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Abstract

A next-generation technology, the Supercapacitor, has emerged with the potential to enable significant advances in energy
storage. The fundamental phenomenon and equations for conventional capacitors and supercapacitors are the same. But the
improved efficacy of supercapacitors over conventional capacitors is due to the larger surface area of the electrode and
thinner dielectrics. The existing review addresses a brief overview of the history, principles, and theory of operation of
supercapacitors, along with various models, and significantly in current energy saving and storage. Here, a concise description
of technologies and working principles of different materials utilized for supercapacitors has been provided. The main focus
has been on materials like carbon-based nanomaterials, metal oxides, and conducting polymers. The performance of
nanocomposites has been analyzed by parameters like energy, capacitance, power, cyclic performance, and rate capability.
The use of supercapacitors in various applications is cited, and their advantages over alternative technologies are considered.
Also, it comprises efficient techniques to minimize multi-response problems such as the fabrication of supercapacitors and
storage capacity size, etc. This review embedded the current progress achieved in innovative materials for supercapacitor
electrodes.

Keywords: Supercapacitor; Hybrid energy storage; Voltage unbalance; Theoretical, Materials; Models; Supercapacitor construction.
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1. Introduction
Human civilization has achieved very high development,

living worldly life with the help of standard, intelligent,
flexible, and miniaturized electronic devices and

which consistently requires an expenditure of a high amount
of energy.l'! The rising global population and the global energy
crisis have led to electricity generation and consumption
concerns. With the rapid development of modern science and
technology, the application of electronic products is also
expanding at a very high speed. In the modern period, we are
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components.?l These electronic devices are widely used in
industries such as mobile phones, health trackers, and
microsensors. At present portable devices mainly rely on
micro-batteries and micro-supercapacitors as power sources.!’!
Typically, they can be integrated with miniaturized electronic
devices and provide the necessary power. Owing to the rapid
development of the global economy and the consumption of
fossil fuels like coal and natural gas, the problem of global
climate change and environmental pollution is increasing to a
significant level. Traditional energy source is limited;
therefore, there is always a search for renewable energy
sources. Thus, the solar, wind, tidal, hydroelectric, geothermal,
and gravitational energy are gaining importance day by day.l
Also, global pollution is an important issue that should never
be ruled out. Today’s world is running fast against time and
depends on energy-based sources. Still, there is insufficient
energy to do new experiments and fulfill essential needs.
Therefore, attempts have been made to store electrical energy
in different devices such as batteries, capacitors, and
supercapacitors.

ES Energy Environ., 2022,17, 11-32 | 11
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Supercapacitors have been described as a capacitor that
offers high storage space, more significant than capacitors
with low internal resistance, which viaducts the gap between
rechargeable cells and conventional capacitors. In addition to
high power capacity and longevity, low weight and extensive
heat range of -40 °C to 70 °C, ease of packaging, and
affordable maintenance are the main advantages
supercapacitors have over other energy storage devices.[
However, each of these devices has its advantages and
disadvantages.™ Electrochemical supercapacitors and fuel
cells are the most important inventions among energy storage
systems and conversion. The electrochemical Supercapacitor
is also called an ultracapacitor or electrochemical double-layer
capacitor. The global economy is highly affected by energy, its
production, utilization, and the environment, i.e., the
ecosystem. The scarcity of energy is a burning problem for
developing nations. Technological innovations can provide a
possible solution.['%!"l Today's energy requirement is fulfilled
mainly by using fossil fuels with limited deposition. Also, of
the excess use of fossil fuels environment is seriously affected,
such as stress on the environment, global warming due to the
greenhouse effect, efc. As a result, the scientific community
started worldwide activity to develop more sustainable energy
conservation and use advanced technologies to reduce
dependence on fossil fuels. To overcome this scenario,
efficient electrical energy storage in various devices is
becoming important day by day becoming important.[®1213]

As far as world development is concerned, the economy is
entirely dependent upon imported crude oil, and a suitable
example is INDIA, which imports 80% of its crude oil from
other countries. Petroleum resources worldwide are depleting
at a high rate due to the significant dependence of the
transportation sector on petroleum as the primary fuel. Also,
there is a vast greenhouse gas emission that is disturbing the
quality of air and causing too many health problems to living
things (life) and the environment. Therefore, it becomes
essential to focus on unconventional sources of energy such as
solar and wind energy, which are pure and renewable, easy to
handle and store, and cost-effective too.!'Y Also, it is essential
to store thermal and electrical energy for future uses. Every
nation is seriously working on the burning energy issue and
seeking something next-generation solutions through different
research organizations. As far as India is concerned, the
thermal conversion efficiency and utilization aspects are
focused on government and non-government organizations
like the Bureau of Energy (BE) and Petroleum Conversion
Research Association, efc.'*'"!  Current energy-saving
concerns with electric vehicles are attracting more and more
consideration because of their clean, cost-effective, and eco-
friendly features. Meanwhile, the usage of electric vehicles is

facing two significant problems: battery life and charging time.

However, new resources have been employed to lengthen the
battery life, and also exhibited the growth in storage density to
protect weight and space.

12 | ES Energy Environ.,2022,17, 11-32

Some researchers are still working on forming hybrid
energy storage systems to improve battery operation
conditions using new kinds of simple or nanomaterials.
Nevertheless, nowadays, some fast charging patterns and
related devices are established to shorten the charging time.
Associated with supercapacitors are energy-storing devices
with the high power density and low energy density. Batteries
have very low power density and high energy density
compared to supercapacitors. The Supercapacitor is a next-
generation technology that assurances to show an essential
part in meeting the demands of electronic devices and schemes
for both the present and future. The genuinely developed
technology of Supercapacitors is creating a simple path for
engineers to poise their use of both energy and power. Energy
storage devices like supercapacitors are routinely employed
along with batteries to compensate for the inadequate battery
power capability.l' The proper control of the energy storage
arrangements indicates both a challenge and an opportunity
for the power and energy management system. To provide
examples with which to outline practical implementation
issues, systems incorporating supercapacitors as vital
components. Because of the advantages of charging efficiency,
long lifetime, fast response, and wide operating temperature
range, it is tempting to try and apply super capacitors to any
application that requires energy storage. The limitations of the
current technology must be fully appreciated, however, and it
is essential to realize that supercapacitors are only valid within
a finite range of energy and power requirements. The most
important thing to remember about supercapacitors
technology is that it is a new and different technology in its
right.l7:18]

On the other hand, electric vehicles need high power
density during acceleration or starting and high energy density
to travel more distance on a single charge. Electric vehicles
have regained a solid global presence, and no single source
can supply energy and power demands. Supercapacitors are
the best and most affordable to tackle this problem because of
their perfectly small size, weight, and space compared to
ordinary batteries. Most recently, the supercapacitor unit can
be employed in blending with the batteries in a storage system
of any electric vehicle to achieve the following
advantages:[!*2"]

1) To improve vehicle acceleration.

2) To improve overall drive efficiency, thereby increasing the
driving range.

3) To reduce life cycle costs by extending the battery life.

4) To reduce capital costs by direct replacement of some
batteries.

5) Higher cycle life, making them suitable for automotive
applications

6) Ability to operate at temperatures as low as -40 °C

7) low equivalent series resistance (ESR).

8) High power density due to high discharge currents.

© Engineered Science Publisher LLC 2022
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2. Energy storage devices
According to the first law of thermodynamics, energy is
constant, i.e., it is conserved that the energy can neither be
created nor destroyed; it can be transformed from one form
into another. Also, possible to store energy in a suitable form
with minimum loss. Energy storage can be categorized in the
following ways:
1. Thermally Storage of Energy (TSE).
2. Electrically Storage of Energy (EST).
Thermal energy storage is carried out with the support
properties associated with the latent heat of various materials,
while electrical energy is the majority resourceful form of
energy. Depending upon the mechanism of electrical charge
storage, it is classified as:
1. Capacitors (Storage employing Electrostatic)
2. Batteries and fuel cells (Storage employing Chemicals)
3. A supercapacitor (Storage employing Electrochemical)
Electricity is an enormous and flexible form of energy that
is universally used. Storage of energy in chemicals is simple
and long-lasting, but electrical energy storage is too
crucial.?’?? The chronological development in energy storage
devices is as batteries, capacitors, and supercapacitors.
Batteries have a large energy density, but it requires more time
for the charging process. The capacitors charge up instantly,
but the charge storage capacity is smaller. The bridge between
batteries and capacitors is nothing but Supercapacitor (SC),
which is electric power-driven in the future.[?>?4
Supercapacitors can overcome the drawbacks described above
and are available in a cost-effective too. Supercapacitors are
high-energy electrochemical capacitors with ample higher
capacitance than conventional capacitance of the same size.
This emerging technology is also known by different titles
such as ultra-capacitors, electric double-layer capacitors, gold
capacitors, efc.?*?1 They are valuable alternatives to
conventional battery storage systems as they offer a much
higher power density. Compared to the battery, the storage of
energy involves electrochemical reactions, the supercapacitor
stores energy in electrostatic fields by ion polarization. One of
the significant challenges that supercapacitors face is that their
energy density is considerably low compared to batteries.[?$2]
There are mainly energy storage systems such as
conventional capacitors, supercapacitors, and batteries. The
plot explaining the performance comparison of various
energy-storing devices is called the Ragone plot, as shown in
Fig. 1. In this plot, the power density is plotted along the Y-
axis measured in Watt per kilogram (W kg!), and the energy
density along the X-axis, measured in Watt-hours per kilogram
(Wh kg). Electrical energy can be stored in batteries or
capacitors differently. In the case of batteries, there are two
electrical terminals known as electrodes separated by a
chemical substance called an electrolyte. When potential is
applied between the two terminals, a chemical reaction occurs
between the electrodes and electrolyte solution. As a result, the
chemical nature of the substance inside the battery is altered,
releasing electrical energy. The Ragone plot illustrates storage

© Engineered Science Publisher LLC 2022

devices' specific power density and energy density." Also, the
plot represents the power densities of various energy storage
devices, measuring along the vertical axis versus their energy
densities along the horizontal axis. Also, it was found that the
supercapacitors occupied the region between conventional
capacitors and batteries."]
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Fig. 1 Ragone plot-power density versus energy density for
various electrical energy storage systems.

The specific energy density and power density are the most
critical factors in determining the performance of
electrochemical supercapacitors. The higher the densities, the
better the device should perform. Research from around the
globe employing their knowledge to increase the energy
density of the supercapacitors while maintaining the power
density is going on.?'*21 Most of them focus on finding new
electrode materials with a higher surface area, uniform
porosity, and cost-effectiveness. Studies on pseudocapacitors,
which utilize fast surface redox reactions, also gain
momentum. Despite the wide variety of choices available for
different materials and device architecture, electric double-
layer capacitors having activated carbon or aerogel-based
electrodes are the most widely used technology for transient
power applications. Additionally, printed supercapacitors
based on graphene and carbon nanotube-based electrode
materials are famous for low-power applications.>34

Moreover, as they reversibly store charge, the number of
charging-discharging cycles of a supercapacitor will be much
higher than that of batteries. Currently, supercapacitors having
a capacitance of thousands of Farads with a Voltage limited to
3 V are available in the market. They offer low serial resistance
and are best suited for applications that demand high
instantaneous power levels. Other advantages of
electrochemical capacitors include extended shelf life, high
efficiency, and the ability to charge and discharge without
affecting the performance and lifetime entirely.?>*¢ In addition,
they can work at shallow temperatures. Owing to these
advantages, supercapacitors are widely employed for
substituting/assisting batteries for various applications like
electric vehicles, traction, microgrids, aeronautical systems,
energy-harvesting systems in wireless nodes, and so on. While
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appreciating all advantages of supercapacitors, the design of a
Supercapacitor based system faces several challenges. Most of
those challenges originate because of the porous structure of
the supercapacitor electrodes, diffusion effects of the ions, and
charge storage on the electrode-electrolyte double-layer
interface.?7-3

Furthermore, Fig. 2 addresses the basic construction
system of supercapacitors, which are embedded in two
conductive plates separated by a small distance, and the gap is
filled with dielectric materials. The nature of dielectric
materials may vary, such as mica, air, oiled papers, glass,
porcelain, titanate, efc.***! The conductive plates are
generally metallic, and dielectric materials are always
insulators. When an external potential difference is applied
across the two plates, the charging of the capacitor takes place.
Positive charges gradually accumulate on one plate during the
charging process, while negative charges accumulate on
another plate. When the external voltage difference is removed,
both the positive and negative charges reside on their
corresponding electrodes. Thus, the electrical charges are
separated using capacitors. The capacitors are often better than
batteries as they do not contain toxic chemicals. Their basic
design prevents them from storing anything like the same
amount of electrical energy as batteries! !

Load

Terminal (-) | I_/V\/\_

(+) Terminal

. —— Electrolyte
Charge carriers Solutions
in mixed state -
———
Collectors Collectors

- ve electrode + ve electrode

Separator

Fig. 2 General construction of Supercapacitor.

3. Construction of capacitance

The negative ions in the electrolyte experience a solid and
attractive force from the positively charged electrode. As a
result, negative ions move toward the positively charged
electrode. Similarly, the positive ions in the electrolyte
experience a solid and attractive force from the negatively
charged electrode.! As a result, positive ions move towards
the negatively charged electrode, as shown in Fig. 2.

The Supercapacitor has the following parts, two Electrodes,
two current collectors, a Separator, and Electrolyte Solution.
(a) Electrodes The electrodes of the Supercapacitor are made
of Activated Carbon material. The electrodes have porous
nature, which helps to store more charge carriers. Moreover,

14 | ES Energy Environ.,2022,17, 11-32

we know that if the electrodes can store more charge carriers,
the capacitance will be increased. There are twoelectrodes one
is the positive electrode, and another is the negative electrode.
(b) Current collectors The current collectors are used to
connecting the electrodes and the terminals of the capacitor.
The current collectors are generally made up of foil metals.
Mainly aluminum is used. There are two current collectors in
the Supercapacitor, one for the positive electrode and another
is the negative electrode.

(c) Separator The separator provides insulation or separates
the electrodes to prevent short-circuit. The separator is mainly
made up of Kapton material. The separator is very thin, like
paper. The separator provides insulation between the
electrodes, but it allows the flow of the charge carrier through
it.

(d) Electrolyte solution The Acetonitrile or propylene
carbonate as solvents are mainly used as electrolytic in the
Supercapacitor. The electrolyte solution consists of the charge
carriers like positive cations and negative anions. The
explanation above confirmed that the Supercapacitor has the
construction same as a lead-acid battery. The theory of the
Supercapacitor is nearly the same as a lead-acid battery; in fact,
the Supercapacitor is the combination of battery and capacitor.
The Supercapacitor uses the charging property of a standard
capacitor and the discharging property of the battery.

3.1 Working principle of supercapacitor
Understand the charging and discharging concepts of the
Supercapacitor.

3.2 Charging of process

We already know that the positive and negative lons are
present in the electrolyte solution mixed in. So at first, when
we apply a voltage across the electrodes of the Supercapacitor,
then it starts charging. After that, the electrodes start to attract
the ions of opposite polarity. That means the positive electrode
attracts the negative Ions or charges, and the negative
electrode attracts the positive Ions or charges. As a result, the
positive ions or charges create a layer near the negative
electrode, and the negative ions create a layer near the positive
electrode. As the electrical charge carriers form these two
layers, it is called an Electrical Double Layer Capacitor
(EDLC). The process is illustrated in Fig. 3a.

3.3 Discharging process When we connect a load across the
Supercapacitor, the electrodes cannot attract the ions, and the
ions start distributing through the electrolyte solutions and go
to the mixed state. The discharging of the Supercapacitor is
shown in Fig. 3b.

Generally, the Supercapacitor is distinguished from an
ordinary capacitor mainly in two ways: 1) Because of the
porous nature of plates, SC has a much larger surface area, and
2) The distance between two plates is of the order in angstrom
units which is much smaller, as compared to the separation
between two electrodes in an ordinary capacitor.[*‘l Due to the
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Fig. 3 (a) The charge process of the Supercapacitor, (b) the Discharge process of the Supercapacitor.

the large surface area obtained by coating powders, activated
charcoal enhances the storage capacity. In an ordinary
capacitor, the plates are separated by a comparatively thick
insulator whose behavior can be modified in an electric field
called a dielectric, e.g., mica (a ceramic), a thin plastic film, or
even simply air. When we charge a capacitor, positive charges
induce one plate and negative charges on the other, forming an
electric field. Because of this, field polarization of the
dielectric occurs, so its molecules align in the opposite
direction in the applied field and reduce its strength which is
responsible for the storage of charge on the plates in minimum
Voltage.[*344

The energy density and power density of the energy storage
device can be calculated by the following equations:

E=2CV? (1)
VZ
= 4XESR (2)

where, E - Energy density, P - Power density, C- Specific
capacitance, V- Operating potential window, ESR-Equivalent
series resistance. According to above Equations 1 and 2, it is
seen that the energy density from the capacitor to the battery
increases significantly, whereas the power density decreases
(See Fig. 1). The conventional capacitor exhibits a high power
density, while the battery and fuel cell shows a higher energy
density. Supercapacitor bridges the gap between conventional
capacitor and battery with intermediate power density and
energy density. >4

4. Glimpses on the development of supercapacitors
The capacitor effect was discovered in 1745, consisting of two
foil conductors separated by a dielectric region. Such a type of
capacitor provides minimal energy, which is less than 360
joules per kilogram in energy density and with a unit of
microfarad only. Conventional capacitors consist of two
conducting electrodes separated by an insulating dielectric
material. When a voltage is applied to a capacitor, an opposite
charge accumulates on the surface of each electrode.[*’48 The
capacitance can be defined as below Equations 3:
C=At 3)

© Engineered Science Publisher LLC 2022

The conventional capacitor C is directly proportional to the
surface area A of each electrode, and t is the thickness of the
electrical double layer. The storage of electrical charge at the
interface between a metal and an electrolytic solution has been
studied by chemists since the nineteenth century. However, for
the first time, the practical use of double-layer capacitors only
began in 1957, when a patent was placed by General Electric
(GE) for an electrolytic capacitor using porous carbon
electrodes. This patent admits its limitations that ‘it is not
positively known precisely what takes place when the devices
are used as energy-storing devices.*) However, it was
believed that carbon pores are responsible for energy storage,
and the capacitor exhibited exceptionally high capacitance. In
1966, Standard Oil Company, Cleveland, Ohio, had patented
a device that stored energy in the double-layer interface. Thus,
it was assumed that the double layer at the interface behaves
like a capacitor of relatively high specific capacity. Then,
Standard Oil of Ohio (SOHIO) registered a patented device
disc-shaped capacitor in which a carbon paste was soaked in
an electrolyte.>"

SOHIO handed over the technology to NEC in the
subsequent year, and this company finally marketed the device
as supercapacitors. Later on, NEC started developing double-
layer capacitors under the name of Supercapacitors. These
devices could be operated at low Voltage and had high internal
resistance and, therefore, could be used in memory backup
applications.P'l Later on, several companies developed an
interest in fabricating supercapacitors, such as ELNA. ELNA
had started to produce its Supercapacitor under the name of
Dynacap. The standard oil company of Ohio or Sohio was an
American oil company. Later on, this company was acquired
by British Petroleum, founded by John D Rockefeller.>"

SOHIO acknowledged that "the 'double-layer' at the
interface behaves like a relatively high specific capacity
capacitor." SOHIO went on to patent a disc-shaped capacitor
in 1970 utilizing a carbon paste soaked in an electrolyte. The
capacitance of a device is mainly dependent on the
characteristic of the electrode materials, particularly the
surface area and pore size distribution. The electrolytic
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stability usually determines the operating WVoltage of
supercapacitors. The electrolytes can be of two types, viz
aqueous and non-aqueous. The aqueous electrolytes have the
advantage of high ionic conductivity and low manufacturing
costs. However, they suffer from specific problems such as
relatively low decomposition voltages. Non-aqueous
electrolytes allow cell operating Voltage above 2.5 V.[50511

4.1 Need for supercapacitor

There is an ever-increasing pollution threat and vanishing oil
layer deposition, which requires searching for supercapacitors
as an alternative high-power source. In addition, there is
tremendous growth in portable electronic devices such as
laptops, cameras, etc. Thus, for high-power applications,
supercapacitors are  essentially required. Therefore,
supercapacitors are claimed as an emerging technology that
promises to play an essential role in meeting the requirements
of electronic devices and systems. The scientific community
is aware that supercapacitors are becoming attractive energy
storage devices. Supercapacitors fill the gap between batteries
and conventional capacitors. The superiority of
supercapacitors over other energy storage devices is that they

have higher power density and longer life cycles than batteries.

Energy storage for portable electronic devices, which is
becoming increasingly important to the present society, forms
the largest mobile energy storage market today and is
experiencing innovation for future applications such as
flexible/printed electronics and displays. Flexible energy
storage is required to operate flexible devices.
Electrochemical supercapacitors with high energy and power
capabilities can power flexible devices. In order to be
integrated with flexible electronics, supercapacitors should be
made flexible with sheet-like structures, which are light
weight.’2 The various designs and power needs of soft
portable electronic equipment, such as roll-up displays,
electric paper, and wearable systems for personal multimedia,
require the development of flexible energy devices. Flexible
supercapacitors have played an increasingly important role in
power source applications since they combine the advantages
of the high power of conventional capacitors and the high
specific energy of batteries.’>!

4.2 Electrolytes
The use of electrolytes as dielectric was initially developed by
Charles Pollak in 1886. However, electrolytic capacitors have
faced numerous difficulties in applications due to their low
reliability. The capacitance of an EDLC is greatly influenced
by the choice of electrolytes. The ability to store charge is
dependent on the accessibility of the ions to the porous surface
area, so ion size and pore size must be optimized. Therefore,
the pore size distribution of the electrode is an essential factor.
The pore size distribution of the electrode depends upon the
size of the ions in the electrolyte.52%! Therefore, the proper
choice of electrode and electrolyte both are essential factors.
The breakdown voltage of electrolytes governs the

16 | ES Energy Environ.,2022,17, 11-32

attainable cell voltage of a supercapacitor. Therefore, the
energy density will be limited by the electrolytes. The power
density is dependent on ESR, which ultimately depends upon
the nature of electrolytes. The common electrolytes used can
be broadly classified into two types (1) aqueous electrolytes
and (2) organic electrolytes. Organic electrolytes are more
prevalent in commercial devices due to their higher
dissociation voltages. The cells using an organic electrolyte
can usually achieve Voltage in the range of 2-2.5 V.

On the other hand, non-aqueous electrolytes suffer from
disadvantages such as high cost, low conductivity compared
with aqueous electrolytes, and low dielectric constant,
resulting in smaller capacitance and complex purification
procedures. Therefore, a large number of non-aqueous
electrolytes were tested. In the current scenario, ionic liquid
has attracted scientists' attention. Ionic liquids are suitable
electrolytes because of their excellent chemical and physical
properties, such as high thermal stability and high
electrochemical stability.[*¥

5. Classification of supercapacitor

Based on the charge storage mechanism concept,
supercapacitors can be classified into three types: 1)
Electrochemical double-layer capacitors (EDLCs), 2)
Pseudocapacitors, and 3) Hybrid types formed by a
combination of EDLC and pseudocapacitors. Each capacitor
class is recognized by its unique mechanism of charge
storage.”” In the early period, the concept of an
electrochemical Supercapacitor was based on an electrical
double layer existing at the interface between a condenser and
its containing electrolyte solution. Electrostatic and
electrolytic capacitors are considered first and second-
generation capacitors. With the rapid development in materials,
the third generation, known as Supercapacitor, is developed.
Fig. 4 addresses the classification of Supercapacitors. SC is
mainly classified into two types based on the charge storage
mechanism: electric double-layer capacitors (EDLCs) and
pseudocapacitors.% The details information on different kinds
of SC based on different storage mechanism are given below:

5.1 Electrochemical double-layer capacitors (EDLCs)

Von Helmbholtz first introduced the concept of EDLCs in the
19" century. The Helmholtz double-layer model has two
layers of opposite charge formed at the electrode-electrolyte
interface separated by an atomic distance. This model is
almost similar to that of the two-plate capacitor.’”! The
Helmholtz EDLCs model was further modified by Gouy and
Chapman,*® considering a continuous distribution of
electrolyte ions in the electrolyte solution, driven by the
thermal motion, which was referred to as the diffuse layer (as
shown in Fig. 5). Later, Stern combined the Helmholtz model
with the Gouy-Chapman model to explicitly recognize two
regions of ion distribution-the inner region and the diffuse
layer. In the inner layer, ions are strongly adsorbed to the
electrode. The specifically adsorbed ions and non-specifically
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Fig. 4 Schematic representation of supercapacitor types: (a) EDLC type; (b) Pseudocapacitor type; (c) Hybrid capacitor type.

adsorbed counterions are distinguished as the inner Helmholtz
plane (IHP) and the outer Helmholtz plane (OHP). The
capacitance of two separated arrays of charges is directly
proportional to the surface area of the electrode and inversely
proportional to the distance between the two electrodes.’” The
capacitance calculation for an EDL supercapacitor is similar
to that of a parallel-plate capacitor, which can be defined as
below Equations 4:

€oErA

4 @)
where er is the dielectric constant of the electrolyte, €o is the
permittivity of vacuum, 4 is the surface area of the electrode
accessible to the electrolyte ions, and d is the effective
thickness of the EDL (i.e., the Debye length). Furthermore, the
energy storage and release mechanism are based on nanoscale
charge separation at the electrochemical interface formed

C =

between an electrode and an electrolyte. The charge storage
mechanism is nonfaradaic, and no chemical oxidation-
reduction (redox) reactions are involved. EDLCs have
relatively long cycle lives because only physical charge
transferring occurs. "]

5.2 Pseudocapacitors

In the case of pseudocapacitors, the capacitance arises for
thermodynamics reasons and mainly due to charge acceptance
(AQ) and a change in potential (AV).°!] The derivative C =
d(AQ)/(dAV) corresponds to a capacitance called pseudo-
capacitance.l”).”_'The  primary  difference  between
pseudocapacitance and EDL  capacitance is that
pseudocapacitance is faradic, involving redox reactions
between the active material on the electrode and the
electrolyte.l®)  The electrochemical characteristics of
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Fig. 5 Models of the electrical double layer at a positively charged surface: (a) the Helmholtz model, (b) the Gouy—Chapman model,

and (c) the Stern model, showing the IHP and OHP.
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pseudocapacitive materials are neither entirely capacitive nor
bulk faradaic processes. Energy storage devices involving
pseudocapacitive materials exist between EDLCs and
batteries, which predominantly depend on the surface faradaic
electron transfer by the intercalation or adsorption of charge-
compensating ions.[*] Pseudocapacitor can be considered a
complementary form of EDLC since it is not purely
electrostatic but exhibits similar electrochemical profiles
(cyclic voltammetry and galvanostatic charge-discharge). The
term "pseudo” is used to distinguish it from EDLCs. The
surface or near-surface charge interactions leads to a surface
faradaic reaction that exhibits swift reaction kinetics similar to
EDLCs.1*1 As a result, pseudocapacitive electrodes have near
rectangular cyclic voltammograms and almost linear charge-
discharge curves. In recent years, the line between battery-like
material and pseudocapacitive material has become very thin.
To properly understand the charge storage mechanisms of the
electrode material, i.e., to accurately differentiate between the
pseudocapacitive and battery materials, quantification of the
kinetics is one of the most effective techniques.

5.3 Hybrid supercapacitors
Hybrid supercapacitors: are the third type of supercapacitors
that consolidates the features of both EDLCs and
pseudocapacitors. The electrodes of hybrid supercapacitors
are made of composite materials that include EDLC materials
and pseudocapacitive materials or can have asymmetric
electrodes, one pseudocapacitive electrode, and another
EDLC electrode.

On the other hand, the oxidation and reduction processes

simultaneously occur in supercapacitors. The process is based
on the Nernst equation. The term redox is formed by 'Red,'
which signifies reduction, and 'oxi,' which signifies oxidation.
The Nernst equation that can calculate the emf of the cell is

given below Equations 5.
EF=F— [Red]

[0xi]

2.303RT
nF

&)

where, E° = the standard potential; R = universal gas constant;
T = absolute temperature;
F = Faraday constant; n = ion charge (moles of electrons)

Therefore, the amount of charge from the above equation
is a function of potential E. The charge-discharge curve is the
result of overlapping redox reactions.?”! Adsorption of ions:
The deposition of ions to form a monolayer on the electrode
substrate is a reversible process that results in Faradic charge
transfer and hence gives rise to pseudocapacitance in a similar
manner as shown in redox reactions.*!

6. Materials for supercapacitor
For the construction of supercapacitors, mainly two types of
materials are used such as (1) carbon-related materials such as
carbon nanotubes (CNTs), graphene, and activated carbon,
and (2) Based use of metal oxides such as Ruthenium,
Manganese, and Copper, Cobalt, Nickel oxides and polymers
like polyaniline (PANI) and polypyrrole (PPy), etc. The details
of electrode materials related to their types are presented in
Fig. 6.

The other categories of supercapacitor materials are
composites obtained by combining two or more constituent or

Supercapacitor Types and

Electrode Materials
Electric Double Pseudocapacitor

Layer Capacitor

Activated Carbon Conducting Metal Oxides
Carbon Aerogel Polymers
Carbon Fiber Hybrid Capacitor Carbon Ma!:erials
and Asymmetric Conducting
Carbon nanotubes Composite

Battery type Carbon Materials

Metal Oxides

Fig. 6 Details of electrode materials based upon types of Supercapacitors.
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nanomaterials. An example is a composite formed by mixing
CNTs with conducting polymer or metal oxides. Combining
CNTs with nanomaterials allows for a substantial increase in
surface area and enhanced capacitive performance. As a result,
the synthesis and engagement of nano-oriented resources are
now recognized as a critical factor in developing the high
performance of supercapacitor devices.*”!

6.1 Carbon-based materials

Carbon is the 15™ most abundant element in the earth's crust
and fourth. It is a reactive non-metal. In nature, we observe
several allotropes of carbon, such as diamond, graphite,
lonsdaleite, Buckminsterfullerene, amorphous carbon, and
carbon nanotubes. Carbon nanotubes are tube-shaped
materials made up of carbon having a diameter measuring on
the nanometer scale. Carbon nanotubes are formed from
graphite sheets, and graphitic Nanotubes are a member of the
fullerene structure family. Their name is derived from their
long, hollow structure with the walls formed by one-atom-
thick sheets of carbon called graphene. Carbon nanotubes
were discovered by Japanese scientist Iijima in 1991 and are
now considered a top-class subject in academic research and
various industrial areas.[®*! The chronological developments in
carbon nanotubes can be summarized in Table 1.

Table 1. Evolution of Carbon Nanotubes and their Applications
in Supercapacitors.

Year Discovery

Rudushkevich and Lukyanovich published a paper
1952 in the Soviet Journal of Physical Chemistry
showing hollow graphite carbon fibers 50 nm in
diameter.[®]
John Abrahamson presented evidence of carbon

nanotubes at the 14" Biennial conference of carbon
[70]

1979
at Pennsylvania state university.
A group of Soviet scientists published the results of

1981 chemical and structural characterizations of carbon
nanoparticles produced by a thermodynamical
disproportionation of carbon monoxide.’!]
Nanotubes were discovered in the soot of the

1991 discharge at NEC by Japanese researcher Sumio

lijima.[

These nanomaterials are allotropes of carbon, made of
graphite, and constructed in cylindrical tubes with nanometer-
scale in diameter and several millimeters in length. The carbon
nanotubes have been constructed with a length-to-diameter
ratio of 132,000,000:1. A carbon nanotube structure is formed
by a layer of carbon atoms bonded together in a hexagonal
mesh. This one-atom thick layer of carbon is called graphene,
and it is wrapped in the shape of a cylindrical structure. Their
impressive structural, mechanical, and electronic properties
are due to their small size and mass, incredible mechanical
strength, and high electrical and thermal conductivity. The
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strength of the carbon-carbon bond gives rise to extreme
interest in the mechanical properties of carbon nanotubes.
Theoretically, carbon nanotubes should be stiffer and more
robust than any known substance. Thus, carbon nanotubes
have a higher tensile strength than steel and Kevlar. The extra
strength in carbon nanotube comes from sp?bonds between the
individual carbon atoms. Here the bonds are even more potent
than the bonds observed in diamonds. Carbon nanotubes are
strong, but they are also elastic. It is possible to press on the
tip of a nanotube and cause it to bend without damaging the
nanotubes. Once the deforming force is removed, the nanotube
will regain its original dimensions.

The strength of nanotubes can be weakened by creating a
defect in them. The defects can be generated from atomic
vacancies or the rearrangement of carbon bonds. On the other
hand, all nanotubes are expected to be excellent thermal
conductors. It is expected that carbon nanotubes will be able
to transmit up to 6000 watts per meter per kelvin at room
temperature. Furthermore, graphene and carbon nanotubes are
carbon-derived nanomaterials that have received significant
attention in their potential application as efficient electrode
materials in the design of supercapacitors owing to their high
mechanical properties with great specific surface area and,
most importantly, competent electrical properties. Other forms
of carbon-based nanomaterials like xerogel, carbon fibers,
activated carbon, and templet carbon have been used to design
and develop supercapacitors. They also serve as the
Supercapacitor's electrode. The carbon-based materials are
comparatively cheap, readily available, and very common
with characteristic permeability, which enables easy
penetration of electrolytes in the electrode to boost the
capacitance of the supercapacitors.”

In order to enhance the performance of the supercapacitors,
different forms of carbon materials used as electrodes for
electric double-layer capacitors (EDLCs) are activated
carbons, carbon aerogels, carbon fibers, and carbon nanotubes.
Maaximun-specific capacitance values of different materials
are shown below in Fig. 7.4

6.1.1 Carbon nanotubes (CNTs)
Carbon nanotubes have excellent nano porosity properties 1D
form of carbon, permitting minute spaces for the polymer to
stand in the tube and act as a dielectric. Carbon nanotubes can
store about the same charge as charcoal (almost pure carbon)
per unit of surface area. However, nanotubes can be arranged
in a regular pattern that exposes a better suitable surface area.
Carbon nanotubes can be considered cylinders made of
graphite sheets, mostly closed at the end. Thus, one considers
CNTs the folding of graphite sheets, just like one rolls a piece
of paper into cylindrical forms. These nanostructured
materials were accidentally discovered by Ilijima while
observing under Transmission Electron Microscopes.!"!
Moreover, electrodes of CNTs have been made as an
intertwined material of CNTs, with an open and obtainable
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network of mesopores. The mesopores in CNTs are
interconnected, forming a continuous distribution, thus
developing the specific surface area more efficiently.’® CNT
electrode has lower equivalent series resistance (ESR) than
activated carbons, as the electrolyte ions can simply enter into
the mesoporous network.[”1 Carbon nanotubes act as pillars for
the uniform distribution of metal oxides, creating high
pseudocapacitance and electric double-layer capacitance. A
similar electrode type accomplishes higher specific
capacitance (Cs) than specific carbon, metal oxide, or
conducting polymer electrodes.”®”! Recently, PEDOT/PSS
and CNTs composite materials have been developed®” and
that could reach Cs varying from 85 to 150 Fg'!, while the
energy density (Ed) could exceed 0.92 Whkg™! and Pd could
range from 100 to 3000 Wkg™!. Similarly, the same path has
been approached to fabricate the Co304/CNTs, and
Co304/CNFs with enhanced electrical conductivity and a
substantial surface area.[-%]

In addition, the carbon nare classified as (1) Single-walled
carbon nanotubes (SWCNTs) and (2) Multiple walled carbon
nanotubes (MWCNTs), respectively.

(a) Single-walled carbon nanotubes (SWCNTs)

Single-walled nanotubes are close to one nanometer and can
be considerable enough. The structure of SWCNTs can be
theorized by enfolding a one-atom-thick layer of graphite into
a cylinder. SWCNTs are an essential variety of carbon
nanotubes because most of the properties change significantly
with the indices, and this dependence is non-monoatomic.
Current research developments recommend growing attention
to CNTs as an EDLC electrode material. Electrodes made from
this material developed commonly as an entangled of CNTs,
with an open and accessible network of mesopores. Unlike
other carbon-based electrodes, the mesopores in CNT
electrodes are interconnected, allowing a continuous charge
distribution that uses almost all the available surface area.
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Thus, the surface area is utilized more efficiently to achieve
capacitances comparable to those in activated-carbon-based
SCs, even though CNT electrodes have a modest surface area
than activated carbon electrodes. The surface area is utilized
more effectively to achieve capacitance comparable with
activated carbon-based super capacitance. Due to the porous
nature of carbon, the electrolyte ions can diffuse into the
mesoporous network.®¥ Based on the nature of SWNTSs, some
work has been done like freestanding PEDOT-PSS/SWCNTs,
which exhibit the Csof 104 at 0.2 Ag’!, energy density (Eq) of
7 Wh kg!, power density (Pg) of 825 W kg and 90% of the
Cs retention after 1000 cycles® shown Cs of 1715 Fg! for
RuO; based SCs in which RuO; is electrodeposited on the
SWCNTs film electrode. Also, they have fabricated superior-
performance, self-standing composite electrodes with
SWCNTs.®1 The 3-D mesoporous SWCNT-based electrodes
allowed unimpaired ionic carriage in thick films and brought
enhanced results in an ace line frequency of 120 Hz.
Measurements of 601 pFem™? with a -81° phase angle and a
time constant of 199 pus were obtained. As-fabricated
electrodes were capable of cycling at higher than 200 V s!
showing a parallelepiped cyclic voltammetry (CV) shape at
one kV s,

(b) Multiple walled carbon nanotubes (MWCNTs).
MWCNTs have mesopores in structure, which agree with the
easy movement of ions across the electrode-electrolyte
interface. Suppose the pore size becomes equivalent to the size
of the ion, and the molecules of the solvent are moderately
showing outcomes in the form of high ionic packing density.
Nevertheless, their mechanical stability drops due to
significant volume change because of repetitive intercalation
and depletion.®) Some reported data shows that a Cs of 50
Fg'! for MWCNTs and HPNCTs with willow catkins made by
an easy carbonization process and exhibit SSA of 1775.7 m?
g!, Cs 0f 292 Fg'! at 1 Ag! and better rate capability with 83.5%
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of the Cs retention at 10 Ag-1 for HPNCT-800.87 Applying
asymmetric  polymer electrolyte with NaOH-treated
polyethylene oxide (PEO-NaOH) was prepared to produce a
thermally-induced voltage in SCs. They found that Au and
MWCNTs deposited on Au electrodes showed the
thermopotential of 10 mV K!, the Cs of 1.03 mFem 2, and Eq
of 1.35 mJem 2 at the temperature difference of 4.5 K.156 PANI
nanowires have been deposition within the MWCNTs
employing in situ electro-polymerization. It was found that
aligned MWCNTs supported the organic polymers with a
pathway for charge transfer. The films made with conducting
polymers encapsulated in MWCNTSs showed a Cs of 296 F g
Yat 1.6 A g, Also, found that MWCNT channels bound the
structural changes in PANI chains while charging-discharging
and increased the lifespan of the structure.®®

On the other hand, Different II-conjugated sulfonate
patterns and additional support of graphene and MWCNTs are
used to investigate the polymerization activities of PEDOT.!
As fabricated PEDOT: MWCNT composite exposes an
interconnected network due to the II-IT interaction of PEDOT
with non-covalent functionalized MWCNT and shows a
specific capacitance (Cs) of 199 F gl at 0.5 A g'. Meanwhile,
the high-efficiency SCs with upgraded electrochemical
characteristics can be made by chemical vapor deposition
(CVD) and graphene hybridized with MWCNTs.! Another
work was done followed by CVD to prepare MWCNTs, and
graphitic layers over MgO assisted metal catalyst, which
designates that such materials are responsible for fast charge
transport in the cell or SCs device.[**!

6.1.2 Activated carbons

Due to its eco-friendly nature, less expensive, and high surface
area, activated carbon (AC) has been the desired choice of
electrode material for EDLC compared to other forms of
carbon. Conventionally, AC was primarily obtained from coal,
petroleum, and derived products.”® However, due to
environmental pollution and the finite reserve of fossil fuels,
academics are considering biomass waste as a possible
resource for the fabrication of AC.'l Activated charcoal is a
powder made up of tiny and very "rough" particles and a low-
density heap with many holes that looks like a sponge. The
surface area of even a thin layer of such a material is many
times greater than a material like aluminum, letting many
more charge carriers be deposited in any given volume.
However, charcoal is not a better insulator; it still replaces the
excellent insulators used in conventional devices, so in general,
EDLCs can only use low potentials on the order of 2 to 3 V.
Concerning the surface area of AC, the capacitance is directly
proportional to the surface area, and calculation reveals that
not all the high surface area contributes to the capacitance of
the device. This discrepancy may be due to electrolyte ions
that are very big that they cannot diffuse into smaller
micropores. Large pore size correlates with higher power
densities, and smaller pore correlates with higher energy
densities.[”?l The specific capacitance values are directly
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proportional to the surface area and published articles!®*%
confirmed similar capacitive behavior of activated carbon. As
of 2010, wvirtually all commercial supercapacitors use
powdered activated carbon developed from coconut shells,
and higher-performance devices are made based on synthetic
carbon precursors activated with potassium hydroxide.
Taking account of activated carbon fiber material (ACFM),
the composite of (ACFM)-Ni(OH), has been reported and
displayed the Cs of 370-380 Fg'. Also, the dependence of
shape, structure, and volume of material on the composition
and concentration of the solution was established.’” An
asymmetric SC (with 1.9 V) was developed using AC as the -
ve electrode and a silicon carbide-MnO; (SiC-NMnO>)
composite as the + ve electrode in NaSO4 electrolyte
solution.’®*1 Also, porous activated carbon was extracted
from rotten carrots at different values of activating
temperature under an inert atmosphere, employing a chemical
activation method and ZnCl, as an activation agent. Further,
the electrochemical performance of synthesized AC was
studied as an electrode in the aqueous, organic, and ionic
liquid-based electrolyte. It was confirmed that the prepared
electrode showed the highest specific capacitance in the
aqueous electrolyte and the highest specific energy along with
specific power in the ionic liquid-based electrolyte.['*]

6.1.3 Carbon aerogels

The complete artificial ultralight solid, extracted from gel
substance by supercritical extraction without a need for binder
material, is called aerogel—the supercritical extraction
outcomes in the formation of enormously low-density
materials and low thermal conductivity. The electrodes of
aerogel supercapacitors are a composite material usually made
of non-woven paper made from carbon fibers and coated with
organic aerogel, which undergoes pyrolysis. The carbon fibers
provide structural integrity, and the aerogel provides the
required large surface area. Carbon aerogels are nanoporous
carbon consisting of a weighty class of carbon nanomaterials
and three-dimensional hierarchical morphology.l'”!! Due to
these properties, carbon aerogels can be used as electrode
material for EDLCs. Carbon aerogels are designed from the
continuous net of carbon nanoparticles with a mesoporous
structure with no binding agent. Usually, lower ESR was
found in the binderless electrode of carbon aerogels. It was
found that reduced ESR, which yields higher power, is of
curiosity for investigators working in the SCs area.['®?] The
small aerogel SCs are being used as backup electricity storage
in microelectronics. However, Aerogel capacitors can only
work at a few volts. At higher voltages, ionize the carbon and
damage the capacitor. According to a literature survey, carbon
aerogel capacitors have achieved 325 J/g (90 Wh/kg) energy
density and 20 W/g power density. Some aerogel electrodes
manufactured by pyrolysis of resorcinol-formaldehyde
aerogels are better conductors than activated carbons. They
provide thin and firm electrodes representing mechanical and
vibrational constancy for SCs for their application in a high-
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vibration  environment.  Recently, = Ultrahigh-specific
capacitance for supercapacitors has been achieved by nickel
cobaltite/carbon aerogel composites.!'%]

6.1.4 Graphene

Graphene is nothing but a single layer of graphite material or
crystal. The graphite crystal has a stack of carbon layers lightly
bound with each other, and each layer embedded a
hexagonally arranged carbon atoms. As a sole isolated unit,
these layers are self-standing materials identified as graphene
and widely act as superconducting hybrid materials. The
expansion in capacitance depends on the high surface area,
lattice density, and interlayer spacing of graphene. Also,
combining graphene with other materials can bring many
property alternations in super capacitance. This state that
graphene has great potential as a supercapacitor electrode.!'*
Graphene-based ac line-filters on a large scale have been
developed by Wu ef al.l'! Here, graphene oxide (GO) is
reduced by patterned metal interdigitates and engaged as the
electrode material. A quasi-solid state micro-SC with cellular
graphene films as an active material with PVA/H3POj as the
gel electrolyte shows as a new type of flexible energy storage
device. Here 3D graphene films served as high-performance
SC electrodes and an ion reservoir for the gel electrolyte. The
3D cellular graphene films are generally fabricated by a
freeze-casting assisted filtration assembly method and show
great mechanical strength and flexibility. The quasi-solid state
device retained about 89% of its initial capacitance after 1000
cycles while tested under repeated bending from 0 to 120.01%¢]
Furthermore, Furthermore, Photoswitchable micro-SC based
on the diaryl ethene-graphene film was prepared by Liu et
al.' to exhibit the Cs modulation up to 20% demonstrating
photo switchable micro-supercapacitors. Meanwhile, Zhang et
al.'%® fabricated graphene-based Ni foam electrode, which
shows a higher Eq and P4 and good cycling performance. Xu
et all'™ have synthesized a nanocomposite of
graphene/AC/PPy by vacuum filtration method.l'™ Gaol!!]
developed a graphene/ polymer electrode on Ni foam using the
vacuum pressure method. The distribution of graphene could
not be tuned by applied vacuum pressure and its duration. In
the end, Ramaprabhu has developed poly (phenylenediamine)
(PpPD) and hydrogen exfoliated graphene (HEG) sheets
which show a Cs of 248 F g' at 2 A g™!.l111]

6.2 Conducting polymers (CPs)

The conducting polymers are pseudocapacitors with poor
lifecycles compared with carbon-based materials. Conducting
polymer has become a vital electrode material for
pseudocapacitors due to the advantage of enormous capacity,
good conductivity, facile synthesis, and cost-effectiveness. In
recent years conducting polymers has attracted the attention of
researchers due to their great potential in supercapacitors.
Despite these properties, conducting polymers have not
become so popular among researchers and industrialists due to
drawbacks such as low stability and poor mechanical
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properties, which restrict their applications in the fabrication
of supercapacitor devices—conducting polymers, which are
more correctly identified as intrinsically conducting polymers.
CPs have attained considerable attention as they supply high
specific capacitance (due to their redox behavior), rapid
charge-discharge process, lesser cost than carbon-based
material, and a low ESR value. Notably, the n/p type polymer
configuration has enormous potential for high Eq and P4.P”
However, the dearth of proficient n-doped conducting material
and less cycling stability has postponed the improvement of
CPs pseudocapacitor. Conducting polymers are organic
polymers that can conduct electricity. These compounds have
metallic conductivity or may sometimes act as semiconductors,
a desirable property for SCs electrode materials. Again, it was
confirmed that the mechanical stress on the conducting
polymers during the reduction-oxidation reaction bounds the
stability of pseudocapacitors through many charge-discharge
cycles. Basis of electrical conductivity: the conductivity of
organic polymers is owed to many processes. Polymer-like
polyethylene, the valence electrons are in sp® hybridized, and
sigma bonding electrons have low mobility and do not
contribute to the electrical conductivity of the materials. The
critical feature of bond structure available in conductive
polymers can be easily calculated with the tight-binding
model.l'2]

On the other hand, conducting PANI polymer is
lightweight, highly conductive, mechanically flexible, eco-
friendly, and highly theoretical capacitance. The problem is
that, because of ion doping/dedoping, PANI shrinks and swells
during the charge/discharge process. To reduce this problem,
the PANI is coated on metal oxides (MOs)/carbon materials
forming PANI/MOs/ nanocarbon ternary hybrid, which holds
good cyclic stability and specific capacitance.” Also, PANI
obtained a wide range of colors due to their many protonation
and oxidation forms. These electrochromic characteristics can
be utilized for the fabrication of electrochromic SCs.

Moreover, Polyacetylene is the most crystalline CP, but it
is easily oxidized in air. On the other hand, Polypyrrole (PPy)
and polythiophene can be produced directly in doped form and
are very stable.'¥ PPy has superior density and higher
flexibility than other conducting polymers. It has high
electrical conductivity (10-500 Sem™), and it undergoes a
self-rapid redox reaction for charge storage.[''3] Composite like
Lignin-PPy is synthesized by coating lignin with PPy by the
polymerization of PPy with and without the presence of
methyl orange, which conceded to the formation of PPy films
of globular and nanotubular morphology. Stable PPy films
with a surprising doping degree have been achieved by the
pulse polymerization process.!''l Pulse on time controls the
chain size along with chain defects, and pulse off time controls
the direction and conjugation of the polymer chain. A Cs of
400 F g'! has been visualized in these films with Eq of 250 Wh
kg! at 5 mA cm™ current density and long cycle life.

Another conducting polymer of Polythiophenes (PTs) was
obtained by a chemical oxidative method using FeCls as an
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oxidant and the absence of numerous surfactants. It is found
that surfactants change the PTs morphology, and PTs with
TritronX-100 show a Cs of 117 F g whereas the C; for
surfactant-free PTs are 78 F g L.[115] Polyindole (Pind) has
gathered attention due to the mixed properties of both poly (p-
phenylene) and PPy, such as high redox properties, good
thermal stability, meager degradation, and better air stability
compared to PPy and PANL''®) PANI-Solution (nanocrystal),
PANI-emulsion (nano pedal), and PANI- interfacial
(nanosphere) are reported.l''”! Furthermore, symmetric SCs
based on alternate layers of different CPs prepared to develop
SCs have been studied.l''! The capacitive properties of a
prepared multilayered system are better than individual CP,
which may be related to the better porosity of multilayered
material. Flexible worm-like SC electrodes are fabricated
using cellulose nanofibres (CNFs) and graphite nanoplatelets
(GNP), doped with PANI by in situ polymerizations.!'"! Also,
an all-solid-state symmetric SC has been fabricated using
PANI/CNF (20% loading)/ GNP electrodes, which shows
good C; retention at various bending angles. There are
numerous good properties of conducting polymers, such as
flexibility, conductivity, ease of synthesis, financial viability,
and high pseudocapacitance. Conducting polymer materials
such as polythiophene, polypyrrole and polyaniline have
received significant attention in the potential supercapacitor
applications. Despite these promising properties, polymer-

Polymer backbone

based supercapacitors exhibit poor cycling stability and low
power density and energy density.

6.3 Transition metal oxide

Transition metal oxides (TMOs) of ruthenium, iron, vanadium,
manganese, tin, and copper are highly used in research and
applications of pseudocapacitances. Transition metal oxides
exhibit multiple oxidation states at specific potentials, and the
selection of materials with multiple stable states within an
electrolyte's potential window allows maximum capacitance
to develop. Another essential advantage of crystalline metal
oxide is that its high conductivities allow charge propagation
along with the lattice structures of thin surface layers.
However, considerably lower conductivity is observed for
amorphous hydrous metal oxides. The conductivity can be
increased by crystallization. The process of crystallization
needs the removal of water which eliminates pore spaces.['2]
For the super capacitance applications, firstly, ruthenium
oxide was used. However, ruthenium is a rare earth mineral
and a highly toxic metal. Also, ruthenium is very costly.
Therefore, there was a need to search for alternative metal
oxide that is less toxic and cost-effective. Thus, different
transition metal oxides were tried, such as manages oxide,
vanadium oxide, efc. Fig. 8 depicts how a double layer is
developed on the CP chain.
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Fig. 8 (a) and (b) Development of double layer at CPs chain.
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Here an attempt has been made to synthesize copper oxide
nanoparticles dopping with different materials. Copper oxides
exist in two stable forms, cuprous oxide Cu,O and cupric
oxide CuO. These two oxides have very different colors,
crystal structures, and physical properties. The differences in
such properties are due to differences in the oxidation state of
transition metal copper. For example, Cu,O is reddish in color,
a cubic semiconductor, and displays interesting excitonic
properties.

On the other hand, CuO is having different color-it is a dark,
iron-gray color, and crystallizes in a more complicated
monoclinic  tenorite  structure  exhibiting interesting
antiferromagnetic ordering.'?!! CuO is an intrinsic p-type
semiconductor as some of the oxygen ions are lost from the
crystals, which impart a positive charge on the entire
crystalline structure. The capacitance of copper oxide is
controlled by the structure, composition, type, and density of
charge carriers. Metal oxides have been explored as an
electrode material for SC due to their high conductivity,
various oxidation states, and the possibility of constructing
high-energy, high-power SCs.l'?2l The majority of relevant
research concerns ruthenium oxide. This is because other
metal oxides have yet to obtain equivalent capacitances. The
metal oxides like ruthenium oxide (RuO,), nickel oxide (NiO),
cobalt oxide (CO304), iridium oxide (IrO,), and manganese
oxide (MnO,) have been extensively studied as electrodes for
pseudocapacitors. The specific capacitance of RuO; is
achieved through the insertion and extraction, or intercalation,
of protons into its amorphous structure. In its hydrous form,
the capacitance exceeds that of carbon-based and conducting
polymer materials. Furthermore, the ESR of hydrous RuO is
lower than other electrode materials. As a result, ruthenium
oxide pseudocapacitors may achieve higher energy and power
densities than similar EDLCs and conducting polymer
pseudocapacitors. Thus, a significant area of research is the
development of fabrication methods and composite materials
to replace an alternative electrode material to reduce its cost
without reducing its performance. However, the prohibitive
cost of ruthenium oxide makes it impractical.[?]

Transition metal oxides/hydroxides are considered the best
candidates as electrode materials for energy conversion and
storage applications. In recent years, nanostructured materials
have achieved great interest due to their large surface-to-
volume ratio and exceptional mechanical, electrical, and
optical properties endowed by confining the material
dimensions. Some materials that are not stable in the bulk form
and do not exist in the ambient atmosphere may exist in a more
stable state at the nanoscale. Specially transition metal oxide
(TMO) nanoparticles have received wide attention for energy
applications.!">l The extensive benefits of TMO nanoparticles
are: (i) structural changes that allow the altering of lattice
symmetry and cell parameters, (ii) a change in electrochemical
behavior due to the quantum confinement effect, and (iii) a
change in surface properties leading to a drastic increase in the
bandgap that influences the conductivity and the chemical
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activity of the nanoparticles (Immanuel et al, 2019).
Fabrication of desired quality of PDPU 38/180. Higher
pseudocapacitance than the EDLC carbon electrode materials.
It is well established that properties of nanomaterials, like
composition, crystalline phase, structural and morphological
properties, and the surface and interface properties between
the electrode and electrolyte, greatly influence the
electrochemical performance in device applications.!’]
Different nanostructured metal oxides and hydroxides
include RuO;, IrO;, MnO,, Co0304, NiO, Co(OH),, and
Ni(OH),.l? TiO,, ZnO, WOs3, SnO,, CuO, Cuy0, Fe,03, and
Ru0,.H,O show excellent electrochemical performance not
only in electrochemical energy conversion, storage, sensors,
and detector applications but also in terms of good electrical
conductivity, UV absorption, photo-oxidizing capacity against
chemical and biological species and antimicrobial/self-
sterilization!'?’l. Not restricted to energy applications, many
metal oxide nanoparticles have been successfully employed in
different biomedical applications such as efficient
electrochemical detectors of biomolecules, including NiO,
ZnO, MnQO,, Fe;0s3;, TiOz, and Co304!1 Metal oxide
nanoparticles such as MgO,!'>1 Al,03 '3 and ZnO!"3! are also
employed to decontaminate various nerve agents.['3”
Copper oxide is one such transition metal oxide with
exciting properties, which was also one of the first substances
known to behave as a semiconductor. The study started in the
1920s and '30s. However, the interest in copper oxides was
received after the 1970s. Man has used copper since
prehistoric times; in fact, one of the significant stages of
human history is named after a copper alloy, i.e., Bronze Age.
Humans have used it for about 10,000 years.['3] As per records
worldwide, copper resources are around 5.8 trillion pounds
(out of which only 12% have been mined), and also, it is highly
recyclable.l'33] Tt is a soft, flexible, ductile, and pliable metal
that conducts heat and electricity very effectively, commonly
making it suitable for electrical wiring. It is in group 11 of the
periodic table; has one s-orbital electron on top of a filled d-
shell. Copper oxide is a binary compound and has two PDPU
40/180 stable forms Copper(I) oxide (CuxO) and Copper(Il)
oxide (CuO). The physical properties, i.e., color, crystal
structure, and electrical and optical properties of Cu,O and
CuO, vary significantly. Intrinsically, CuO and Cu,O are p-
type semiconductors having band gap energies in the visible
and near-infrared regions of 1.2 to 1.5 eV and 2.1 to 2.6 eV,
respectively.'** Both are non-toxic and have abundant source
material on earth. They have favorable bandgap and band edge
positions for solar energy conversion applications, and the
bandgap could be easily adjusted by altering the composition.
They have a high absorption coefficient in the visible range
and can be prepared at a low cost by adopting simple methods.
There are several reasons for choosing CuxO and CuO as the
absorber layers for solar cells, gas sensors, biosensors,
magnetic media, enzyme-free glucose sensors, photodetectors,
nanofluids for enhanced thermal conductivity, junction
devices such as a p-n diode,['* the catalyst for water gas shift
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reactions, cathode material in photoelectrochemical water
splitting applications, heterogeneous catalysis in the complete
conversion of hydrocarbons into carbon dioxide, nano-
energetic materials, and as active materials in lithium-ion
batteries (LIBs) owing to its peculiar properties.!'*¢137 Copper
oxide nanostructures also exhibit some exclusive magnetic
and superhydrophobic properties. Along with the specific
optical, electrical, and electrochemical properties, copper
oxides have some general advantages, as environment friendly
and abundantly available. However, copper oxides had not
gained enough attention from researchers until recent years.!'**!

Thus, developing a reliable and cost-effective method for
the large-scale production of Cu,O and CuO is highly
desirable.l'**) Manifold vacuum and non-vacuum techniques
have been explored so far for the synthesis of copper oxides,
including different nanostructures such as activated reactive
evaporation, electrodeposition, spay pyrolysis, radical
oxidation with nitrogen plasma treatment, sol-gel dip
technique, reactive magnetron sputtering, oxidation of
metallic Cu sheets, photochemical deposition, and thermal
oxidation, wet chemical method, anodization, thermal
transformation, electrospinning, solvothermal process,
chemical bath deposition, and electrodeposition.['*] Several
studies on copper oxide-based systems have explored their
efficacy in various applications. Based on the literature survey
(few mentioned and some not mentioned due to scope of
limitation), attempts have been made to develop copper oxide
photocathodes and electrodes for photoelectrochemical cell
(PEC) and supercapacitor applications, respectively, since
nanostructured materials have a distinct feature compared to
their bulk counterparts exhibiting enhanced properties which
can be efficiently utilized for the PEC and supercapacitors.

Mahendra et al.'*) have reported that the CuO thin films
can be formed of 3 different thicknesses, i.e., 20nm, 100nm,
and 200 nm were deposited on glass substrates by magnetron
sputtering techniques. They studied their structural, optical,
and electrical properties. The study of nanostructured CuO
thin film on stainless steel substrate is successfully done by
Dubal et al. Here; they have synthesized the nanomaterials by
simply changing the complexing agent. The result reveals
maximum specific capacitance at SmV s™. They also studied
the long-term cycling performance of CuO is examined at
different scan rates. Prasad et al.l'*! reported that the Cuo thin
film was synthesized by sol-gel route with carbon embedded.
The specific capacitance of 300 Fg™! was reported. Shaikh et
al.'" reported that they synthesized the hybrid CuO-PAA thin
films using a facile spin coating technique at room temperature
for supercapacitor application.

The coated films are annealed at different temperatures to
study the annealing effect on Csp. They found that the Csp
increases from 41 to 136 F g with an increase in annealing
temperature. They also revealed that as annealed temperature
increases with an increase in porosity. Patake e al.l'** reported
that the amorphous and porous copper oxide thin film
electrodes were prepared by cathodic electrodeposition for
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supercapacitor application. The cyclic voltammogram was
obtained at 20 mV s scan rate of Csp is 36F g! in 1M NaSO4
electrolyte. The amorphous nature of oxide plays a vital role
in improving Supercapacitors. The capacitance of the copper
oxide electrode increases with an increase in film thickness.
Dubal et al.l* reported that the chemical bath deposition
(CBD) method prepared the complex hierarchical CuO
nanostructures. The structures of Cuo thin films are of woolen
clumps, stacked nanosheets, and nanobuds fabricated on a
stainless steel substrate. They also found high specific
capacitance of nanobuds CuO sample is 396 F g\,

Shinde et all'%)  synthesized nanoflowers-like
CuO/Cu(OH); hybrid thin films on stainless steel substrate by
using simple and inexpensive successive ionic layer
adsorption and reaction (SILAR) method. The CuO/Cu(OH),
nanoflower with diameters of about 4-5um exhibits the
maximum specific capacitance of 459 F g'. Hsu et al.l'*)
prepared CuO/Cu(OH);hybrid material using a liquid-solid
reaction route, and Csp is found to be 278 Fg™!. Shaikh ez al.l147)
reported that nanostructured Ru-doped CuO thin films by
colloidal solution method via a simple and cost-effective spin
coating technique. They observed the highest Csp of 406 F g~
. Wang et al.'¥8! reported that CuO nanosheets with near-
vertical orientation on nickel foam substrate are composed of
interconnected nanoparticles by a template-free growth
method. As a result, the CuO exhibits the highest Csp of 569
F g!. Dar et al.'*) reported that Graphene nanosheets (GN)
disseminate with macroporous copper oxide (macroCuO).

This was investigated on a glassy carbon electrode (GCE)
as an electrode material synthesized by a modified Sol-Gel
route for supercapacitor application. They reported a
maximum specific capacitance of 417 F g''. Pendashteh et
al.'>% stated that the CuO nanoparticles had been synthesized
on graphene oxide (GO) nanosheets by the electrostatic
coprecipitation method. The composite CuO-GO material
shows a better specific capacitance of 245 F g at a current
density of 0.1 A g'!. Dubal et al.l'* reported that the different
nanostructures of CuO thin films were directly grown onto
stainless steel substrates with the help of surfactants such as
Triton X-100 and polyvinyl alcohol (PVA) prepared by CBD.
It shows the maximum specific capacitance of 411 F g
Finally, Huang et al."*"! reported that the electrode of Ag-
doped CuO. Table 2 depicts the various types of materials used
in the development of supercapacitors and their morphology
and Csp.

Table 2. List of materials with their morphologies and Csp.

Material Morphology Csp
(in Fg-1)
CuO
CuO micro-woolen 346
CuO rodlike morphology 300
hybrid CuO-PAA Island like structure 136

well-adherent and
CuO
porous
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cauliflower structure
CuO
CuO/Cu(OH)2 hybrid
(diameters-
4-5 pm)

CuO in [HPMIM][CI] IL

Structure

CuO/Cu(OH)2hybrid

Ru doped CuO

CuO
multilayer nanosheets

Hybride Cu-PAA

CuO-PAA/CNT films
CuO

GN/macroCuO

CuO-GO

CuO

Cluster
NSA-Ag/CuO

CuO

Structure
CuS

Cu20/CuO/RGO

CuO/N-RGO

MnO2/NaCl/Pt

MnO2/2KCl/Pt

21% higher than plain Mn
oxide
MnO2-MWCNT/3M
KCI/Pt
from 160 to 80 Fg
MnO2/0.1M Na2SO4/Pt

Mn02/0.1M Na2S04/Pt

36
Nanobuds
Nano flower

459

nanobuds with a
bunch of nano
pedals-like

60

Lotus like
morphology
Nanocrystal
structure
Hierarchical

43.

Circle-like
structures
Circle-like
structures
Nanosheets
macro-structured
porous

globular shaped
nanoparticles
Nanosheets arrays
as well as flower-
like

411

Nanosheets
nanowires and
nanosheets and
flower-like

212

Nanowire
Nanoporous
particles

unique particle—
nanosheet structured
Thickness
0.02mg/cm-2
Specific
conductance 212,
21%

Specific capacitance
160, Sc decreased

230, potential
window: 1V ( for
galvanostatic
methods)
Thickness 0.4-0.5

mg cm-2

396

278

406

65

258
569

417

245

689

305

136.3

340

202 as-deposited
charge-discharge
method

Thickness 1.0-1.2
mg cm-2 240 for
MnO2 deposited at
0.5V/SCE

45 Mf charge-
discharge high

MnO2/2M KCV/ Pt

MnO2/2M KCV Pt

MnO2/0.5LiCl/Pt
stability

Area 1 cm2 with
MnO2/1.0 M Na2SO4/Pt

loading 0.5 mg
Thick f0.94
MnO2 / 1.0M Na2SO4/Pt o ©
micrometer
RuO2 hydrothermal 400 Fg-1
Atomic |
ZnO nanomembrane omie fayer 846 Fg-1

deposition
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Nanosheet arrays were prepared by doping CuO nanosheet
arrays using Ag by the silver mirror reaction. The specific
capacitance of 689 F g-1 at 1Ag-1 and 299 F g-1 at 10 A g-1,
respectively. Yunhu Li et al.l'"? revealed that nanostructured
CuO nanowires and nanosheets and flower-like different
morphology grown on copper foam substrate were prepared
by thermal treatments for supercapacitors application. CuO
nanosheets exhibited higher specific capacitance than
nanowires, with a flower-like nanostructure of 212 F g’!. Yu-
Kuei Hsu et al.l'3 revealed that hierarchical structures of wire-
like CuS deposited on copper foil substrate using simple and
cost-effective liquid-solid reactions. The high specific
capacitance of CuS and NW nanoelectrodes is 305 F g'. Wang
et all'* reported that Cu20/CuO/RGO nanocomposite was
synthesized using the hydrothermal method on RGO
nanosheets for supercapacitor application. The nanocomposite
exhibited supercapacitor performance of 173.4 F g at the
current density of 1 Ag™' and remained at 136.3 Fg'at 10A g°
! with a retention of 78.6%.

Moreover, the capacity remains 133.8 F g, almost
unchanged (98.2%) after 100,000 cycles at 10 A g™, Li et al.l'53)
revealed that the CuO/nitrogen-doped reduced graphene oxide
(CuO/N-RGO) composites are prepared by refluxing in
ammonia solution and low-temperature annealing. The
CuO/N-RGO composite shows a high specific capacitance of
340F g

7. Applications of supercapacitors!!3¢-16!

Supercapacitors have several applications, including:

1) Transportation: The transportation system requires the use
of supercapacitors. The automobiles require supercapacitors
with a compilation of other devices such as batteries. The fuel
efficiency can be increased by storing the energy at braking
and releasing the energy at acceleration. Also, the
supercapacitors can perform well in a cold atmosphere at
shallow temperatures of about — 40 °C temperature.
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2) Consumer electronics: Supercapacitors are widely used in
various electronic devices as backup energy sources for
system memories, microcomputers, system boards, clocks,
and toys. These are ideal for devices that require a quick
charge. In addition, supercapacitors are cost-effective as they
have an incredibly long life, and usually, their replacement is
not required during the lifetime of the device they are used.
3) Uninterrupted power supply: UPS requires a continuous
power supply. It is possible to maintain the continuous power
supply of UPS by using supercapacitors. Also, supercapacitors
are best suited to provide power for startup and peak-up
buffering.

4) Other Application: Supercapacitors can be used in hospitals,
cell phone towers, banking centers, transmission lines, in
system frequency and stability control; supercapacitors are
suited as an energy storage system for hardening sensitive
equipment against voltage sag, in wind turbine systems
supercapacitors can provide a simple, highly reliable solution,
airport control towers. They are also used in many portable
gadgets and devices.

5) Medical Applications of Supercapacitors: The internal
organ of a human sometimes do not function properly, and
even with the use of medicine, they can not be cured; in such
a situation, transplantation is one possibility. However,
transplantation of every organ is not possible, and even it is
very costly. Therefore, some suitable devices are often planted
into living organisms to perform the function of dysfunctional
body parts. However, most of these devices require a power
supply to function appropriately. The batteries can be used as
a power supply source, but they have a life span that will never
be long enough, especially if they are implanted. Thus, the
device needs to be brought out whenever the batteries
discharge, and the batteries need to be changed. Here,
introducing a supercapacitor to the batteries or replacing the
power is possible.

Biosupercapacitor comprises graphene layered with
modified human protein as an electrode, a conductor through
which electricity from the energy harvester can leave. The
platform could eventually also be used to develop next-
generation implantable devices to speed up bone growth,
promotes healing, or stimulates the brain.

Munitions

| sc \
( Applications
in Military

Radiofrequency
communications

Radars Military vehicles

Fig. 9 Applications of Supercapacitors.
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The biological Supercapacitor that the researchers invented
uses charged particles of ions from bodily fluids to produce
power. It uses electrolytes or ions present in body fluids such
as blood, urine, and other extracellular biological fluids. It is
possible that the supercapacitors can work with other devices
known as energy harvesters. The biomedical and other types
of applications of supercapacitors are depicted in Fig. 9.

8. Advantages of a supercapacitor:

1. Very high efficiency.

2. Fast-charging property

3. A supercapacitor has a longer life than a 10 to 15 years
battery

4. The Supercapacitor can withstand temperatures between -
30 to 65 degrees centigrade, whereas a battery can
withstand -10 to 40 degrees centigrade.

5. The Supercapacitor is very light in weight.

6. Supercapacitors can be installed in a short area as they are
significantly smaller.

7. The Supercapacitor has a swift transient response.
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Herein, pleasing the advantageous of both Brgnsted and Lewis acidic site of Si-BLAIL the condensation-
aromatization reaction has been carried out. The striking distinctiveness of work is optimum reaction condi-
tion, easy work-up, high yield, catalyst recyclability, non-inertness of reaction flask, simple catalyst loading
method. The decreases in the amount of catalyst and reaction time shows good to high (71%-93%) yield suggests
about the involvement of some interesting mechanism such as cooperative catalysis. The mechanism has been

hypothesizes as, the Si-BLAIL increase the efficiency of condensation reaction possibly by providing the proton in
2-position of cationic imidazolium ring of BLAIL through the hydrogen bond interaction with carbonyl group and
nucleophilic activation during aromatization by hydrogen bond acceptor ability of Lewis adduct anion of BLAIL.
The catalyst Si-BLAIL shows massive affirm for industrial applications. The Si-BLAIL has identified as the best
acid catalyst for 2-(4-nitrophenyl) benzimidazole synthesis with additional benefits of cooperative catalysis.

1. Introduction

The acid catalyzed synthesis are generally preferred for production
of various chemical, pharmacologically important synthetic derivatives
etc. [1-5] For bulk production, from the academic laboratory to a
chemical industry large number of acid catalyst has been used [1]. The
conventional mineral acids provides effectual surface area hence it
shows privileged catalytic activity but its use allied with several
downsides such as, difficulty in product isolation, corrosion of equip-
ments, acidic waste that hazardous to the environment. Solid acids
catalysts are environmental and non-volatile but they have an in-
adequacy such as high molecular weight to active site ratio, severe re-
action condition, matrix coupled acidic sites, longer reaction time and
fast deactivation [1,2]. Hence, the researcher takes huge efforts for
development of new acidic catalyst. From, the last several decayed the
Ionic liquids (ILs) has attracted much attention of researchers due to
their unique physical and chemical properties such as favorable sol-
vating power, low vapor pressure, wide liquid range, good conductivity,
thermal stability, structural designability etc. [3] Moreover, acidic ionic
liquids are well known green solvents and catalysts such as- IL has been
used for efficient and reusable green catalyst for biodiesel production

[4], Synthesis of 4-phenacylideneflavene [5], tetrahydropyranylation of
alcohols [6], benzoxanthenones derivetives [7], benzoxazoles, benz-
thiazoles, benzimidazoles [8], The Brgnsted acidic ionic liquid was used
for one pot reductive amination of aromatic aldehydes [9]. Such, effi-
cient synthetic utility of acidic IL motivates to its use as heterogeneous
catalysis. The ILs is also referred as versatile materials used in chemical
manufacture plants [10]. The ILs as a solvent or homogeneous catalyst
shows good catalytic activity and high selectivity but the use of ILs as a
homogeneous catalyst or solvent has several shortcomings such as
extremely difficult disposal of waste materials, expensive disposal op-
erations, due to high viscosity of ILs slow substrate diffusion etc.
Therefore, generally the use of ILs as Homogeneous catalyst for indus-
trial bulk scale production is not recommended [11].

The Heterogeneous catalysis gets hold of great attention for large
scale production in various chemical industries due to its recyclability,
easy separation ability, practical convenience, lower corrosion effect
etc. The heterogeneous catalysis has been widely used in the organic
synthesis [12] by taking advantageous of cooperative effect of catalyst
and solid support [13]. Such synergetic effect increases the catalytic
efficiency of the catalyst [14] by the surface modification of the active
site in the catalyst [15]. The solid supported ionic liquid take the
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combine advantage of catalytic activity of ILs and solid supports. Hence,
immobilization of ILs on solid support with or without covalent bond is
more desirable [10]. Supported ILs has been effectively used for several
organic reactions such as selective oxidation of alcohols [16], esterifi-
cation [17], synthesis of methyl caprylate [18], one pot synthesis of
1-amidoalkyl 2-naphthols [19], Heterocyclic synthesis, CO, dissolution
and fixation [20], polycyclic phenolic compound [21], polyoxy-
methylene dimethyl ethers [3], Chemoseletive synthesis of dicoumarols
and substituted xanthene derivetives [22], hydrolysis of cellulose [23],
synthesis of biodiesel, alkylation and oligomerisation [2], fuel oil
desulfurization [24] etc. The supported Brgnsted and Lewis acidic ionic
liquid attracted much attention due to their exceptionally strong acidic
characters.

Cooperative catalysis is emerging and most powerful strategy in
many organic syntheses. During activation of starting material, Coop-
erative catalysis significantly increases the selectivity and catalytic ac-
tivity. The catalyst involves hydrogen bond donor and acceptor moiety
that activates both elecrophilic and nucleophilic sites of the reaction
system. The concept of such cooperative catalysis has been used for
several reaction such as Michael addition, Povarov reaction [25],
Mannich reaction [26], Biginelli reaction [27] etc. During such catalysis
the catalytic efficiency is mainly under control of hydrogen bond
interaction between catalyst and reactants. For the reactions involving
carbonyl activation, the cation and anion of the ILs can cooperatively
activate the reaction centre and 1-butyl-3-methy-imidazolium based ILs
shows prominent activity due to 2-position proton of imidazolium ring
with same anion. Furthermore, for imidazolium based ILs, the anion Cl
shows high catalytic activity very similar to strong hydrogen bond
acceptor ability [25]. Hence the dual acidic ionic liquids with Cl con-
taining anion can be more desirable.

2-nitrophenyl substituted benzimidazole is compounds with
tremendous biological importance as it shows antimicrobial, anti-
inflammatroy, anti-histaminic, antiviral, antitumor, anticancer [28]
etc activities. Hence, it is well thought-out that compounds are of
multipurpose materials such as sensitive fluorescence sensor for the
biomolecules sensing [29]. Furthermore, its derivatives can be possibly
used for understanding of structural modification of the biomolecules
like julolidine [30] and other fluorophores [31,32]. 2-aryl substituted
benzimidazoles are synthesized either alkylation of benzimidazole or by
condensation followed by aromatization of Orthophenylenediamne
(OPD) with aldehydes. The number of conventional Brgnsted and Lewis
acid catalysts were used however the synthesis methods have short-
comings such as low yield, expensive and unrecyclable catalyst, cruel
reaction conditions etc. Those limitations can be overcomes by using
Brgnsted and Lewis acidic ILs on the solid supports.

Recently, Thai Nguyen et all has been reported first time the benz-
imidazole synthesis by BAIL gel [8]. Lewis acid catalyst were reported to
be superior for benzimidazole synthesis [33]. The benzimidazoles were
effectively synthesized by polymer supported pyridinium chlor-
oaluminate as a heterogeneous Lewis acid catalyst [34]. liu et al. shown
that the Lewis acid site are active centers for dehydrogenation and
aromatization of isobutane [35]. Hence, by enchanting an advantageous
of cooperative catalysis and efficiency of Lewis acidic site we report
herein the use of silica supported Brgnsted - Lewis acidic ionic liquid
(Si-BLAIL) as a heterogeneous catalyst for benzimidazole synthesis.
Interestingly, good to excellent yield, easy product separation, catalyst
recovery, optimum reaction condition has been achieved. Herein, we
employed the idea of cooperative catalysis of Silica immobilized BLAIL
obtained by treating BLAIL with silica gel. The adsorption of BLAIL on
the surface of silica gel enhances the catalytic activity. Lewis and
Brgnsted acidic catalysts are well known for benzimidazole synthesis
and the Lewis acidic catalysts are considered as effective catalyst for
aromatization. We have identified the cooperative catalytic effect of
silica supported Brgnsted - Lewis dual acidic ionic liquid for benzimid-
azole synthesis. The Si-BLAIL shows, the simple catalyst loading method,
optimum reaction condition especially- room temperature, free air
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medium, minimum reaction time, easy work-up, high yield of the
product minimum catalyst leaching with respect to other reported silica
supported IL catalyst [8,36,37].

2. Experimental section
2.1. Materials and method

1-Methyl imidazole, 1, 4-Butane sultone, aluminum trichloride,
Orthophenylenediamne  (OPD),  4-nitrobenzaldehyde,  4-chlor-
obenzaldehyde, 2-chlorobenzaldehyde, 4-N,N-dimethyl amino-
benzaldehyde, anisaldehyde were purchased from Molychem, India all
has purity 98-99% and used without any further purification. Silica gel
(100-200 mesh) was purchased from lobachemia and 4-methylbenzal-
dehyde (99%) was purchased from spectrochem and used as received.
0.1g of a Si-BLAIL was dissolved in 25 ml distilled water and stirred for
2h at room temperature and kept in dark for 24 h to settle down the solid
residue. After decantation the solution was titrated with 0.025 M NaOH
and the conductance was recorded after each addition by using Equi-
ptronics conductivity meter (Model EQ 665 EQ 665). FTIR spectra were
recorded on FTIR spectrometer- 4600, Jasco, Japan. Morphology was
characterized by Termogravimetric analysis (TGA) using Perkin Elmer
STA6000 Instrument and by using SEM analysis. The XRD was recorded
on Rigaku miniflex-600 equipment using Cu Ko radiation (A = 0.1540
nm) operated at 30 kV.

2.2. Synthesis of Brgnsted -Lewis acidic ionic liquid (BLAIL)

To a vigorously stirred solution of 1-Methyl imidazole (1) (10 mmol)
in acetone (25 ml), 1, 4-Butane sultone (2) (11 mmol) was slowly added
at room temperature and stirred for 12h. After completion of reaction
acetone was decanted and the remaining white solid was separated and
was repeatedly washed with diethyl ether to yield pure ionic liquid and
dried in vacuum. In the second step ionic liquid (3) was taken in round
bottom flask and added equivalent amount of concentrated HCI, then
reaction was heated for 24 h at 80 °C. The viscous liquid obtained was
dried in oven at 60 °C to give IL (4). This IL (4) was then dissolved in
toluene and followed by addition of aluminum trichloride (11 mmol)
and stirred it for 24 h at room temperature. Then the solvent was
evaporated under vacuum to give the desired BLAIL (5). see the Scheme
1.

2.3. Synthesis of silica supported dual acidic ionic liquid (Si-BLAIL)

Silica gel (100-200 mesh, 10 g) was activated by heating at 100 °C in
an oven for 24h. In 50 ml round bottom flask BLA IL (5) (2 g. 41.06
mmol) was dissolved in 10 ml distilled water and heated at 70 °C. The
activated silica were added slowly with constant stirring in the hot water
and obtained mass (~ 16.6 wt %) is dried in an oven at100 °C for 48h.
The white free flow powder of Si-BLAIL (6) is stored in glass bottle and
used without any further activation.

2.4. Procedure for synthesis of 2-aryl benzimidazole

In a 25 ml round bottom flask equipped with magnetic stirrer, Ortho-
phenylenediamne (OPD) (7), (0.200g, 1.85 mmol) and 4-nitrobenzalde-
hyde (8) (0.279g, 1.85 mmol) was taken with 10 ml absolute ethanol
and Si-BLAIL (0.0042g) was added with constant stirring at room tem-
perature. The progress of reaction was monitored periodically by TLC.
After completion of a reaction catalyst was separated by adding more
ethanol followed by centrifugation and the crude product was precipi-
tated by adding distilled water in ethanol. The crude product was
collected by filtration and recrystallized in ethanol to get pure product
(9) (0.455g, 1.90 mmol) and formation of product was confirmed by M.
P., FT-IR and '"H-NMR.
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Scheme 1. Synthesis of silica gel immobilized dual acidic ionic liquid (Si-BLAIL).

3. Result and discussion
3.1. Characterization of catalyst

Reza et al. has been reported that the structure of silica supported
catalyst can be analyzed by different techniques IR, Conductometry,
TGA, SEM etc. [17] Hence, the prepared Si-BLAIL was characterized by
conductivity measurement, IR, SEM, EDS, DSC, XRD and TGA analysis.
The prepared Si-BLAIL catalyst was analyzed for determination of den-
sity of acidic group by titrating it with NaOH. The concentration of acid
center of the Si-BLAIL has been determined by conductometric titration
method. The conductometric titration cure is recorded and shown in
Fig. 1. It is quite evident from Fig. 1, that the titration curve is chair
shaped which are characteristics of the conductometric titration curve

-
N
"

-
o
M

Conductance, mS/cm
_O o
»n (-]

e
'S

v (NaOH), mmol/g

Fig. 1. Conductometric titration Curve of 0.1g of Si-BLAIL with 0.025 M NaOH
at room temperature.

for weak acid with strong base. Due to presence of heavy ions in the
suspension of Si-BLAIL catalyst, the small change in conductance was
observed up to equivalent point. Once the equivalence point is reached
then hydroxonium ion goes to increase in the suspension solution and
hence conductance increases [38]. The concentration of acid group on
the surface of catalyst was found to be ~1.5+0.05 mmol/g Such
reasonable loading of acid on the surface of silica suggest the adsorption
of BLAIL (5) on the surface of Si. The XRD pattern of Si-BLAIL show peak
at 20 = 22° as supported silica only. The XRD data shows that, the nature
of the silica support preserves after immobilization of BLAIL [39,40]. (cf.
Fig. S3).

3.1.1. Infra-red spectral characterization

The FT-IR spectra of BLAIL, Si and Si-BLAIL have been recorded and
the results are shown in Fig. 2. The FTIR spectrum of silica gel has
characteristics absorption band in at 3454 cm ! (O-H, SiO-H stretch-
ing), 1633 cm’l(bending vibration of adsorbed water), 1090 cm ! 800
em™~!(Si-O stretching),. Reza et. all has been reported that on immobi-
lization of IL on Si-gel surface the spectral characteristics of Si-gel
change [17]. Due to immobilization of BLAIL on Si the absorption
bands of silica are shifted. It is evident from Fig. 2 that, the Si-IL shows
strong absorbance at 3465 cm™! due to Si—-OH bond stretching vibration
and the water absorbed by the silica gel. The peak at 1563 cm™! and
1644 cm ™! correspond to C=N and C=C vibrations of imidazole ring.
The band centered at 2958 cm™! and 1455 cm™! are due to C-H
stretching and ring deformation of imidazole and long hydrocarbon
chain. The strong absorption peak at 1092 cm ! is because of stretching
mode of vibration of Si-O-Si bond in the silica. The band at 1168 cm ™! is
assigned to Si=O stretching vibration. Such spectral changes in the FTIR
of Si-BLIL further confirm immobilization of BLAIL on the surface of Si.
The presence of two strong peaks at 1092 cm ™' & 1168 cm™! further
assigned to S = O stretching vibration of SOsH group of Brgnsted acidic
site. [41-43]. The S = O stretching vibration in Si-BLAIL suggest the
existence of Brgnsted acidic site in the catalyst.
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Fig. 2. Fourier Transform Infra-red (FT-IR) spectra of BLAIL neat (solid), silica
gel (dashed) and Si-BLAIL (dotted) with KBr pellet. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

3.1.2. Scanning electron microscopy (SEM)

The SEM images of Si, Si-BLAIL and four times reused Si-BLAIL has
been recorded, compiled as reported in literature [44,45] and shown in
Fig. 3. Fig. 3A and B, 3C demonstrate that, the dimension of silica is
approximately unchanged after immobilization of BLAIL and reused
four times. The unaffected particle size of Si indicates the mechanical
permanence of Si during the immobilization processes. The inset of
Fig. 3B shows that, the surface morphology of Si-BLAIL has small
aggregate type shell. These aggregates type layer is not observed for Si
only (inset of Fig. 3A) hence, the aggregate type shell formation is due to
immobilization of BLAIL. Such changes in the surface morphology of
silica due to immobilization of IL was reported earlier [3]. The
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formation of such aggregates type shell in Si-BLAIL confirms the
immobilization of BLAIL on the surface of silica. Fig. 3C show the par-
ticle size and surface morphology of Si-BLAIL recycled four times almost
remains constant. The EDS spectrum of Si-BLAIL and four times reused
Si-BLAIL shows the presence of S, Cl, Al and O elements further suggest
the presence of both Brgnsted and Lewis acidic sites. (cf. Fig. S2).

3.1.3. Termogravimetric analysis (TGA)

The thermogravimetric analysis of Si and Si-BLAIL has been carried
out and presented in Fig. 4. Fig. 4 reveals that, the activated silica dose
not shows any significant peak in the TGA. Additionally, the silica shows
approximately 8% of weight loss as the nature of Si is hygroscopic that is
responsible for such peak in TG curve and such weight loss has been
reported for silica [46]. The observed weight loss is expected due to
removal of absorbed water with dehydroxylation of silica surface.

100
2 : Si (8 %)
S ol S
: .,
=0 )
) z
:
- )
°\° 80 "--...,__.__
Si-BLAIL (16.2%)
200 400 600 800

Temperature / Oc

Fig. 4. The TG curve of Silica gel (solid line) and Si-BLAIL (dotted line).
Samples were dried in a hot air oven at 80 °C for 30 min before recording
the spectra.

Fig. 3. The SEM images of Silica (A), Si-BLAIL (B), and (C) after four times reused Si-BLAIL catalyst.
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Furthermore, it is also evident from Fig. 4 that the Si-BLIL shows weight
loss in two stages, the first stage of weight loss over the range of
52 °C-148 °C, slightly higher than Si can be due to desorption of
absorbed water which remains associated with Si after immobilization
of BLAIL with silica by using water as a solvent. The thermal decom-
position of Si-BLAIL shows the second step weight loss of approximately
16.2% over the temperature range 148 °C to 700 °C which can be due to
degradation of bounded BLAIL. The removal of BLAIL from the surface
of Si was further supported by the DSC curve (cf. Fig. S1). At a tem-
perature higher than 700 °C the constancy in the weight indicates the
presence of only Si. The loading of BLAIL on the surface of silica in
weight percent can also be determined by analyzing the TG curve [17].
The detail analysis of TG curve shows that loading of BLAIL on Si is
16.18%.that matches very well with the weight percent determined by
the calculations.

3.2. Application to synthesis of 2-aryl substituted benzimidazole

The Thai Nguyen et al. reported the synthesis of benzimidazole using
BAIL gel as a catalyst [8]. They were not getting any product formation
below 100 °C under solvent free condition and time required for
completion of reaction was minimum of 5 h. The Lewis or Brgnsted acid
centers are known for the condensation and formation of Schiff base of
acetaldehyde [47]. P. Sarma et al. and A. Khazaei et al. has been re-
ported that, synthesis of benzimidazole at room temperature is also
feasible by the use of high-valent oxidoiorn (IV) as an intermediate in
presence of FeCls and air [48,49]. The dehydrogenation and aromati-
zation of isobutene by Lewis acid as active centers were reported by liu
et al. [35]. The presence of H- bonds in ILs as a catalyst reduce the en-
ergy barrier of the reaction with stabilization of transition state [50]
Furthermore, Hong Bo Wang et al. shown that the Mannich reaction can
be catalyzed by mesoporous silica supported Brgnsted-Lewis dual acidic
ionic liquid with mild reaction condition, excellent yield and good
reusability of the catalyst by the cooperative catalysis methodology
[26]. Hence, our expectation is that it is possible to synthesize the
benzimidazole derivatives at ambient temperature in suitable solvent
with minimizing the reaction time. To check the possibility of such
synthesis we have tested catalytic efficiency of Si-BLAIL for synthesis of
benzimidazole.

The BLAIL was synthesized by the method as described earlier,
characterized by the various techniques and tested for their catalytic
efficiency as a heterogeneous catalyst for the synthesis of 2-aryl benz-
imidazole. Firstly, we have compared the catalytic activity of number of
traditional Brgnsted and Lewis acid catalyst towards synthesis of 2-aryl
benzimidazole that reported in the literature and presented in Table 1. It
has been observed from Table 1 that, the velocity of a reaction enhances
drastically with maximizing the greener approach towards the synthesis
of 2-aryl substituted benzimidazole with moving from traditional cata-
lyst to supported heterogeneous catalyst. Nowadays, lot of researchers

Table 1
Brgnsted and Lewis acid catalyst used for synthesis of 2-aryl benzimidazole.

Sr. Catalyst Reaction % Yield / Time [Ref.]
No. condition h)
1 No catalyst Reflux in Ethanol 27 /6 [33]
2 0.3 wt% ZrO(NO3), Reflux in Ethanol 58/3 [33]
3 1 wt% ZrO(NOs3), Reflux in DCM 70/ 4 [33]
4 0.05 mmol Yb(OTf)3 R.T., Solvent free 66 / - [51]
5 5 wt% FeCls/PANI R.T., in Ethanol 50/1.5 [52]
6 19 wt% FeCl3/PANI R.T., in Ethanol 70/ 3 [52]
7 5 wt% H3BO3 R.T., in water 60/1 [53]
8 BLAIL R.T., in Ethanol 20 /12 This
work
9 0.1 mmol PS-PyCl- R.T. in Ethanol 83-95 / 6-30 [54]
XAICl3 min.
10 BAIL gel 130 °C, Solvent 88/5 [8]
free
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focused on the solid supported heterogeneous catalyst for efficient
synthesis hence we have plan for such benzimidazole synthesis and to
the best of our knowledge this is the second report for such synthesis
using dual acidic ionic liquid immobilized on silica. The Thai Nguyen et
all have been used only Brgnsted acidic ionic liquid [8] but we have
employed Brgnsted and Lewis dual acidic ionic liquid for such synthesis.
Because of both acidic sites in the catalyst the reaction condition such as
temperature, time decreases drastically.

3.2.1. optimization of reaction condition

The condensation and aromatization reaction between OPD and 4-
nitrobenzaldehyde to form 2-(4-nitrophenyl)-1-H-benzimidazole has
been considered as a model reaction to study the catalytic activity of the
Si-BLAIL. The silica gel does not show any product formation after 48h
for condensation reaction between OPD and 4-nitrobenzaldehyde. Then
we have tested the efficiency of Si-BLAIL towards product formation by
changing the quantity of catalyst and it was observed that 4.2 mg (see
table- 2) of catalyst is good enough to form benzimidazole in possibly
minimum time with good yield. The most effective catalytic activity
involves the less energy consumption with respect to mild reaction
condition and amount of catalyst [55]. Hence the amount of Si-BLAIL of
4.2 mg is considered as effective for the formation of product. Moreover,
the effect of solvents on the reaction condition has been carried out. The
solvent mixture Ethanol-Water takes longer time to complete the reac-
tion with minimum yield of the product. Also Table 2 reveals that, the
ethanol is good solvent for this reaction as it shows good yield (87.04%)
only in 60 min Also the ethanol is referred as good and relatively less
volatile solvent in organic synthesis. Hence, the ethanol is selected as
best fit solvent for this synthesis. The formation of 2-(4-nitro-
phenyl)-1H-benzimidazole (9) has been confirmed by FTIR and 1.NMR
as representative example (cf. Fig. S4).

3.2.1.1. Typical reaction mechanism. The detailed mechanism was not
clearly understood hence by considering the Thai Nguyen et al. proposed
reaction mechanism; possible route for the formation of benzimidazole
has been discussed by considering the concept of cooperative catalysis.
During the aromatization, the participation of Si-BLAIL is also expected.
The interaction of aldehydes with acidic site of the catalyst leads to
protonation of carbonyl oxygen of aldehyde. The protonated aromatic
aldehyde reacts with -NH; group of OPD gives an intermediate (X). The
intermediate (X) on dehydration leads to formation of imine (Y) and
another -NH, group of (Y) attacks imine to generate intermediate (Z)
[8]. It has been mentioned earlier that the Lewis acid sites are respon-
sible for aromatization of isobutane [35] and acidic site of the catalyst in
presence of oxidizing agent is liable for the catalytic oxidation of the

Table 2
The optimization of solvents, time and amount of catalyst for the synthesis of
benzimidazole by using Si-BLAIL as a catalyst.

(o] H
NH. N
« Si-BLAIL, EtOH N\
+ e —— NO,
R.T., 15-120 min
N
NH, \
H
NO,
7 8 9
Entry Solvent Cat. / (mg) Time / min. % Yield
1 EtOH SiO5-only - -
2 EtOH 4.200 60 87.00
3 EtOH 8.400 60 81.04
4 EtOH 16.800 70 97.84
5 EtOH 40.000 115 93.33
6 EtOH:H,0 (9:1) 4.200 120 72.98
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reaction site [56,57]. Hence, it is considered that the intermediate (Z)
either in presence of Si-BLAIL and air oxygen (O2) undergoes partial
oxidation to form the benzimidazole or in presence of Lewis acid site of
the Si-BLAIL in the reaction mixture undergoes aromatization and leads
to formation of benzimidazole by dehydrogenation. The enhancement in
the yield with reduction in the amount of catalyst and changing the
reaction medium suggest the special kind of reaction mechanism. Hence,
the formation of benzimidazole was considered by the fact that coop-
erative catalysis effect of Brgnsted and Lewis acidic sites of the Si-BLAIL
(see the Scheme 2) and such Cooperative catalysis was reported by for
Mannich reaction [26], Biginelli reaction [27].

3.2.2. Entry

To estimate the substrate scope of the Si-BLAIL, the Si-BLAIL has
been tested for the synthesis of other substituted benzimidazole and the
product formation was confirmed by comparing the melting point (MP),
characterization of synthesized compound with that reported in the
literature. The result is presented in Table 3, it is evident from Table 3
that the yield and time required to complete the reaction depends on the
position and electronic character of the substituent on the benzalde-
hyde. The catalyst shows medium to good product formation capability
in 15-240 min. Hence, it can be interpreted that the Si-BLAIL has good
catalytic activity as a heterogeneous catalyst over the selected range of
substituent on benzaldehydes.

3.3. Reusability study

The efficiency of catalyst is largely determined by their ability to
show the catalytic activity after number of runs. Hence, the reusability
of the Si-BLAIL was monitored for the model reaction OPD, 4-nitroben-
zaldehyde in ethanol at room temperature. After completion of a reac-
tion monitored by TLC, the product was isolated by the dilution of
reaction mixture with ethanol and catalyst was recovered by centrifu-
gation followed by washing with hexane and dried in oven at 100 °C for
2h. And the white free flow powder is used for next run. The recover-
ability of the catalyst was recorded and presented in Fig. 5. Fig. 5 reveals
that Si-BLAIL can be used at least four successive runs without

(X)
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considerable loss in its catalytic activity. The present results clearly
indicate the sustainability and reusability of the Si-BLAIL under the
given reaction condition. The catalyst leaching has been investigated by
hot filtration type test [36,60]. In the hot filtration test, continuous
monitoring of the TLC for reaction between OPD and 4-chlorobenzalde-
hyde has been carried out. The TLC of a reaction mixture at after 70 min
(50% completion of reaction) shows the unreacted aldehyde in the re-
action mass. The same reaction mixture was then centrifuged and
filtered to separate the Si-BLAIL and filtrate continue to stirring for next
240 min After 150 min The TLC shows again unreacted starting alde-
hyde. Further, after 240 min monitoring of TLC shows unreacted starting
material. In presence of catalyst the starting was completely consumed
in 150 min but on removing the catalyst after 70 min The reaction was
not complete after 310 min suggest that, the possibility of leaching of
Si-BLAIL is minimum.

4. Conclusion

In conclusion, The Si-BLAIL contains both the hydrogen bond donor
and acceptor moiety that activates both elecrophilic and nucleophilic
sites of the reaction system. Further, the reduction in the amount of
catalyst and the large decreases in the reaction time with optimal re-
action condition recommend the participation of both the cations as well
anions of Si-BLAIL. The presence of hydrogen bonding ability and both
cations and anions increases the efficiency of Si-BLAIL as a heteroge-
neous catalyst. Hence, we have prepared heterogeneous, green, and
efficient silica immobilized 1-methyl-3-(4-sulphobutyl)-1H-imidazo-
lium tetrachloroaluminate (Si-BLAIL) as a cooperative catalyst for syn-
thesis of 2(4-nitrophenyl)-1H-benzimidazole. The Si-BLAIL catalyzes the
condensation-aromatization reaction compliantly. Moreover, the opti-
mum reaction condition with respect to reaction time, temperature and
solvent system were achieved using only 4.2 mg of Si-BLAIL. The ideal
reaction condition, simplicity of catalyst preparation and characteriza-
tion method and reusability makes the Si-BLAIL as an effective cooper-
ative catalyst.

H
N —
/)
7 N\ Ag
Nucleophihe
Activatiofi. = AICI,
=
/
\_ e

H,0

Scheme 2. Proposed reaction mechanism of the synthesis of benzimidazole.
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Table 3
Substrate scope of Si-BLAIL toward synthesis of more benzimidazoles derivatives.
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Substrate Aldehyde Time / min. Product % Yield M.P. / °C [Ref.]
NH2 o} 150 N 86.02 292-295 °C [54]
A\
NH, Cl N\
H
NH, o 60 N 87.00 236-239 °C [58]
©i \
N
NH, \
H
NH, 0 240 N / 71.14 217-220 °C [58]
N
- O
N
NH, ~o \
H
NH2 0] 60 Cl 79.00 230-232 °C [54]
N
= N
NH, i N\
H
NH, 0 15 N / 93.00 236-240 °C [59]
»— )N
H
N %
NH, ~y \

H

100 -

N’

OTITOTN
RRRRe

80 -

"
0,
9%

SR
02020202620
Oe0a9a0a 9.9

% yield
“ﬁﬁ

-
o
N

7

KK
02009
’A’Q’Q’QA

No. of Recycle

Fig. 5. Reusability study of Si-BLAIL for a model reaction of Ortho-
phenylenediamine (OPD) (7), (0.200g, 1.85 mmol) and 4-nitrobenzaldehyde
(8) (0.279g, 1.85 mmol) in 10 ml absolute ethanol and Si-BLAIL (0.0042g)
was added with constant stirring at room temperature.
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ABSTRACT

New dithiazole-diamine monomer containing cyclohexylidene ring and pendant methyl group i.e. 1,1-bis [4-(2-
aminothiazole)-3-methyl phenyl] cyclohexane (BATMPC) was synthesized through various steps. The structure of new
dithiazole amine monomer was confirmed by FT-IR, 'H NMR and "CNMR Spectrometry. A series of polyazomethines
containing cardo cyclohexane-thiazole unit have been incorporated by the polycondensation of a new diamine i.e.
(BATMPC), with proportionate of aromatic dialdehydes. The impact of insertion of cardo cyclohexane, pendant methyl
group and thiazole entity in the polyazomethine matrix with the dialdehydes [isophthalaldehyde (1,3 IPA) and
terephthalaldehyde (1,4 TPA)], on solubility and thermal stability has been studied. All polyazomethines shown Tg in the
range of 220-241°C and T,,% value of all thermally stable polyazomethines in nitrogen atmosphere was in between of
395-415°C These polyazomethines exhibited solubility in various polar aprotic solvents such as NMP, DMSO, DMAc,
DMF etc. However, these polyazomethines were insoluble in common solvents such as DCM and CHCI;. X-ray
diffraction study confirms that all the polyazomethines are amorphous in nature having broad peak in the range of
20=20°. The UV absorption at 360 nm shows that there is a formation of imine (-C=N-) linkages in the polymer matrix
which is helpful for the conduction of electron throughout. The structure-property correlation among these
polyazomethines was studied, in view of their potential applications for high temperature applications.

Keywords: 1,1-bis[4-(2-aminothiazole)-3-methyl phenyl] cyclohexane, Pendant methyl group, Cyclohexane,
Polyazomethines.

1. INTRODUCTION

Aromatic polyazomethines (polyimines) shows excellent

insolubility makes them inflexible for processing by

conventional techniques. Efforts devoted towards

thermal = stability, good mechanical and conducting
properties, which makes them favourable members for
high temperature applications in the engineering [1]. In
addition, polyazomethines exhibit desirable useful
properties such as electronic, optoelectronic [2-5] and
liquid crystalline [6-8], fiber forming and ability to form
metal chelates [9-11]. These polymers also show leading
role in gas sensing applications [12-16]. However, the
main drawback of polyazomethines is their limited
solubility in most common organic solvents [17-20], high
molecular weight polymers are problematic to obtain,
because the growing macromolecular chains precipitate
out of the
Furthermore, their high melting temperature and

solution  during  polycondensation.

obtaining soluble and fusible polyazomethines include:
insertion of flexible spacer between main chain aromatic
rings [21, 22]; introduction of pendant groups, i.e.
aromatic or alkyl substituents, insertion of methyl group
into the polymer chain [23-25], introduction of structural
irregularities such as kinks, bents, crankshaft-shaped
units, etc. [26-28]. It is generally recognized that the
presence of an alkyl group and ether linkage in the
polymer backbone imparts segmental mobility to the
polymer which enhances thesolubility and lowers the
glass transition temperature.

The present study describes a successful synthesis of new
semi-conjugated and processable aromatic polyazo-
methines  for  high

temperature semiconducting
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applications by incorporation of thiazole unit, pendant
methyl group and cardo cyclohexane moiety in the
backbone. For this, a new aromatic diamine monomer
havingthiazole unit, cardo cyclohexane moiety with ether
linkage as well aspendant methyl group was designed and
synthesized, which was subjected to high temperature
polycondensation with isophthalaldehyde and terephtha-
laldehyde.

2. MATERIAL AND MEASUREMENTS

2.1. Material

Isophthalaldehyde (IPA), terephthalaldehyde (TPA) were
supplied by Sigma-Aldrich and used as received.
Thiourea, 4-fluro acetophenone, O-cresol, 3-mercapto-
(3-MPA)  were

spectrochem, S.D. fine and used as received. N,N'-

propanoic  acid purchased  from
dimethyl acetamide(DMAc) purchased from spectrochem
and were dried over P,O;distilled under reduced
pressure and keptover 4A molecular sieves. Solvents
such as THF, DCM, methanol, ethanol and glacial acetic
acid, were used as collected. K,CO; and LiCl were
dehydrated at 150°C in vacuum oven for 10 h.

2.2. Measurements

Fourier transform infrared (FTIR) spectrometry (Thermo
Nicolet iS-10Mid Fourier transform infrared between
wave numbers of 650-4000 cm_l) was engaged to classify
the functional groups of precursor and polymers. The
'"H-NMR scan was operated on 400 MHz Bruker
dimethyl sulfoxide-d®. Ultraviolet-
visible(UV-Vis) spectra were recorded on a Shimadzu
spectrophotometer in diluted DMAc solutions of 10°M

concentration, using 10 mm quartz cells, at room

spectrometer in

temperature. The XRD analysis was drifting out by using
X-ray diffractometer (ULTIMA IV Goniometer).Inherent
viscosities of the PAMs were determined by an
Ubbelohde  suspended-level  viscometer. ~ Thermal
behaviour of the CHPAMs was studied by TA SDT Q600
at a heating degree of 10°C/min under nitrogen
atmosphere.

2.3. Experimental

2.3.1. Monomer Synthesis

2.3.1.1. Synthesis of 1, 1-bis(4-hydroxy-3-methyl phenyl)
cyclohexane (1)

This bisphenol was synthesized as per reported procedure

[29]. In 250 mL three necked flask equipped with HCI

gas deep tube, reflux condenser and magnetic stirrer

were placed 58.84g (0.6mol) of O-cresol and 9.8 g (0.1

mol) of cyclohexanone and 0.2 mL3-mercaptopropanoic
acid. To this reaction mixture dry HCl gas was bubbled
at room temperature. The reaction mixture became solid
within 2 h. The solid reaction mixture was dissolved in
ethyl acetate (600 mL) and neutralized by washing with
aq. NaHCO; solution 3 X 200 mL, followed by washing
with distilled water 2 X 200 mL. The organic layer was
dried over magnesium sulfate, filtered and distilled off to
obtain viscous liquid. Then upon addition of pet ether in
viscous liquid, solid product was separated out. The
product was washed with water then dried under
vaccum. Finally the bisphenol was reprecipitated through
methanol-water mixture; Yield: 20.72g (70 %),

M.P.:130°C.

2.3.1.2. Synthesis of 1,1-bis[4-(4-acetyl phenoxy)-3-methyl
phenyl| cyclohexane (II)

This diketone intermediate was synthesized as per the
reported procedure [30]. In a 500mL three neck round
bottom flask equipped with calcium chloride guard
tube, thermowell, N, gas inlet and magnetic stirrer,
were placed 14.8 g 1,1-bis(4-hydroxy-3-methyl
phenyl) cyclopentane (I) (0.05 mol) and 13.81g 4-
fluoroacetophenone(0.1 mol) in 125 mL DMAc, then
13.82 g (0.1mol) of anhydrous K,CO, was added. The
resulting reaction mixture was refluxed for 12 h, allowed
to cool at room temperature and precipitated the product
from solution by addition of water. The product
was isolated by filtration, washed with water and
then methanol, and finally dried under vacuum.
Recrystallized product in methanol; Yield: 24.18 ¢
(93%), M.P.: 90°C.

2.3.1.3. Synthesisof 1, 1-bis[4-(2-aminothiazole)-3-methyl
phenyl] cyclohexane (111) (BATMPC)
Into 100-mL single-neck round-bottom flask, diketone
(I) (15.96 g, 0.03mol), thiourea (13.68 g, 0.18 mmol)
and iodine (7.62 g, 0.09 mol) were dissolved in 125 mL
THF. The mixture was stirred and refluxed for 48 h.
Cooled the clear solution, transferred to another beaker
containing cold sodium acetate solution and stirred for 3
h. The crude product was filtered, washed with THF and
finally with pet ether-ethyl acetate (8:2) mixture. Dried
the product under vaccum for 10h; Yield: 17.38 (90%),
MP: 225°C. IR: 3350 cm' (-NH, stretching), 3108,
2932, 2855, 1617, 1246, 835 cm' '"H NMR (400MHz,
CDCL), 6 (ppm): 6.9-7.8 (Aromatic Protons), 6.8
(thiazole ring proton), 2.5(Methyl protons), 1.5, 2.0
(Cyclohexane ring protons). "C NMR (100MHz,
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CDCI3), & (ppm):169.87 (NH, attached C), 157.86,
150.91, 144.46, 130.37, 129.88, 128.70, 127.68,
126.05, 119.46, 117.03, 116.18, 101.31, 44.68, 36.40,
25.70, 22.54 and 16.10.

2.4. Polyazomethines Synthesis

In a 100-mL three-neck round-bottom flask, a mixture of
diamine (BATMPC) (0.644¢ 1 mmol) and 3 mL of dry
DMAc containing 5% lithium chloride (0.150 g) was
stirred under nitrogen gas to get transparent solution
of diamine. Then, 0.134 g of dialdehyde was added
(TPA/IPA/(TPA+ IPA) and stirred at room temperature
for overnight in N, atmosphere. Finally, the poly-
merization mixture was heated at 140°C for 4 h. On
cooling, the polymer mixture was gradually poured into
water while stirring was continued, and precipitate of the
resulting polymer was filtered off. Rinsed with water and
resulting brown product was obtained in high yield, dried
under vacuum at 80°C for 8 h to produce CHPAMs. The
CHPAM-1 to CHPAM-4 were
synthesized with various diamines by a similar procedure.

polyazomethines

All the polyazomethines gave better yield between 97-
99%.

IR Spectrum

CHPAM 1: 3025, 2910, 1640, 1590, 1497, 1230, 1155,
830 cm''

CHPAMS-2: 3030, 2905, 1641, 1595, 1492, 1235, 1155,
835 cm’

CHPAM-3: 3040, 2915, 1645, 1600, 1492, 1240, 1157,
832 cm’

CHPAM-4: 3045, 2913, 1642, 1585, 1480, 1240, 1156,
831 cm’'

3. RESULTS AND DISCUSSION

3.1. Monomer Synthesis and Characterization

In the presented work, dithiazole amine monomer
containing cyclohexylidene moiety, viz. BATMPC has
been synthesized and wused as building blocks for
preparation of thiazole containing polyazomethines. The
new dithiazole amine, 1,1-bis[4-(2-aminothiazole)-3-
methyl phenyl] cyclohexane (Il) was synthesized starting
from O-cresol and cyclohexanonein three steps as shown
in Scheme 1.

The 1,1-bis(4-hydroxy-3-methylphenyl) cyclohexane(I)
was synthesized by reacting o-cresol with cyclohexanone
in the presence of 3-MPA as catalyst. The 1,1-bis[4-(4-
acetyl  phenoxy)-3-methylphenyl]cyclohexane(Il)  was
obtained by reaction of (I) with 4-fluoroacetophenone
and potassium carbonate in DMAc. Structure of (II) was
confirmed by IR spectroscopy.

In the third step, diketone (II) undergoes ring closure
with thiourea to give 1,1-bis[4-(2-aminothiazole)-3-
methylphenyl] cyclohexane (III)(BATMPC). Chemical
elucidation of new diamine precursor BATMPC was
confirmed by 'HNMR, "C NMR and FTIR spectroscopy.
Step-I CH, CHj

o] OH
CH, HClgas 1O O O OH
+ + 3MPA T >
45°C, 2h ‘

[1]
Step-ll ¢

-

An. KzCO3

F@—% DMAc

Reflux, 12 h

CHj CHs;
(0] O
e L O
(0] ‘ (0]

[nl

b
HoN" " NH,

Step-lll lodine

Reflux, 48 h

Scheme 1: Synthesis of 1,1-bis[4-(2-amino-

thiazole)-3-methylphenyl] cyclohexane

The FTIR spectrum of the corresponding diamine
monomer BATMPC supported the evidences of the
successful achievement ofcomplete ring cyclization of
thiazole monomer, as shown in Fig.1. The infrared
spectrum showed characteristic absorption bands at 3350
cm ' (-NH, stretch), 1617 cm' (>C=C< stretch),
1246cm™' (>C-O-C< stretch), 3108cm™ (aromatic -CH
stretch), 2932, 2855 cm’' (aliphatic -CH stretch).The
proton-NMR spectra of BATMPC is shown in Fig. 2. The
resonance peak were observed at 6.9-7.8 ppm (Aromatic
Protons), 6.8 ppm (thiazole ring proton), 2.5 (Methyl
protons), 1.5 ppm, 2.0 ppm (Cyclohexane ring protons).
'H NMR analysis clearly indicated that diketone structure
is completely transformed into diamine structure by
cyclization.
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Further "C NMR spectrum of BATMPC showed
eighteen NMR signals to 18 types of different carbons
atoms shown in Fig. 3. The NMR signals appeared at
169.87 ppm (NH, attached C), 157.86, 150.91, 130.37,
129.88, 128.70, 127.68, 126.05, 119.46, 117.03,

116.18 ppm (aromatic carbons), 144.46, 101.31ppm
(thiazole C). The signal at 44.68, 36.40, 25.70, 22.54
ppm confirms presence of cyclohexane ring and signal at
16.10 ppm confirms presence of pendant methyl group
in the monomer.
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Fig. 2: 'H NMR spectrum of 1,1-bis[4-(2-aminothiazole)-3-methylphenyl] cyclohexane

3.2. Polymer Synthesis and Characterization
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As presented in Scheme 2, a series of four new
CHPAMs were synthesized from new diamine
i.e.1,1-bis[4-(2-aminothiazole)-3-methyl-
phenyl] cyclohexane (BATMPC) with varying mole

precursor,

ratios of IPA + TPA by a high-temperature solution
polycondensation method [29]. Yields and inherent
viscosities are shown in Table 1. The synthesised
CHPAMs were proved by FTIR spectra.

The vibrational assignments of various cyclohexane-
thiazole-based polymers are reported in Fig. 4. The
stretching vibrations of -C=N- (azo linkages) absorption

bands are typically located at 1640 cm ', The loss of
stretching vibrations at 1700 and 3400-3150 cm’
specified that total dialdehyde and diamine functionality
had proceeded to produce with great molecular
framework of CHPAMs. The stretching absorption at
1590 cm ' is attributed to aromatic -C=C- stretching
frequency of aromatic and thiazole unit which is well-
constructed in polyazomethine. The stretching at 3025
cm’! explains the aromatic C-H stretch of the
polyazomethines chain.

Table 1: Yield and Viscosity of Polyazomethines (CHPAM-1 to CHPAM-4)

Monomers

Poclfgfr Diamine (111 TPC (X) IPC (100-X) Yield % ViSCIZ:;fy“;nLt /"
mol % mol% mol %

CHPAM-01 100 100 0 99 0.35

CHPAM-02 100 75 25 99 0.33

CHPAM-03 100 25 75 98 0.29

CHPAM-04 100 0 100 97 0.27

“Polymerization was carried out with 1 mmol each of diamine and dialdehyde, "Inherent viscosity was measured at a concentration of 50mg /10 ml

in DMAc at 30°C
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Fig. 3:"C NMR spectrumof 1,1-bis[4-(2-aminothiazole)-3-methylphenyl] cyclohexane
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Fig. 4: FT-IR spectrum of Polyazomethines
(CHPAM-1 to CHPAM-4)

3.2.1. Solubility and inherent viscosity

As shown in Table 2, solubility of CHPAMs was
proved qualitatively in numerous organic solvents. All
CHPAMs were dissolved at room temperature in DMAc
and conc.H,SO,. These polymers are partly soluble in
DMSO, NMP, pyridine and DMF. Moreover, they
were totally insoluble in fewer active solvents such as
DCM and chloroform.

As shown in Table 1, the resulting CHPAMs showed
inherent viscosities in the range 0.27-0.35 dL/g,

Journal of Advanced Scientific Research,
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Scheme 2: Synthesis of Polyazomethines (CHPAM-1 to CHPAM-4)
—— CHPAM-1 | measured in DMAc at concentration of 0.50 dL/g at
—— CHPAM-2 B
50 —— CHPAM-3 30°C.
| ——CHPAM-4|
40 3.2.2. XRD analysis
The X-ray diffraction (XRD) technique has been used to
30 - check the crystallinity/amorphous nature of series of

polyazomethines (Fig. 5) over in the 26 range of 5°-90°
[29]. Broad diffraction peaks at ~ 12° and ~ 20° (26)
were detected which support the amorphous nature of
CHPAMs. No more sharp peaks are detected which
specifies amorphous nature of CHPAMs.
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Fig. 5: XRD of Polyazomethines (CHPAM-] to
CHPAM-4)
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From the observed arrangements, it is granted to
confirm that considered material had an amorphous

nature which was predicted and also in good compliance
with the reported literature [31, 32].

Table 2: Solubility behaviour of Polyazomethines (CHPAM-1 to CHPAM-4)

Solubility behaviour

Polymer Code

DMF DMAc DMSO

NMP DCM  CHCI,

Pyridine Conc. H,SO,

CHPAM-01 +

CHPAM-02 +

CHPAM-03 +

|+ H 1+ =
+| | 1H 1+

CHPAM-04 +

+| +[1H 1+
+ H[1H 1
+ +[+ +

+: Soluble; - : Insoluble on heating; *+: Sparingly soluble

3.2.3. Thermal analysis

The thermal properties of the cyclohexane-thiazole-
based CHPAMs were estimated by TGA and DSC in
nitrogen atmospheres. The outcomes are outlined in
table 3, and the representative TGA curves of the
polyazomethines are displayed in Fig. 6. As presented in
table 3, the strategy of polyazomethines with the
merger of 1,4 and 1,3 linkages and cardocyclohexane-
thiazole structure provides high thermal stability.
Polymers CHPAM-01 to CHPAM-04 were in the range
380-415°C in nitrogen atmosphere. In addition, these
polymers remained 31-49 % of original weight at 900°C
in nitrogen atmosphere. Amongst these polyazo-
methines, the CHPAM-01 presented uppermost
thermal stability with T10% at 415°C in compliance
with the previous reports [31, 32]. Polyazomethines
composed of more percentage of rigid backbone, i.e.
para orientated (1,4 linkages, TPA) shows higher
thermal stability than the meta oriented (1,3 linkages,
IPA). This varying composition of polyazomethines
(CHPAM-01 to CHPAM-04) is also clearly seen in the
residual weight at 900°C.

These polyazomethines gave the glass transition
temperature (Tg) in between 220-241°C and are
displayed in Fig. 7.

Table 3: Physical properties of Polyazomethines
(CHPAM-1 to CHPAM-4)
Thermal behaviour®

P(él(})rgleer T, °Cin T °C Residual Wt
N, g % at 900°C
CHPAM-01 415 241 31
CHPAM-02 405 229 49
CHPAM-03 380 220 43
CHPAM-04 395 221 48

b Temperature at which onset of decomposition was recorded by TG at
aheating rate of 10°C/min. Tg—Glass transition temperature
determined by DSC at a heating rate of 10°C/min, T Temperature
of 10 % decomposition
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Fig. 6: TGAof Polyazomethines (CHPAM-1 to
CHPAM-4)
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Fig. 7: DSC of Polyazomethines (CHPAM-1 to
CHPAM-4)

The polymers CHPAM-1 and CHPAM-2 show the

uppermost Tg value because of the presence of more

Journal of Advanced Scientific Research, 2021; 12 (3) Suppl 2: Oct-2021
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percentage of rigid 1,4-benzene linkage (TPA) and a
lower percentage of 1,3 benzene linkage (IPA), whereas
the polymer CHPAM-4 gave the lowest Tg value due to
the existence of cardo cyclohexane, pendant methyl
group andmore percentage of 1,3 linkages.

3.2.4. Photophysical properties

The photophysical properties of the polyazomethines
were investigated by UV-vis absorption spectroscopy
in DMAC solutions (10° M). In solution, all
polyazomethines presented at least two absorption
bands (Fig. 8). The first absorption band in the range
352-360 nm is attributed to T-TU* progression of
aromaticring conjugations. The next most important
absorption area is sighted around 463-471 nm owing to
n—7U* transition of imine conjugations. From this, it was
confirmed that all the precursors or starting material
totally vanished and increased electron shifting in the
polymer backbone. These results are in good
compliance with reported literature [33-37].

0.7 4
0.6 4
0.5 — CHPAM1
- | —— CHPAM2
g g —— CHPAM3
0.44 —
2 | —— CHPAM4
= |
2 0.3
s
< |
0.2
0.1
0.0 4
~ T T T s 1
300 400 500 600 700

Wavelength (nm)

Fig. 8: UV-Visible spectrum of Polyazomethines
(CHPAM-1 to CHPAM-4)

4. CONCLUSIONS

A series of CHPAMs were prepared by the high-
temperature solution polycondensation of a novel
diamine precursor 1,1-bis[4-(2-aminothiazole)-3-methyl
phenyl]  cyclohexane (BATMPC), with varying
proportion of aromatic dialdehydes comonomer [1,3
linkage ~isophthalaldehyde (IPA) and 1,4 linkage
terephthalaldehyde(TPA)]. Inherent viscosities of these
CHPAMs were in between the 0.27 and0.35 dL/g

indicating built-up of moderate molecular weights.

These CHPAMs revealed solubility in many polar
aprotic solvents without appreciable loss in thermal
stability, so it is possible to process these
polyazomethines in polar aprotic solvents. The
existence of -CH=N- (azo linkage) in the CHPAMs
framework was committed by UV-Vis spectra. The 10%
weight loss in nitrogen range from 380°C to 415°C
indicates that these polyazomethines are suitable for
high temperature applications. The glass transition
temperature of polyazomethines (220°C to 241°C) can
allow processing of polymers above 220°C. X-ray
diffraction study shows amorphous nature of these
polymers.
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ABSTRACT ARTICLE HISTORY
Thermally stable and organo-soluble polyamides synthesized by polycon- Received 22 February 2021
densation reaction of diacid monomer, 2, 5-bis (4-carboxymethylene phe-  Accepted 19 August 2021

nyl) 3, 4-diphenyl furan (BCMPDF) with various commercially available

aromatic diamines such as 4,4’-Oxydianiline, 4,4’-methylenedianiline, 4,4'- X

sulphonyldianiline, 4,4-Diaminobenzophenone and 4,4'-(hexafluoroisopro- EOlya,m'des; tetraphen}_/l_
. . . . . . uran; thermally stable;

pylidene)dianiline by using Yamazaki’s direct phosphorylation method. A 2, WAXD: LOI

5-bis (4-carboxymethylene phenyl) 3, 4-diphenyl furan (BCMPDF) as a new

compound containing methylene linkage and bulky moiety of tetraphenyl-

furan was successfully prepared by a four step reaction. The resulted poly-

mers show excellent thermal stability, good solubility in aprotic polar

solvent and inherent viscosities between 0.50 and 0.58 dl/g. Wide angle X-

ray diffraction of all these PAs show amorphous nature. Polyamides

showed glass-transition temperatures in the range of 169-213°C indicate

that polymers are easily processable. Thermogravimetric analysis of the

polyamides indicated a 10% weight loss (T;o) in the temperature range of

449-510°C and char yields at 900°C under nitrogen atmosphere in the

range of 49-58% depending on the diamine monomer used for the syn-

thesis polyamides. The structure -property correlation among these polya-

mides were discussed. The limiting oxygen indexes of all polyamides are

more than 37.1, thus such type polymers of can act as flame retardant

materials. These polyamides will be useful for high performance

applications.

KEYWORDS

Introduction

Aromatic-aliphatic polyamides are superior high performance class of polymeric material.
Aromatic polyamides, or aramids, comprised >90% by amide groups (-CO-NH-) attached dir-
ectly to two aromatic rings.!?! Outstanding mechanical strength and superior high thermal
resistance are the speciality of these aromatic polyamides. Among all the heat resistant materials
aromatic polyamides have received particular attention. Some of them are available for use as
flame-resistant, high-strength, high-modulus fibers, and high-efficiency semipermeable
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membranes as well as high-performance plastics.>”) Such brand of outstanding properties of
these materials was built-up by the aramids framework which is based on the rigid aromatic
amide linkage. These rigid Polyamides (PAs) are difficult to process because they show limited
solubility in organic solvents and high melting temperature and glass-transition temperature (Tg).
The renowned thermally stable aromatic polyamides have the solemn disadvantage of being
unwell soluble in organic aprotic solvents. To condense these polymers processable, there is a
requirement to boost their solubility. The usual style of refining the solubility of a polymer com-
prises the introduction of flexible units into the backbone.’*2°! Polyamides containing bulky moi-
eties i.e. tetraphenylthiophene tetraphenylfuran and tetraphenylpyrrole units have been
reported.”>®! They were found to have good thermal stabilities but very poor solubilities.
Yamazaki’s “phosphorylation” reaction was used for the direct synthesis of polyamides from diac-
ids and diamines.!®!

The present research deals with the synthesis and characterization of polyamides derived from
aromatic-aliphatic diacids, viz. 2, 5-bis (4-carboxymethylene phenyl) 3, 4-diphenyl furan
(BCMPDF) and various commercial available aromatic diamines such as 4,4’-oxydianiline (ODA),
4,4'-methylenedianiline (MDA), 4,4’-sulphonyldianiline (SDA), 4,4'-Diaminobenzophenone (BDA)
and 4,4'-(hexafluoroisopropylidene)dianiline (6FDA) by Yamazaki’s phosphorylation. The alter-
ation of the polymer backbone by the integration of aliphatic units into the double-strand hetero-
cyclic units improved better-quality of the solubility.

Experimental
Materials

4,4'-Oxydianiline (ODA), 4,4'-methylenedianiline (MDA), 4,4'-sulphonyldianiline (SDA),
4,4'-Diaminobenzophenone (BDA) and 4,4’-(hexafluoroisopropylidene)dianiline (6FDA) were
purchased from Sigma Aldrich Company without further purification. Potassium tertabutoxide, 1,
2-diarylethanone (deoxybenzoin), thiourea, iodine (I), aluminum chloride (AICl;) acetyl chloride
of s d fine chemical were used as received. LiCl (Sigma Aldrich) was dried for 24h at 180°C
under vacuum before use. Solvents such as ethyl acetate, dimethyl sulfoxide (DMSO, s d fine), N,
N’-dimethyl acetamide (DMAg, s d fine), triphenyl phosphine (TPP, Sigma Aldrich) and toluene
(s d fine), N-methyl-2-pyrrolidone (NMP, s d fine), N, N'-dimethyl foramide (DMF, s d fine),
Pyridine (Py, Sigma Aldrich) THF (s d fine) and DCM (s d fine) were used as received.

Measurements

The FTIR spectra were measured by Thermo Nicolet iS-10 Mid Fourier Transform Infrared
spectrometer (FTIR) in the 650-4000cm ' frequency range. The spectra of monomer were
obtained using KBr pellets, recorded at 4cm ' resolution with 16 scans and the vibrational
transition frequencies were reported in wavenumbers (cm™'). The '"H NMR (400 MHz) spectra
were measured with a Brucker Spectrometer (Switzerland) using dimethyl sulfoxide (DMSO)-
d6 as solvent. The Mass spectrum was recorded on MASS Model AB Sciex API 5500 using
Methanol-Acetonitrile as solvent. 200 nanogram/ml sample concentration is prepared.
Electrospray ionization method is used for this analysis. XRD was recorded on X-Ray
Diffraction system Ultima IV with ULTIMA IV Goniometer (Japan). Inherent viscosities were
measured using an Ubbelohde suspended Level Viscometer with a 0.5g/dL in NMP solution
at 30°C. Molecular weight of polyamide (PA-1) was measured on Thermo-Finnigan make gel
permeation chromatograph (GPC) using N-methyl pyrrolidone (NMP) as an eluent at a flow
rate of 0.5mL.min~' at 30°C temperature. Sample concentration was 2mgmL~' and
Polystyrene was used as calibration standards. The thermogravimetric analysis was recorded
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using a TGA instrument (Mettler-Toledo, Switzerland) in the temperature range of 30-900°C.
Samples having mass of ca. 5mg were placed in 100mL alumina crucibles. Thermal decom-
position experiments were carried out using a heating rate of 10°C/min in nitrogen atmos-
phere with a gas flow rate of 50 mL.min~'. The DSC measurements were performed using a
Mettler-Toledo DSC-1 STARe system in nitrogen atmosphere (flow rate of 50 mL.min™').
Samples of ca. 5mg were weighed, sealed in aluminum pans, heated to their respective final
temperatures that was used for each sample, kept isothermally at that final temperature for
5min, and then cooled. Tg values were read at the middle of the transition in heat capacity
and were taken from the second heating scan after cooling from 350°C at a cooling rate of
20 °C/min.

Monomer synthesis

2, 3, 4, 5-Tetraphenylfuran (TPF) and intermediates (Scheme 1) were synthesized in our labora-
tory according to previous literature reports.???! All the synthetic details of monomer are dis-
cussed below and the reaction scheme for monomer synthesis is shown in Scheme 1. The
monomer (BCMPDF) was characterized by FT-IR, '"H-NMR, *C-NMR and MASS spectroscopy
to confirm their structures.

2, 5-Bis (4-acetyl phenyl)-3, 4-diphenyl furan (BAPDF)

In three-neck flask, TPF (6.678g, 18.05mmol), anhydrous DCM (50 mL), and AICl; (4.783g,
36.10 mmol) were added under nitrogen atmosphere. The whole mixtures were then cooled to
0°C using ice-water bath. Acetyl chloride (2.833 g, 36 mmol) was then added drop wise to the
stirred reaction mixture at 0 °C. The reaction was allowed to warm to room temperature and stir-
ring was continued for overnight. The resulting mixture was poured into ice cold water (300 mL),
and the organic layer was collected, evaporated to give crude product BAPDF, recrystallized from
toluene to get pure yellow crystals of BAPDF.

Yield 3.2g (70%) M.P: 252-254°C.

2, 5-Bis (4-thioacetomorpholide phenyl)-3, 4-diphenyl furan (BTMPDF)

4.42 ¢ (10 mmol) of BAPDF, 0.640 g (20 mmol) sulfur and 1.741 g (1.75 mL, 20 mmol) morpholine
added in a 100-mL round-bottom flask equipped with a reflux condenser and a magnetic stirrer.
This reaction mixture was stirred, gentle reflux to remove complete evolution of hydrogen sulfide
and then continued stirred more vigorously for 16h. Cool, the reaction mixture to room tem-
perature. 200 mL of ethanol was added to obtain a brown buff-color product that was filtered,
washed with excess ethanol, and dried.

Yield 5.90 g (88%), M.P.: 140-142°C.
The IR spectrum exhibited absorption at 1240 cm ! (C=S).

2, 5-Bis (4-carboxy methylene phenyl)-3, 4-Diphenyl furan (BCMPDF)

A 100 mL round-bottom flask contains a reaction mixture of 6.58g (BTMPDF, 10 mmol) and
65mL of 10% ethanolic sodium hydroxide solution. Reaction mixture was refluxed for 12h with
stirring. After the completion of reaction excess ethanol was distilled out under reduced pressure.
To these residual product with stirring 150 mL of hot water was added and filtered. The filtrate
was acidified by 1:1 hydrochloric acid. The precipitated product was stirred and then filtered,
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0] sodium tet.
butaoxide
4,.
O I, ,THF, 48h.
O Co O

2-Phenyl Acetophenone .
or Deoxybenzoin 1, 4 Diketone

\__/ BTMPDF \__/
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0 / \ 0
[ ()
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Scheme 1. Synthetic route for the synthesis of 2, 5-bis (4-carboxy methylene phenyl)-3, 4-diphenyl furan (BCMPDF)
diacid monomer.

washed thoroughly with hot water, and dried. The product was recrystallized from ethanol to get
(BCMPDF)

Yield: 3 g (67%), M.P.: 242-240°C.

The IR spectrum of (BCMPDF) exhibited absorption at 2500-3300cm ™' (-COOH), 1704 cm "
(C=0), and 2857-2918cm ! (C-H aliphatic).

Polymer synthesis

By using the precursor 2, 5-bis (4-carboxymethylene phenyl) 3, 4-diphenyl furan (BCMPDF) a
novel series of five polyamides were synthesized by using Yamazaki’s phosphorylation method.
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Table 1. Synthesis of polyamides (PA-1 to PA-5).

Diacid Viscosity” Film
Polymer® code BCMPDF Diamines Yield (%) inh (dL/Q) formation Color
PA-1 BCMPDF ODA 99 0.54 Yes Yellow
PA-2 BCMPDF MDA 96 0.50 Yes Faint yellow
PA-3 BCMPDF SDA 98 0.58 Yes Yellow
PA-4 BCMPDF BDA 97 0.56 Yes Dark yellow
PA-5 BCMPDF 6FDA 96 0.52 Yes Yellow

@Polymerization was carried out with 1 mmol each of diacid and diamines.
PMeasured at a concentration of 0.5 g/dL in NMP at 30°C.

Synthesis of polyamides (PA-1 to PA-5)

In a 100-mL three-neck round-bottom flask equipped with magnetic stirrer, reflux condenser, cal-
cium chloride guard tube, and nitrogen gas inlet were placed 0.504 g (1 mmol) 2,5-bis(4-carboxy
methylene phenyl)-3,4-diphenyl furan (BCMPDEF), 0.200g (1 mmol) 4,4'-diamino diphenyl ether
(ODA), 0.200 g lithium chloride [8 wt % based on solvent N-methyl pyrrolidone (NMP) and pyri-
dine mixture], 0.744 g (0.63 mL, 2.4 mmol) triphenyl phosphite (TPP), 0.5 mL pyridine, and 2mL
NMP. The mixture was stirred well and temperature was slowly raised to 100°C. The mixture
was heated at 100 °C for 3h under nitrogen. After cooling, the resulting viscous polymer solution
was poured into rapidly stirred 200mL of methanol. The precipitated polymer was filtered,
washed with methanol, and air-dried. The polymer was purified by dissolving in N, N’-dimethyl
acetamide (DMAc) and reprecipitating in methanol. It was filtered, washed with methanol, and
dried under vacuum at 100°C for 8h. The yield was 99%, and the inherent viscosity (7;,,) of
polymer in NMP was 0.54 dL/g. All other polyamides (PA-2 to PA-5), were prepared by similar
procedure as mentioned in Table 1 and Scheme 2.

Results and discussion
Synthesis of monomer

The novel spacer methylene containing diacid 2, 5-bis (4-carboxy methylene phenyl)-3, 4-
diphenyl furan (BCMPDF) was synthesized in several steps (Scheme 1).

Carbon-carbon coupling of deoxybenzoin catalyzed by sodium tertabutoxide followed by sub-
sequently addition of iodine to yield 1, 2, 3, 4-tetraphenylbutane-1, 4-dione, further cyclization
gave 2, 3, 4, 5 tetraphenylfuran (TPF). Acylation of TPF yields 2, 5-bis (4-acetyl phenyl)-3, 4-
diphenyl furan (BAPDEF). Finally BAPDF undergoes Conrad Willgerodt reaction with Kindler
variation give 2, 5-bis (4-carboxy methylene phenyl)-3, 4-diphenyl furan (BCMPDF). The struc-
ture of new diacid precursor was confirmed by FT-IR, '"H and >C NMR and mass spectroscopy.

Synthesis of polymers

Bulky tetraphenyl furan and spacer methylene containing aromatic-aliphatic polyamides were syn-
thesized by reacting 2, 5-bis (4-carboxy methylene phenyl)-3, 4-diphenyl furan (BCMPDF) with
various commercial aromatic diamines (PA-1 to PA-5). The high temperature solution polymer-
ization, shown in Scheme 2, involves polymerization forming soluble polyamides by using
Yamazaki’s phosphorylation method.

All the polymers are in yield with inherent viscosities in the range of 0.50-0.58 dL/g (Table 1)
giving as faint yellow to dark yellow polyamides(PA-1 to PA-5). The overall yield is 99%. The
formation of the polyamides from the diacid monomer was confirmed by means of FT-IR and
'"H NMR spectroscopy.
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Structural characterization

The 2, 5-bis (4-carboxy methylene phenyl)-3, 4-diphenyl furan (BCMPDF) monomer characterized by
FT-IR, 'H and °C NMR spectroscopy.

In the synthesis of compound BCMPDF, the appearance of the characteristic carbonyl band at
1704 cm ™" was observed on the FT-IR spectrum as shown Figure 1. Compound BCMPDF showed
IR absorption at 2500-3300cm ' characteristic of hydroxyl group of diacid together with the
appearance of resonances at 3.50 0 (4H) due to protons sandwich between carbonyl group and
tetraphenylfuran unit on the 'H NMR spectrum as shown Figure 2. The signals in the range of
7.12-7.65 6 of (18H) are attributed to the aromatic protons of phenylene rings whereas signal
most downfield at 11.42 are assigned to carboxylic acid proton (2H). The ">C-NMR spectrum of
BCMPDF exhibited twelve peaks due to symmetry, indicating the formation of the postulated
diacid (Figure 3).

Polyamide (PA-1) is characterized by FT-IR spectroscopy. The Figure 1 shows polymer synthe-
sis (PA-1), which confirms diacid monomers (BCMPDEF) converted into polyamides by using
Yamazaki’s phosphorylation method. This Spectrum shows strong absorption vibrational peak at
around 1658 cm ™' for amide carbonyl group. Polyamide linkage contains -NH group in main
framework core which shows vibration peak at around 3302 cm™'. The formation of polyamides
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Figure 2. "H-NMR spectrum of BCMPDF.

(PA-1) is also characterized by "H-NMR. As shown in Figure 4 there was a strong separation of
the resonance signals of all aromatic and aliphatic protons in the range of 7.14-7.79 ¢ and 3.9 6,
respectively. Polyamides containing amide linkages ~-CONH, -NH group of polyamides shows
signal at around 10.34 5. From the '"H NMR of PA-1 it clear that, there is a total conversion of
novel diacid (BCMPDF) in to corresponding polyamide. The 'H NMR spectra are in good agree-
ment with the proposed assembly of the repeating unit of polymer PA-1.

The GPC data of polyamide (PA-1) are outlined in Table 2. The results showed that the
number-average (Mn) and Weight-average (Mw) values were 39900 and 134800 g.mol '
respectively, with respect to polystyrene standards and the ratio Mw/Mn dispersity was 3.38.
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Table 2. Weight average molecular weights (Mw), number average molecular weights (Mn) and dispersity index (Mw/Mn) of
polyamide (PA-1).

Mn Mw PDI?
Sr. No. Polymer code (g.mol™) (g.mol™) (Mw/Mn)
1 PA-1 39900 134800 3.38

*The dispersity index (PDI) of the polyamide (PA-1) samples measured at 30 °C using N-methylpyrrolidone (NMP) as eluent at
a flow rate of 0.5mL.min™" by GPC.

Table 3. Solubility of polyamides (PA-1 to PA-5).

Solvents

N

|Polymers DMACc NMP DMF DMSO Pyridine Conc. H,S0,4 m-Cresol CHCl; THF
PA-1 ++ ++ ++ ++ ++ ++ +— - +

PA-2 ++ ++ ++ ++ ++ ++ + - +

PA-3 ++ ++ + ++ +- ++ +- - -

PA-4 ++ ++ + ++ ++ ++ ++ - +

PA-5 ++ ++ + ++ ++ ++ ++ - +

++: Soluble +: soluble on heating; + —: partly soluble; —-: insoluble.

Solubility and inherent viscosity

Table 3 gave qualitative solubility of the bulky tetraphenylfuran and spacer methylene unit cover-
ing polyamides (PA-1 to PA-5). The concentration for the solubility tests was 3 wt %. Almost all
polyamides (PA-1 to PA-5) were soluble in polar aprotic solvents such as DMAc, NMP, DMF
(on heating), DMSO, in pyridine, m-cresol, THF (except PA-3) and Conc. H,SO,. While they are
insoluble in chlorinated solvent chloroform, etc.

On other hand polyamides PA-1, PA-2, PA-4 and PA-5 having readily more soluble due to
the more coordinating polar ether linkages (-O-), flexible methylene linkages (-CH,-) sand-
wiched group (C=0) and two-CF; unit respectively. PA-3 shows less solubility due to the sand-
wiched less coordinating insoluble sulfur content sulfonyl group. As compare to bulky structures,
the solubility of these bulky tetraphenylfuran and spacer methylene constructed polyamides were
advanced than that of aromatic polyamides by taking analogous huge structures such as tetraphe-
nylfuran, tetraphenylthiophene, tetraphenylpyrrole described.!*”!

Inherent viscosity measurements were used to establish an order of constructing molecules or
building up of molecules and size of the polyamides chain in the series (PA-1 to PA-5). All these
polyamides show excellent solubility in aprotic organic solvents at room temperature except DMF
(on heating). Thus, the inherent viscosity of polyamides was recorded at 30°C in NMP and val-
ues in between 0.50 and 0.58 dL/g were obtained as shown in Table 1.

Thermal analysis

The Figure 5 shows the TGA thermograms of PA-1 to PA-5 measured at a heating rate of 10°C/
min. 10% weight loss temperature of polyamides are summarized in Table 4.

The high thermal stability, chemical and mechanical stiffness for polyamides arises from the
aromatic rings (bulky tetraphenylfuran) as well as the amide linkage. The mode elaborate in the
degradation of PA-1 to PA-5, smaller units by the cleavage of hetero atom bonds such as C-O,
C-N and C-0O, homo atomic bond C-C bond. All polyamides (PA-1 to PA-5) show T, value in
the range of 449-510°C in Nitrogen atmosphere. Amongst these polyamides, the PA-3 and PA-4
exhibits the highest thermal stability with a decomposition temperature of ca. 487 and 510°C,
respectively, this is for the reason that the polymer backbone contains more sandwiched rigid
framework of carbonyl center (C=S) and (C=0).2Y This could be credited to the molecular
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Figure 5. TGA of Polyamides (PA-1 to PA-5).

Table 4. Thermal properties of polyamides (PA-1 to PA-5).

Thermal behaviour®

Residual Wt. %

Sr. No. Polymers Ty T; Ty at 900°C LOI
1 PA-1 180 338 462 58 40.7
2 PA-2 183 325 449 57 40.3
3 PA-3 200 343 487 54 39.1
4 PA-4 182 315 510 52 38.3
5 PA-5 178 320 473 49 37.1

*Temperature at which onset of decomposition was recorded by TG at a heating rate of 10 °C/min.
Ty: glass transition temperature; T;: initial decomposition temperature; Ty: temperature of 10% decomposition; LOI: limiting
oxygen index.

repeating unit of PA-3 and PA-4 which involves stiff rigid polymeric chain framework and hence
enhancing its strength and thermal stability. On other hand polyamides such as PA-1, PA-2 and
PA-5 with its polymeric framework arrangements containing polar connecting group such as oxy
(-O), methylene (-CH,-) and flexible polar substituted group such as two —CF; group which due
to which they are slightly lesser strength and thermal stability than PA-3 and PA-4.%°! In add-
ition, all these polyamides (PA-1 to PA-5) show greater thermal stability without sacrificing other
physical properties. Also, all polyamides retained more than 49% weight in nitrogen even
at 900 °C.

Here we are comparing the thermal stability of polyamides from tetraphenylfuran with earlier
reported polyamide from tetraphenylthiophene!'®! as shown in Figure 6. The thermal stability of
bulky tetraphenylfuran with spacer methylene unit based polyamides (PA-1 to PA-5) have greater
thermal stability (449-510°C) with respect to T of the structurally related polyamides contain-
ing spacer methylene and bulky tetraphenylthiophene components (580-600°C). These results
indicate that high thermal stability of the present polyamides (PA-1 to PA-5). On the basis of
Tyo, these tetraphenyl-furan unit had as higher thermal stability as in order tetraphenylfur-
an > tetraphenylthiophene. Outcome of synthesized bulky tetraphenylfuran with spacer methylene
containing polyimides are very superior in thermal stability with other early reported polyamides.
This effect also indicates that the difference in position of substitutions in the aromatic diamines
also introduces significant dissimilarities not only in their decomposition temperatures but also in
the final char yield.
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Flame-retardant property of polyamides (PA-1 to PA-5)

According to Van Krevelen and Hoftyzer’s equation,’*® the char yield can be useful as a conclu-
sive factor for valuing the limited oxygen index (LOI) of polymers using equation,

LOI = 17.5 + 0.4CR,

Where, CR is the percentage of polymer remaining at 900 °C.

In general, the material constituents showing LOI values higher than 26 shows self-extinguish-
ing behavior and reflecting as flame retardant. On the basis of the LOI values the resulting poly-
mers can be classified as self-extinguishing materials.

All polyamides have LOI more than 37.1 and such polymers can act as flame-retardant materi-
als are summarized in Table 4. The LOI of all polyamides (PA-1 to PA-5) estimated in the range
of 40.7 to 37.1.

DSC results

The DSC plots for PA-1 to PA-5 are presented in Figure 7. The glass transition temperature (T)
and are summarized in Table 4. The present polyamides had relatively moderate T, in the range
of 169-213 °C. Polyamides PA-1 and PA-2 covered polar and flexible connecting group structures
respectively. Among all polyamide PA-3 shows highest T, values than other polyamides. This is
due to the stiff rigid sulfonyl group (-SO,). On other PA-2 shows excellent Tg curve pattern.
This credited to the more spacer methylene groups in polymer frameworks and showing a
smooth curve of Tg.!*”) The whole result consideration of bulky tetraphenyl-furan unit with
other bulky tetraphenyl unit, the T, values of the structurally related polyamides decreased as
order: tetraphenylthiophene-bearing polyamides (226-273°C) >the tetraphenylfuran unit cen-
tered polyamides (178-200 °C).
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WAXD analysis

The WAXD patterns of all polyamides are verified in Figure 8. All the polyamides (PA-1 to PA-
5) derived from Polar flexible (-O- and -CH,-), Sandwiched more polar (C=O0), less polar
(C=S) and sandwiched polar substituted two —CF; group showed broad diffraction peaks at ~20°
(20) was observed which confirms the formation of amorphous nature polymers. This amorphous
nature of all these polyamides support to solubility and inherent viscosity of polymers.*”**) The
polymers show no hint for crystallinity.
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Conclusions

The new series of aromatic-aliphatic polyamides covering spacer methylene and bulky pendant
tetraphenylfuran groups were introduced into the molecular framework of Polyamides via the
newly designed diamine monomer and synthesized by the polycondensation of a novel diacid
precursor 2, 5-bis (4-carboxymethylene phenyl) 3, 4-diphenyl furan (BCMPDF) and various aro-
matic diamines by using Yamazaki’s phosphorylation method. The structure-property relation-
ships of these polyamides due to the enterprise of bulky substituents and aliphatic spacer
methylene were also studied. From the experimental results, it can be concluded that the synergic
insertion effects of bulky phenyl substituents such as tetraphenylfuran and aliphatic unit such as
methylene, into the polymer backbone was greatly operative for the synthesis of soluble polya-
mides inventing great To values and adequate T, analogous to the aromatic-aliphatic polya-
mides. All the synthesized polyamides have inherent viscosities in range of 0.50 and 0.58 dL/g.
Almost all of polyamides were soluble in polar aprotic solvents at room temperature except DMF
(on heating). The GPC data of polyamide (PA-1) showed that the number-average (Mn) and
Weight-average (Mw) values were 39,900 g.mol ' and 134,800 g.mol ' respectively, with respect
to polystyrene standards and the ratio Mw/Mn dispersity was 3.38. Synthesized aromatic polya-
mides (PA-1 to PA-5) are characterized by WAXD; it appraises the insertion effect of precursor
on polymer backbone and showing the amorphous nature. They were characterized as high T, in
the range of 178-200°C and great thermal stability (449-510°C). It was agreed that the insertion
of spacer methylene linkage and bulky pendant tetraphenyl unit is effective for developing novel
thermally stable and highly organosoluble polyamides. By consideration of their properties are
desired for advanced applications, such as the constituents for superior high thermal resistance.
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Deep residual learning frameworks have achieved great success in image
classification. This article presents the use of transfer learning which is
applied on mango leaf image dataset for its disease’s detection. New
methodology and training have been used to facilitate the easy and rapid
implementation of the mango leaf disease detection system in practice.
Proposed system can be used to identify the mango leaf for whether it is
healthy or infected with the diseases like anthracnose or red rust. This paper
describes all the steps which are considered during the experimentation and
design. These steps include leaf image data collection, its preparation, data
assessment by agricultural experts, and selection and tranning of deep neural
network architectures. A deep residual framework, residual neural network
(ResNET), was used to perform deep convolutional neural network training.
ResNETs are easy to optimize and can achieve better accuracies.
The experimental results obtained from “ResNET architectures, such as
ResNet18, ResNet34, ResNet50, and ResNet101” show the accuracies from
94% to 98%. ResNET18 architecture selected from above for system design
as it gives 98% accuracy for mango leaf disease’s detection. System will
help farmers to identify leaf diseases in quick and efficient manner and
facilitate decision-making in this front.
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1. INTRODUCTION

India is among the largest producers of crops world wide. Many people in India specially from the
Maharashtra region are farmers, and they are dependent on crop production. However, the country is still
lagging far behind the global market for field production export due to its poor yield and quality grading of
production specifically different fruits due to bacterial growth in crops. This growth of bacteria in plants
presents in different parts of the plant, that is, fruit, stem, and leaves, which are major factors for the rapid
decline in nurturing growth in the production year for the farms [1]-[3]. There are various diseases that
greatly affect crops [4]-[8]. On the other hand, these types of patches begin with smaller shape while soon
they occupied the overall area within the leaf or the fruit and then finally it resulted within the rotten fruit or
the rotten leaves. Apart from that it is much more necessary for controlling and detecting these types of
disease within a specific duration and it is in their own initial state. Therefore, it is much more necessary in
preventing the disease within the early stages of affecting the most basic operation regarding the overall plant
body and it includes the process of photosynthesis, astranspiratuin, germination, fertilisation and pollination.
On the other hand, these diseases generally occur because of several pathogens like viruses, bacteria and fungi.
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Therefore, for this the farmers require the continuous monitoring of the overall plant body, and it is a process
of time consuming [9]. Hence, there is a requirement of the method for detecting the diseases in the plant at
the very early stages therefore, the proposed research work is presented which will be helpful for mango fruit
farmers and research centres.

2. MANGO LEAF DISEASES

Disease categories: there are two common diseases in plant leaves: anthracnose and red rust, as shown
in Figure 1. As far as India and Indian subcontinent is considered, the study shows that, mango trees are
mostly suspected for getting affected with anthracnose and red rust diseases on mango leaves. These diseases
start growing from one part of tree to whole or emerging from leaves or fruits. Each leaf disease has unique
symptoms and features, which can help to categorize and differentiate infected plants using deep learning
algorithms, and deep neural networks have led to a number of progresses in the classification of images.

Anthracnose the disease that causes the serious losses for the young fruits and flowers. It affects
fruits during storage [10]. It produces blossom blight, leaf spot, twig blight, wither tip, and fruit rot
symptoms. Foliage and tender shoots are affected, causing the death of branches in earlier stages. Black spots
develop on the panicles and fruits. Severe infection destroys the entire inflorescence, resulting in no fruit
setting. Young leaves those are infected develop shrivel, black spot and drop off. Leaves and fruits infected at
mature stage carry the fungus into storage and cause considerable loss during storage, transit and marketing.

Figure 1. Leaf disease

Red rust it is due to the alga that is being observed within the growing areas. Due to the attack of
algal the overall reduction within the photosynthetic activity and also the defoliation of several leaves that
occurred there is by lowering the overall validity within the host plant. On the other hand, the disease can be
easily identified through the overall rusty red spots which is basically on the leaves and sometimes it is on the
petioles and also on the bark of the young twigs which are mostly epiphytic. Therefore, the slightly and
circular elevated spots sometimes coalesce in forming the irregular and larger spots.

3. DATESET

To determine the presence and incidence of leaf disease, a total of 1876 samples from 20 fields were
systematically collected from production areas across Konkan (1876 samples; 20 fields). Using expert
diagnostics, we identified infected plants from these fields. Infected fields were geographically searched in
two provinces of the Konkan area, Ratnagiri and Sindhudurg, in West Maharashtra, where production of
mango is on a large scale. Table 1 shows the field wise and location wise total mango leaf image data
instances which have been collected for the study.

Table 1. The leaf dataset collected from field

Field Localization (city) Number of plants
Field 1 Regional fruit research station vengurle, District-Sindhudurg 400
Field 2 Research sub centre rameshwar (girye), Taluka-Devgad, District-Sindhudurg 885
Field 3 to Field 20 Orchids in Sindhudurg, Ratnagiri 460
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When we use the “deep neural networks”, separate three of the databases are required for developing
the overall model. Data has been splitted in to three sets: trainig, testing and validation andshown in the Table 2.
The first set is the training set, and it is the collection of the several images that is to be fully used through the
overall network for automatically learning the hidden parameters like biases and weights. Therefore, the actual
set of validation which is the second set is also used for adjusting the overall hyperparameters manually and
these are much essential settings that are not to be automatically learned during the time of training [11]-[13].
The photos collected by the camera of both healthy and non-healthy leaves were split into three categories:
healthy, anthracnose, and rust under the supervision of experts from agriculture representing each class rather
than splitting it into binary.

Data augmentation: the process of data augmentation is the strategy which enables the overall
practitioners for significantly increase the overall diversity regarding the data that is available for the training
models by not collecting the overall data. The techniques of data augmentation like padding, horizontal flipping
and cropping are the most commonly used methods for training the larger neural networks. To increase size of
mango leaf dataset, researchers have used certain data augmentation factors and these are shown in Table 3 with
there factor values.

To build useful deep learning models, the validation error must continue to decrease with the
training error. Data augmentation is a powerful method to achieve this. The augmented data presents a
comprehensive set of all possible data points, and reduces the gap between the training andvalidation sets, as
well as any future testing sets [14]-[16]. Table 4 shows the images in the training dataset, validation dataset,
and testing dataset after data augmentation.

Table 2. The leaf dataset devided into training set, validation set, testing dataset

Class Number of images captured by camera  Training  Testing  Validation
Healthy images 566 396 85 85
Anthracnose 747 492 117 138
Red rust 608 426 91 91

Table 3. Augmentation factor used on training dataset

Augmentation factor
“Rotation range” =60

“Width_shift range =0.2”,

“Height_shift range =0.2”
“Shear_range =0.2”
“Zoom_range =0.2”

“Brightness range =[0.5, 1.0]”

Table 4. Training dataset after augmentation

Class Number of original + augmented images  Training  Testing  Validation
Healthy imagee 1939 1769 85 85
Anthracnose 2489 2213 117 138
Red rust 2390 2208 91 91

4. TRANSFER LEARNING

The process of transfer learning actually allows us for using the convolutional neural networks (CNNs)
that is when the adequate amount of the training data is small within the overall context of identification
regarding the crop disease. On the other hand, this technique generally helps in achieving the greater
generalizability and the overall network has been learned previously in dealing with several larger numbers of
examples. Apart from that, it is also a way of saving the capacity and the computing time. Transfer learning can
be performed in two ways that is fine tuning and feature extraction [17]-[19]. In the process of feature
extraction, the overall weights regarding the models that are pre-trained remain intact while it uses the
embeddings and also produces for training the new classifier within the target datasets. On the other hand, the
process of fine-tuning uses the overall weights regarding the model that is pre-trained for initialising the
overall model and after that train the parts or these weights are within the target datasets [20]. A training
strategy to be selected depends on technical and thematic considerations such as the number of computing
capacity, images, architecture availability and also the compatible weights that are pre-trained with the used
data. We used transfer learning to improve generalizability and computation time. After fixing all of the
hyperparameters, the model is retrained by integrating the used images during the validation of the global
training set and alsop during training, and we used four different CNN architectures (ResNetl8, ResNet34,
ResNet50, and ResNet101). We used a dataset augmented by a background class.
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The ResNet18 and ResNet34 are two layers deep, while ResNet50 and ResNet101 are 3 layers deep [21].
Thel8-layernetworks arethe subspace of34-layer network but it still performs better. If the network is deeper,
residual neural network (ResNet) performs significantly.

5. TRAINING AND EVALUATION PHASE

Within the overall paper we simply present a simpler and more flexible architecture that uses ResNets’
learning, utilizing the split-transform-merge approach for layers. The important challenge is for obtaining the
trained model which is capable of analysing the unseen and new in machine learning. The overfitting doesn’t
allow the learning of the main characteristics regarding the overall classes, and it also captures the overall
noise regarding the overall training set; when we try to run the model on this input data, the accuracy is high,
and “deep learning neural networks are trained using the stochastic gradient descent optimization algorithm.
The learning rate, which is a hyperparameter, controls the extent to which the model is changed in response
to the estimated error each time the model weights are updated”. The learning rates for all four architectures,
ResNet18, ResNet34, ResNet50, and ResNet101 are discussed here. The learning rate of models ResNet18,
ResNet34, ResNet50, ResNet101 is shown graphically in the Figure 2(a), Figure 2(b), Figure 2(c), and Figure 2(d).
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Figure 2. Learning rate for (a) ResNet18, (b) ResNet34, (c) ResNet50, and (d) ResNet101

Therefore, when CNN was trained, the model was trained with hyper-parameters. The best values of
the hyperparameters were found through tuning techniques to improve the model [22]-[25]. This tuning was
performed using the learning rate finder (LRF), which compared these settings until it found the optimal
learning rate for the model shown in Figure 2(a), Figure 2(b), Figure 2(c), and Figure 2(d). Figure 3 shows
the model training information with train loss, error rate and model evaluation with accuracies found while
checking the performance of model designed with ResNetl8, ResNet34, ResNet50 and ResNetl101
architectures. Figure 3 shows model training and evaluation. Figure 3(a) shows train loss, Figure 3(b) shows
error rate, and Figure 3(c) shows accuracy for ResNet18, ResNet34, ResNet50 and ResNet101 architecture.
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The confusion matrix is used to evaluate the performance of the model [26]. Researchers have used
to the same for the model evaluation. The confusion matrix for validation set is given by all four architectures
ResNet18, ResNet34, ResNet50, and ResNet101and shown in Figure 4.
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Figure 3. Model training and evaluation of ResNet18, ResNet34, ResNet50, ResNet101 architectures with
(a) train loss, (b) error rate loss, and (c) accuracy
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Figure 4. Confusion matrix for ResNet18, ResNet34, ResNet50, ResNet101
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6. RESULT AND DISCUSSION

From Figure 3, we can see that our network model was able to start model learning at near le-1,
from le-6 to around le-1, the learning rate was too low, and the network was unable to learn. The minimum
loss was observed at le-1, after which loss started to increase sharply up tole-0 then decreased from which it
finally exploded, meaning the learning rate was too large for the network to learn anymore. The CNN model,
confusion matrix acuracy for the testing set is given in Figure 5.

Precision, recall, F1-measure and supportare shown in Table 5. Precision is the measure of accurately
predicted true-positive values relative to the total number of positive predicted observations. Recall is a measure
of the number of positive class predictions made with all positive predictions. The F-measure is a measure that
balances both precision and recall.

Table 5. Accuracy for testing dataset

Dieases Precision  Recall Fl-score  Support
Anthracnose 0.83 0.92 0.87 117
Healthy 0.93 0.73 0.82 85
Redrust 0.94 0.99 0.96 91
Accuracy 0.89 293
Macro avg 0.90 0.88 0.88 293
Weighted avg 0.89 0.89 0.88 293
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Figure 5. Confusion matrix for testing dataset

7. CONCLUSION

Presented performance of model shown the promising results for the classification of mango fruit
and leaf diseases such as anthracnose and redrust detection that is by training CNNs by using the imbalanced
dataset. We applied focal loss, different imaging techniques and also the class weights to obtain the best
performance. The ResNetl8 model shows the best accuracy for the testing dataset. Therefore, while
integrating this proposed model into a mobile application, researcher considered both the results for the
validation set as well as the testing dataset. This mobile application will be useful for farmers and agricultural
extension workers. Farmers can use smartphones for real-time monitoring of mango fruits, leaves
andearlywarnings of several infections for applying the most important prevention methods.
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Abstract

Land is the basic and limited natural resource. Land plays the key role in the determination of man's economic activities as well as
social and cultural progress. All agricultural, animal and forestry production depend on the quality and productivity of the land.
The terrestrial ecosystem which comprise of food, energy needs of livelihood. Land use is a special context is essential to
understand a regional zonation of the area of optimum land use degraded areas etc. Land use of region is a combiner easel of the
natural setup and human dynamism within social economic setup and technological development. In this research paper an attempt
has been made to analyse the general land use pattern in Sindhudurg district. Study of land is pattern important for the
development of agriculture sector, industrial sector as well as keep balance in environmental condition. This study plays vital role
in the point of view the planning and development of the region.

Keywords: Land use pattern, Human Dynamism, National Planning, Underdeveloped.

Introduction

Land use is the surface utilization format of all developed and vacant land on a specific point, at a given time and region. Day to
day the importance of the land use land cover study is increasing with continuous increase in population as well as urbanization
also. After the industrial revolution, the world population is increasing at a progressively faster rate affecting the nature of earth
surface. Human use of land resources gives rise to land use which varies with the many purposes it serves (Briassoulis, 2000).
Land cover is the biophysical state or the natural state of the earth’s surface particularly immediate surface (Terner et al., 1995).
In this contest most, previous natural resources have used better life resulted, most changes in land use land cover pattern on the
earth surface. There is observed, agricultural area being converted in to urban uses, forested land convert into agricultural practice
in all over the world. In this situation most of the positive and negative changes occurred on the earth surface. That does why there
is necessary to planning and regulation for minimize negative impact on natural environment. Land resource is very important for
human being because direct and indirect many types of processes as like economical processes depend upon it. Land resources are
natural wealth and property of a country. So, there are proper utilization of natural resources such as land resources is most
important because of near about 70% population depend upon directly and indirectly on land for livelihood.

In Sindhudurg district utilisation of land increasing with increase in population, increasing in agriculture, increasing in
industrialisation and mining also. It shows varies is from tahsil to tehsil. The utilisation of land is need to have a general
framework of strategic and effective management and analysis of their characteristics and also used for developmental planning in
the study area.

Study Area

Sindhudurg district is the southern part of coastal area that is known as the Konkan. Sindhudurg district situated between
15917 north latitude to 16° 40’ North latitude and 73° 19” longitude to 74° 13” East longitude. It is bordered by Ratnagiri district
on the north, Arabian sea on the west, Goa state on the south, Belgaum district of Karnataka state and Kolhapur district on the east
also. The total area of the district is 5087 sq. km. Physiographically Sindhudurg district has divided into three section that is
Khalati, Valati and Sahyadri hills region respectively. The coastal strip is called Khalati and its adjacent area called Valati.
Sindhudurg district has 8,48,868 (Male-4,16,695, Female-4,32,173) population as per 2011 census. Mean monthly minimum
temperature near about 16° C. and maximum temperature near about 33° C. Annual rainfall range is 2000 to 3000 mm.

Objectives
1.  To study the general land use pattern in the study area
2. To study the impact of physical setting and social economic factors on the land use pattern in the study region

3. To study the utilisation of land use in the study area.
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Data Base

The present study based on secondary data which is obtained from social economic abstract of Sindhudurg district 2012 and
gazetteer of the Sindhudurg district. For the calculation used the simple statistical techniques and calculated the proportion of
every and each type are land use category.

Explanation

General land use pattern in Sindhudurg district is shown in chart with tehsil wise utilisation of land.

I) Area under Forest

The total geographical area of the Sindhudurg district is 503950 sq. ha. Out of this area 38643 sq. ha. is under the forest during
the year 2012. It is the lowest proportion in the study region. The area under the forest presented with a varies from tehsil to tehsil
the highest area under forest is found in Kudal tehsil (25.4%), where the lowest forest area is found in Malvan tahsil (0.7%) due to
the physical condition and existence of the Arabian sea. Below 10% area of forest is found in Devgad (7.7%), Vaibhavwadi
(7.7%) and Dodamarg (7.7%) tahsil general we have to experience the area under forest is a very less in Sindhudurg district.

Tahsil-wise General land use pattern in Sindhudurg District (2012)

(Area under hectares)

Sr.no | Tahsil Total Area under | Area not available for | Uncultivable Follow Net sown
Geographical area | Forest cultivation Land Land Area
1 Devgarh 78127 3004 35077 211 20810 16193
2 Vaibhavwadi 41612 2744 8838 730 14635 10847
3 Kankavli 77339 8997 12837 10203 541 28351
4 | Malvan 61829 298 22347 8896 5388 21329
5 Vengurla +| 113573 11358 25236 933 6540 40457
Sawantwadi
Kudal 81897 9843 20562 13786 4611 31145
7 Dodamarg 49573 2399 18371 408 5465 14315
Total 503950 38643 143268 35167 57990 162637

Source — Socio-Economic Abstract of Sindhudurg District (2012)

IT) Area Not Available for Cultivation

Total 143268 sq. ha. area is under not available for cultivation in Sindhudurg district. The highest area under this category is
presented in Devgadh district is 35077(24.4%) the lowest area of not available for cultivation is found in Vaibhavwadi tehsil
(6.1%) and Kankavli (8.9%). Above 10% area under the not available for cultivation are found in Malvan (15.5%) tahsil
Sawantwadi (17.6%), Kudal (14.3%) and Dodamarg (12.8%).

Tahsil-wise General land use pattern in Sindhudurg District (2012) (Area in %)

Sr. Tahsil Total Geographical | Areaunder | Area not available Uncultivable Follow Net sown
no. area in % Forestin % | for cultivation in % Land in % Land in % | Areain %

1 | Devgarh 15.5 7.7 24.4 0.5 35.8 9.9

2 | Vaibhavwadi 8.2 7.1 6.1 2.0 25.2 6.6

3 | Kankavli 15.3 23.2 8.9 29.0 0.9 17.4

4 | Malvan 12.2 0.7 15.5 25.2 9.2 13.1

5 | Vengurla + 22.5 29.3 17.6 2.6 11.2 24.8

Sawantwadi
6 | Kudal 16.5 25.4 14.3 39.2 7.9 19.1
7 | Dodamarg 9.8 6.2 12.8 1.1 94 8.8
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IT) Other Uncultivable Land (Excluding Fallow Land)

In Sidhudurg district, reveals that, 35167 sq. ha. (6.9%) area under the uncultivated land. The highest area under the category is
found in Kudal tahsil (39.2%) whereas the lowest area found in Devgad tahsil (0.5%). Below 5% area of this category is found in
Dodamarg (1.1%), Vaibhavwadi (2%), Sawantwadi (2.6%).

“ - . X 0y e -~ 2 H
Land-use of Sindhudurg District Tahstlowise Landase
Area under Fv\n.c\l . 2
Area not available for cultivation
Uncultivable Land
Follow Land Area undes =
Net sown Area Forest, 9%
Sl
Ares
avai
fd g
culty
-
Net sown i3 -
Area, 37%
& -
Legend
<<
| =
Avwm vt westnie for Cuthvrson
Uncultaatile Lot
r““““i Uncultivab :‘“‘;A::qn St ki
Land 13%, le

Source — Socio-Economic Abstract of Sindhudurg District (2012)

IV) Fallow Land

There is 57990 sq. ha. (11.5%) land is under fallow land. The proportion of fallow land is varies from tehsil to tehsil. The area
under this category, below 10% area is found in Kudal (7.9%), Malvan (9.2%), Dodamarg (9.4%). The highest area under this
category is found in Devgad tahsil (35.8%) whereas the lowest area under this category are found in Kankavli (0.9%). Above 10%
area under the fallowing land is noticed in Vaibhavwadi (25.2%) Sawantwadi (11.2%).

V) Net Sown Area

There is noticed that, 62637 sq. ha. (33.2%) area is under the net sown area. The highest area under the net sown area found in
Vengurla and Sawantwadi (24.8%). The lowest area under this category noticed in Vaibhavwadi tahsil (6.6%). It is observed that,
below 10% area under this category is found in Dodamarg (8.8%), Devgad tahsil (9.9%). Above 10% area under net sown area
presented in Malwani (13.1%), Kudal (19.1%), Kankavli (17.4%).

Conclusion

It is observed that, general land use pattern is varying from tehsil to tehsil due to the physiographic structure, climatic condition
and economic activities. There is noticed, the highest proportion of the area under the net sown area 33.1% whereas lowest area
found in under the uncultivated land 6.9%. The highest area under the forest is presented in Kudal tehsil (25.4%). There is lowest
area under the forest found in Malvan tehsil (0.7%). It is also need and important for a better management of natural resources and
development in study region. There are most potentiality for the precious utilisation of land and natural resources.
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Abstract---Agriculture is the main primary activity of human being. In
Kolhapur district is known as agricultural district, presented most of
the agricultural production by cash crop like sugar cane. With cash
crop there is most of the food crops also cultivated like jawar, rice,
ground nut, soya bean etc. Agricultural land highlighted with variable
tehsil to tehsil due to the physiographic condition and water
availability. Most of the area under agriculture having in Chandgad
tehsil, its need to proper cropping management. At least area under
agriculture presented in Gaganbawada tehsil due to the unfavourable
physical condition and heavy rainfall.

Keywords---agriculture land, distribution, agricultural production,
analysis.

Introduction

Agriculture is one of the oldest economy activities of man demand for food for the
increase in the 21st century which can only be made through increase in
production area or in the amount of production per unit land area and crop
productivity how your limited available and expansion of other land use type. In
India about 70% of the total population is directly or indirectly engaged in
agriculture sector.As per population is increasing the pressure of agriculture is
also increasing eventually human is taking step towards increasing the crop
production. The attempt is made to increase agricultural production as well as
the improving the traditional method and using HIV, chemical fertilizer and
advance method of irrigation.The land use is also changing from single crop to
multi crops in Kolhapur district.It is not only having close relation with physio-
agro- climatic conditions but also social-economic condition. Attempt is made to
understand the condition of agriculture land use of Kolhapur district.
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Agriculture is considered as the most important of the all economic activities of
man agriculture is related to domesticated plants and animal as activity to satisfy
man's need. Nowadays agriculture has become the world's most important
industry agriculture means response to it have become cardinal points of
research.

Study Area

The Kolhapur district is a part of Deccan plateau, western Maharashtra and
extremely southern part of Maharashtra state is Kolhapur district lies between 15
43' north to 17 17' north latitude and 72 40' east to 74 42' east longitude. The
Kolhapur district comprises 7620 sq. km area which is 2.5 % of the state. The
general height of the district is 1000 mtrs and administratively divided into 12
tahsils supports 38,76,001 population (2011). In general, the physiographic
arrangement of the district has Sahyadri hills in a north-south direction, plateau
area situated to the east of the Sahyadri hills and eastern plain area and Belgum
district of Karnataka state in the south. The climate of Kolhapur is generally
temperate. Minimum temperature of the district is 14° ¢ and maximum is 36.9° c.
The average annual rainfall is 2063.67 mm. The decadal growth rate (1991-2001)
of population is 17.85 per cent. From the Kolhapur district around 70% of total
population lives in rural area.The middle rivers and tributariesi. e. Warna,
Panchganga, Kumbhi, Kasari, Bhogavati, Tulasi, Dhamani, Jambhali,
Hiranyakeshi, Dudhganga, Vedhganga and Ghatprabha all these river flows from
the west to east towards the Bay of Bengal. In the study area also found variety of
utilization of land due to the physical setting of the district and socio-economic
aspects also.

Aims and Objectives

The objective of this study is to analyse tehsil wise agricultural land use pattern
in study area.

Data Base

For the study both primary and secondary data are used. Kolhapur gazetteer,
toposheet, satellite images, GPS readings are used for the base mapping of the
study region. The agricultural land-use study of Kolhapur district has conducted
with the help of secondary data which is satellite imageries of 2018. Along with
this, some primary data are used for analysis.

Methodology

A detailed study of agricultural land-use is conducted to understand the
transformations in surface area in the study region. The collected tehsil wise
agricultural data is tabulated, arranged in proper format and statistical methods,
map are applied to obtain the specific results.
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Table : Kolhapur District: Tehsil wise Agricultural Land Distribution-2018
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Rank Tehsil Total Area Percentage
1 Chandgad 53999.84 11.97
2 Hatkanangle 49917.95 11.06
3 Shahuwadi 48941.59 10.85
4 Karvir 46260.76 10.25
S Kagal 44249.13 9.81
6 Gadhinglaj 39674.57 8.79
7 Shirol 39208.08 8.69
8 Radhanagri 32931.51 7.3
9 Ajara 31092.36 6.89
10 Panhala 28520.51 6.32
11 Bhudargad 25177.59 5.58
12 Gaganbawada 11077.33 2.45
Total Area 451051.22 100%

Source- Satellite Image 2018

For agricultural

land distribution we have

created five categories

for

understanding the real condition and status of Agricultural land cover in tehsils.

1. Very Low proportional region (11077-19662 sq. hector):

In this category included the very lowest proportions tehsils. In this region
included only one tehsil i.e. Gaganbawada tehsil (9552 hect.) due to hilly
and forested land the formation of drainage is very low.

2. Low proportion region( 19662-28246 sq. hector):

In this category included the lowest proportions tehsils. In this region
included only one tehsil i.e. Bhudargad (20822.60 hect.) tehsil due to hilly
and forested land.

3. Medium Proportion Region (28246-36831 sq. hector):

In this category there is high proportion is included. Ajara, Radhanagri and
Shahuwadi tehsil are included in this region. There are medium type of
Agricultural land is found. In this region there are agricultural region is
between 45 % to 55 %.

4. High proportion region (36831-44415 sq. hector):

In this category there is high proportion of agricultural land is included.
Gadhinglaj, Kagal and Shirol tehsil are included in this region. There are
medium type of agricultural land is found. There are region under
agricultural land is above 80 percent.
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Map: Kolhapur District: Tehsil wise Agricultural Land Distribution-2018

00'E 74°300°E

KOLHAPUR DISTRICT
Landuse Landcover - Agricultural Land 2018

17°00'N
»
700N

16°30'0°N
16°300°N

Radhanagari

Gadhinglaj

16°00°N
16°00'N

INDEX

Area in Hectors

[ 11077 - 19662 Very Low
119663 - 28246 Low

Chandgad

128247 - 36831 Medium
[ 36832 - 45415 High
x 145416 - 54000 Very High

74°00'E 74°300°E

Source- Satellite Image 2018

S. Very high proportion region (45415-54000 sq. hector):
In this category there is very high proportion of agricultural land is
included. Chandgad, Karvir, Hatkanagle and Shahuwadi tehsil are included
in this region. There are very high region under agricultural land is found
due to fertile soil, flat terrain, heavy rainfall and water availability.

Conclusion

It can be observed that there is agricultural area is maximum found in
Shahuwadi, Chandgad, Karvir and Hatkanagle tehsils. Highest proportion of
agricultural land presented in these tehsils due to suitable physiographic
condition and sufficient rain fall. Gadhinglaj, Kagal and Shirol tehsils highlighted
with high proportion of agricultural land due to plain region and water availability
for over year. Gaganbawada and Bhudargad tehsils presented with very less area
of agricultural land due to the unfavourable physiographic condition (Most of the
area covered by hills), heavy rainfall. There is need of proper utilization,
management for agricultural land resources. There is a need of super facility
market for agricultural production in the high and very high proportional region.
For the food security, it will be need protect agricultural land from settlements
area and road network development in this area.
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"IMPLEMENTATION OF NEP-2020 GUIDELINES TO MAHARASHTRA "

Dr. S. R. Kattimani

Head Dept. of History, Vivekanand College, Kolhapur (Autonomous).
Abstract
NEP-2020 got importance from all strata of Indian society since thisis the first Indian educational policy in
the 215t century. The Indian education system is one of the largest and growing education systems in the
world. With more than 1.5 lakh schools, more than 8.5 lakh teachers, more than 250 lakh students from 29
different states and 7 Union Territories coming from different social and economic conditions. As per the
guidelines of NEP- 2020, MOE have designed application like UDISE + with the help of National Informatics
Centre. Which provides accurate and timely data for policy making & decision making to MOE.
Further, NEP-2020 will create a strong, sustainable, reliable and objective assessment system for students
from Primary to Higher Education. Which make efficient and skillfully employable students and helps to the
increase in National Income.
After 35 years of National Policy on Education 1986, in which modifications undertaken in 1992 the present
policy on education came which made tremendous changes in entire education system of India Changes
suggested by NEP-2020 through the guidelines so far published shows its nature and importance.
NEP-2020 is aimed to create socio-economic and educational equality among the society (Education for all,
Free Education). Furtherit aims to give world class facility & education to students from Nursery to Higher
Education. To fulfil this, top 100/ renounced world’s topmost Universities & Institutions permitted to open
their campuses in Indian Subcontinent. To increase the literacy rate of all states and communities also the key
objective of this policy. For accomplishment of this object Indian Government has adopted holistic approach
towards, skill education, vocational education, professional education, health education, value education etc.
from primary to higher education. Further this policy gave importance to Drop out students, teacher training,
Academic Credit Banks and stress on Interdisciplinary / Multidisciplinary curricula. Though this policy helps
to make India as a super power, its implementation has many Legal challenges. Through this research
researcher will study the problems and also suggest some remedies to the challenges before implementing
NEP- 2020.
Keywords: NEP, MOE, UDISE+, Drop outs, Holistic, Academic Credit Bank.

Introduction

Education is a concept created by human for the development of society. Human society is an element of the
whole of nature. We see the change in natures in natural way, Evolution has proved this point. As human
society is dynamic, the needs of this society change from time to time. To meet these changes, we have to
inculcate the changes in socio, economic, religious, cultural and educational aspects of. Education is
considered to be the most important and dynamic tool. Therefore, education has to take a step forward in these
changes by thinking about the future of society.

Internet, Research in the Science & Technology, Communication & Computers has also brought many
changes in the field of Education. If we see the educational system of developed countries, their nature of the
examinations, and psychology of their students which looks very positive and helps to the growth of their
country. By considering these educational tools and to bring aforesaid changes into Indian education system
National Educational Policy-2020 have been introduced. This is the optimism, these changes in education
will make our country advance.

Consistently made efforts and actions to sustain the educational thoughts flow accepted the deployment of
educational streams is considered. The attitude of a person or group in the creation to deployment, to be ready
to overcome the persistence of problems and if successful, could lead to the deployment of a stream in the
educational thought becomes successful.

The aforesaid things will be possible, only when the participant among them will think they have all the
information about streaming, they have Plan and will play a positive role in their hearts they thought about
the usefulness of the stream. It is in this situation that the person acts according to the relevant thought flow.
At the same time, the attitude and courage to accept outside thoughts are must among them. For the successful
deployment, we need encouragement from others, Pre-Planning about action and flexibility for the
improvement.

Vol. 117, Issue: (IV) October — December 2021 720



Bengal, Past and Present UGC Care Group 1 Journal
ISSN : 0005-8807

According to H G Barnette, Innovation is any thought, behaviour or thing that is new and is qualitatively

different from existing form.

For the applications of new educational trends Trainings, Orientation/Refresher courses, seminars,

Conferences, workshops, such techniques can be used to utilize. Experts’ guidance, use of social media and

modern technology and literature will assist for the application.

In this way educational trends -streams origin, diffusion and applications enrich /grow thoughts, inculcate

research culture, originate new ideas and increase in cooperation will develop.

Educational thought streams originate from activities. Their dissemination, acceptance and application give

rise to new initiatives and from these new initiatives, new streams of thought are born.

Students up to class Il of primary school needed basic / fundamental knowledge of script, language,

mathematical arithmetic along with these they required to include environmental & health education in their

curricula.

Process of implementation of NEP-2020

The new National Education Policy 2020 is inclusive and drives national development. In the last one-year
U-Dias, the guidelines of Pragyaata, Nipun Bharat, Parakh, Sarthak have been disseminated by the Ministry
of Education. These guidelines give an idea that how exactly the implementation of NEP-2020 took place.
The new national education policy is conducive to the development of emerging India.

However, Maharashtra is one of the important states among six states selected for the effective
implementation of the NEP-2020.

Difficulties in implementing NEP-2020 in Maharashtra

1.Teachers those working in rural and tribal areas and who do not Qualified the TET exam, but it is necessary
to take important decisions about their salary.

As thereis a vacancy of D. Ed / B. Ed teaching post Some teachers, are working since 7-8 years without pay
or low pay so as to avoid the students educational loss. If the TET test has been mandated to aforesaid teachers
then their service conditions become void. Researcher thinks It is also wrong to assume that only teachers
who have passed the Teacher Eligibility Test can teach well. This should be considered in the new national
education policy.

2. Every year’s training of teacher’s effects on their daily work, there is a possibility of adverse effect on
health and family life of a teacher.

3. Indian constitution has given to every person the right to live and finances. Accordingly, private educational
institutions have created many educational complexes in the course of time. For this, they have invested their
own money, space, building and human resources. Although, some schools and colleges are not functioning
properly and are not eligible to impart minimum standards of education though it becomes difficult for those
private institutions to hand over and transfer their private property to the government.

4. To impart holistic education to all Social and economic equality needs to be established. While doing so,
it is important to consider the human resource dependence on the relevant component. For example, the
question of unemployment of private tutors will arise, so the central government needs to think about this.

5. NEP-2020 suggests & Plans examination reform system in 3rd, 5th,8th,12th standard Board examinations,
but it is also necessary to know the difficulties toimplement it.

6. It is necessary to give a definite outline of the dates and duration of the actual implementation of the new
National Education Policy to the students, parents, teachers of the schools and colleges and the principals of
the private institutions, otherwise a state of confusion and turmoil has arisen in their minds.

7. The terminology, abbreviations of guidelines created by NEP-2020 has made very complexity and
difficulty to understand. Although Education Ministry should publish a dictionary of the abbreviations &
terminology. So that the spread of information took place through teachers, students and parents which will
be reduce difficulties in reading & understandings of NEP-2020 and which will save the time.

8. For the effective implementation of “Cluster School” scheme MOE has given excessive powers to DSE,
SCERT like institutions as well as the DEO, BEO & BRC like officers. MOE must have to check, monitor &
examine the transparency, efficiency and working conditions of the aforesaid institutions & officers. For the
betterment of “Cluster School Scheme” aforesaid institutions & officers should undergo the online
confidential feedback system and teachers, parents, industry, stakeholders, headmasters and administrators
will be the respondents.
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9. Some government and private schools had built on the land donated by Philanthropes in the society for 99

years agreement. At present condition their contracts have expired, the question of space / land acquisition

for those schools and colleges has arisen. The government also pay attention to this burningissue.

Although the researcher thinks that, these aforesaid issues and many other such things are the research-gap,

the present research will throw lights on the above matters. There will also be some suggestions from

researcher side.

Need of Feedback and Research for Policy Making

After the Independence of India, Central Government has established the Ministry of Education. UGC,
NCERT, AICTE, NBA were established during the course of time for the development of higher education,
technical education, school education. Further, NAAC like other autonomous bodies has maintained the
quality of Higher Education. Every state has its own Primary & Secondary Education department which
strives to develop the plans for respective department.

For the first time in India's history, a loan of Rs 4,000 crore has been taken from the World Bank as an
investment option for the development of education.

NEP-2020 is India's first national education policy of the 21st century. This policy has been written by
considering and studying all aspects of globalization in order to get the country ranked in the world
educational rankings.

While the implementing of NEP-2020, The Ministry of Education have considered the opinions of
organizations, Institutional leaders, teachers, students, parents, employers and other stakeholders. However,
after taking feedbacks, opinions and considerations of above stakeholders in the education field is necessary
to find errors or unintentionally made deficiency which will definitely enhance the efficiency of NEP-2020.
Further if any ignored issues will be found in NEP which will be demolished by research and development
cell of Central and State Governments. The interviews of Eminent educationalist and dignitaries in the field
of education, institutional heads, teachers, parents and other stakeholders. Which will certainly help for policy
making.

Social Relevance of NEP-2020

School is a replica of society. Good citizens are needed to build a better society, which accomplishes the
school. That is why the future of the country is said to take place in school rooms. If we glance on socio-
economically developed countries, their education system is linked to the development of the country. Schools
work to create a better generation. But the central & state government are responsible for providing the money,
right kind of guidance and other resources to the schools. Education has the power to change and shape the
future of the country.

Through NEP-2020, The Central Government has used the medium of Education as a weapon to eradicate
social and economic inequality in the country. With the full development of the child, through NEP-2020 it
is planned that students from rural and remote areas will get world class high quality free education.
NEP-2020 will not only be mandated by the Central Government to the states, but also it will require a
referendum and public involvement for its effective implementation. For the successful implementation of
NEP-2020 positive consciousness of society is also needed.

Concluding Remarks

NEP-2020 is a burningissue in contemporary India which constituents and has established ties with various
stakeholders. Therefore, it is seen that there is excess of public interest in the present subject.

1. The National Education Policy-2020 is holistic, encompassing nation building and conducive to all. Which
will lay the foundation for the building of modern India.

2. Under the “Cluster School Scheme” the process of merger of Kindergartens, Anganwadis/ Balvatikas,
Nurseris, Government and Private Primary-Secondary Schools is very complex and intricate.

3. For effective implementation of NEP-2020, it is necessary to fill the entire vacancies of teachers and non-
teaching staff.

4. The compulsion of TET as eligibility of teachers rendering services in tribal and remote area looks injustice,
because they haven’t paid salary since 8-10 years.

5. For the effective implementation of the NEP-2020, MOE will have to address the problems of the State
Government and the private sector schools through circulars through face-to-face communication.

Vol. 117, Issue: (IV) October — December 2021 722



Bengal, Past and Present UGC Care Group 1 Journal
ISSN : 0005-8807

6. To run “Academic Credit Bank” scheme for Higher Education will going to be complicated because the

there are many differences in evaluations techniques and patterns of regional universities and local

autonomous colleges. Also imposing charges for keeping virtual credits records of students from institutions

burden.

7. NEP -2020 revises the school education structure as (5+3+3+4) and higher education strata 6 to 10. Due to

which issue of increase in the additional Work Load to teacher founds. Already there are many vacant posts

of teachers due to retirement and death due to covid-19. So, MOE has to take strict measures to fulfil the

vacancies.

8. NEP-2020 will create livelihood problems for taking private tuition tutors. The government will have to

try to accommodate them in the established education system and solve the problem of their livelihood.

9. In pursuing an interdisciplinary and multidisciplinary approach in higher education, while the merger of

single faculty/weak colleges the Central Government will have to face judicial fight with them and also adopt

a strict policy otherwise delay should take place.
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The following are some of the guidelines so far published be the MOE to implementation National

Educational Policy-2020

i. (UDISE +) UNIFIED DISTRICT INFORMATION SYSTEM FOR EDUCATION PLUS

ii. NIPUN BHARAT - National Initiative for Proficiency in Reading with Understanding and Numeracy

iii. (Project Appraisal, Budgeting, Achievements and Data Handling System (PRABANDH))

iv. PRAGYATA guidelines

v. SARTHAQ

vi. PARAKH (Performance Assessment, Review, and Analysis of Knowledge for Holistic Development)

vii. Academic Credit Bank for HEI
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Abstract - The Deep residual learning framework has achieved great success in image classification. This paper represents the
training of a screened leaf image data set to recognize a particular feature of leaf disease symptoms using convolutional neural
networks. The new way of methodology and training used to facilitate the easy and rapid implementation of the system in
practice. “The trained model” is able to identify two types of mango “leaf diseases”, “healthy leaves” and allowing plant leaves to
be distinguished from their surroundings. This paper describes all the steps from capturing the images, assessed by agricultural
experts to form a dataset, and train a dataset using different neural architecture. A deep Residual framework ResNET used to
perform deep CNN training. The ResNETSs are easy to optimize and can easily gain better accuracy. The experimental results
obtained from different neural ResNET architectures such as ResNet18, ResNet34, ResNet50, ResNet101 achieved accuracy from
94% to 98%. From the trained model accuracy, the ResNET with 18 layers model with 98% accuracy is selected for deployment.
The application will help farmers to identify and facilitate the decision making, quick and efficient leaf disease.

Index Terms - CNN, Deep Learning, Mango Disease, Neural Network

INTRODUCTION

India is one of the largest producers of “mango crop” worldwide. Many people in India region are farmer’s dependent fruit
production. However, the country is not so developed in this present time behind the international market for exporting due to
quite “less yield” and quality enhancing of different fruit due to “bacterial growth” in crop. The development of bacteria in plants
presents in specific parts of different plant and leaves which are major factors for continuous decrease of “nurturing growth” in the
coming years for the agriculture. There are various diseases which affect the crops greatly. The specific diseases impacts and that
results in the “irregular shaped” “black patches” which can be seen distributed over the “leaf surface”. Along with that, the
“fungus” can present at “damp situations” in the “patches”. Thereafter, these “patches” begin in some small shapes but also they
occupy the whole area of that leaf as well as fruit and then it result in “rotten fruit” or “rotten leaves”. It is important to identify
and control these types of different diseases in their initial state. Therefore, it is important to prevent “the diseases” in the early
stage of affecting “the basic operation” of the plant body such as “transpiration”, “Photosynthesis”, “pollination”, “germination”,
“fertilization” etc. Thereafter, these types of diseases are occurred because of the “pathogens” such as “fungi”, “bacteria” and
“viruses”. It requires monitoring continuously of the body of the plant which is a “time consuming process”. This is also required
to find out some specific methods to identify the diseases on those plants at early stages of the process (Ramcharan Amanda,
Peter, Babuali, James, & P., 2017). So the latest method researcher is going to develop for detecting plant leaf disease which will
be more accurate and less time consuming.

DISEASES

Disease categories: There are two common diseases in mango plant leaves as shown in Figure 1. Each of the leaf diseases has
unique symptoms and unique features, these features can help to categorize and differentiate infected plants by deep learning
algorithms. Deep neural networks led to a number of progresses in the classification of images.

Anthracnose: The specific disease can cause the decrement to young fruits and flowers. It affects fruits during the storage .It
produces “blossom blight”, “leaf spot”, “twig blight”, “wither tip”, and “fruit rot” symptoms. “Foliage” and “Tender shoots” are
impacted which can cause dieback of the branches in earlier stages. Different types of infection destroy the whole “inflorescence”
that results in “no setting of fruits”. Furthermore, young fruits that are infected can have “shrivel”, “black spot” and “drop off”.
Therefore, fruits are infected at “mature stage” continue the “fungus” and that can cause serious loss at the time of “storage”,

“transit” and “marketing” (Ullagaddi & Raju, 2014).
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Figure 1
Disease Symptoms

Red rust: It is due to an “alga”, which is identified in the “growing areas” of leaf. Due to the “algal attack” the deduction in
“photosynthetic activity” as well as “defoliation” of leaves occurred and “lowering vitality” of the “host plant”. Furthermore, the
specific disease can be identified by recognizing the “rusty red spots” on the “leaves and petioles” as well as “bark of young
twigs” and is “epiphytic” in nature. Initially the spots are present in “greenish grey” color and “velvety in texture”. After that, they
turn “reddish brown”. The “slightly elevated” spots on the leaves sometimes “coalesce” and then form into “larger” and “irregular
spots”. The disease occurs commonly in “closely planted orchards”.

DATESET

To resolve the “presence and incidence” of leaf disease, nearly “3319 samples” from about “20 fields” were collected
systematically from the production areas across Konkan
(“3,319 samples”; “20 fields”). After using expert diagnostics, it is identified that “infected plants” represents nearly 3% of the
entire number of fields that are sampled. Thereafter, the “infected fields” were searched geographically in two provinces of
Konkan area i.e. Ratnagiri, Sindhudurg in West Maharashtra.
Field Localization( city) Number of plants
Fieldl Regional Fruit Research | 400
Station Vengurle, Dist.
Sindhudurg
Field2 Mango Research Sub Centre | 885
Rameshwar (Girye), Tal.
Devgad, Dist. Sindhudurg
Field 3 to | Mango Orchids in | 460
Field 20 Sindhudurg, Ratnagiri
Table 1
Samples collected from various fields

When we use “deep neural networks”, it requires three different dataset for developing a specific model (Y A Nanehkaran, Chen,
& Tian, 2020). The “training set” is the first set of the network and the set is a gathering of different images that are used by the
specific network which helps the network to learn the parameters automatically that are hidden like “weights™ and “biases”. The
validation set, the second set is used to adjust the “hyper parameters” manually, these are the “essential settings” which is unable
to be learned in the time of the training (Ramcharan Amanda, Peter, Babuali, James, & P., 2017).The photos collected by camera
of both healthy and unhealthy leaves were splatted into 3 categories Healthy, Anthracnose and Red rust under the supervision of
experts from agriculture representing each class rather than splitting it into binary.

Class Number Training | Testing | Validation
of (70%) (15%) (15%)
Original
Images
Healthy 566 396 85 85
Images
Anthracn | 702 492 105 105
ose
Red Rust | 608 426 91 91
Table2

Images for each category of leaves captured by camera
“Data Augmentation”: “Data augmentation” is an effective strategy that makes the practitioners capable of significantly
increasing the “diversity of data available” for “the training models”, without gathering any new information. “Data augmentation

techniques” such as “cropping”, “padding”, and “horizontal flipping” are generally used to train the “large neural networks”
(Bharath, 2020). “The Augmentation factors” used for data augmentation are
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Augmentation Factor

Rotation Range = 60

Width shift range =02,

Height shift range =02

Shear range =02

Zoom range =102

Brightness_range =[0.5, 1.0]

Figure 2
Augmentation factor used to increase dataset

To create effective and efficient “Deep Learning models”, the “validation error” decrease along with the “training errors”. “Data
Augmentation” is a effective technique for using to achieve this. “The augmented data” represents an important as well as
comprehensive set of all “possible data points”, and it reduces the gap between the “training set” and “validation set”, along with
that any sets for future testing. After “Augmentation” the images in the “training data”, “Validation data” and “Testing data” are
shown as below:

Class Number Training | Testing | Validation
of Original
+Aug.
Images
Healthy 1939 1769 85 85
Images
Anthracnose | 2423 2213 105 105
Red Rust 2390 2208 91 91
Table 3

Datasets after Data Augmentation
TRANSFER LEARNING

“Transfer learning” supports the usage of CNNs when the amount of training data is small, in the context of “crop diseases
identification” (Nag & Sangskriti, 2020). These methods help to get higher “generalizability” because the network had gained
knowledge before to hand out with a high number of different examples. There are a total of two different ways to carry out
“transfer learns” such as “fine-tuning” and “feature extraction”. In the feature extraction, the “weights of pre-trained model” keep
intact and use embedding and made to train the “new classifier” on the specific data. “Fine-tuning” uses the heaviness of the “pre-
trained model” to evaluate the training and the model parts. A training strategy is selected depending on technical and thematic
consideration such as number of “images”, “computing capacity”, “availability of architecture” and “pre-trained weights” in
comparison with the specific data that are used. We used transfer learning to improve generalizability and computation time. After
fixing all of the hyper parameters, the model is retrained by integrating the specific images used during validation and training
into a global training set. In this research we used 4 different CNN architectures (ResNetl8, ResNet34, ResNet50, and
ResNet101).We used the augmented dataset with a background class.

weight layer

3
identity

Figure 3
Residual Learning Blocks

The ResNet 18 and ResNet34 are 2 layers deep while ResNet50 and ResNet101 are 3 layer deep .The “18 layer network™ is the
subspace of the “34 layer network™ but still it performs effectively. If the network is deeper, ResNet performs by a significant
margin

Figure 4- ResNet 2 layer. 3 layer boack
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TRAINING AND EVALUATION PHASES

In this paper we present a simpler and more flexible architecture that uses ResNets’ learning, utilizing the split-transform-merge
approach for layers. The important challenge is to get a model which is trained and is capable of describing unseen and new in
machine learning. Over-fitting happens when the input sample number becomes small in comparison with the learning capability
of the specific network. Furthermore, over-fitting does not support learning about the “general characteristics” and instead it
identifies the “noise of the training set”. When we try to run the model on this input data, accuracy looks great. Thereafter, “deep
learning of neural networks” is trained using the “stochastic gradient” that descent “optimization algorithm”. The rate of learning
is a “hyper parameter” that controls the changes in the model in order to respond to the “estimated error” every time that the
model “weights are updated”. The learning rate for all four architectures ResNetl8, ResNet34, ResNet50, and ResNetl101 is
discussed here.

The learning rate of models

16 18
- | e
ResNet18 ResNet34
- 22
20 — 20 e T
18 hS
08 LE] \“-,
ResNet50 ResNet101
Figure 5

Learning Rate for ResNet18, ResNet34, ResNet50, ResNet101 architectures
The best values of the hyper parameter were found through “tuning techniques” to improve the model. This tuning was performed
using the Learning Rate Finder (LRF), which compared these settings with one another until it found the optimal learning rate for
the model which is shown in Figure 5.

In Figure 5, The Train loss, Error Rate and Accuracy of the Model are given for validation dataset given by all four CNN
architectures ResNet18, ResNet34, ResNet50, ResNet101.

Train Loss
Error Rate
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Figure 6

Validation Loss, Error Rate, Accuracy for each CNN architecture
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The confusion matrix for all 4 networks is given below.
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Figure 7
Confusion Matrix for four CNN Architectures for validation dataset

RESULTS AND DISCUSSIONS

Learning Rate Finder: Observing Figure 5, it can be identified that the specific network model was capable to start “model
learning” rate from “l1e® to “le!”. Initially the oercentage of learning was very less and the network became powerless to gain
knowledge. The minimum loss was observed at “le-1” and then a loss up to le was faced then decreased. The CNN Model
accuracy for validation set is given below at the optimized learning rate is 98% for ResNetl8, 96% for ResNet34, 98% for

ResNet50 & 96% for ResNet101.

Architecture Resnet 18 Resnet 34  Resnet 50 Resenet
101

Accuracy 0.987261 0.961783  0.98082 0.968153
Figure 8
Accuracy for validation set

“Precision”, “Recall”, “F1-Measure” as well as these are described in “Eqgs”. (1)—(4). “Precision” is the process to predicted
measure “true positive values” appropriately to the entire count of “positive predicted observations”. “Recall” is the process to
measure the count of “positive class predictions” created with different “positive predictions”. “F-Measure” is the process to
measure that maintains balance between “the precision” and “recall” (Eq. (3)) (Sambasivam & DuncanOpiyo, 2020).

True positive

Precision = (1)
True positive + False positive

True positive
Recal ¥——n —-+-—-— (2)

T rue positive + False negative

Precision *Recall

F-Measure= 2% — ————— (3)
Precision + Recall

True Positive + True Negative

True Positive+True Negative:False Positve+False Negative

Accuracy =

erformance Evaluation”: In “Data Science”, evaluation of a “model performance” is very essential an e most use
“Perfi Evaluation”: In “Data S ) luat f a “model fi ” tial and th t d
“performance metrics” in classification are, “confusion matrix” [“normalized”, “non-normalized”, “accuracy”, “precision

sensitivity”].
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Classes Precision Recall “F1 Score”

Healthy 0.96 0.95 0.95

Anthracnose 0.9519 0.9428 0.9473

Redrust 0.9750 0.9652 0.9700
CONCLUSIONS

The performance of our model indicates effective results for classification of diseases like anthracnose and red rust .It shows the
result by training CNNs using an “imbalanced data”. Different techniques and methods are used to create a remarkable study. The
ResNet18 model in Figure 8 had shown the best accuracy for the validation set. Therefore, while integrating this model into a
mobile application we considered both the result for validation set as well as the precision, recall and F1 score rate. This mobile
application will be useful for farmers or agricultural extension workers. The farmers can use the smart phones for “real-time
monitoring” and the lession of “mango infections” for ensuring that “necessary prevention methods” can be used.
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(3E,7Z)-Tetradecadienyl acetate, the major sex pheromone component of the potato pest

Symmetrischema tangolias (Gyen), was stereoselectively synthesized from the commercially available

3-bromo-1-propanol via the stereospecific reduction of alkyne with lithium aluminum hydride (LAH)

and the Wittig reaction.

Keywords: (3E,7Z)-tetradecadienyl acetate, pheromones, Symmetrischema tangolias, reduction,

W ittig reaction, green metrics calculation.

Solanum tuberosum L. (potato) is cultivated all around
the world because of its significance in human consumption
and one of the cheapest staple food materials and richest
sourcea of starch, dietary fibers, vitamins, and minerals. Thus,
such a noteworthy crop is produced predominantly
throughout the world, but this crop is severely damaged by
various pests. To overcome such problems, researcher are
making efforts towards controlling such pests by various
measures such as use of chemical pesticides, biopesticides,
and pheromones [1].

For environment friendly agriculture, two best practices
are accessible, such as integrated crop management (ICM)
and integrated iest management (IPM) [2]. Among them, in
the ICM system the pheromones are the most frequently
used and the most rapid technique for mating disruption,
controlling pest, and mass trapping [3].

A literature review reveals that significant effort has been
focused on the eco-friendly synthesis of sex pheromones
by multistep reaction pathways, among which are protection
[4], alkylation [5], reduction [6], acetylation [ 7], oxidation [8],
and the Wittig reaction [9]; these are most widely used
reactions towards the synthesis of various sex pheromones
of the female moth.

The potato tuber moth Symmetrischema tangolias (Gyen)
is recognized as a severe pest on potatoes in the field as well
as in storchouses [10].

The use of insect pheromones by mass trapping and
mating disruption techniques has shown promising results
in controlling distressing insect pests [11].

There are very few reports on identification and synthesis
of sex pheromone. In 1995 the Griepink et al. [10] isolated and
identified the sex pheromone components from the female
moth’s gland. The main chemical components of the sex
pheromones of Symmetrischema tangolias are (3E,7Z)-
tetradecadienyl acetate and £-3-tetradecenyl acetate, which

were identified in the pheromone in the ratio 2:1, while
Ragoussis et al., effectively investigated the synthesis of
(3E,7Z)-tetradecadienyl acetate with the help of the Wittig
and Knoevenagel reactions [13].

It is a very challenging task to synthesize sex pheromones
stereoselectively and stereospecifically with a high overall
yield and enhanced isomeric purity using a simple method.
To enhance the isomeric purity and overall yield, our research
group tried to address the economical, highly efficient
stereoselective synthesis of (3E,77)-tetradecadienyl acetate.
This is achieved by using stereospecific reduction and the
Wittig reaction at key stages with a simple base to get
stereospecific (£,7) isomeric purity of the pheromone (1) in
99% yield by GC.

(3E,7Z)-Tetradecadienyl acetate (1), the core constituent
of the pheromone of Symmetrischema tangolias, was
synthesized by a stereoselective and stereospecific method,
as mentioned. This method consists of six experimental steps
(Scheme 1).

At the initial stage, to eliminate the terminal alcoholic
group on both sides, a well-established protection reaction
of 3-bromo-1-propanol was carried out by the reported
method, which gives 2-(3-bromopropoxy)-tetrahydro-2 H-
pyran (2). It was employed as a starting material. Further,
an alkylation is carried out with 3-butynol using LiNH, in
liquid NH; to afford 7-(tetrahydro-2H-pyran-2-yloxy)hept-
3-yn-1-o0l (3) with 85% yield. An (E)-allylic bond exists in
the targeted molecule; hence, to access this (£)-allylic bond,
we further carried out a stereospecific and sterecoselective
reduction of the alcohol to the corresponding 7-(tetrahydro-
2H-pyran-2-yloxy)hept-3-en-1-o0l (4) in the presence of
LiAlH, in diglyme, obtaining a good yield (84%) under
heating conditions. The (£)-allylic bond in compound 4
was confirmed by gas chromatography (GC), indicating that
it was predominant at retention time 8.511 with 98% purity.
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TABLE 1. Green Metrics Calculations

Particulars MI %RME %CE | %AE | Yield, %
Step [ 8.76 114 79.65 72.40 62
Step 11 6.59 15.17 83.85 85.64 84
Step 111 4.80 20.82 93.24 87.54 80
Step IV 3.2 3121 59.8 67.18 86
Step V 29.52 3.38 60.7 98.82 60
Step VI 34.08 2.93 15.24 4126 35
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£ PTB, Wittig salt, ~78°C, THF

Scheme 1.

The resulting alcohol 4 was then acylated by using acetyl
chloride and pyridine in dichloromethane to give the
7-(tetrahydro-2H-pyran-2-yloxy)hept-3-en-1-yl acetate (5).
It was purified by column chromatography using
hexane—ethyl acetate in 9:1 ratio to give an 80% yield. Then
the tetrahydropyranyl group was deprotected by using
p-toluenesulfonic acid in methanol to give 7-hydroxyhept-3-
en-1-yl acetate (6) in 78% yield. Compound 6 was oxidized
subsequently in the presence of pyridinium chlorochromate
(PCC) and sodium acetate in dichloromethane to give
(3E)-7-oxohept-3-en-1-yl acetate (7) in 60% yield. Wittig
olefination of (3E)-7-oxohept-3-en-1-yl acetate (7) was carried
out with n-heptyltriphenylphosphonium bromide in the
presence of potassium tertiary butoxide in THF at —78°C to
produce the (Z)-stereoselectivity with 99% isomeric purity
of the targeted molecule (3£,77)-tetradecadienyl acetate (1)
in 35% yield. The stereochemical properties obtained by the
Wittig reaction due to saturated aliphatic nonstabilized
triphenylphosphonium ylides when reacted with primary
aliphatic aldehydes in nonpolar solvents (such as THF)
at—78°C in the absence of free salt led to primarily (£)-olefins.

The target molecule was confirmed on the basis of
spectroscopic data. All the spectral data, IR, 'H NMR,
13C NMR, and DEPT, showed good agreement with the
corresponding pheromone structure (3£,7Z)-tetradecadienyl
acetate (1), while the GC report shows 99% (E,Z) isomeric
purity. Finally, all the products of each step were confirmed
by mass spectrometry.

Synthesis of sex pheromones is a multistep process, and
it is a challenging task to follow green chemistry principles.
The green metrics have been considered as an evaluator of
environmental sustainability in diminishing the amount of
theoretical waste. The green metrics consist of parameters
like mass intensity (MI), reaction mass efficiency (RME),

carbon efficiency (CE), and atom economy (AE). The MI
stands for yield stoichiometry, and the RME stands for yield
and excess catalytic amount of reactant excluding solvent.
The CE shows the gain or loss of carbon atoms in the
conversion of reactant to product, and finally AE gives
provides a theoretical calculation of the process and
environmental efficiency. The standard values of green
metrics under ideal conditions are MI = 1%, RME = 100%,
%CE = 100, and %AE = 100. To explain the greenness of the
present synthesis, we have studied green metrics
calculations [14].

The greater yields of the product indicate that significant
RME values and moderate yield generate moderate RME
values. Furthermore, the percent CE of step 1 is 79.65%, while
at step 6 the percent CE is 15.24%, demonstrating a remarkable
conversion. Finally, the percent atom economy of step 1 is
72.40%, and that at step 6 is 41.26%, indicating maximum
conversion of starting materials into product and minimum
waste.

EXPERIMENTAL

General. All chemicals used were purchased from
Sigma-Aldrich and used as such. The 'H and '3C NMR
spectra were recorded in DMSO-d, (8 2.5) on a Bruker
instrument (300 MHz, 400 MHz for 'H NMR, 75 MHz for
13C NMR) using TMS as an internal standard. IR spectra
(KBr) were recorded on a Bruker FT-IR spectrometer, in cm ™.

Gas chromatography-mass spectrometric (GC-MS) analyses
were carried out on a Hewlett-Packard 5890-5970 system,
equipped with a SPB-1 capillary column (20 m x 0.25 mm,
0.33 wm film thickness, Supelco, Sigma-Aldrich Ltd., Greece):
carrier gas, helium, 1 mL/min; injector temperature, 230°C;
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oven temperature, 50°C for 5 min isothermal and then raised
to 250°C at a rate of 4°C/min and then held for 10 min; ion
source temperature, 220°C; interface temperature, 250°C;
mass range, 40-500 amu; EI, 70 eV. GC analyses were carried
out on an Agilent 6890 N chromatograph either in a polar
capillary column CP-Wax 52 CB (30 m X 0.32 mm, 0.25 um film
thickness, Varian Inc., CA) or in a nonpolar capillary column
SPB1 (20 m x 0.32 mm, 1.0 um film thickness, Supelco,
Sigma-Aldrich Ltd.): carrier gas, helium, 1 mL/min; injector
temperature, 200°C; oven temperature, 60°C for 5 min
isothermal and then raised to 250°C at a rate of 4°C/min and
then held for 15 min.

Thin-layer chromatography (TLC) was performed on
0.25 mm precoated silica gel 60 F 254 glass plates, and column
chromatography on silica gel, 60—120 mesh size (Merck &
Co., Darmstadt, Germany). All commercial reagents and
solvents were used as supplied. All reactions of air- and
water-sensitive materials were run in oven-dried glassware
under nitrogen. Air-sensitive solutions or liquids
were transferred with glass syringes. Wittig salt
n-heptyltriphenylphosphonium bromide was prepared by
treatment of 1-bromoheptane with triphenyl phosphine in
acetonitrile. Tetrahydrofuran was distilled from sodium
benzophenone ketyl.

7-(2-Tetrahydropyranyloxy)-hept-3-yn-1-ol (3). About
500 mL ammonia was collected in a 2 L three-neck reaction
flask attached to an ammonia condenser; to that, 1 g ferric
nitrate and Li metal (8 g, 1121 mmol) were added portionwise.
After 45 min, 3-butyn-1-ol (41 mL, 538 mmol) was added
dropwise. Half an hour later, 3-bromopropanol — OTHP 2
(100 g, 448 mmol), HMPA (20 mL), and THF (200 mL) were
added in 1 h. Then the reaction was maintained for 2 h, and
the ammonia was allowed to evaporate. The reaction mixture
was quenched with solid ammonium chloride (50 g) and
saturated ammonium chloride solution (100 mL). The reaction
mixture was extracted with diethyl ether (1 L) and washed
with water (3 X 100 mL), followed by saturated sodium chloride
solution (50 mL). Then sodium sulfate (50 g) was added, and
the crude product was concentrated and then purified by
column chromatography to give alkylated product 3 as a
colorless oil, 81 g (85%). IR (KBr, v,,,, cm™"): 2938.9 (CH),
3438 (OH). 'HNMR (300 MHz, CDCl, 8, ppm): 1.64—1.43 (4H,
m, 2CH,), 1.73-1.64 (4H, m, 2CH,), 2.20-2.15 (2H, m, CH,),
2.32-2.27 (2H, m, CH,), 3.0 (1H, br.s, OH), 3.42-3.35 (2H, m,
CH,), 3.57-3.52 (2H, s,CH,), 3.79-3.67 (2H, m, CH,),4.95 (1H,
s, CH). GC-MS (Purity) = 99.04%. Observed GC-MS m/z211.1
[M—1] (calcd for C,,H,,05,212.28).

7-(2-Tetrahydropyranyloxy)-hept-3(E)-en-1-o0l (4).
Enynol 3 (100 g, 471 mmol) was added slowly with stirring to
an ice-cold solution of lithium aluminum hydride (35.79 g,
943 mmol) in diglyme (450 mL). After heating for 1 h at 140°C,
the mixture was decomposed by careful dropwise addition
of cold water (2 mL) and 6 M sodium hydroxide (25 mL). The
solution was then filtered, and the solid was washed with
diethyl ether (5 X 100 mL). Then the combined filtrate was
washed with brine (50 mL) and dried with sodium sulfate
(20 g). The reaction mixture was concentrated, and the
residual oil was purified by column chromatography to give

the product as a colorless liquid 4 (85 g, 84%). IR (KB, v, .+
cm™1): 2937 (CH), 1642 (C=C). 'HNMR (300 MHz, CDCl,,
d,ppm): 5.51-5.31 (2H, m, 2CH), 4.5 (1H, br.s, OH), 3.83-3.64
(2H, m, CH,), 3.56-3.52 (2H, m, CH,), 3.46-3.32 (2H, m, CH,),
2.59(2H, s, CH,),2.22-2.16 (3H, m, CH,), 2.09-2.02 (2H, m,
CH,), 1.78-1.54 (6H, m, 3CH,). GC (Purity) =98.05%. Observed
GC-MS m/z214.2 [M]" (calcd for C,H,,05, 214.30).

7-(2-Tetrahydropyranyloxy)-hept-3(E)-enl Acetate (5).
To a solution of alcohol 4 (50 g, 23 mmol), dichloromethane
(100 mL) and pyridine (24.5 mL, 303 mmol) were added in one
portion. and the mixture was cooled to 0°C. Then acetyl
chloride (20 mL, 280 mmol) was added slowly along with
dichloromethane (20 mL). The reaction mixture was poured
onto ice, and the layers were separated. The aqueous layer
was extracted with dichloromethane (3 x 100 mL). The
combined organic layers were washed with water (3 x 100 mL)
and brine (10 mL) and then dried with sodium sulfate (20 g).
Removal of the solvent and purification of the residue by
column chromatography yielded acetate 5 as a colorless oil
(48 g, 80%). IR (KBr, v,,,, cm™): 1738 (C=0), 2939 (CH).
'"HNMR (300 MHz, CDCls, 8, ppm): 1.50-1.97 (5H, m, CH,,
CH,;), 1.98-2.02 (8H, m, 4CH,), 2.17-2.26 (2H, q, CH,),
3.25-3.43 (2H,m,CH,), 3.61-3.77 (2H, m, CH,), 3.92-4.00 (2H,
m, CH,), 4.47-4.50 (1H, m, CH), 5.27-5.48 (2H, m, 2CH), GC
(Purity) = 92.84%. Observed GC-MS m/z 256.2 [M]"
(calcd for C,,H,,0,4,256.33).

7-Hydroxyhepta-3(E)-enyl Acetate (6). A solution of
protected acetate 5 (40 g), 4-toluene-sulfonic acid (0.5 g),
and methanol (50 mL) was stirred for half an hour at room
temperature. A solution of 5% sodium bicarbonate (5 mL)
was added to the reaction mixture, and the solvent was
removed. The residue was extracted with diethyl ether
(3 x 100 mL), and the combined ether extracts were washed
with brine (20 mL) and dried with sodium sulfate (20 g). The
solution was evaporated in vacuo, and the residue was
subjected to column chromatography to give hydroxy acetate
6 as a colorless oil (25 g, 78%). IR (KBr, V,,,, cm™): 1642
(C=C), 1737 (C=0),2936 (CH), 3626 (OH). '"HNMR (400 MHz,
CDCl,, 8, ppm): 1.56-1.69 (2H, m, H-6),2.01-2.15 (5H, m, CH,
2H-5),2.25-2.40 (3H, m,HO 2H-2), 3.62 (2H, t, H-7),4.07 (2H,
t, H-1), 5.35-5.61 (2H, m,H-3, 4). GC (Purity) = 96.08%.
Observed GC-MS m/z 112 [M—60]* (calcd for CyH, 403, 172.22).

7-(Acetoxy)hepta-3(E)-enal (7). Pyridinium chlorochromate
(37 g, 174 mmol) and sodium acetate (4.7 g, 58 mmol) were
suspended in anhydrous dichloromethane (200 mL) and
cooled to 0°C. Then the alcohol 6 (20 g, 116 mmol) in
dichloromethane (20 mL) was added in one portion to the
mechanically stirred solution. After 15 min the cooling bath
was removed and the resultant mixture stirred for 2 h at
room temperature. It was diluted with dry diethyl ether
(50 mL) and filtered through a pad of Celite. The filtrate was
concentrated in vacuum to give the corresponding crude
aldehyde, which was subjected to column chromatography
to give aldehyde 7 as a colorless liquid (12 g, 60 %).
IR (KB, v, ., cm™'): 1642 (C=C), 1727 (C=0), 2951 (CH).
"HNMR (400 MHz, CDCl,, 8, ppm): 2.04 (3H, s, CH;),2.31—-
2.36 (4H, m, 2H-5, 2H-2), 2.36-2.52, (2H, t, 2H-6), 4.05—4.08
(2H, t, H-2), 5.47-5.51 (2H, m, H-3,4), 9.76 (1H, t, CHO).
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GC (Purity) = 94.88%. Observed GC-MS m/z 142 [M —28]"
(caled for CoH, 405, 170.20).

(3E,7Z)-3,7-Tetradecadienyl Acetate (1). The aldehyde
7 (8.67 g, 504 mmol) was dissolved in THF (20 mL) and slowly
added to a stirred and cooled (—78°C) freshly prepared
solution of the n-heptylidenetriphenylphosphorane
[prepared by addition of a solution of potassium tertiary
butoxide (12.69 g, 113 mmol) to a suspension of
n-heptyltriphenylphosphonium bromide (25 g, 566 mmol) in
THF (100 mL)]. After the addition, the reaction mixture was
stirred for 1 h at the same temperature and then brought to
room temperature while stirring. The reaction mixture was
quenched with saturated ammonium chloride solution
(50 mL) and diluted with diethyl ether (100 mL). Then it was
washed with water (3 X 50 mL) and brine (20 mL) and dried
over sodium sulfate (20 g). Subsequent evaporation of the
solvent under vacuum and column chromatography afforded
the pure pheromone acetate 1 as a colorless o0il 4.5 g (35%).
IR (KB, V,,,, cm™'): 1658 (C=C), 1741 (C=0), 2923 (CH).
"HNMR (400 MHz, CDCl, 8, ppm, J/Hz): 0.87-0.90 (3H, t,]=6.9,
H-14),1.27-1.30 (8H, m, 4 x CH,), 2.02-2.08 (9H, m, CH;-CO-
and 4 x CH,),2.31-2.32 (2H, q, H-2), 4.054.08 (2H, t,] =6.9,
H-1), 5.35-5.36 (4H, m, H-3, 4, 7, 8). 3C NMR (300 MHz,
CDCl,, 8, ppm): 13.94,20.65,22.56,27.01,28.89,27.16,29.58,
31.70,31.88,32.62, 63.86, 125.36, 128.67,130.20, 132.71, 170.56.
BCNMR (300 MHz, CDCl,, 8 ppm): 20.64,22.55, 126.66, 127.48,
128.85, 129.24, 130.74. GC (Purity) = 95.56%. Observed
GC-MS m/z252.2 [M]* (caled 252.39).

In summary, cheap and commercially available 3-bromo-
1-propanol is a very useful reagent for the preparation of
pheromone (3E,77Z)-tetradecadienyl acetate (1), the main
pheromone component of the potato tuber moth S. tangolias
(Gyen). It was synthesized in six steps, and the products can
be ecasily purified by column chromatography. The steps
involved are simple, highly stereoselective, and cost effective,
and the procedures easily scalable, which makes this method
useful in producing the pheromone for the control of the
serious insect pest Symmetrischema tangolias.
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