI, and nCOPA (Figure 4.4b). The PXRD spectra of 3,4-
diaminobenzhydrazide and TP3F show sharp peaks, indicating their
crystalline behavior, while nCOPI and nCOPA exhibit sharp peaks with
a slightly broad hump, indicating their lower degree of crystallinity
[17,39,43].
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Figure 4.4 (a) FT-IR spectra of 3,4-diaminobenzhydrazide, TP3F,
nCOPI, and nCOPA. (b) PXRD spectrum of 3,4-diaminobenzhydrazide,

TP3F, nCOPI, and nCOPA. (c) *C CP-MAS NMR spectrum of nCOPA.

Furthermore, the formation of nCOPA was confirmed using *C CP-
MAS NMR. In the solid-state 13C CP-MAS NMR of nCOPA, peaks were
observed at & = 166.16, 140.43, 133.92, 127.05, and 30.6 ppm, which
correspond to C=0, sp?-hybridized carbons, and aliphatic CH2 (Figure
4.4c) [44,45,46]. Moreover, there was no peak detected around 158 ppm,
suggesting that the imine linkage was not present [47]. Instead, a small
peak at 45.58 ppm was observed, which is attributed to the amine (C-N)

bond. Thus, the absence of a peak around 158 ppm and the appearance of
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peaks at 45.58 and 30.6 ppm confirm the absence of an imine bond and

the presence of amine (C-N) linkage in the nCOPA, respectively [33,42].
Therefore, the results obtained from *C CP-MAS NMR confirm the
successful formation of the amine bond in NCOPA. These results were
also supported by FT-IR analysis.

nCOPA

Figure 4.5 FE-SEM images of as-synthesized (a) TP3F, (b) nCOPI and
(c) nCOPA.. (d)-(i) EDS pattern and elemental mapping of nCOPI. (h)-
(k) EDS pattern and elemental mapping of nCOPA. HR-TEM images of
() nCOPI and (m) nCOPA.

The surface morphology of nCOPI, nCOPA, and TP3F was analyzed
using field emission scanning microscopy (FE-SEM) (Figure 4.5a-4.5c).
The TP3F displays a smooth surface with rodlike morphology [48],
while nCOPI shows rough nanospheres [49] and nCOPA shows nanorod-
like morphology [50], which are randomly distributed on the surface.

Energy-dispersive X-ray spectroscopy (EDS) pattern and elemental
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mapping of nCOPI and nCOPA confirm the presence of C, N, and O and

a homogenous distribution of C, N, and O over the entire surface,
respectively (Figure 4.5d-4.5k). To validate the SEM images, high-
resolution transmission electron microscopy (HR-TEM) was performed,
confirming the nanosphere-like morphology of nCOPI and nanorod-like
morphology of nCOPA (Figure 4.51 and 4.5m).
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Figure 4.6 Nitrogen sorption isotherm of (a) TP3F, (b) nCOPI, and (c)
nCOPA. (d) Thermal stability curve of TP3F, nCOPI, and nCOPA.

The surface area and porosity of TP3F, nCOPI, and nCOPA were
evaluated by performing N> adsorption/desorption analysis at 77 K
(Figure 4.6a-4.6¢). The Brunauer-Emmett-Teller (BET) surface area
was calculated to be 10.8, 14.4, and 21.23 m?/g for TP3F, nCOPI, and
nCOPA, respectively. The surface values clearly show that nCOPA has a
larger BET surface area compared to TP3F and nCOPI. Furthermore, the
thermal stability of TP3F, nCOPI, and nCOPA is observed using a
thermogravimetric experiment in an N2 environment (Figure 4.6d). The
results of the thermogravimetric (TGA) curve show that TP3F, nCOPI,
and nCOPA exhibit small weight loss before 215, 290, and 350 °C,

respectively, due to adsorbed water molecules and guest solvents.5!
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Moreover, TP3F, nCOPI, and nCOPA display continuous weight loss
within the temperature ranges of 215-520, 290-598, and 350-646 °C,
respectively. This demonstrates the degradation of TP3F, nCOPI, and

nCOPA within these temperature range [44].
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Figure 4.7 (a) XPS survey spectrum of nCOPI. Deconvoluted spectra of
(b) C1s (c) Ni1s and (d) Ol1s of nCOPI. (e) XPS survey spectrum of
NCOPA. Deconvoluted spectra of (f) Cls, (g) N1s and (h) Ol1s of
nCOPA.
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The surface composition and valence of the elements in nCOPI and

nCOPA were investigated using the X-ray photoelectron (XPS)
experiment. The survey spectra of nCOPI and nCOPA reveal the
presence of elements C, N, and O (Figures 4.7a and 4.7e). The
deconvoluted C1s spectrum of nCOPI displays four peaks at binding
energies of 284.2, 285.1, 286., and 288.1 eV, ascribing to C=C, C-N,
C=N, and C=0, respectively (Figure 4.7b) [40,52]. After the reduction
of imine (C=N) to amine (C-N), the C1s spectrum exhibits three peaks at
binding energies of 284.2, 285.4, and 288.5 eV, corresponding to C=C,
C-N, and C=0, respectively (Figure 4.7f) [40,52]. The deconvoluted N
1s spectrum of nCOPI exhibits three peaks at 398.7, 399.9, and
401.3 eV, indicating C=N, C-N, and N-C=0, respectively (Figure 4.7¢)
[40,53]. After the reduction of imine (C=N) to amine (C-N), the
deconvoluted N1s spectrum of nCOPA shows three peaks at binding
energies of 399.2, 399.9, and 400.4 eV, ascribing to -NH, C-N, and N-
C=0, respectively (Figure 4.7g). The deconvoluted O 1s spectra of
nCOPI and nCOPA exhibit one peak at 532.4 eV, attributed to C=0
(Figure 4.7d and 4.7h) [40,54].

4.4.1 NH3 Sensing Performance

The current-voltage (I-V) analysis was performed at a constant voltage
range of -5 to 5V to study the charge-transport activity at a temperature
of 25°C (Figure 4.8a). The I-V curve demonstrates linear behavior,
indicating an ohmic nature of the nCOPA sensor [9,35]. The current is
observed in nanoamperes, indicating that it is a low-power device.

The sensing performance of nCOPI and nCOPA was investigated by
exposing them to 500 ppm of NHs at 25 °C. When NHz gas molecules
came into contact with the surface of nCOPI and nCOPA sensors, a
gradual increase in resistance of the sensing material was observed,
indicating that they are of p-type nature [55]. Figure 4.8b, clearly
depicts that nCOPA exhibits a significantly higher response, 18.8 folds
higher compared to nCOPI. The nCOPA sensor shows a response of

1700%, while the nCOPI sensor shows a response of 91% to 500 ppm of
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NHzs, with a response/recovery time of 60/70 s. Figure 4.8c displays the

transient response curve of the nCOPA sensor to NH3z at 25 °C. The
sensing performance of the nCOPA sensor to 100 ppm of NO2, H>S,
CO., NHs, SO, and CO gases was studied and compared at 25 °C. The
response values of the nCOPA sensor to NO., H2S, CO2, NH3, SO, and
CO are 50, 79.9, 100, 640, 110, and 54%, respectively (Figure 4.8d).
The selectivity coefficients of the nCOPA sensor (K = RnHa/Rother analyte)

are calculated to be greater than 5.8, indicating its excellent selectivity to
NHs.
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Figure 4.8 (a) Current-voltage (1-V) curve of nCOPA fabricated sensor
at 25 °C. (b) Comparison of response for nCOPI and nCOPA towards
500 ppm NHz at 25 °C. (c) Single cycle response curve of nCOPA with
response/recovery time towards 500 ppm NHaz. (d) Response of nCOPA
towards different gases at 100 ppm at 25 °C. (e) Dynamic response curve

of nCOPA from 1 to 500 ppm NHs concentration at 25 °C and (f)
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response of NCOPA towards 500 ppm NHsz under different humid (57%
to 97% RH) condition at 25 °C.

The dynamic response/recovery curve of the chemiresistive nCOPA
sensor was evaluated for concentrations of NHz ranging from 1 to 500
ppm at a temperature of 25 °C (Figure 4.8e). The responses of the
NCOPA sensor are observed to be 116, 205, 293, 459, 640, 1010, and
1700% for concentrations of 1, 10, 25, 50, 100, 250 and 500 ppm,
respectively. The response value was found to be excellent even at low
concentrations, specifically at the threshold limit value (TLV) of 25 ppm
set by OSHA [56]. The significant increase in sensing performance with
concentration is dependent on the number of NHs molecules that are
adsorbed and desorbed on the surface of the sensing layer. On the
contrary, when the synthetic was exposed to the sensing chamber, the
resistance of nCOPA returned to its baseline resistance and showed
excellent reversible behavior at all concentrations.

The performance of the nCOPA sensor in detecting 500 ppm NH3 was
also investigated under different relative humidity (RH) conditions at
25 °C (Figure 4.8f). The response of the nCOPA sensor to NHs was
found to be 1430, 1350, and 1290% under RH conditions of 57, 75, and
97%, respectively. It is clear that the response decreases as the RH
increases. This could be due to that water molecules compete with NH3
molecules to occupy the active sites of the nCOPA sensor, which limits
the number of active sites available for the adsorption of NHsz gas
molecules on the surface of the nCOPA sensor. As a result, the response
of the nCOPA sensor to NHs decreases under high RH [34]. However,
even at higher RH (97%), the nCOPA sensor still exhibits an excellent
response of 1290%, indicating its suitability for use in high humidity
conditions. The correlation between the concentration of NHz and the
response values of NCOPA displays remarkable linearity, with LOD and

LOQ values of 0.25 ppb and 0.86 ppb, respectively (Figure 4.9a).
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Figure 4.9 (a) Correlation between response of nCOPA and different
concentrations of NHz (b) Repeatability assessment of nCOPA sensor
towards 500 ppm NHz for 5 consecutive cycles at 25 °C. (c) Long-term
stability curve of nCOPA at every 5" day for 60 days at 25 °C and (d)
response of nCOPA to 500 ppm NHj3 at different temperatures.

The repeatability behaviour of NCOPA sensor was studied by exposing it
to 500 ppm NHz gas for five consecutive cycles (Figure 4.9b). The
nCOPA sensor displays excellent repeatability and reversibility after
each cycle, with minimal drift in its response to NHz gas. Subsequently,
a stability test was conducted on the nCOPA sensor’s response to 500
ppm NH; every 5" day for a period of 2 months (Figure 4.9c). The
response values did not fluctuate significantly, indicating excellent long-
term stability of the nCOPA sensor. Further, the response of the nCOPA
sensor to NHs at different temperatures (50, 100, 150, and 200 °C) was
observed. It is noted that as the operating temperature increased, the
nCOPA sensor’s response to NH3 decreased (Figure 4.9d). Interestingly,
The nCOPA sensor exhibits a maxium response at 25 °C. The possible
reason for low sensing at higher temperatures could be that the increased
molecular vibrations in the nCOPA hinder the interactions between NH3

molecules and nCOPA [32]. Another possible reason could be that at
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higher temperatures, the equilibrium between adsorption and desorption

shifts towards desorption, leading to a reduced response of nCOPA to
NHs [57,58].

4.4.2 Sensing Mechanism

The gas sensing mechanism could be attributed to the charge transfer and
surface reactions between the sensing material and gas molecules.
Specifically, gas molecules interact with sensing material to facilitate the
physical adsorption of gas molecules with the surrounding charge
carriers [59].

When NH3z was exposed to the chamber and came into contact with the
surface of the nCOPA sensor, a significant increase in the resistance was
observed. This increase in resistance could be attributed to the charge
transfer effect from NHs molecules, which act as electron donors, to the
electron-deficient p-type nCOPA, where the predominant carriers are
holes. Once the NHs molecules are adsorbed on the active sites of the
nCOPA surface, they inject electrons into the holes of nCOPA. The
electrons injected by NHs molecules interact with the majority of holes
in nCOPA, leading to a reduction in the number of charge carriers
(holes) in the sensing material (NnCOPA). This decrease in carrier density
leads to an increase in the resistance of NCOPA. The resistance stabilizes
when the number of NHz molecules adsorbed on the nCOPA surface
reaches its saturation level, as there are no vacant adsorption sites
available (Scheme 4.2a). The NHs molecules gradually desorbed from
the nCOPA adsorption site when the sensing material is exposed to
synthetic air. After the desorption of NHs molecules, the resistance of the
nCOPA sensor decreases and slowly returns to its initial value.
Moreover, a higher surface area accelerates the desorption process of
NHz gas molecules, leading to complete reversibility of the sensors at 25
°C. Therefore, NCOPA sensors are completely reversible and do not
require any additional steps like thermal annealing, vacuum, or degassing

vacuum, etc to restore its parameters [52,60,61,62,63].

142



Chapter 4

Scheme 4.2 (a) Schematic representation of sensing mechanism based on

electron transfer between the NHz (act as electron donor) and p-type
nCOPA (electron acceptor, where the majority carriers are holes) and (b)

hydrogen bonding between NH3z gas molecules and nCOPA sensor
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Another possible reason for the high selectivity of the nCOPA sensor to
NHz could be due to non-covalent interaction. In an NHs environment,
NHz molecules can interact with amine (-NH) functional groups of the
nCOPA via hydrogen bonding (Scheme 4.2b) [17,32,52,64,65]. This
interaction subsequently weakens the conjugation in the backbone of the
NCOPA, resulting in a decrease in the mobility of charge carriers (holes)
[66]. As a result, a significant increase in the resistance was observed in
the nCOPA sensor, and the corresponding response value of nCOPA to
NHz was calculated. Therefore, the nCOPA sensor can be used to
selectively detect NHsz at 25 °C, which is useful for monitoring and
protecting the environmental pollution and human health risks. However,
understanding the accurate sensing mechanism of imine and amine-

containing polymers will be an important area of research in the future.
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The response of the nCOPA sensor to NHs was compared with other

studies in the literature. Various sensing parameters such as response,
concentration, and response/recovery time are compared to previously

published reports that were conducted at 25 °C (Table 4.1).

Table 4.1 Comparison of room temperature response of NCOPA sensor
towards NH3 with other reported literature

S. Materials Concentra | Respo | Response/rec | Refere

N tion nse | overy time (s) nce

0. (ppm) (%)

1. | MXene/TiO2/C- | 100 6.84% | 76/62 s 67
NFs

2. | pCTF 100 -35% | 54/200 s 68

3. |CTF-1-A 100 -17.2% | 100/420 s 69

4. | rGO-CuFez04 200 24.4% |3/6s 70

5. | CuTSPc@3D- 1000 91% 138/63 s 71
(N)GF/PEDOT-
PSS

6. | SWCNT- 50 102% | 2.7/7.7 min 72
SOsH/PEDOT

7. | MoS2/Mos 50 55% 45/53 s 73

8. | PEDOT:PSS/M | 1000 95% 116/40 s 74
Xene

9. | Graphene/PEDO | 500 9.6% 180s 75
T:PSS

10 | Cu-3-PMN-20 100 17.11 | 41/179s 61

11 | PCN 200 19.53 | 134/624 s 60

12 | nCOPA 100 640 60/70 s This
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work

4.5 Conclusion

In summary, nCOPI was successfully synthesized and imine bonds in
nCOPI were reduced to form a polymer based on the amine group, which
was named nCOPA. Both nCOPI and nCOPA were comprehensively
characterized using various techniques. The presence of functional
groups and the successful formation of nCOPI and nCOPA were
confirmed through FT-IR and *C CP-MAS NMR analysis. nCOPI and
nCOPA were then fabricated on an IDE for detecting NH3z gas under
ambient conditions. The sensing result demonstrates that nCOPA
exhibited a significantly higher response, with an increase of 18.8 times
reaching 1700%, compared to nCOPI, which showed a response of 90%.
The response/recovery time for nCOPA was 60/70 s. This demonstrated
that the reduction of imine to amine in nCOPA significantly improved its
sensing performance to detect NHs. The response of the nCOPA sensor
to NH3 was observed at concentrations ranging from 1 to 500 ppm, with
LOD and LOQ values of 0.25 and 0.86 ppb, respectively. Additionally,
the sensing performance of nCOPA was investigated under different
levels of RH and consistently showed an excellent response to NHa.
Moreover, the nCOPA sensor showed excellent selectivity, repeatability,
reversibility, and long-term stability. These findings highlight the
potential of NCOPA as a promising sensing candidate for detecting NH3
under normal environmental conditions. The excellent response of
nCOPA could be attributed to the charge transfer and hydrogen bonding

between NH3 gas molecules and nCOPA.
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5.1 Introduction

Organic-inorganic hybrid-based gas sensors are gaining enormous
attention for providing high selectivity and room temperature operation
which are the major limitations associated with the metal oxide-based
sensors [1,2]. The organic constituent of the hybrid material brings
remarkable selectivity while the inorganic part exhibits long-term
stability [3,4]. In this regard, organic-inorganic nanohybrid materials can
be used as efficient materials for gas sensing applications [3,5]. The
synergistic assembly of organic-inorganic nanohybrid materials-based
sensors provide better efficiency towards gas sensing performance due to
their large effective surface area, more accessible active sites, and better
conducting properties [4,6]. In addition, the interface of organic-
inorganic nanohybrid makes the material more promising for gas sensing
applications [7]. Various organic-inorganic nanocomposites such as
polyaniline (PANI)-TiO2, polypyrrole-SnO., etc have been explored till
now for sensing applications. Pang et al have reported the PANI-TiO>
nanocomposite for ammonia sensing [8]. In another report, the PANI-
SnO2 nanocomposite was investigated for ethanol and acetone sensing.
Furthermore, Bagchi and Ghanshyam reported the polypyrrole coated
tin-oxide for enhanced ammonia sensing [9].

An organic segment plays a crucial role in organic-inorganic nanohybrid
for gas sensing performance. Among various organic compounds,
naphthalene diimide (NDI) is gaining much more attention owing to its
large electron affinity, excellent electron mobility, and good chemical
and thermal stability [10,11]. In addition, NDI also possesses -
conjugation with varying imide (longitudinal) and core (lateral) positions
with specific functional groups which provides remarkable selectivity
towards particular target analyte [12,13]. Among different amino acids,
tyrosine (YY) based peptides form higher-order self-assembled structures,
and the redox property of both also facilitates the transfer of electrons
[14]. In addition, long aliphatic chains can also drive the formation of
higher-order self-assembled structures. The alkyl chain balances the
rigidity and flexibility and plays a crucial role in hydrophobic
interaction. Moreover, the alkyl chain exhibits dimension stability, good
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dielectric properties, and low-temperature impact resistance [15,16].

Among many metal oxides, zinc oxide (ZnO) is widely studied as a gas
sensor material, because of its wide band gap (Eq ~ 3.37 eV), intrinsic n-
type conductivity, high thermal and chemical stability, large surface area,
and room temperature large exciton binding energy of 60 meV [17].
Therefore, the introduction of metal oxide particularly ZnO enhances
stability due to the presence of synergistic behavior in the organic-
inorganic nanohybrids. The additional self-doping of metal oxides and
NDI units could further improve the electron transportation nature and
make more compatible material for sensing processes at mild conditions
[18].

Volatile organic compounds (VOCs) are encountered in many activities
such as painting colors, cutting grasses, cooking, and oil refinery [19,20].
The uncontrolled release of VOCs from anthropogenic sources has a
negative influence on ambient air [21]. High concentration and long-term
exposure to VOCs can cause damage to nerves and respiratory system
[22,23]. Among the various VOCs, the detection and monitoring of
ethanol concentration exposure are crucial in different areas, such as the
prevention of drunken driving, analysis of exhaled breath, maintaining
food quality, detection in biomedical and chemical processes in
pharmaceutical industries [24,25]. The standard limit of ethanol in the
environment is 1000 ppm according to data released by the Occupational
Safety and Health Administration (OSHA) and National Institute for
Occupational Safety and Health (NIOSH) [25].

In this work, I have synthesized the NDICY followed by the addition of
ZnO precursor in NDICY to synthesize NDICY-based zinc oxide
(NDICY-ZnO) nanohybrid using facile one-pot hydrothermal method.
The NDICY-ZnO nanohybrid material is characterized by SEM, TEM,
FTIR, X-ray photoelectron spectroscopy (XPS), and Brunauer-Emmett-
Teller (BET) analysis. The fabricated NDICY-ZnO sensor has excellent
selectivity towards ethanol compared to other interfering VOCs and
gases as well as investigated for ethanol sensing at room temperature.
The sensing mechanism of NDICY-ZnO nanohybrid towards ethanol is
also explained in detail.
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5.2 Aims and Objectives
The aims and objectives of the current work are mentioned as follows;

Q) To synthesize an NDI-based dipeptide containing a 6-amino
caproic acid alkyl chain (C) and tyrosine (Y) to enhance the
self-assembly of the material.

(i)  To synthesize NDICY-ZnO nanohybrid via a simple
hydrothermal method.

(i)  To study the presence of the functional group, crystalline
behavior, thermal stability, and surface area of NDICY-ZnO
nanohybrid.

(iv)  To evaluate the self-assembled morphology of the NDICY-
ZnO nanohybrid.

(V) To investigate the sensing performance of NDICY-ZnO
nanohybrid at 27 °C.

(vi)  To investigate the effect of humidity, different concentrations,
and the presence of interfering gases on the response of
ethanol.

(vii) To investigate the plausible mechanism of the sensing

response of NDICY-ZnO nanohybrid towards ethanol.

5.3 Experimental Section

5.3.1 Materials and Methods

1,4,5,8-Naphthalenetetracarboxylic dianhydride was purchased from
Sigma  Aldrich.  6-Aminocaproic acid, L-tyrosine (Y), N,N-
diisopropylcarbodiimide (DIPC), 1-hydroxybenzotriazole (HOBt) and
Zn(NO3)2.6H20 were purchased from SRL, Mumbai and used without
any purification. All the solvents were purchased from Merck and dried
using the standard procedures. TLC was used to observe the progress of
the reactions on aluminium plates coated with Merck Silica gel 60 F254.
All intermediates and final compound were purified by flash
chromatography (Teledyne ISCO, USA; model: CombiFlash®Rf+) using
silica gel (100-200 mesh). All *H and *C NMR spectra were set down

on Bruker Avance (400 MHz) instrument at 25 °C. Mass spectra were set
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down on Bruker instrument by using ESI positive mode. The NMR

spectra of all intermediates and final products were analyzed by using
MestReNova software. The NMR samples were prepared in DMSO-ds
and CDCl;s solvent. The chemical shift was expressed in the form of ppm
(0) relative to surplus solvents protons as internal standards (CHCls: &
7.26, DMSO-ds: 6 = 2.50 for IH NMR; and CHCl3s: 8 77.00, DMSO-ds:
§ 39.50 for *C NMR).

5.3.2 Synthesis of the compounds

Scheme 5.1 Overall synthetic pathways for liquid phase synthesis of
nucleopeptide
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5.3.2.1 Synthesis of 6-((tert-butoxycarbonyl)amino)hexanoic acid
(Boc-Cap-OH, 2)

2.0 g (15.25 mmol) of 6-aminocaproic acid was dissolved in 1,4-dioxane
(10 mL) and neutralized with 1 N NaOH (10 mL). The reaction mixture
was stirred under cooling conditions for 10 min. After that di-tert-butyl
dicarbonate (4.65 gm, 21.35 mmol) was added and stirred for 12 h at 25
°C. After completion of the reaction, 1,4-dioxane was evaporated under
reduced pressure and the solution was neutralized with 1 N HCI under
cold conditions. The compound was extracted with ethyl acetate (3 x 30
mL). The extracted ethyl acetate was dried over anhydrous Na SO4 and
evaporated under reduced pressure. The desired organic compound was
obtained as a thick viscous liquid. Yield: 74% (2.6 g, 11.24 mmol); *H
NMR (400 MHz, DMSO-dg): 6.71 (s, 1H, -NH), 2.89-2.85 (m, 2H, Cap

162



Chapter 5
CH), 2.18-2.15 (t, 2H, J = 5.9 Hz, Cap CH), 1.49-1.45 (m, 2H, Cap CH),
1.35 (s, 9H, (CHa)s), 1.33-1.30 (t, 2H, J = 6.1 Hz, Cap CH), 1.25-1.20
(m, 2H, Cap CH). °C NMR (100 MHz, DMSO-ds): 175.07, 156.21,
77.93, 34.25, 29.84, 28.88, 26.47 and 24.84. ESI-MS m/z: calcd. for
C11H21NO4Na, 254.1378 [M+Na]"; found 254.1439.
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Figure 5.1 'H NMR spectrum (400 MHz, DMSO-ds) of Boc-Cap-OH
().
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Figure 5.2 3C NMR spectrum (100 MHz, DMSO-ds) of Boc-Cap-OH
(2).
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Figure 5.3 ESI-MS spectrum of Boc-Cap-OH (2).
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5.3.2.2 Synthesis of methyl (6-((tert-butoxycarbonyl)amino)
hexanoyl)-L-tyrosinate (Boc-Cap-Y-OMe, 5)

A solution of Boc-Cap-OH 2 (2 g, 8.65mmol) was dissolved in
anhydrous DMF (4 mL) and stirred for 5 min under cooling condition.
HOBt (1.63 g, 12.10 mmol) and N,N’-diisopropylcarbodiimide (1.53 g,
12.10 mmol) were added to reaction mixture and allowed to stir for 5
min. The hydrochloride salt of tyrosine methyl ester 4 (3.38 g, 17.3
mmol) was neutralized with saturated Na>COs solution and neutralized
tyrosine methyl ester was extracted with ethyl acetate (3 x 30 mL). The
organic part was dried over anhydrous Na>SOs and evaporated under
reduced pressure. The neutralized tyrosine methyl ester was added to the
reaction mixture and allowed to stir for 12 h. After completion of the
reaction, ethyl acetate (20 mL) was added to the reaction mixture and
washed with 1 N HCI (3 x 50 mL), saturated NaCO3z (3 x 50 mL) and
brine solution (2 x 50 mL). The organic part was dried over anhydrous
Na>SO4 and evaporated under reduced pressure to obtain 5. The crude
product was purified using flash chromatography using silica gel (100-
200 mesh) with EtOAc:hexane :: 6:4 as mobile phase to obtain desired
Boc-Cap-Y-OMe. Yield: 80% (2.84 g, 6.95 mmol); *H NMR (400 MHz,
DMSO-ds): 7.5 (s, 1H, -OH of Tyr), 6.98-6.96 (d, 2H, J = 8.36 Hz, Tyr
aromatic H), 6.83-6.81 (d, 2H, J = 8.12 Hz, Tyr aromatic H), 5.93-5.91
(d, 1H, J = 8 Hz, -NH), 4.89-4.87 (m, 1H, C°H), 4.69 (s, 1H, NH), 3.78
(s, 3H, -OCHs), 3.23-3.19 (m, 1H, CPH of Tyr), 3.04-3.01 (t, 2H, J = 6.7
Hz, Cap CH), 2.90-2.84 (m, 1H, CPH of Tyr), 2.20-2.09 (m, 2H, Cap
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CH), 1.48 (s, 9H, (CHs)3), 1.42-1.36 (m, 4H, Cap CH), 1.10-1.09 (t, 2H,
Cap CH). *C NMR (100 MHz, DMSO-dg): & = 172.86, 172.80, 156.47,
156.10, 130.45, 127.79, 11551, 113.74, 77.83, 54.32, 52.17, 36.54,
35.44, 29.77, 28.76, 26.33, 25.40. ESI-MS m/z: calcd. for
Ca1H32N206Na, 431.2260 [M+Na]*; found 431.2084.
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Figure 5.4 'H NMR spectrum (400 MHz, DMSO-ds) of Boc-Cap-Y-
OMe (5).
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Figure 5.5 3C NMR spectrum (100 MHz, DMSO-ds) of Boc-Cap-Y -
OMe (5).
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Figure 5.6 ESI-MS spectrum of Boc-Cap-Y-OMe (5).

5.3.2.3 Synthesis of NDICY-OMe (7)

Naphthalene dianhydride (500 mg, 1.86 mmol) was dissolved in
anhydrous DMF (10 mL) and allowed to stir for 15 min under inert
condition. Boc-Cap-Y-OMe (459, 11.2mmol) was stirred with
trifluoroacetic acid (TFA) in 1,4-dioxane solvent and the reaction was
continuously monitored by TLC. After the deprotection of Boc, excess
solvent and TFA were evaporated under reduced pressure. The resulting
solution was neutralized with DIPEA and reaction mixture was added
into naphthalene dianhydride solution and allowed to stir for 12 h under
inert condition at 100 °C. After the completion of the reaction, the
resultant mixture was poured into ice water to obtain yellow precipitate.
The yellow precipitate was collected using simple filtration process. The
precipitate was further purified by flash chromatography using silica gel
(100-200 mesh) with CHCls: EtOAc (1:9) as eluent solvent.

Yield: 63% (995 mg, 1.17 mmol); *H NMR (400 MHz, DMSO-de): 9.21
(s, 2H, -OH of Tyr), 8.61 (s, 4H, NDI aromatic CH), 8.21-8.20 (d, 2H, J
=6.12 Hz, NH), 6.96-6.94 (d, 4H, J = 6.56 Hz, Tyr aromatic CH), 6.64-
6.63 (d, 4H, J = 6.56 Hz, Tyr aromatic CH), 4.35-4.34 (t, 2H, J = 4.96
Hz, C*H of Tyr), 4.03-4.00 (t, 2H, J = 5.2 Hz, Cap CH), 3.55 (s, 6H, -
OCHs), 2.86-2.82 (d, 2H, J = 6.48 Hz, CPH of Tyr), 2.73-2.63 (d, 2H,
CPH of Tyr), 2.11-2.08 (m, 4H, Cap CH), 1.64-1.62 (m, 4H, Cap CH),
1.51-1.48 (m, 4H, Cap CH), 1.29-1.24 (t, 4H, J = 5.44 Hz, Cap CH). °C
NMR (100 MHz, DMSO-de): 172.78, 172.63, 162.95, 156.41, 130.86,
130.37, 127.68, 126.62, 115.43, 54.29, 52.11, 36.50, 35.22, 27.70, 26.47,
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25.35. ESI-MS m/z: calcd for Ca7HsoN4O12, 849.3347 [M+H]*; found

849.3202.
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Figure 5.7 'H NMR spectrum (400 MHz, DMSO-ds) of NDICY-OMe
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Figure 5.8 13C NMR spectrum (100 MHz, DMSO-ds) of NDICY-OMe
(7).
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Figure 5.9 ESI-MS spectrum of NDICY-OMe (7).

5.3.2.4 Synthesis of NDICY (8)

NDICY-OMe (500 mg, 0.59 mmol) was dissolved in 10 mL THF and
stirred for 15 min at 70 °C. Further, 1 N HCI (20 mL) was added to the
reaction mixture and allowed to stir at 70 °C for 48 h. Reaction
progression was monitored using thin layer chromatography (TLC).
After completion of the reaction, THF was evaporated under reduced
pressure. After that concentrated part was poured into ice water.
Compound 8 was precipitated out in water. Finally, compound 8 was
filtered, washed with water and dried in oven at 60 °C. Yield: 74% (360
mg, 0.44 mmol); *H NMR (400 MHz, DMSO-ds): 12.52 (s, 2H, H of
COOH), 9.16 (s, 2H, OH of Tyr), 8.67 (s, 4H, NDI H), 8.04-8.02 (d, 2H,
J =7.92 Hz, NH), 6.99-6.97 (d, 4H, J = 7.8 Hz, Tyr H), 6.64-6.62 (d, 4H,
J=7.6 Hz, Tyr H), 4.32-4.14 (t, 2H, J = 4.9 Hz, C*H of Tyr), 4.05-4.01
(t, 4H, J = 6.48 Hz, Cap CH), 2.89-2.85 (m, 2H, CPH of Tyr), 2.73-2.65
(m, 2H, CPH of Tyr), 2.10-2.06 (t, 4H, J = 6.68 Hz, Cap CH), 1.63-1.61
(m, 4H, Cap CH), 1.49-1.47 (m, 4H, Cap CH), 1.29-1.27 (m, 4H, J =
8Hz, Cap CH). ¥*C NMR (100 MHz, DMSO-dg): 173.92, 172.82,
162.97, 156.45, 130.99, 130.58, 128.30, 126.58, 115.54, 54.34, 36.71,
35.55, 27.85, 26.68, 25.58. ESI-MS m/z: calcd for CasHasN4O1o,
821.3034 [M+H]"; found 821.3360.
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Figure 5.10 *H NMR spectrum (400 MHz, DMSO-ds) of NDICY (8).
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Figure 5.11 *C NMR spectrum (100 MHz, DMSO-ds) of NDICY (8).
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Figure 5.12 ESI-MS spectrum of the NDICY (8).
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5.3.2.5 Synthesis of the NDICY-ZnO Nanohybrid

The hydrothermal method was used for synthesizing the 1:50 NDICY -
ZnO nanohybrid (Figure 5.13). In hydrothermal method,
Zn(NO3)2.6H20 (905 mg, 3.04 mmol) and hexamethylenetetramine
(HMTA) (426 mg, 3.04 mmol) were taken in 10 mL milli-Q water and
stirred continuously at 60 °C for 20 min. Then, 50 mg NDICY (0.060
mmol) was dispersed in water and added slowly to the above reaction
mixture and allowed to stir for 30 min. After that, the dispersed mixture
was transferred to the Teflon lined autoclave and heated in an oven at
180 °C for 12 h. After the completion of the reaction, the desired
nanohybrid (NDICY-ZnO) was collected, filtered, and washed with
milli-Q water and other organic solvents. Then, the nanohybrid residue
was dried for 6 h at 60 °C. Finally, the NDICY-ZnO nanohybrid material
was crushed into fine powder. The synthesis of 1:25 and 1:100 NDICY -
ZnO nanohybrids has been discussed in the supporting file. In NDICY -
ZnO nanohybrid, NDI is naphthalene diimide, C is six-aminocaproic
acid, and Y is L-tyrosine. The self-assembly of NDICY-ZnO nanohybrid
was displayed in Figure 5.14.

H° )W/ . /MT °H

0

HMTA Zn(NO ),.6H,0 NDICY
&
, Transferred Transferred to
to autoclave conlcal flask ‘
e
Filtered,
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inoven, 12 h

] ) At
Py \ Aol
E G—— . 4= Brown powder
[ ]

Dropcasting on IDE Dispersed solution of
NDICY-ZnO in water
*HMTA = Hexamethylenetetramine

Figure 5.13 Schematic representations of the synthesis of NDICY-ZnO
composite nanohybrid via hydrothermal method and fabrication of

nanohybrid on the interdigitated electrode.
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5.3.2.6 Synthesis of the Zinc Oxide (ZnO)

ZnO was also synthesized using a hydrothermal technique. Here,
Zn(NO3)2:6H20 (500 mg, 1.6 mmol) and hexamethylenetetramine
(HMTA) (235 mg, 1.6 mmol) were dissolved in 10 mL milli-Q water and
stirred continuously at 60 °C for 20 min. After that, the reaction mixture
was transferred to the Teflon lined autoclave and kept in the oven at
180 °C for 12 h. After the completion of the reaction, ZnO was collected,
filtered and washed several times with milli-Q water and ethanol. Then,
the ZnO residue was dried for 6 h at 60 °C. Finally, the ZnO was crushed

into fine powder.

5.3.2.7 Synthesis of the mechanically grinded NDICY-ZnO
Composite

The NDICY-ZnO composite was synthesized via mechanical grinding
method. The NDICY and ZnO were taken in mortar pestle in a ratio of
1:50, which consists of 1 equivalent of NDICY and 50 equivalents of
ZnO. The NDICY and ZnO were continuously grinded for 3 h at 25 °C.

The resulting NDICY-ZnO composite was washed with water and
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ethanol and dried in an oven for 6 h at 70 °C. Finally, the NDICY-ZnO

composite was crushed into fine powder.

5.3.3 Characterization Technique

Mass spectra of the intermediates and products were recorded on Bruker
micrOTOF-Q Il mass spectrometer by positive mode electrospray
ionization. 'H NMR and C NMR of synthesized compounds were
carried out on Bruker AV 400 MHz spectrometer using DMSO-ds,
CDCls, and TMS as the internal reference. The chemical shifts (3) are
expressed in parts per million (ppm) relative to TMS and peak
multiplicities are reported as follows: singlet (s), doublet (d), triplet (t),
quartet (g), and multiplet (m). The crystalline nature of materials was
characterized using X-ray powder diffraction (PXRD) (Rigaku SmartLab
automated multipurpose X-ray diffractometer with Cu-Ka X-radiation (A
= 1.54 A)). Thermogravimetric analysis (TGA) was also performed to
investigate the thermal stability of the material using a Mettler Toledo
thermal analyzer under inert conditions, at a heating rate of 10 °C/min.
The N2 sorption experiment was performed to calculate the surface area
and pore volume of the material using Autosorb iQ2. The surface
morphology of the materials was analyzed using field emission scanning
electron microscopy (FE-SEM). The high-resolution transmission
electron microscopic (HR-TEM) image of the materials was analyzed
using a JEOL electron microscope (model: JEM-2100) at an accelerating
voltage of 200 kV. FT-IR spectra of materials were collected using
Bruker (Tensor 27) FT-IR spectrophotometer. X-ray photoelectron
spectroscopy (XPS) analysis was obtained on ThermoFisher Nexsa with

an Al Kalpha source.

5.3.4 Gas Sensor Fabrication and Measurement

The NDICY-ZnO composite nanohybrid mixed with deionized (DI)
water was subsequently drop-casted on interdigitated electrodes (IDEs,
1.5 cm x 1 cm) and dried in the oven for 24 h at 70 °C. The fabricated

NDICY-ZnO nanohybrid sensing device was kept inside a sensing
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chamber to perform sensing experiment at 27 °C. The different

concentrations of VOCs were carried by the synthetic air through the
bubbler to the sensing chamber. The concentrations of VOCs were varied
by varying the synthetic air flow rate using mass flow controllers, MFC
(model: Alicat®, MC 1slpm, USA). The resistance of the fabricated
sensing device was monitored on Keithley-2612A source meter at
applying constant voltage of 1 V. For the selectivity experiment of the
sensing material, N2 gas was exposed to the sensing chamber for 10 min
to obtain the base resistance. In addition, the sensor performance was
also investigated at different relative humidities (RH%) varying from 42
to 97%. The desired concentration of humidity was obtained using a
saturated solution of different salts such as potassium carbonate (46%
RH), sodium chloride (75% RH), and potassium sulfate (97% RH) [26].
The response of the nanohybrid sensor was obtained using the following

equation:

R, —R
R=—"""9%x100% (5.1)

where Ra and Rq are the resistance of the nanohybrid sensor in ambient
air and during gas exposure respectively. The response and recovery time
are defined as the time taken by the sensing material to reach 90% of the
maximum response for adsorption of targeted gases and the time taken to
reach 10% of the response for desorption of the targeted gas,

respectively.

5.4 Results and Discussion

Herein, we have synthesized two dipeptide functionalized NDI-based
ZnO nanohybrid (NDICY-ZnO) using the hydrothermal method. The
synthesized material was well characterized through several
characterization techniques. Powder X-ray diffraction patterns of
NDICY, ZnO, and NDICY-ZnO are illustrated in Figure 5.15a. The
ZnO exhibits the peaks at 20 = 31.7°, 34.49°, 36.3°, 47.6°, and 56.69°
corresponding to (100), (002), (101), (102) and (103) planes, respectively
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(compared with JCPDS No0.36-1451) which indicate the crystalline

nature of ZnO [27]. The NDICY shows a broad peak at 26 = 15 to 28° in

the PXRD pattern, which indicates the amorphous nature of the organic
compound. A small broad peak at 20 = 10.5°-11.5° along with 20 =
31.7°, 34.49°, 36.3°, 47.6°, and 56.69° in NDICY-ZnO PXRD pattern
indicates the composite behavior of NDICY and ZnO. The PXRD pattern
of NDICY-ZnO confirms the formation of organic-inorganic composite
nanohybrid [5].
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Figure 5.15 (a) PXRD patterns of NDICY, ZnO, and NDICY-ZnO
nanohybrid. (b) FTIR spectra of NDICY and NDICY-ZnO nanohybrid.
(c) TGA curves of NDICY and NDICY-ZnO and (d) table containing the
amount (%) of ZnO in NDICY-ZnO nanohybrid was determined by
TGA using the given formula.

Fourier transform infrared (FT-IR) analysis of the composite material
further supports the formation of NDICY-ZnO nanohybrid. An FTIR
peak appeared at 1511, 1646, and 1701 cm™ for NDICY, ascribed to NH
(amide I1), C=0O (amide 1), and C=0 (COOH) stretching frequencies,
respectively [28,29]. The peak of C=0 of COOH is shifted to 1701 cm™*
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in NDICY-ZnO (Figure 5.15b), which shows the interaction of COOH
functional group with ZnO. Thus, the FT-IR spectrum of NDICY-ZnO
determines the non-covalent interaction between NDICY and ZnO,
which confirms the formation of nanohybrid [30]. Thermogravimetric
analysis (TGA) was performed to study the thermal stability of NDICY,
Zn0O, and NDICY-ZnO (Figure 5.15c). The TGA curves of NDICY,
ZnO, and NDICY-ZnO clearly show different thermal behavior. At 800
°C, the residual masses (%) of NDICY, ZnO, and NDICY-ZnO are
found as 2.3%, 98.2%, and 63.9%, respectively, which highlights the
higher thermal stability behavior of ZnO than NDICY-ZnO and NDICY.
An amount of 64.2% ZnO is present in the NDICY-ZnO nanohybrid

(Figure 5.15d) at 800 °C. Therefore, the higher stability of NDICY-ZnO
nanohybrid than NDICY is attributed to the low content of NDICY in the
nanohybrid and also due to the synergistic effect of NDICY and ZnO.
Therefore, the aforementioned TGA analysis reveals that fabricated
NDICY-ZnO nanohybrid is enough thermally stable than NDICY and

used as proposed sensor at 27 °C [31].
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Figure 5.16 BET surface area graphs of (a) NDICY, (b) ZnO and (c)
NDICY-ZnO nanohybrid inset with pore diameter curve calculated by
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NL-DFT method and (d) table containing BET surface area and pore

volume of NDICY, ZnO and NDICY-ZnO nanohybrid.

To evaluate the surface area and porosity of NDICY, ZnO, and NDICY -
ZnO nanohybrid, the BET N2 gas adsorption/desorption isotherm
experiment was performed (Figure 5.16a-5.16¢). The BET graph of the
NDICY-ZnO shows a type Il isotherm [32]. The calculated BET surface
areas of NDICY, ZnO, and NDICY-ZnO are 10.6, 24.4, and 38.08 m?/g,
respectively. However, the surface area of NDICY-ZnO is increased by
3.6 times than the surface area of NDICY. The pore size distribution
calculation is accomplished using the DFT method of the NDICY, ZnO,
and NDICY-ZnO (inset Figure 5.16). Figure 5.16d represents a
summary of BET surface area and pore volume of the NDICY, ZnO, and
NDICY-ZnO.

Figure 5.17 (a) SEM image of NDICY. SEM images of NDICY-ZnO
nanohybrids at different molar concentration (b) 1:25, (c) 1:50 and (d)
1:100 inset with EDS analysis of NDICY-ZnO nanohybrid. (e)
Elemental mapping of NDICY-ZnO showing uniform distribution of
elements in (a) 1:25, (b) 1:50 and (c) 1:100 molar ratio.

The surface morphology of NDICY and NDICY-ZnO was analyzed
using SEM analysis (Figure 5.17a-5.17d). The SEM image of NDICY
shows the fiber type of morphology (Figure 5.17a). Non-covalent
interactions such as Van der Waals, H-bonding, and =n-m stacking
interactions among organic moieties of NDICY can be the reason for
self-assembled fiber morphology. The SEM images of NDICY-ZnO at
different molar ratios show the homogenous flakes-like morphology
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throughout the surface (Figure 5.17b-5.17d). An EDS spectrum (inset

Figure 5.17b-5.17d) exhibits a strong signal for Zn and O elements,
which represents the existence of an inorganic part in NDICY-ZnO.
Similarly, a strong EDS signal corresponding to elemental C, O, and N
represents the existence of organic moiety in NDICY-ZnO nanohybrid.
The elemental mapping of NDICY-ZnO nanohybrid at 1:25, 1:50, and
1:100 shows the homogenous distribution of elements (C, N, O, and Zn)
over the surface (Figure 5.17e). The surface morphology of ZnO was
also studied, which shows rod-like morphology and EDS pattern of ZnO
indicates the presence of Zn and O (Figure 5.18a-5.18d).
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Figure 5.18 (a) SEM image, (b) EDX, (c) and (d) Elemental mapping of
ZnO.

HRTEM image of NDICY-ZnO corroborates the formation of flake-like
morphology (Figure 5.19a). The lattice fringes in different directions are
observed for ZnO indicating the polycrystalline nature of ZnO (Figure
5.19b). Bright spots in the selected area electron diffraction (SAED)
pattern of NDICY-ZnO (Figure 5.19c) reveal the polycrystalline nature
of NDICY-ZnO [5]. HRTEM of ZnO was also performed to confirm the
rod shape of ZnO (Figure 5.19d). The lattice fringes are observed in
ZnO indicating the wurtzite crystal structure of ZnO (Figure 5.19¢) and
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bright spots in the SAED pattern of ZnO reveal the polycrystalline nature

of ZnO (Figure 5.19f).

P | NDICY-ZNnO - NDICY-ZnO

20 1/ nm

Figure 5.19 (a) TEM image of NDICY-ZnO. (b) HRTEM image of
NDICY-ZnO. (c) SAED pattern of NDICY-ZnO. (d) TEM of ZnO. (e)
HRTEM of ZnO and (f) SAED pattern of ZnO.

The surface composition of NDICY-ZnO nanohybrid was further
investigated by XPS (Figure 5.20). Figure 5.20a depicts the XPS survey
spectrum of NDICY-ZnO nanohybrid, indicating the existence of C, N,
O, and Zn elements. The Zn 2p components of NDICY-ZnO nanohybrid
show higher binding energies than the Zn 2p binding energies of as
synthesized ZnO (Figure 5.20b). The slight deviation in binding
energies may be attributed to two main possible reasons: (1) the changes
in chemical environment interactions with the surface elements and (2)
the variation of texture coefficients with the morphology of NDICY-ZnO
nanohybrid. The deconvoluted Zn 2p core-level spectrum of the NDICY -
ZnO nanohybrid shows two peaks located at about 1045.1 and 1022 eV
that are attributed to Zn 2p12 and Zn 2pazy2, respectively.

These higher binding energies of Zn 2p region indicate that the oxidation
state of Zn in the flakes surface of the nanohybrid is +2. The binding
energy difference between the Zn 2p12 and Zn 2psp is 23 eV for the
NDICY-ZnO [33,34]. The XPS spectrum of O 1s core-level of NDICY-

ZnO indicates five different forms of oxygen atoms (Figure 5.20c). The
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peaks that appeared at 529.7 and 531.2 eV are indicated to O% ions in the

Zn-0 and Zn-OH bonds of the NDICY-ZnO [35]. On the other hand, the
remaining three peaks at 531.4, 532.01, and 532.2 eV of the Ol1s XPS
spectrum correspond to different C=0O bonds which originated from the

surface adsorbed organic (NDICY) molecules [36]. The deconvoluted C
1s spectrum in NDICY-ZnO shows seven different peaks (Figure
5.20d). The peaks at 283.7 and 284.9 eV correspond to C-C bonds (sp?
and sp® carbon). The peaks at 285.9 and 286.4 eV originate from the -
C=0 and C-N bonds attached to the NDI core in the hybrid. The peak at
288.7 eV is attributed to -C(=0) NH- or -CO2 bonds. The binding
energy peak that appeared at 289.4 eV is attributed to the free -COOH
groups in the NDICY-ZnO. The NDI imide core shows one extra peak at
292.4 eV (n-n* satellite) due to the presence of aromatic cores [37,38].
The deconvoluted N 1s spectrum constitutes of three peaks centered at
400, 400.5, and 399.5 eV, which attribute to C-N of amide and C-N
imide bonds, respectively (Figure 5.20e) [39,40]. This spectrum further
verifies the existence of Zn, O, N, and C in NDICY-ZnO and interactions
between NDICY and ZnO.
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Figure 5.20 (a) XPS survey spectra of NDICY-ZnO. Deconvoluted XPS
spectra for the element of (b) Zn 2p, (c) C1s, (d) Ols, and (e) N1s in
NDICY-ZnO nanohybrid.
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The chemical composition of ZnO rods was investigated by XPS

analysis. The XPS survey spectrum of ZnO (Figure 5.21) indicates the
existence of Zn and O elements. The Zn 2p components of ZnO shows
binding energies at about 1044.3 and 1021.2 eV, attributed to Zn 2p1»
and Zn 2pap, respectively [41]. These binding energies of Zn 2p region
indicate the +2 oxidation state of Zn in rod surface of the ZnO. The XPS
spectrum of O 1s core-level appeared at 531.2 eV, ascribed to the oxygen
vacancy in ZnO [41]. This result verifies the existence of Zn and O in
Zn0.
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Figure 5.21 XPS spectra of (a) ZnO. (b) Deconvoluted XPS spectra of
(b) Zn 2p and (c) O1s.

5.4.1 Current-voltage (I-V) analysis

An -V characteristic of NDICY-ZnO was performed at 27 °C from -10
to +10 V. Figure 5.22a shows the 1-V profile of the NDICY-ZnO. Linear
I-V curve of the NDICY-ZnO is observed that indicates the Ohmic
behavior [42]. Moreover, the output current in nano ampere for the
applied suggests its potential as a low-power device which is favorable
for portable sensor applications. The linear 1-V response of the NDICY -
ZnO encourages us to investigate the gas-sensing behavior of the
nanohybrid.
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5.4.2 Ethanol Sensing Properties of the NDICY-ZnO Nanohybrid

The sensing experiments have been carried out with NDICY, ZnO, and
NDICY-ZnO at 500 ppm ethanol concentration at 27 °C (Figure 5.22b).
The response of NDICY-ZnO nanohybrid exhibits 66.4% with 450 and

500 s response and recovery time (Figure 5.22c), respectively whereas,

individual organic and inorganic components i.e. NDICY and ZnO
exhibit 17.8% and 19.6% responses, respectively with almost similar
response and recovery time (Tres/Trec). The increase in response for
nanohybrid is attributed to the synergistic effect of organic and inorganic
components. Interestingly, this high response is observed at low
temperatures (27 °C) which is a major limitation associated with metal
oxide-based sensors. Further, the ethanol sensing performance was
observed at different molar ratios of 1:25, 1:50, and 1:100 of the NDICY
and ZnO components. Figure 5.22d clearly depicts that 1:50 molar ratio
of the NDICY-ZnO nanohybrid exhibits the highest response of 66.4%
whereas 1:25 and 1:100 exhibit 10.1 and 10.4% response to 500 ppm
ethanol, respectively. Therefore, the gas sensing experiments were
investigated and measured using a 1:50 molar ratio of the organic and
inorganic components of NDICY-ZnO.

The response of NDICY-ZnO composite synthesized via mechanical
grinding method towards ethanol was studied at 500 ppm concentration
under the same experimental conditions. The mechanically grinded
NDICY-ZnO composite exhibits a maximum response of 44% with
response and recovery time of 450 and 640 sec, respectively (Figure
5.22e). In this case, the mechanochemical synthesis was unable to create
a highly homogeneous composite [43], which could lead to weak
interfacial contacts between NDICY and ZnO and result in a weak
synergistic effect compared to hydrothermally synthesized NDICY-ZnO
nanohybrid. Therefore, mechanically grinded NDICY-ZnO composite-
based sensor shows a little lower response to ethanol as compared to the

hydrothermal method.
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Figure 5.22 (a) I-V response of NDICY-ZnO nanohybrid at 27 °C. (b)
Single-cycle response of ethanol when exposed to NDICY, ZnO and
NDICY-ZnO sensing layer. (c) Dynamic response-recovery curve of the
NDICY-ZnO nanohybrid sensor. (d) Response of ethanol (500 ppm) at
different molar concentrations of NDICY and ZnO. (¢) Dynamic
response of ethanol of the mechanical grinded NDICY-ZnO composite-

based sensor to 500 ppm at 27 °C and (f) Response/recovery variation at
different concentrations of ethanol vapors.

The response of NDICY-ZnO based sensor was evaluated at different
concentrations from 50 to 500 ppm of ethanol. Figure 5.22f
demonstrates that as ethanol concentration is increased from 50 to 500

ppm, the response of the sensing material is also increased from 33 to
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66.4%. The NDICY-ZnO based sensor response is double as the ethanol

concentration is varied from 50 to 500 ppm. The sensing material shows
a complete recovery when NDICY-ZnO was exposed to 500 ppm of
ethanol but in the case of lower (50 and 200 ppm) concentrations of
ethanol, incomplete recovery is observed. One of the possible reasons for
incomplete recovery at lower concentrations is the difficulty in
desorption of ethanol molecules from the NDICY-ZnO surface and
resistance of a sensing layer was recovered by exposing a synthetic air to
the sensing chamber [44].
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Figure 5.23 (a) Humidity effect on the sensing layer when ethanol
vapors were exposed at 27 °C. (b) The selectivity of ethanol among
different interfering gases and VOCs. (c) The repeatability study of the
NDICY-ZnO sensor at 500 ppm of ethanol vapors and (d) the long-term

stability of ethanol response was studied for 90 days.

Humidity is one of the crucial parameters in sensor performance,
especially when the sensing experiments are carried out in an ambient
environment. Therefore, the response of the NDICY-ZnO sensor towards
500 ppm ethanol was investigated under 46%, 75%, and 97% relative
humidity (RH). The response at different RH of 46%, 75%, and 97%
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were recorded as 66.4%, 75.4%, and 83.6%, respectively (Figure 5.23a).

The effect of lower RH below the atmospheric humidity is not significant

therefore, response at lower humidity is not considered here. One
interesting observation from this study is that sensor response towards
ethanol increases on increasing the RH. The possible reason could be
that the adsorbed water molecules on the surface of NDICY-ZnO
increase the decomposition rate of ethanol and stabilize the charge after

cleavage of ethanol bonds [45].
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Figure 5.24 Reproducibility curve of (a) 1:25, (b) 1:50 and (c) 1:100

NDICY-ZnO based sensors towards 500 ppm ethanol.

The selectivity of the NDICY-ZnO nanohybrid sensor was evaluated by
exposing different VOCs (ethanol, methanol, benzene, and aniline) and
gases (NO2, Hz2S, and CO») to the sensing material with a concentration
of 500 ppm except H2S and NO2 which were exposed at 100 ppm.
Figure 5.23b demonstrates that NDICY-ZnO based sensor exhibits a
high selectivity towards ethanol (66.4%) among other VOCs and gases
such as methanol (9.6%), benzene (9.6%), aniline (10%), NO. (10.3%),
H>S (10%), CO2 (9.7%), acetone (10.2%), and formaldehyde (10.4%) at
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27 °C. The selectivity of the VOCs and gases depends on the interaction

of the targeted gas and sensing material. Benzene, aniline, NO2, and CO>
contain double bond while ethanol contains single bonds, which shows
different chemical bonding properties with the sensing layer. However,
ethanol and methanol both are electron donating species but ethanol
shows a higher response than methanol. The possible reason for the
highest response towards ethanol is due to its lower Feshbach resonance
energy than that of methanol. However, it has already been reported that
lower the Feshbach energy, the easier the dissociation of molecules and
the better the electron-donating ability. The Feshbach energy required for
dissociation of ethanol is 8.2 eV whereas for methanol it is 10.2 eV,
which is comparatively higher than that of ethanol [46,47].

The repeatability of NDICY-ZnO nanohybrid sensor’s performance was
examined by exposing 500 ppm of ethanol for three consecutive cycles.
The sensor significantly recovered to its base value in each cycle without
any drift, which signify the highly repetitive nature of the NDICY-ZnO
sensor (Figure 5.23c). The average time of response and recovery
remains similar for three cycles. Another parameter of the sensor was
investigated to test sensors performance for a longer period of time.
Figure 5.23d displays the durability of a NDICY-ZnO sensor in ambient
condition. The response of the NDICY-ZnO based sensor was examined
to 500 ppm ethanol after every ten days for 90 days at 27 °C. The results
do not show significant change in the sensor response, which suggests
good long term-stability of the sensor at atmospheric conditions. In
addition, the reproducibility of the sensing performance was investigated
for each hybrid composition considering four devices for each hybrid
composition and tested in the same sensing environment (Figure 5.24).
Interestingly, no significant deviation was observed in the sensing
performance of each hybrid composition. As a result, these hybrid
samples exhibit great reproducibility. The sensing performance of the
NDICY-ZnO nanohybrid-based sensor was compared with available
previous reports. Various parameters of this work such as response,

concentration, and operating temperature are compared with related
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literature (Table 5.1). Table 5.1 depicts that the NDICY-ZnO-based

sensor shows good sensitivity to ethanol as compared to other reported

literature.

Table 5.1 Comparative study of various ethanol gas sensors

S. Materials Respon | Ethanol | Operating | Refere
No. se Concentr | Temperat | nce
ation ure
(Ppm) (C)
1. NDICY-ZnO 66.4% | 500 RT This
nanohybrid work
2. ZnO nano-tips 58% 200 325 48
3. ZnO/MWNT 7.3% 500 RT 49
Film
4. Pd/ZnO 50% 300 RT 50
5. In2Os-decorated | 9.76 5 350 51
NiO
6. Methylammoni | 3.8 10000 RT 52
um lead iodide
(MAPDI3)
7. BPTS @ 1.4 2000 RT 53
(PEDQOT:PSS)

The sensing results shown above reveal that the NDICY-ZnO
nanohybrid sensor exhibits the highest response towards ethanol gas at
27 °C, which shows its potential for real-time application. In general, the
mechanism of VOCs and gas sensing is interpreted by the change in
electrical resistance which is due to the transfer of electrons during the
interaction of the sensing layer with targeted VOCs and gases.

The synergistic behavior of NDICY-ZnO nanohybrid provides excellent
properties, large surface area, ultraselectivity, and electrical conductivity
at 27 °C. The NDICY-ZnO response toward ethanol can be demonstrated
on the basis of the depletion layer model. During the sensing experiment,
the NDICY-ZnO-based sensor when comes in contact with air, and
oxygen molecules get adsorbed on the surface and ionized to form
oxygen anion (O2") by capturing free electrons from the conduction band

of the sensing layer. As a result, a thick depletion layer is created and the
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resistance of the layer increases, as shown in Figure 5.25 [54]. The

reaction mechanism of the formation of oxygen anions is given below:

0 (g) — 0,(ads) (5.2)
0, (ads) + e~ - 0, (ads) (5.3)

Scheme 5.2 Schematic diagram of the mechanism of ethanol sensing at
room temperature when exposed to NDICY-ZnO nanohybrid sensing
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When the NDICY-ZnO based sensor is exposed to ethanol vapors
(reducing VOC) and these ethanol molecules react with the adsorbed
oxygen anion (O2") on the surface. The ethanol molecules undergo
dissociation and lead to the formation of byproducts CO., H20, and free
electrons [25]. These free electrons are attracted by the conduction band
of NDICY-ZnO, which results in an increase in the electron density of
the sensing layer, and the depletion layer width gets reduced. Hence,
resistance of the sensing layer decreases which results in good sensing
response and high selectivity to ethanol. The above reaction process is

shown by the equation given below
2C,H5O0H (ads) + 50, — 4C0, + 4H,0 + 5e~ (5.4)

From Figure 5.22b, it can be clearly seen that NDICY-ZnO shows
enhanced sensing response as compared to individual NDICY and ZnO.
This could be due to the interaction between NDICY and ZnO which

increases the surface area and number of active sites for adsorption of
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ethanol molecules. Here, the NDI in nanohybrid has a major influence on

the responses of the NDICY-ZnO sensor. NDI possesses a planar
aromatic structure and has two electron-withdrawing imide groups at the
core. NDlIs are easily and reversibly reducible [11,55]. NDI being an
electron-deficient aromatic moiety shows redox active behavior which
makes them suitable for gas sensing applications. In the sensing
experiment of ethanol, the decomposition of ethanol occurs in the
sensing chamber, and CO2, H2O, and free electrons are formed as
byproducts. NDI’s electron deficiency nature attracts these free electrons
produced during the decomposition of ethanol and decreases the
resistance of the sensing layer (NDICY-ZnO), which results in a fast
response and recovery of ethanol and ultra-selective behavior towards
ethanol. The sensing experiments reveal that the synergistic behavior of
nanohybrid is vital in the enhancement of ethanol response and also
demonstrates that NDICY-ZnO can be used as sensing material for
practical application with excellent features.

5.5 Conclusion

In summary, we have developed an NDICY-ZnO nanohybrid using a
hydrothermal technique. The interaction between NDICY and ZnO was
confirmed by FTIR spectroscopic techniques. The thermal stability,
porosity, and morphology were obtained by TGA, BET, and SEM
techniques, respectively. In this work, the NDICY-ZnO nanohybrid was
fabricated on chemiresistive device to perform the gas sensing
experiments. NDICY-ZnO nanohybrid-based sensor exhibited an
excellent response of 66.4% to 500 ppm of ethanol at 27 °C when
compared to the response of NDICY and ZnO (19% and 17%). A
reasonable response and recovery time of 450 and 500 s were observed
for 500 ppm of ethanol. Additionally, the based gas sensor is ultra-
selective towards 500 ppm of ethanol at 27 °C when compared with
other interfering gases and VOCs. Moreover, the humidity had a positive
effect on the ethanol response i.e. on increasing the relative humidity; the

response of ethanol is also increased. Hence, the results shown above
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suggest that NDICY-ZnO nanohybrid can be used as a promising sensing

material for ethanol detection at 27 °C.
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6.1 Conclusions

The main accomplishment of this thesis is the functionalization of
sensing materials to detect toxic gases at room temperature, contributing
to environmental sustainability. The major results of the thesis are
summarized below:

Chapter 1 provides a brief overview of the significance of gas sensors,
followed by an exploration of various types of gas sensors. This chapter
delves into sensing parameters and potential sensing mechanisms, with a
primary focus on the functionalization of sensing materials. The sensing
capabilities of small organic molecules, such as NDI, PDI, pentacene,
porphyrin, benzodithiazole, etc. are briefly outlined. Furthermore, the
chapter addresses the challenges associated with small organic
molecules. Additionally, conjugated polymers incorporating imine
bonds, triazine rings, amine groups, benzothiadiazole, etc. in their
backbone are examined as sensing materials. The sensing performance of
organic-inorganic hybrids, including metal oxides, carbonaceous
materials, noble metals, etc., as inorganic components is also discussed.
The impact of electron-withdrawing groups (EWG) or electron-donating
groups (EDG) and the positions of functional groups on sensing
performance, particularly when functionalized with the parent material,
are explored.

Chapter 2 reports the successful formation of covalent organic polymers
(COPs) decorated with amide (COPO) and thioamide (COPS) bonds,
achieved through mechanochemical grinding and solution phase
methods, respectively. Additionally, COPO and COPS were employed as
sensing materials for the selective detection of H,S at 25 °C. The COPO
sensor demonstrated a response of 2.6 times higher, reaching 190%, to
100 ppm of H>S with a fast response/recovery time of 20/40 s compared
to COPS (response = 73%). The COPO-based sensor exhibits excellent
selectivity, repeatability, complete reversibility, and long-term durability,
with LOD and LOQ values of 0.75 ppb and 2.5 ppb, respectively, in
ambient conditions. The proposed mechanism for the COPO and COPS
sensors is based on hydrogen bonding between the sensing material and

H>S molecules, which restricts the conduction of protons on the polymer
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surface. Consequently, the resistance increases for COPO and COPS in

the presence of H>S, leading to the calculated responses of both sensors.
These promising results suggest a viable approach for highly sensitive
and selective H,S detection, opening up a wide range of applications for
COPO in industries and environmental monitoring.

Chapter 3 presents a CP decorated with thiazole rings, named BBT and
further, the backbone of BBT CP was functionalized with
benzolselenadiazole ring, named BBTBSe. Both BBTBSe and BBT were
thoroughly characterized using various techniques. Subsequently,
BBTBSe and BBT were applied onto IDE for the selective
chemodetection of SO, at 25 °C. The BBTBSe sensor displayed a 4.3-
fold enhanced response (Rg/Ra) of 199.4 to 100 ppm of SO,, with a
rapid response/recovery time of 60/70 s, in comparison to BBT (response
= 45.7). Furthermore, BBTBSe sensors exhibited a linear increase in
response with concentration, and LOD and LOQ values were determined
as 0.23 and 0.76 ppb, respectively. The sensing performance of the
BBTBSe sensor to SO, was proposed based on the interaction of SO>
molecules with the surface of CPs. These impressive results present a
practical approach for the highly sensitive and selective detection of SO>
gas using the BBTBSe sensor, suggesting its potential application in
industries and environmental monitoring

Chapter 4 introduces the development of imine linkage nanoporous
covalent organic polymers (nCOPI), which were further reduced to
amine linkage nCOP (nCOPA) Subsequently, COPI and COPA were
applied to IDE for the selective chemodetection of NH3 at 25 °C. The
COPA sensor demonstrated an 18.8-fold enhanced response (AR/Ra) of
1700% towards 500 ppm NHs, with a rapid response/recovery time of
60/70 s compared to COPI (response = 91%). Additionally, the response
of COPA sensors linearly increased with concentration, and COPA
achieved LOD and LOQ values of 0.25 ppb and 0.86 ppb, respectively.
The COPA sensor exhibited remarkable selectivity against other
interfering gases, along with repeatability, complete reversibility, and
long-term durability at 25 °C. The higher sensitivity of the COPA sensor
to NH3 is attributed to hydrogen bonding, which significantly hinders the
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conduction of the COPA sensor, leading to an increase in resistance and

response values was calculated. Furthermore, the large surface area of
the COPA sensor is considered a contributing factor to its higher
sensitivity and complete reversibility towards NHsz molecules. These
impressive results propose a practical approach for the highly sensitive
and selective detection of NH3 gas using the COPA sensor, suggesting
potential applications in industries and environmental pollution
monitoring.

Chapter 5 demonstrates the synthesis of NDICY-ZnO nanohybrid which
was detailed wusing a facile single-pot hydrothermal method.
Subsequently, the NDICY-ZnO nanohybrid is applied in ethanol sensing
at 27°C. The sensing experiment highlights that the NDICY-ZnO
nanohybrid displayed a maximum response of 66.4% to 500 ppm
ethanol, surpassing the individual responses of NDICY (17.8%) and ZnO
(19.6%), and exhibited a rapid response/recovery time. Notably, the
response to ethanol for NDICY-ZnO significantly increased with rising
relative humidity (RH); at 75% and 97% RH, the response reaches 75%
and 83%, respectively. Additionally, the NDICY-ZnO-based sensor
demonstrates adequate selectivity, repeatability, and long-term durability
in ambient conditions. The synergistic effect of NDICY-ZnO
underscores its outstanding sensing and selective behavior towards
ethanol, establishing its potential as a practical sensing material with

remarkable features.

6.2 Future Perspectives

The findings presented in this thesis provide valuable perspectives on the
advancement of functionalized materials designed for the detection of
toxic gases and volatile organic compounds (VOCs) in ambient
conditions. In addition to the mentioned focus, conjugated polymers and
organic-inorganic nanohybrid materials open up new possibilities for
diverse applications

In chapter 2, amide and thioamide COP have been synthesized with
excellent gas-sensing properties. The incorporation of amide and

thioamide bonds into the semiconducting conjugated polymer imparts
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basic behavior, which facilitates acid-base interactions and catalytic
reactions. As a result, these COPs, known as COPO and COPS, have

potential applications in heterogeneous catalytic reactions.

In chapter 3, we have synthesized benzoselenadiazole decorated CPs for
detecting SO, gas. Benzoselenadiazole based organic compounds also
show promising biomedical applications. Thus, aromatic drugs could be
easily loaded onto BBTBSe through n- 7 stacking interactions. The host-
guest interactions within this porous CPs suggest their potential as drug
carriers, expanding their use beyond conventional gas sensing
applications. Therefore, the benzoselenadiazole-containing BBTBSe CP
has the potential for further use in drug delivery applications.

In chapter 4, the synthesis of an imine-decorated conjugated polymer
(COPI) and the subsequent reduction of imine bonds to amine groups
(COPA) within the polymer. The presence of amine groups and branched
polyphenylene units in COPI and COPA exhibits electrocatalytic
behavior, making them suitable for various electrochemical
transformations, including the hydrogen evolution reaction (HER). This
opens an avenue for scientists to explore diverse structures and develop a
new generation of metal-free electrocatalyst.

In chapter 5, organic-inorganic nanohybrid have been developed using
simple and facile hydrothermal method with adequate sensing
performance. The incorporation of tyrosinated peptide sheets in these
nanohybrids exhibits inherent semiconducting behavior. The synergistic
effect of the nanohybrid results in efficient charge storage sites and fast
charge-transport channels. As a result, the NDICY-ZnO nanohybrid
could be further employed in supercapacitors for energy storage
applications.

Moreover, overcoming the complexity of detecting multi-
component mixed gases in human exhaled disease diagnosis and
atmospheric gas pollutant monitoring necessitates the use of a sensor
array (e-nose) that integrates multiple sensor units. This, when coupled
with intelligent algorithms, serves to bolster the precision of gas
detection. Furthermore, the produced conjugated polymers could be

functionalized or doped with guest materials, which promotes charge
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transfer and improves carrier transport. The inclusion of guest materials

can create synergistic effects and offer complementary benefits to the
host materials, thereby augmenting the sensitivity, selectivity, and

stability of the gas sensors.
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