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Preface

The pioneers of modern chemistry built the foundations of inventing, making

and changing the chemical products that play an essential role in modern achieve-
ments. Green chemistry deals with chemical methodologies and approaches that
reduce the use of raw materials or by-products resulting from a chemical reaction in
manufacturing, including solvents or catalysts generating hazardous materials that
are dangerous to human health or harmful to the environment. The use of sustain-
able, environmentally friendly processes and new, green chemistry technologies
has become the choice for many processes involved in chemical synthesis, nano
synthesis, extraction techniques, environmental remediation, and energy.

In this book, researchers from all over the world provide insights into the impor-
tance of green chemistry in different ways. Chapter 1 by Endang Tri Wahyuni

and Eko Sri Kunarti highlights various chemical analysis and pollutant removal
methods that follow some of the 12 principles of green chemistry. In Chapter 2,
Nikhat Farhana focuses on eco-friendly protocols that are replacing traditional
methods of synthesis followed in chemistry to synthesize life-saving drugs, and
preventing the outflow of industrial waste. Surbhi Dhadda et al., in Chapter 3,
discuss how recyclable ionic liquids (ILs) catalyze ring closure reactions of chalcones
to obtain several heterocyclic rings, including pyrazoles, pyrans, and pyrimidines
under ultrasonification. Among the very important features of these reactions are
their short routine, high yields, environment-friendliness, high functional group
tolerance, formation of a single product, high atom economy, and the absence of

a need for column purification. Chapter 4 by Biplob Borah and L. Raju Chowhan
provides a critical overview of the application of mechano-chemical techniques
for the synthesis of five- and six-membered heterocycles, as well as complex-fused
heterocycles and spiro-heterocycles under organocatalytic conditions. Sigiienza

et al. in Chapter 5 report on the oxidation of spirostanic steroidal alcohols to their
carbonyl analogues using the hypervalent iodine (III)/TEMPO-4-N-acetoxyamine
system. In Chapter 6 by Bilal Ahmad Mir and Suresh Rajamanickam, oxidative
reactions facilitated by potassium persulphate (K25208) in the absence of a metal
catalyst are reviewed, together with the quick and environmentally friendly
synthesis of novel chemical species.

Recently, TADF materials have been used as an alternative to metal photocatalysts.
In Chapter 7, Rajamanickam and Patel summarize the use of low-cost, less toxic
and greener TADF materials, particularly 4CzIPN, as photocatalysts for various
radical-based organic transformation reactions. Pinto et al. describe opportunities
to make a solution-based green synthesis of transition metal chalcogenides and
different experimental planning and analysis techniques, such as the design of
experiments, life cycle assessment, and machine learning, in Chapter 8. Ioana
Stanciu, in Chapter 9, details the classification, types, and important applications
of biomaterials for different everyday applications. Radiation-induced mutation



breeding, as reported by Puripunyavanich et al. in Chapter 10, is a remarkable
method that can lead to genetic variations resulting in superior mutant cultivars
with new and useful traits.

The fields of nanoscience and nanotechnology will continue to grow due to the
numerous benefits for our daily lives, including in human health, food processing,
environmental safety and device engineering. In Chapter 11, Haridas et al. describe
the eco-friendly production of a high-performance supercapacitor electrode mate-
rial using a combination of Fe,0s, gum acacia-derived porous carbon, and ball
mill-synthesized graphene. Chapter 12 by Sarika Verma et al., highlights the various
green methods of synthesis and discrete applications of inner transition compounds,
including the fabrication of lanthanide-doped nanophosphors, rare-earth zirconates,
metal oxide nanoparticles, nanocrystal-based photoluminescent materials doped with
rare-earth ions, self-assembled nano-spherical dysprosium MOFs, and nucleotide-
based lanthanide coordination polymers. In the final chapter, Guzmdn et al. discuss
the efficient eco-friendly in-situ synthesis of non-aggregated, quasi-spherical silver
nanoparticles with an average size of 22.4+ 13.2 nm using a mixture of ascorbic acid
and citric acid at pH10.

Finally, we are grateful to Kumari Smita for her helpful comments on several chapters
and her excellent support in the conceptualization of this book.

Dr. Brajesh Kumar
Department of Chemistry,
TATA College,

Kolhan University,
Chaibasa, Jharkhand, India

Alexis Debut

Professor,

Centro de Nanociencia y Nanotecnologia (CENCINAT),
Universidad de las Fuerzas Armadas ESPE,

Sangolqui, Ecuador
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Chapter 1

Green Methods of Chemical
Analysis and Pollutant Removal

Endang Tri Wahyuni and Eko Sri Kunarti

Abstract

This chapter deals with chemical analysis and pollutant removal methods that
follow some of the 12 principles of Green Chemistry. In this chapter, the 12 principles
of the Green Chemistry along with the short description are highlighted. Several
chemical analysis methods are presented, that are both used for chemical identifica-
tion and concentration determination, whether conventionally or instrumentally. The
conventional chemical analysis methods evaluated in this chapter include volumetric
and gravimetric, while the instrumental ones presented are limited to atomic absorp-
tion spectrometry (AAS) and X-ray fluorescence (XRF) for determination of the
analyte concentration, and Infrared spectrometry (IR) and X-ray diffraction (XRD)
for chemical identification. Additionally, the pollutant removal methods involving
conventional and advanced processes, are reviewed. The conventional chemical
removal methods such as precipitation, coagulation, and adsorption are illustrated.
The advanced methods in removing chemical pollutants discussed in this chapter are
photocatalytic degradation, photo-oxidation/reduction, Fenton and Photo-Fenton,
and ozonation. In the description of the chemical analysis and the chemical pollutant
removal methods, the evaluation of the unsuitableness or suitableness toward some of
the Green Chemistry principles are also accompanied. In addition, the ways to make
the less green methods to be greener are also proposed.

Keywords: green chemistry principles, chemical analysis, pollutant removal, method
greening

1. Introduction
The principles of Green Chemistry consist of 12 aspects, including [1-5]:
1. Pollution Prevention/Waste minimization,
2. Atom Economy,
3.Less Hazardous Chemical Synthesis.

4.Designing Safer Chemicals,
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5.Safer Solvents and Auxiliaries,
6.Design for Energy Efficiency,
7.Use of Renewable Feedstocks,
8.Reduce Derivatives,
9.Catalysis,
10.Design for Degradation,
11. Real-time analysis for Pollution Prevention, and.

12.Inherently Safer Chemistry for Accident Prevention.

Principle no.1 refers that chemical pollution in the environment has to be
prevented by minimizing waste from industrial production, chemical analysis labora-
tories, hospital activities, and many others. Some believe that it is better to prevent
waste generation than to treat or clean up waste after it has been generated.

In principle no.2, it is presented that synthetic methods should be designed to
maximize the incorporation of all materials used in the process into the final product.
Hence no waste or minimum waste has resulted.

Principle no.3 suggests that whenever practicable, synthetic methodologies should
be designed to use and generate substances that possess little or no toxicity to human
health and the environment.

Based on principle no.4, it is illustrated that chemical products should be designed
to preserve efficacy of the function while reducing toxicity. Green Chemists make
sure that the things that we synthesize not only do what they are supposed to do, but
they do it safely.

In Principle no.5, it is described that the use of auxiliary substances (solvents,
separation agents, etc.) should be made unnecessary whenever possible and, when
used, innocuous.

It is suggested by Principle no.6, that energy requirements should be recognized
for their environmental and economic impacts and should be minimized. Synthetic
methods should be conducted at ambient temperature and pressure.

Principle no.7 refers that raw material or feedstock should be renewable rather
than depleting whenever technically and economically practical. Green chemists look
for alternative sources for making materials. Renewable feedstocks (corn, potatoes,
biomass) can be used to make many products: fuels (ethanol and bio-diesel), plastics,
and more.

It is implied by principle no. 8, that unnecessary derivatization (blocking group,
protection/deprotection, temporary modification of physical/chemical processes)
should be avoided whenever possible.

Principle no.9 refers that in chemistry and biology, catalysis is the acceleration
(increase in rate) of a chemical reaction by means of a substance, called a catalyst,
which is itself not consumed by the overall reaction. Using catalysts can reduce
energy, increases efficiency, and reduces by-product formation, which further
generates energy efficiency and waste minimization.
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Principle no.10 expresses that chemical products should be designed so that at the
end of their function they do not persist in the environment and instead break down into
innocuous degradation product. Design for degradation means that when green chemists
design a new chemical (i.e., a pharmaceutical drug or medicine) or material (i.e., a new
plastic) — they design it so that it breaks down at the end of its useful lifetime.

In principle no.11, it is messaged that real-time analysis for a chemist is the process
of checking the progress of chemical reactions as it happens. Analytical methodologies
need to be further developed to allow for real-time in-process monitoring and control
prior to the formation of hazardous substances. Knowing when your product is
“done” can save a lot of waste, time, and energy.

Principle no.12 infers that substance and the form of a substance used in a chemical
process should be chosen so as to minimize the potential for chemical accidents,
including releases, explosions, and fires.

The 12 principles of the Green Chemistry enable people to protect the planet from
chemical threats and energy crisis, as well as to find creative ways to reduce chemical
waste, conserve energy, and replace hazardous substances [2]. Hence, all human
activities should be based on or considered to the all or some of the 12 principles of the
Green Chemistry. Some of the activities involving chemicals are material production/
synthesis, chemical analysis, and chemical pollutant removal/treatment. In this Chap-
ter, only chemical analysis and chemical pollutant removal or treatment methods are
presented.

Many chemical analysis methods are recognized that are frequently used in a
variety of fields including environment, health, food, mining, even archeology [6].
The analysis of chemical methods is usually conducted for identification of a certain
chemical or some chemicals as well as for determination of the chemical concentration
in the sample(s) [6-12]. The chemical analysis methods widely used involve simple as
well as advanced technologies [6-12]. The conventional methods usually use more
chemicals and auxiliaries [11], hence further resulting in the toxic chemical waste and
wastewater, which create pollution [8, 9]. In contrast, the instrumental chemical
analysis methods need less chemicals but may consume more energy [9, 10, 12]. The
chemical waste and wastewater and inefficient energy are opposite to the principles of
the Green Chemistry, which are waste minimization or pollution prevention, safer
solvents and auxiliaries, and efficient energy [8, 9].

In order to reduce chemical waste, conserve energy, and replace hazardous sub-
stances, evaluation of some chemical analysis methods is required. It is important,
therefore, to recognize the chemical analysis methods that are less suitable and suit-
able to the principles of the Green Chemistry. The ways to make the chemical analysis
methods to be green are also essential to be explored and further to be used.

In addition, a lot of human activities involving chemical processes such as industry,
mining, medical, and transportation, always result in chemical waste, that can be
formed as gas/particulate, liquid and solid. The chemical waste or wastewater disposed
of into the environment without any proper treatment lead to serious pollution [13-18].

The high air pollution can generate a variety of adverse health outcomes. It
increases the risk of respiratory infections, heart disease, and lung cancer [13, 14]. The
sources of air pollution vary from small units of cigarettes and natural sources such as
volcanic activities to large volume of emissions from motor engines of automobiles
and industrial activities. Both short and long-term exposure to air pollutants have
been associated with health impacts. The most health-harmful pollutants — closely
associated with excessive premature mortality — are fine PM2.5 particles that penetrate
deep into lung passageways [14].
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The serious water pollution due to the inadequately treated or treated industrial
wastewater effluents may cause eutrophication in the receiving water bodies and also
form a favorable condition for toxin-producing waterborne pathogens [15-18]. The
chemicals in wastewater usually comprise of heavy metals and organic compounds
[14, 17].

The release of heavy metals into wastewater through human and industrial activi-
ties has become a major problem both for humans and aquatic lives. Some negative
impacts of heavy metals on aquatic ecosystems include the death of aquatic life, algal
blooms, habitat destruction from sedimentation, debris, increased water flow, and
other short- and long-term toxicity from chemical contaminants [17, 18]. Severe
effects on human health may include reduced growth and development, cancer, organ
damage, and nervous system damage [17, 18]. Among the heavy metals, hexavalent
chromium is ranked among the top sixteen toxic pollutants that have harmful effects
on human health. High chromium dosage has been reported to cause damage to
human kidney and the liver, and at low concentration, it causes skin irritation and
ulceration. Exposure to high chromium concentration also causes cancer in the diges-
tive tract and lungs [18].

Persistent organic pollutants (POPs) are organic compounds of anthropogenic
origin that resist degradation and accumulate in the food chain, and in extreme cases,
death [13, 14]. Owing to their toxicity, they can pose a threat to humans and the
environment. Some of the POPs polluting water are pentachlorophenol, DDT,
hexachlorocyclohexanes, hexachlorobenzene, heptachlor, polychlorinated dibenzo-p-
dioxins, polycyclic aromatic hydrocarbons, polychlorinated terphenyls,
polybrominated diphenylethers, polybrominated dibenzo-p-dioxins, dibenzofurans,
and short-chain chlorinated paraffins [14].

Therefore, removal of chemicals from wastewater before reaching ecosystem is
urgent. Many methods for waste treatment are frequently reported, including con-
ventional and advanced methods [19-21]. The conventional methods usually need
more chemicals and so that dispose of chemical waste than the advanced methods
[21]. The advanced methods use more energy such as light and high temperature
than the conventional methods [21].

Using many chemicals and high energy is unexpected because these against the
principles of the Green Chemistry [1-5]. It is still necessary to expose the chemical
pollutant treatment methods that do not fully follow and follow the principles of the
Green Chemistry. By knowing the greener pollutant removal methods, people can
choose to use them, and further can prevent the environmental pollution and energy
crisis.

Under the circumstances, in the following sections, some chemical analysis and
pollutant removal methods that have unsuitableness or suitableness procedures
toward some of the Green Chemistry principles are described, and the ways to sub-
stitute the less green with the greener methods are also presented. The chemical
analysis and pollutant removal methods discussed are presented in the table below
(Table1).

2. Green chemical analysis methods

Green chemical analysis is an analysis procedure that avoids or reduces the unde-
sirable environmental side effects of chemical analysis while preserving the classic
analytical parameters of accuracy, sensitivity, selectivity, and precision [9, 10]. The
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No The methods Function Greenness

1 Volumetric Quantitative chemical analysis Less

2 Atomic absorption spectrophotometric Quantitative chemical analysis Less

3 X-Ray Fluorescence Quantitative chemical analysis Green

4 X-Ray diffraction Identification Green

5 Fourier Transform Infrared Identification Green
Table 1.

The chemical analysis and pollutant removal methods.

goal of green analytical chemistry is to use analytical procedures that generate less
hazardous waste and that are safer to use and more benign to the environment. The
main analytical result is related to an increase in analysis reliability, higher precision,
and time-saving, which very positively combines with a substantial reduction of waste
[9, 10]. The Green chemical analysis should apply at least four Green Chemistry
principles, from the 12 principles [10], which are:

1. waste minimization or pollution prevention or prevention of waste generation
(no. 1).

2.safer solvents and auxiliaries (no. 5),
3.design for energy efficiency (no. 6), and
4.safer chemistry to minimize the potential of chemical accidents (no. 12).

The chemical analysis methods can be categorized into conventional and instru-
mental methods, which are used whether for identification and concentration deter-
mination purposes [6, 7, 11, 12]. In this section, the conventional analysis method that
is evaluated regarding greenless or greenness is volumetric, since it is widely used in
environmental and food fields. Meanwhile, the instrumental methods discussed are
limited to atomic absorption spectrophotometric the (AAS), X-ray fluorescence
(XRF) Infrared spectrometry (IR), and X-ray diffraction (XRD), due to their inten-
sively use in various fields.

2.1 Volumetric method

Volumetric is a chemical analysis method based on the reaction between analytes
with the respective standard solution placed in a burette. This method is usually
performed with large volume, and sometimes uses hazardous auxiliary. The solutions
both standard and analyte, at the end of the process, become harmful wastewater.
Although categorized into old or conventional method, volumetric is still frequently
used as a standard method in environmental, food, and mineral analysis [8, 11].

In the environmental field, volumetric is placed as a standard method for chemical
oxygen demand (COD) assay. COD level represents the quantity of organic and
oxidizable inorganic chemicals polluting sample water. A commonly used oxidant in
the COD assay is potassium dichromate (K,Cr,0;) in combination with boiling sulfu-
ric acid (H,SO4) [11]. It is clear that this procedure uses the toxic and carcinogenic
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Figure 1.
Titration technique [8].

K,Cr,07 and corrosive sulfuric acid as the auxiliaries, which is against the Green
Chemistry Principle number 5 [1-5]. Further, a large volume of K,Cr,0; and H,S,04
solutions are usually used, which results in a large volume of the corresponded chem-
ical wastewater. This resultant of the wastewater will advance to create environmental
pollution, which clearly is not suitable to the Green Chemistry Principle number 1
(Figure 1) [1-5].

Volumetric method is also used in food analysis, that is to determine saponification
number. The saponification number represents an indication of the nature of the fatty
acid’s constituent of fat in coconut oil, olive oil, and sesame oil. In this procedure,
KOH or NaOH, HC], ethanol, and ether have to be used in large volumes. The use of
the corrosive NaOH/KOH will leave the poison waste, which is unsuitable with prin-
ciple no 1. In addition, since the procedure also uses the hazardous solvents, the
procedure is contradiction with principle no 5.

The COD measurement is essential in monitoring the environmental quality and
the determination of saponification number has an important role in food quality, so
greenings the procedures are required. Greening analysis methods generally can be
conducted in several ways [9, 10], such as:

1.modifying an old method to incorporate procedures that either use less
hazardous chemicals or use lesser amounts of hazardous chemicals.

2.developing new analytical methodologies; instrumental methods in analysis is a
decrease in sample volume needed for analysis.
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3.use of direct techniques of analysis,
* i.e., different laser-spectroscopic methods
* or solventless processes of analysis

In the case of COD determination, the greening procedure can be conducted by
reducing the quantity or volume of the reagent or substituting the toxic reagent with
the saver or less toxic one. The strong oxidant but toxic K,Cr,0; can be substituted
with KMnO, [4]. The other way is by applying a smaller volume of the reagents,
which hence results in low volume of the wastewater or minimize the wastewater.
Using instrumental method to determine saponification number, such as gas chroma-
tography [6], which is greener, is also possible.

2.2 Spectrophotometric methods
2.2.1 Atomic absorption spectrophotometric (AAS)

Atomic absorption spectrophotometric (AAS) method provides concentration data
of metals dissolved in the solution. Accordingly, solid samples such as soils, food,
minerals, etc. have to be destructed to form a clear solution containing dissolved metal
ions [12, 13].

In the AAS method, the dissolved metals have to exist in atomic form. The atom-
ization of the metal ions requires high temperature, which can be from flame or from
electric thermal, and flameless conditions [13]. In AAS method, chemicals are not
required [12, 13] that can prevent waste generation, following principle no.1 [1-5]. It
is clearly suggested that the method falls into a green chemical analysis method.

The atomization of most metal ions usually takes place at high temperature, about
2000-2500°C which can be provided by flame [13], as illustrated by Figure 2, and
also can be from electric from graphite furnace. The high-temperature flame, in
addition to consumes high energy also generates potential accidents, which are
contrary to the principle number 6 and 12, respectively. The high electricity
consumption is not in accordance to the principle no 6. It is concluded that based on
the energy aspect, AAS is included as a less green method. Additionally, among the

Sample solution

Figure 2.
Flame for atomization in AAS analysis.
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metal ions, mercury is the liquid metal at room temperature allowing it to evaporate
at high temperature. Accordingly, the atomization of mercury cannot be

conducted at high temperature, but to be performed by reducing it to form an

atomic phase at room temperature, then called flameless atomization [13].
Accordingly, flameless AAS seems to be greener than the flame one in terms of energy
efficiency.

2.2.2 X-ray fluovescence (XRF) and X-vay diffraction (XRD)

XRF method is used for the determination of the elemental concentration, whether
metals, metalloids, and non-metals. This method can be used for measuring solid,
liquid, and aqueous solutions. The solid samples can be directly measured, and no
needs to be prepared into the aqueous solutions, and hence no chemicals are used.
Additionally, all metals, metalloids, and non-metals in the samples can be directly
measured without any atomization to form elements [13]. It is clear hence that XRF is
greener method than AAS to get the same information.

XRD can only be used for crystalline solid samples and that can be directly mea-
sured. In this method, chemicals are not required, avoiding it to result in waste. The
samples have to be powdered with 100-250 mesh in size. The information given by
this instrument is the type of crystal samples [13]. This method does not result in any
chemical waste preventing environmental pollution.

However, some believe that the X-ray is a hazardous ray, but in the XRF and XRD
instruments, the ray is strictly prevented to irradiate objects including people sur-
rounding. Hence, these methods are in accordance with the principle of Green Chem-
istry no 12.

2.2.3 Fourier transform infraved (FTIR)

FTIR is a spectrophotometric method required to detect the characteristic bonds in
molecules, which can further be used for the identification of the molecules. The
samples analyzed can be liquid or solid. In the analysis proses, the liquid samples are
placed in cuvettes, while the solid powdered is pelleted with KBr matrix [13]. This
method does not need any chemicals and is operated with the low energy infrared. It is
obvious that this spectrophotometric method meets the principles no. 1 and no. 6 of
the green chemistry.

3. Green methods for pollutant removal

Human activities in hospitals, mining, variety of industries, and other fields almost
always result in chemical waste and wastewater. The chemical waste can be toxic
heavy metals, hazardous dyes, and persistent organic compounds. These unexpected
chemicals adhere human health and ecosystem, which are essential to be treated or
removed before entering the environment [14-18].

Several pollutant treatment/removal methods are recognized that are related to
conventional and advanced technologies [20-23]. The conventional methods are
represented by coagulation and adsorption, and the advanced methods discussed in
this chapter consist of photocatalytic -degradation and photo-oxidation, categorized
into advance oxidation processes (AOPs).
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3.1 Coagulation

Coagulation is essentially a chemical process. It is the destabilization of colloids by
the addition of chemicals to neutralize the negative charges of the colloids and to
consolidate suspended contaminants for easy removal from water [23-26]. The
chemicals are known as coagulants that fall into two categories that are inorganic and
organic materials. Frequently used inorganic coagulants include aluminum sulfate,
aluminum sulfate, aluminum chloride, and ferric sulfate [24]. Examples of common
organic coagulants are polyamines, melamine-formaldehyde, and tannins [25]. Gen-
erally speaking, anionic coagulants are suitable to catch mineral particles, while cat-
ionic coagulants can capture organic colloids. Inorganic coagulants are usually cost-
effective and can be used in a wider variety of applications [24-26]. However, the
inorganic coagulants are usually health hazardous and transferred into hazardous
sludge in large volume. This is used for removing particles, colloids, or oily materials
in suspension. The process of coagulation is illustrated in Figure 2. From figure, it
can be seen that at the end of the process, large amount of toxic sludge is produced,
from the colloidal pollutant and the chemical coagulant. This sludge can be catego-
rized as solid toxic waste. Hence coagulation is opposite to the principle of Green
Chemistry no 1.

To make the method greener, the toxic solid waste has to be treated properly, such
as by solidification method. In the solidification, the solid waste is mixed with lime-
stone and cement to form a compact and stable solid. The compact and stable solid
waste can be avoided from releasing into the environment (Figure 3).

3.2 Adsorption

Adsorption is a process that leads to transfer of a molecule or an ion from a fluid
bulk to solid surface. This can occur because of physical forces or chemical bonds. In
the simple term, adsorption is the attraction of ions or molecules onto the surface of a
solid [27, 28]. Adsorption takes place when ions or molecules in a liquid bind them-
selves to the surface of a solid substance. The solids are called adsorbents, which have
a very high internal surface area that permits adsorption. The adsorbent materials
known are natural or synthetic zeolites, natural clay minerals, silica gel, activated
aluminum, and silicic acid [28].

Coagulant Flocculant Destabilized
Industrial Wastewater Particles
Wastewater

/ Treated
I lWastewater

—

Wastewater
Coagulation Flocculation Sedimentation >"*%°

Figure 3.
Coagulation process [24].
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Adsorption is believed as a simple and effective method to remove chemical or
toxic pollutants. This method is most commonly implemented for the removal of low
concentration of non-degradable organic compounds from groundwater, drinking
water preparation, process water or tertiary cleansing after, for example, biological
water purification [28, 29].

Furthermore, green adsorbents have also been developed, including bio sorbents
prepared from Andean Sacha inchi (Plukenetia volubilis L.) shell biomass [30] and
agricultural waste [31]. The adsorbents were prepared from the waste that are haz-
ardous material free and low cost. It is obvious that such adsorbents well agree with
the Green Chemistry principle no. 1, no. 3, and no. 5.

The adsorbents are usually non-toxic and low-cost materials. However, after
a period of time (from minutes to hours) of the adsorption process, the
adsorbent has been saturated with toxic pollutants, generating hazardous sludge
or solid waste (Figure 4). It is clear as well that adsorption is less green method.
The greening method can be conducted by converting the hazardous solid
waste into a compact and stable solid material, preventing it to release into the
environment.

3.3 Advance oxidation processes (AOPs)

Advanced oxidation processes are based on the generation of OH radicals that are
very reactive, non-specific, and strong oxidant. The strength of the OH radical is
indicated by the high standard reduction potential (E), as 2.80 V, which is higher than
the standard reduction potential (E) of ozone (2.07 V), known as strong oxidizing
agent [32]. AOPs are considered powerful methods for degradation of various organic
pollutants due to their ability for removing almost any organic contaminant. A great
number of methods are classified under the broad definition of AOPs based on the
oxidizing agents applied [32-50].

Most of them use a combination of strong oxidizing agents (e.g., H>O,, O3) with
catalysts (e.g., transition metal ions) and irradiation (e.g., ultraviolet, visible) [32-47].
A combination of H,0, and Fe(II) ion transition metal known as Fenton agent is used
Fenton process. When the Fenton process is accompanied by ultraviolet or visible
light, the process is named as photo-Fenton. The process involving TiO, photocatalyst
and ultraviolet light irradiation is drawn as a photocatalysis process. Using O3 as
oxidant in the degradation process is called ozonation. Oxidizing agents from metals,
metal oxides, and graphene can also be included in the AOPs.

- Adsorption
| |

‘ Adsorbent
saturated
with dyes

Dyes Clean water
wastewater

Figure 4.
Simple illustration of adsorption process.
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3.3.1 Fenton/photo-Fenton processes

Fenton oxidation process is a catalytic reaction of H,O, with ferrous ions, that
predominantly produces OH radicals as the central oxidizing species, and ferric ions as
shown in Eq. (1). Then the ferric ions are reduced back by H,O, into ferrous ions, as
presented by Eq. (2) [32-36].

Fe’* + H,0, = Fe** + “"OH + «OH (1)
Fe’* + H,0, = Fe?* + HO,* + H* ()

The above reaction results in the continuous support of Fe** iron for the direct
Fenton reaction, thus minimizing the required Fe** concentration, enhancing the
catalytic oxidation cycle, and providing additional *OH [33].

Photo-Fenton process involves a combination of Fenton reagents (Fe** + H,0,)
and UV-visible radiation (2 < 600 nm) that gives rise to extra OH radicals by two
additional reactions. The reaction of OH radicals’ formation due to the photodecom-
position of H,O, by UV light, as presented in Eq. (3) [33].

Fe(OH)*" + light = Fe?* + «OH (% <580 nm) (3)
H,0, + light = 2°OH (% <300 nm) (4)

Fenton, as well as Photo-Fenton type processes, are favored by acidic pH condi-
tions, in the range of pH 2.8-3.0. However, the Fenton process produces a large
amount of ferric hydroxide sludge at higher pH, which requires additional separation
and disposal of solid waste (9). Accordingly, for the wastewater with higher pH in
many cases, the acidification of the reaction medium is a necessity.

The application of UV-C and even UV-A (near UV) radiation during the
Fenton (= photo-Fenton) process causes a dramatic increase in the *OH formation
efficiency [33-36]. A large number of the *OH enables the use of lower ferrous
catalyst concentrations, preventing the solid waste of the ferric hydroxide sludge.

It seems that the photo-Fenton process is greener, in terms of waste minimization
(principle no.1), and the effect of using UV light on the prevention of precipitation is
found to be significant.

The low efficiency affecting photo-Fenton processes at neutral pH is mainly due to
iron precipitation, and can be therefore prevented by properly adding iron
complexing agents. As pointed out in reaction Eq. (5), such compounds (L) should be
able to form stable complexes with Fe(III), which (i) significantly absorb UV-vis light
and (ii) undergo photochemical reductions leading to Fe(II) ions [34-36]:

[Fe*'L] + ho — [Fe*'L] % — Fe*" + L’ (5)

Iron complexing agents used for preventing precipitation of ferric hydroxide are
Polycarboxylates and amino polycarboxylates that can form stable complexes with Fe
(III), absorb light in the near-UV and the visible regions more efficiently than aquo-
complexes [35, 36], and undergo photoreduction through a ligand-to-metal charge
transfer (LMCT') generating Fe(II) ions [36]. The iron complexing compounds should
be photo-degraded during photo-Fenton process, to avoid chemical waste formation.
It is clearly seen that the addition of complexing compound can make Fenton and
photo-Fenton greener.
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3.3.2 Photocatalysis over TiO,

The photocatalytic process using TiO, photocatalyst is very promising for applica-
tion in water purification and wastewater treatment because many organic com-
pounds can be decomposed and mineralized by the proceeding oxidation and
reduction processes on TiO, surface [37-47]. The most commonly tested compounds
for decomposition through photocatalysis are phenols, chlorophenols, pesticides, her-
bicides, benzenes, alcohols, dyes, pharmaceutics, humic acids, organic acids, and
others [37]. Additionally, photocatalysis process over TiO, for reducing the toxic Cr
(VI) into the harmless Cr(III) as well for oxidizing the hazardous Pb(II) into the safer
PbO, are also assessed [37].

TiO, is the most commonly used photocatalyst, because it is non-toxic, chemically
stable, cheap, and very efficient. In photocatalysis, light of energy greater than the
bandgap of the semiconductor excites an electron from the valence band to the
conduction band. In the case of anatase TiO,, the bandgap is 3.2 eV, therefore UV light
(A <387 nm) is required [37-47]. The absorption of a photon excites an electron to the
conduction band (e CB) generating a positive hole in the valence band (h* yg) and an
electron in the valence band (e~ ¢g), as presented as Eq. (6). The hole can interact
with a water molecule, as seen in Eq. (7).

TiO, + UV light = TiO, (h*vg + e cs) (6)
h*yg + H,0 = «OH + H' 7)

However, it has some disadvantages: one of these is a relatively high value of the
bandgap, around 3.2 eV, which limits its use under UV light. The other weaknesses are
: high dispersion in the water which causes difficulties in sedimentation, and sensitive
to the recombination of photoinduced electrons and holes, which decreases its
photocatalytic activity [39-47]. The weakness of using UV light allows it to consume
high energy (ignores principle no. 6) and the hazardous UV light is potential to cause
an accident if exposes to a person for long time (less suitable to the principle no 12).
Clearly, the method has not followed fully the principles of the Green Chemistry.

Therefore, an effort has been focused to overcome this deficiency of using UV
light, by doping TiO, crystal structure with either metal elements [38-44], or non-
metal elements [45-47]. Doping process is hoped to narrow the bandgap that falls into
visible region. Metal elements that have been doped into TiO; include Ag [38-40], Au
[41] Cu [42], and Fe [43, 44], while non-elemental dopants are N [45], S [46], and C
[47]. The doping TiO, has been frequently reported to be able to decrease their
bandgap from 3.2 to smaller than 3.0 eV. The narrowing gap is illustrated in Figure 5.

The gap decrease is able to enhance its photoactivity significantly under visible
light irradiation. The use of visible light for replacing the UV light, enables
photocatalysis process to be greener method. The photocatalysis process for complete
degradation of organic pollutants will form smaller and saver molecules, which is in
line with waste minimization. It is clear that this method obeys principle no. 2, and is
in line with the green method.

3.3.3 By using nanomaterial oxidizing agents

Several metal [48] and metal oxide nanomaterials including iron oxide [49],
graphene oxide [48], as well as graphene bounded with metals [50] have shown strong
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b O dopant

Figure 5.
The simple illustration of a) un-doped TiO,, and b) doped TiO,.

oxidizing power. Iron oxide nanoparticles have been prepared by using citrus extract
for confinement of the particle growth. This method has produced in the nanoparticles
providing a larger surface, an advance to result in effective degradation of some dyes
[49]. The nanocomposite of graphene oxide bound with metal by using biomass as a
template has also been reported [48]. This oxidizing agent has been proven to show
effective degradation of the organic pollutants. Furthermore, the use of part of plants as
reducing agents as well as a template for oxidizing agent nanomaterial has also been
developed. One of the examples is graphene-supported silver nanocomposite [50]. The
reducing agent from the biomass, replacing the toxic chemical can be categorized as the
green reducing agent. The use of citrus and biomass waste as a template and reducing
agent replacing the hazardous chemicals, allow the method as a greener one, due to the
agreement with the principle no. 1, no. 5 and no. 12.

4. Conclusions

Several chemical analysis and pollutant removal methods are believed as very
important and required by many fields. Some of the methods are recognized not obey
some of the principles of the Green Chemistry. The greening methods of chemical
analysis and chemical pollutant removal are essential, which can be conducted by
reducing the quantity (mass and volume), substituting the toxic chemicals with the
harmless or less toxic chemicals, modifying, and replacing them with the greener
methods.
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Abstract

The background of green chemistry represents the dramatic module of a new
millennium, the substantiable chemical process steam for evaluation in designing
phase to incorporate the principles of GC (Green Chemistry) in 1990s. there has been
a tremendous success in developing a new product and process which are more
compatible with biological, zoological and botanical perspective to illuminate the
sustainability goal, this chapter represents the simplified way to lookout different
approach adopted in GC-research, the methodology enhance the chemical process
economics, concomitant which deduct the environmental burden. This review merely
focusing on eco-friendly protocol which replace the traditional method of synthesis
followed in chemistry to synthesize lifesaving drugs, with prevention outgoing waste
from industries. GC and chemical engineering or green engineering (GE) should
produce eco-friendly chemical process for drug design which likely to be spread
rapidly in next few decades. This chapter explains in-depth and compact with detailed
glimpse of environment friendly-protocol and principle bridging continent and scien-
tific discipline to create new solution.

Keywords: green Chemistry, sustainability, biological, zoological, botanical,
eco-friendly, industries, drug-design, environmental, scientific

1. Introduction

Green chemistry approach is an advanced field of science and it attracted the
scientist and researcher since decade, it opens the enormous gateways to modified
version of known synthetic reaction in a newer way with associated enlarged potenti-
ality accompanied by sustainability [1]. Revolutionary measures against solvent based
synthetic reaction were invented in green synthesis roots, whereas organic solvents
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were replaced with non-organic medias in synthetic reaction to overcome the volatil-
ity and corrosiveness of hazardous nature of organic solvent to preserve the environ-
mental greenness. Chemistry and engineering working in the area of green chemistry
are proliferating, and quite justifiably [2], asked to explain why their experimental
reactions, process or product is actually sustainable or green, it was an on-going
debate on the topic, often the assert of sustainable or green reactions cut-throat
disagreement. In this context, the 12-Principles of green chemistry become widely
accepted set of criteria for high-speed screening towards “Greenness” for comparing
the environmental acceptability of two rival process. The 12-Principle are not suffi-
cient to elaborate the whole concept of green chemistry (Figure 1) mostly relevant to
important concept in regards to environmental impact; for example, fundamental
process or product need to be monitored for its lifecycle and heat recovery from
exothermic or endothermic reaction. For this reason, some scientist proposes the 12-
principles of green engineering (Figure 2).

Green chemistry

USE OF RENEWABLE RESOURCES. USE OF RAW MATERIALS AND
FEEDSTOCKS THAT ARE RENEWABLE RATHER THAN DEPLETING
RENEWABLE FEEDSTOCKS ARE OFTEN MADE FROM AGRICULTURAL
PRODUCTS OR ARE WASTES OF OTHER PROCESSES; DEPLETING
FEEDSTOCKS ARE MADE FROM FOSSIL FUELS (PETROLEUM, NATURAL
GAS OR COAL) OR ARE MINED.

PREVENTION. IT IS BETTER TO PREVENT
WASTE THAN TO TREAT OR CLEAN UP
WASTE AFTER IT HAS BEEN CREATED.

ATOM ECONOMY. SYNTHETIC METHODS
SHOULD BE DESIGNED TO MAXIMIZE THE
INCORPORATION OF ALL MATERIALS USED
IN THE PROCESS INTO THE FINAL PRODUCT,

Reduce D Unnecessary (use of blocking
groups, pe / dep ion, temporary i ion of

physical/chemical processes) should be minimized or avoided if
possible, because such steps require additional reagents and can

Renerate waste.

Less Hazardous Chemical Syntheses.
Wherever practicable, synthetic methads
should be designed to use and generate
substances that possess little or no toxicity to
human health and the environment.

USE catalysts, not stoichiometric reagents. Minimize wastes by using
catalytic reactions. Catalysts are used In small amounts and can carry
out a single reaction many times. They are preferable to stoichiometric
reagents, which are used in excess and work only once.

DESIGNING SAFER CHEMICALS, CHEMICAL
PRODUCTS SHOULD BE DESIGNED TO
AFFECT THEIR DESIRED FUNCTION WHILE
MINIMIZING THEIR TOXICITY.

Design for Degradation. Chemical products should be designed so that
at the end of their function they break down into innocuous
degradation products and do not persist in the environment

Real-time analysis for Pollution Prevention. Analytical
methodologies need to be further developed to allow for real-
time, in-process monitoring and contral prior ta the formation
of hazardous substances.

Sater Solvents and Auxiliaries. The use of
auxiliary substances (e.g., solvents, separation
agents, etc.) should be made unnecessary

wherever possible and innocuous when used.

Inherently Safer Chemistry for Accident Prevention.
Substances and the form of a substance used in a chemical
process should be chosen to minimize the potential for
chemical accidents, including releases, explosions, and fires.

Design for Energy Efficiency. Energy requirements
of chemical processes should be recognized for
their environmental and economic impacts and
should be minimized. If possible, synthetic
methods should be conducted at ambient
temperature and pressure.

Figure 1.

Classical principle used to followed in green chemistry for synthesis.
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Figure 2.
Principles of green chemistry and green engineering.

In-depth scripture of both principles was, well articulated till date, here we
representing the linking key which opens the roadmap, to get it, into the principle of
green chemistry and green engineering, without lengthening the discussion, we are
discussing the bullet points to crystal clear the importance of green technology which
is lost in debate while digging-out the available repositories. Hence forth we are
proposing a condensed version of green chemistry and engineering, fitting onto single
sentence and incorporated mnemonic PRODUCTIVELY (green chemistry) and
IMPOVEMENTS (Green engineering), we believe these two condensed forms are
sufficient to manage the entitled topic of this chapter, this chapter re-present both
the topic in form of 24-principle for sustainable green technological chemistry [3]
(Figure 2). With this combined set we encourage the reader to reciprocate the
sustainable future in new way called IMPROVEMENTS PRODUCTIVELY.

2. Methodology

This work speaks about the technical branch imbedded, environmental friendly
and cost-effective utilization of resources that minimize or even exclude the produc-
tion of harmful bi-product in designing and manufacturing of product, which will
ultimately increase the yield of product [4].

2.1 Green chemistry application and synthetic methodology

With reciprocating to above principles some examples related to synthetic appli-
cation, utilization, minimization of bi-product, invention, design, application of
chemical process and products in academic laboratories and industries based on
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Environmental Protection Agencies (EPA) & Organization of economic co-operation
and development (OECD) [5].

2.1.1 Synthesis of polymer

Synthesis of polycaprolactone. Poly (E-caprolactone) PCL is important biodegrad-
able and biocompatible synthetic polymer used in prosthesis and controlled drug
release matrix for active substance, this polymer obtained by ring polymerization

reaction (Figures 3-10) [6].

* Synthesis of polyurethane: Novel synthetic routes to polyurethane production
without using diisocyanate

* Synthesis of series of polyhydroxy-urethane

* Synthesis from commercially available ethylene carbonate

c--‘"-\.o
n > H—{—0—(CH,);-C}OH
Q C (CHy)3 (Izl.}n

Figure 3.
Polymerization of PCL.
COOH 0 CH;
HNT "N HC 0,/.‘/\;)/\0 E @Oﬂo
- CH; \=— [}
" |: 0 ’ i COOH
se 3 3
e
A O ]
/\cg\ CH; OH " o
Figure 4.

Optically active polyurethane bearing hydroxyl and carboxyl group.
O O
%4)/ Rl\[k + R
o o o o H)N NH,

|

Figure 5.
Poly addition of bifunctional and five carbonate and diamine
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Figure 6.
Polyurethane from ethyl carbonate.

(o)
J'I\ o
0 NH Cationic ring opening _ J.I\
W Polymerization o A, NH O
m

Figure 7.
Cationic ring opening polymerization reaction.

Figure 8.
New rout to polyurethane containing urethane bond.

CH; O "
J IR

+ scCOy —» N (o)
H

L CH; 1-n

H
N

CHj3

Figure 9.
Sensitive phase transformation reaction in water.

* Synthesis of Alternative route to synthesis poly (tri methylene urethane) and
poly (tetra methylene urethane)

* Synthesis of 2,2-dimethyltrimethylene carbonate

* Synthesis of thermo-responsive polyurethane
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O
+ Il
CHycooH —H— » H;c—C® + H0
O
[ T + H;CCO
me-c® _H . k.. -
Fries rearrangement
OH OH OH
Resorcinol Resorcinol monoacetate Resoacetophenone
Figure 10.

Dihydroxy acetophenone from resorcinol and acetic acid.

* Synthesis of Reso-acetophenone (2,4-dihydroxyacetophenone)
* Bromination
2.1.2 Alternative methods to classical synthesis

Less hazardous chemical synthetic reactions in chemistry to prevent accident,
safeguard the environment and prevention of by-product, not only to the public but
also to laboratory-worker [7]. How to use safe alternative methods in process material
in process some examples depicted in the Table 1 represents the protocol for haloge-
nation where as sustainable method safe, ecofriendly, less time consuming with high
yield compare to classical methods, Tables 2-6 represents the green synthetic proto-
col which already replaced with classical methods.

Where as the Table 6 represents the modern method of drug synthesis by using
Microwave irradiation technique.

2.2 Green engineering and its application

Green engineering becomes a sustainable and training technology in construction
sector [14], its values are influential and all-inclusive, its very broad field to meet the
demand for more sustainable process, the innovation includes; Smaller continuous flow
reactor, new scale reactor and designer, new separation technique which decreases the
amount of necessary solvent and energy, Process designing requires no separation, an
integrated system approach to maximize heat transfer. Green chemistry design of inher-
ently safe reaction and use of nonhazardous materials also contribute to the use and
application of green engineering principle. With this safe process, the risk management
does not have to be engineered to limit the exposure or potential for accidents [15, 16].

Tables: Sustainable synthetic schemes with application and replacement of
catalysts [17, 18].

3. Conclusion and future perspectives

The rapid industrialization and urbanization in present scenario are only to achieve
growth and development around the globe. The natural creations unfortunately
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ignored by today’s generation to achieve goals. Whereas three essential pillars (soil,
water & air) need to be sustainable to lead successful happy present life without
compromising future. Where as green chemistry and green engineering emerged out
necessity at this junction, to safeguard and substance of all leaving kingdom. It is our
responsibility to maintain ecological balance.

The standpoint of this review chapter to show the possible improvement done, by
improving energy efficiency, through elimination of unnecessary energy used and
saving of 30% of cost on energy, which makes green technology of utmost important,
the adaptation of vista of green chemistry with technological implementation will help
to achieve conservation of resources, above all, research and construction, goes hand
in hand, towards the sustainable development by adopting the 24principle of green
synthesis, for sustainable future.

As author believe that it could start by creating awareness by implementing the
portion of green chemistry and technology in academic to sensitize the students about
the need of today without compromising tomorrow by following the slogan GO
GREEN WITH CHIMISTRY & TECHNOLOGY.
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Chapter 3

Green Synthesis of Chalcone
Derivatives Using Chalcones
as Precursor

Surbhi Dhadda, Prakash Giri Goswami and Himanshu Sharma

Abstract

Recently, the use of green methodologies like sonication, use of ionic liquids, etc.
attracted the attention of researchers in the field of organic synthesis as they have
advantages such as mild reaction conditions, environmentally benign procedures, etc.
Herein, this chapter highlights some recyclable ionic liquids (ILs) catalyzed ring
closure reactions of chalcones to obtain several heterocyclic rings viz.; pyrazoles,
pyrans, pyrimidines under ultrasonification. These reactions have very important
features i.e., short routine, high yields, being environmentally friendly, high func-
tional group tolerance, formation of a single product, high atom economy, high
yielding, no need for column purification, etc. The various synthesized compounds
were prepared in optimized reaction conditions in good to efficient yields. Analytical
and spectral (FTIR, 4, and 33C NMR) techniques were employed for the structural
elucidation of the synthesized compounds. The ionic liquids used in the synthesis are
recycled and reused several times.

Keywords: Chalcones, green synthesis, ionic liquid, ring closure reactions, sonication

1. Introduction

In recent years, the emphasis of science and technology has shifted more toward
environmental benign and sustainable resources and progress. Green Chemistry is
paramount concept in chemistry for sustainability, which is the implementation of a
set of principles that minimize or get rid of the utilization or generation of hazardous
substances in the design, manufacture, and applications of chemical products [1].
Presently, Sonochemistry is a simplistic pathway for a huge variety of syntheses in
organic chemistry. Hence, significant features of the ultrasound approach compared
with traditional methods are in higher yields, milder conditions, lesser reaction times,
improved reaction rates, formation of purer products, easier manipulation and a role
in waste minimization and energy protection [2-5].

Multicomponent reactions [6] leading to facinating heterocyclic scaffolds must
appear as Potent tools for delivering the molecular diversity required in combinatorial
approaches for the synthesis of bioactive compounds and producing varied chemical
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libraries of drug-like molecules for biological screening [7, 8]. Chalcones, or 1,3-
diphenyl-2-propen-1-ones, are commonly occurring heterocyclic ring systems and
are important structural motifs found in many natural products and pharmaceuticals.
It is also known as benzalacetophenone and benzylidene acetophenone. Chalcones
are one of the most important classes of flavonoids [9, 10]. Further ring closure
reactions of Chalcones can be used to obtain various heterocyclic rings viz.;
Pyrazoles, Pyrans, Cyanopyridines, isoxazoles and pyrimidines having different
hetero-cyclic ring systems and multiple derivatives can be synthesized using
chalcones [11-15].

The increased environmental concerns needed the replacement of present methods
with new more sustainable processes which used the ionic liquids in place of organic
catalysts and solvents [16-25]. Ionic Liquids (ILs), as a class of molten salts, are
composed entirely of ions and their melting point is around or below 100°C [26-36].
Due to short reaction times, mild reaction conditions, better yields, easy recyclability
thermally stable, non-flammable character with negligible vapor pressure, adjustable
miscibility with organic substrates and tunable solvating ability ionic liquids (ILs)
have attracted the attention of organic chemists [37-49]. Furthermore, unique
physiochemical properties that make them potential candidates for many applications
in pharmaceuticals, industry and academia [50-52].

There are several varieties of ionic liquids being studied, out of them a few Simple
functionalized ILs have created unparalleled fascination as they display some benefits
for certain base-catalyzed processes, like easy recycling and better catalytic perfor-
mance [53]. The environmentally benign basic ionic liquids are used as reaction media
as well as catalysts in the development of multicomponent reactions (MCRs). Among
all such basic ionic ILs [DBU][OAc] has shown the desired results. Some of the key
benefits that can be highlighted for utilization of this IL as catalyst are, the desired
product obtained without any further purification and the recyclability of the catalyst
was found to be up to 5 cycles. The investigation of alternatives with the help of ionic
liquids to conventional organic solvents is a developing research area due to increased
environmental concerns.

Herein, we are especially interested in developing the potential use of efficient,
simple methodology for the ring closure reactions of chalcones using [DBU][OAc] as
ionic liquids as a solvent and catalyst. Chalcones can be used to obtain various
heterocyclic rings through ring closure reactions (Figure 1).
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Figure 1.
General scheme of ring closure reactions of chalcones.
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2. Experimental section
2.1 Materials and methods

Melting points were recorded in open glass capillary tube using Gallenkamp melt-
ing point apparatus and are uncorrected. Checked by Thin layer chromatography
(TLC) was applied to check the purity of synthesized compounds and Spots were
visualized by irradiation with UV lights (254 nm) or by staining with iodine vapors.
The Fourier-transform infrared (FT-IR) spectra were recorded on SHIMADZU 8400S
FT-IR spectrophotometer and wave number is given in cm ™. The '"H NMR spectra
and >C NMR (by broad band proton decoupling technique) were recorded on JEOL
AL spectrometer in CDCl3/DMSO-dg solvents at 400 and 100 MHz and chemical shift
were measured in 8 ppm relative to TMS as an internal standard. The Mass (HRMS)
spectra were recorded on JEOL SX 102/DA-600 using Argon/Xenon gas. The elemen-
tal analysis (C, H and N) were performed using vario-III analyzer at CDRI Lucknow.

2.2 General procedure for preparation of DBU based ionic liquid

According to the reported literature [DBUH][OAc] ILs [54] and [DBUH][CI] ILs
[55] were synthesized by the reaction of 2,3,4,6,7,8,9,10-octahydropyrimido[1,2-a]
azepine (DBU) and acetic acid or hydrochloric acid, respectively.

2.3 General procedure for preparation of chalcones (3a-c)

Chalcones were synthesized according to the reported procedure with minor
modification (Figure 2), the synthesized products were characterized by 'H NMR,
and physical data and compared with those reported in literature [54].

o o o]
@)LH + /@).LCH:” ___10% NaOH =
R DCM, RT

1 4h R,
R, = Br, Cl, OCH;

Figure 2.
General procedure of synthesis of chalcones (3a-c).

2.4 Model reaction for preparation of pyrazole derivative (4a)
Chalcone derivative (1 mmol) and methylhydrazine (1 mmol) were ultrasonicated
catalyzed by [DBUH][OAc] (5 ml) at 50°C for about 4 h (Figure 3). The crude

product was refrigerated overnight. The precipitate formed was filtered off and
crystallized from ethanol yielding yellow crystals of the product (4a).

o

e H DBUH][OAc] IL
@ @ +  HyC-N-NH, 22 SHIOACl fLs
o Sonication)))) Br

50°C,4h

Figure 3.
Model veaction for preparation of pyrazole derivative (4a).
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2.4.1 Spectroscopic data of (4a)

'H NMR (400 MHz, DMSO-d¢) & 8.81, 7.94, 7.59, 7.47, 7.44, 7.38, 3.96; *C NMR
(100.15 MHz, DMSO-d) & 145.51, 133.32, 131.99, 130.37, 129.66, 128.69, 128.34,
126.78, 125.67, 123.12, 122.13, 40.57; HRMS; m/z 312.04 (M+); C16H13BrNy: caled. C,
61.36; H, 4.18; N, 8.94; found C, 61.34; H, 4.20; N, 8.97.

2.5 Model reaction for preparation of pyran derivative (5a)

Chalcone derivative (1 mmol) mixed with a,-diketone (1 mmol) was
ultrasonicated in [DBUH][OAc] (5 mL) for about 45 minutes. The mixture was heated
to 60°C for 2 h to complete the reaction which was monitored by TLC. The organic
layer was extracted with ethyl acetate, washed with water and then dried over Na,SO4
which was followed by filtration and concentration. The crude was recrystallized from
ethyl acetate and hexane mixture to give pure product (5a). The catalyst remained in
the aqueous phase was reused in other reactions (Figure 4).

A

(e ]
o
S o o [DBUHI[OAC] ILs
O Oi + M Sonication)))) (\
~ Br ’ BF/ =

60°C,2h ~

o

Figure 4.
Model reaction for preparation of pyran derivative (5a).

2.5.1 Spectroscopic data of (5a)

'H NMR (400 MHz, DMSO-d) & 7.45, 7.32, 7.28, 7.25, 7.01, 5.27, 3.60, 2.28, 2.21,
2.12, 2.05; 3C NMR (100.15 MHz, DMSO-d¢) & 195.02, 164.92, 142.45, 138.87, 131.92,
129.14, 128.97, 128.27, 128.12, 122.84, 107.13, 76.87, 35.62, 35.14, 27.61, 16.76; HRMS;
mlz 370.01 (M+); CyoH19BrO,: caled. C, 64.72; H, 5.17; found C, 64.75; H, 5.21.

2.6 Model reaction for preparation of cyanopyridine derivative (6a)

A mixture of chalcone derivative (2 mmol) with malononitrile (2 mmol) in 5 mL
of [DBUH][OAc] was ultrasonicated at atmospheric pressure at 65°C for 3 h
(Figure 5). After completion of the reaction, the mixture was cooled to room tem-
perature and the organic layer was concentrated. The pure product was obtained by
column chromatography (n-hexane:ethyl acetate = 80:20) to afford the preferred
product (6a).

(o]
™. =
DBUH][OACc] ILs
@ @ + Neen PBUHIOAC] N
Sonication)))) = CN

Br
65°C,3h

Figure 5.
Model reaction for preparation of cyanopyridine derivative (6a).
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2.6.1 Spectroscopic data of (6a)

'H NMR (400 MHz, DMSO-dg) 6 9.21, 8.40, 7.95, 7.62, 7.51, 7.44, 7.46; *C NMR
(100.15 MHz, DMSO-dg) & 160.21, 152.79, 151.01, 138.51, 138.45, 131.34, 130.03,
129.67, 128.99, 127.91, 121.91, 120.71, 117.22, 110.19; HRMS; m/z 334.06 (M+);
CigH11BrNy: caled. C, 64.52; H, 3.35; N, 8.37; found C, 64.49; H, 3.33; N, 8.36.

2.7 Model reaction for preparation of isoxazole derivative (7a)

Chalcone derivative (1 mmol) was ultrasonicated with hydroxylamine hydrochlo-
ride (1 mmol) in catalytic influence of [DBUH][OAc] ILs (5 mL) at 70°C for 1h
(Figure 6). The formation of product was monitored by TLC. Isoxazole derivative
was obtained by keeping the reaction mixture on ice bath, then the desired product
was isolated, washed with water, and dried (7a).

Br
(o]
R Q ©
@ @ 4+  H.,N-oH _[DBUHI[OAC]ILs
2
Sonicati
Br C;r;t:a::h:nr)‘)” ! EN
’ o

Figure 6.
Model reaction for preparation of isoxazole derivative (7a).

2.7.1 Spectroscopic data of (7a)

'H NMR (400 MHz, DMSO-d) & 8.66, 7.69, 7.57, 7.50, 7.41, 7.32; >*C NMR
(100.15 MHz, DMSO-de) & 170.26, 154.95, 131.82, 130.67, 128.61, 128.30, 128.07,
127.55, 126.73, 125.41, 116.74; HRMS; m/z 299.04 (M+); C1sH;oBrNO: caled. C, 60.01;
H, 3.37; N, 4.69; found C, 60.03; H, 3.39; N, 4.71.

2.8 Model reaction for preparation of pyrimidine derivative (8a)

To the mixture of chalcone derivative (1 mmol), guanidine hydrochloride
(2 mmol) was added with [DBUH][OAc] ILs was heated under ultrasonication for 2 h
at 55°C. The completion of the reaction was checked by TLC (Figure 7). The reaction
mixture poured into ice water and formed product was filtered and recrystallized
from ethanol (8a).

i Q O i
NH
=

=
+ I [DBUH][OACc] ILs i
- HzN™ "NHz.HCl " “gonication))) N\fN
55°C,2h
NH,
Figure 7.

Model reaction for preparation of pyrimidine derivative (8a).
2.8.1 Spectroscopic data of (8a)

'H NMR (400 MHz, DMSO) 8 7.77, 7.64, 7.47, 7.41, 7.15, 2.29; *C NMR
(100.15 MHz, DMSO-d) 8 160.02, 158.70, 138.09, 136.17, 132.01, 131.05, 130.28,
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Figure 8.
General representation of preparation of chalcone derivatives (4-8a-c).

129.20, 128.35, 125.47, 112.89; HRMS; m/z 325.05 (M+); C16H1,BrNa: caled. C, 58.93;
H, 3.72; N, 12.90; found C, 58.97; H, 3.70; N, 12.91 (see Figure 8).

3. Results and discussion

In this chapter, the ring closure reaction of chalcone derivatives in the presence of
basic ionic liquid [DBUH]OACc to afford the several derivatives like pyrazoles, pyrans,
pyrimidines, isoxazoles, and cyanopyridines. Different catalytic systems were used to
optimize the reaction conditions on the set of model reactions.

3.1 Optimization of reaction conditions

The reaction conditions were optimized on the respective model reactions, further
these optimized reaction conditions were used to produce corresponding derivatives
of chalcones (Table 1).

We have carried out the synthesis of a number of chalcone derivatives (4-8a,b,c)
under different reaction conditions. The optimized conditions for all the ring closure
reactions of chalcones involved use of [DBUH]OACc ILs as catalyst under sonication
for appropriate time at adequate temperature (Table 2, Entry 6).
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3.2 Reusability of ionic liquids

The catalytic reusability of ILs was observed during optimized reaction conditions.
The ILs were easily recovered as filtration after the completion of reaction. The
recovered ILs were used four times without remarkable loss in activity but after that
there is sudden decrease (Figure 9) in yield of products.
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80

75

70
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Figure 9.
Reusability and recyclability of [DBUH]OAc ILs.

4. Conclusion

In Summary, we developed a simple and efficient catalytic system that can effec-
tively promote the conversion of chalcones into different derivatives viz.; Pyrazoles,
Pyrans, Cyanopyridines, isoxazoles and pyrimidines via [DBU][OAc] IL catalyzed
ring closure reactions under mild conditions. A series of functional ILs was screened
and [DBU][OAc] was determined as the optimal catalyst. This mild and environmen-
tal friendly synthetic methodology permitted us to synthesize products in good to
excellent yields. There are many merits of the used protocol like, low cost of green
catalyst, operational simplicity, obtaining products in high yield, and the catalyst can
be reused without any significant loss of catalytic property up to five catalytic cycles.
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Chapter 4

Mechanochemistry in
Organocatalysis: A Green

and Sustainable Route toward the
Synthesis of Bioactive Heterocycles

Biplob Borah and L. Raju Chowhan

Abstract

Considering the great prevalence of heterocyclic compounds in the core structure
of numerous natural products, synthetic drug candidates, active pharmaceutical
ingredients, and also in optoelectronic materials; tremendous efforts have been
dedicated toward their synthesis and functionalization. But, the exploitation of
hazardous, volatile organic solvents and toxic reagents caused disadvantageous
effects on the atom economy and eco-friendly nature of the chemical transformation.
Therefore, developing chemical processes providing easy access to complex target
molecules by avoiding the utilization of hazardous solvents and reagents for making
our environment toxic-free is of increasing significance for chemists in both academia
and industry. The synergic combination of the features of mechanochemical activa-
tion as alternative energy input with the efficiency associated with small organic
molecules that can catalyze chemical reactions is predominantly relevant to fulfill
the goal of green and sustainable chemistry. This chapter is dedicated to providing a
critical overview on the application of mechanochemical techniques for the synthesis
of five- and six-membered heterocycles, as well as complex-fused heterocycles and
spiro-heterocycles under organocatalytic conditions.

Keywords: mechanochemistry, bioactive heterocycles, organocatalysis, ball-milling,
grinding method

1. Introduction

Heterocyclic compounds comprise a broad range of structural motifs ubiquitously
found in the architecture of numerous natural products and active pharmaceuti-
cal ingredients [1-3]. They are frequently existed in the markedly available drug
candidates, fine chemicals and play a fundamental role in medicinal chemistry as a
consequence of their outstanding biological activities, such as anticancer, antibacte-
rial, anti-HIV, antidiabetic, antimalarial [4-8]. Furthermore, they are considered as
significant fragments in many optoelectronic materials, such as laser dyes, fluorescent
whiteners, organic light-emitting diodes (OLEDs), polymers, optical recording,
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organic solar cells, organic semiconductors, fluorescent probes, fluorescent activity,
and sensitizers for dye-sensitized solar cells [9-12].

Owing to these above-mentioned properties and broad chemical landscape, the
construction and functionalization of molecules featuring heterocyclic framework as
the key ingredients have attracted much more attention in synthetic organic chemis-
try [13-17]. However, the utilization of volatile organic solvents in a chemical process
often results in the formation of chemical waste on both laboratory and industrial
scales. This chemical waste was supposed to be one of the main sources of environ-
mental pollution. Therefore, the design and development of a synthetic chemical
route that leads to the expedient and rapid synthesis of diverse and highly functional-
ized heterocyclic scaffolds by avoiding or reducing the utilization of volatile organic
solvents, toxic reagents, and hazardous chemicals to make our environment green and
sustainable is highly desired and has emerged as a key challenge of modern synthetic
organic chemistry. Furthermore, exploitation of energy in a chemical process either
for heating or for cooling leads to an undesirable effect on the living environment.

To address many of these problems, mechanochemical methods, including ball-
milling and grinding via a mortar and pestle have recently received a considerable and
steadily increasing interest that has proved to be an excellent alternative and highly
feasible environmentally benign energy inputs for organic synthesis. Concurrent to
ultrasonic sonochemistry, solar light- and microwave-assisted chemistry, the intro-
duction of mechanochemistry as an attractive and eco-friendly activation method has
made rapid strides to be considered as the method of choice for organic synthesis, as
it avoids the use of hazardous solvents and is less energy-consuming. The mechanical
energy produced by grinding or milling of two solids or a solid and a liquid mate-
rial breaks the order of the crystalline structure and makes close contact between
the starting materials on a molecular scale, thereby producing the desired products.
Mechanochemistry allows chemical transformation to be carried out in solvent-free
conditions and makes them energy efficient by reducing high-temperature condi-
tions to ambient temperature. Similar to ultrasound- and microwave-assisted organic
synthesis, as well as solar light-induced organic synthesis which are associated
with not only the enhancements of the reaction rates but also, involves in reducing
the reaction times; the avoidance of toxic organic solvents, reduced reaction time,
improved safety, less energy consumption, simple workup, and improved yields make
mechanochemical method incredibly advantageous economically and ecologically
favorable procedure in green chemistry [18-23].

But, again the occurrence of transition-metal-catalyst(s) in chemical processes
even at the lowest level communicates the unfavorable effects on the atom economy
and sustainability of the transformation. Notwithstanding, transition metal
catalyst(s) has been successfully employed in the synthesis of valuable structural
building blocks [24-26]; their occurrences in the chemical process caused serious
effects because of their highly toxic nature, and the requirements of high cost for the
preparation of catalytic system. Apart from these, the removal of transition-metal-
catalyst(s) from the chemical transformation which is predominately needed in
the pharmaceutical industry is not so easy and as a consequence, there will be high
chances for contamination of the final compounds. Interestingly, the development of
a synthetic chemical route for the construction of structural scaffolds with high atom-
and step-economy which utilized alternative materials that are not only environmen-
tally benign but also found to be in large scale in anywhere with minimum cost by
reducing or circumventing the exploitation of transition metal catalyst(s), additives,
supportive ligands, and toxic reagents to make a pollution-free environment are highly
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desired. For this purpose, the application of small organic molecules described as
organocatalysts, in organic transformations have provided a new alternative route for
the efficient synthesis of complex molecular structure in terms of synthetic efficiency
and from the green chemistry viewpoint. The unique ability to accomplish chemical
transformation through different activation modes, avoidance of expensive catalysts
and metal catalyst(s), high stability, ready availability and easy recoverability, lower
activation energy, high efficiency, as well as with an immediate reduction in the toxic-
ity and reaction costs makes organocatalysis a highly advantageous and considerable
approach in synthetic organic chemistry [13, 27-30]. These advantages of organoca-
talysis can contribute to many of the requirements of green and sustainable chemistry.
Considering the versatile applicability of mechanochemical activation in organic
synthesis and the significant contribution of organocatalysis in organic transforma-
tion, here we provide a critical overview on the organocatalytic expedient synthesis
of different types of highly functionalized five- and six-membered heterocycles
as well as complex-fused heterocycles and spiro-heterocycles by using mechano-
chemical techniques, including ball-milling and grinding with mortar and pestle.
The mechanochemical activation in organic reactions is well-reviewed by many
researchers [19-23, 31-35] and we hope, the present chapter would be helpful for
researchers working in these fields.

2. Mechanochemical organocatalytic reactions for the synthesis
of five-membered heterocycles

2.1 Synthesis of five-membered heterocycles containing one-heteroatom
2.1.1 Synthesis of pyrroles

The five-membered nitrogen-containing heterocycle, pyrroles and its derivatives
are well-established building blocks of many naturally occurring and synthetic drug
molecules [13]. The most commonly applied method for the synthesis of pyrroles
realizes the Paal-Knorr method that involves the reaction of 1,4-dicarbonyl com-
pounds and primary amines or ammonia.

In 2016, Akelis et al. [36] developed a simple, facile, and highly efficient mecha-
nochemical method for the synthesis of a variety of substituted pyrroles 3 from the
reaction of 1,4-dicarbonyl compound 1 and amines 2 utilizing 1 mol% of citric acid
as the organocatalyst under ball-milling condition for 15-30 minutes in the absence
of solvent (Figure 1). This reaction offers the corresponding pyrroles 3 in 08-84%
yields and the products were obtained in a very short reaction time. Encouraged by
this result, they further extended their methodology for the desymmetrization of
amines or to access bis(pyrroles) 6 by using several aryl or aliphatic diamines 4 and
1,4-dicarbonyl compound 1 as the reactants under the same reaction condition. The
formation of mono-pyrroles 5 that is desymmetrization of amines and bis(pyrroles) 6
depends on the reactant diketones 1 and diamines 4.

Another ball-milling approach for the synthesis of 3,4-disubstituted pyrroles
has been accomplished by Bolm et al. [37] in 2021 (Figure 2). Under the influences
of organic base DBU (1,8-Diazabicyclo[5.4.0]undec-7-ene), the desired products
9 derived from the reaction of enones 8 with TosMIC (toluenesulfonylmethyl
isocyanide) 7 at milling frequency of 35 Hz for 1 hour in solvent-free condition
has been obtained in moderate to good yield (34-92% yield). A vast array of
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o Q Citric acid (1 mol%) ﬂ\
RUW + RZ-NH; = R R’

ball-milling (30Hz), N
2 r.t, solvent-free, RZ2
1 15-30 min 3

08-84% yield
18 examples

R =R'=Me, R% = 4--CgHy, 74%
R =R"=Me, R? = CgHy, 66%
R =R'=Me, R = C,H40H, 80%
R =R' = Me, R? = Benzyl, 71%

R = Me, R' = Ph, R? = 4-|-Ph, 26%, 52% after 30min
R=Me, R'=Ph, R? = CgHs, 23%, 49% after 30min
R = Me, R' = Ph, R? = C,H,0OH, 72%

1 1
L, o o Citric acid 5 R

- 0,
R? + RUW { or-1.0 mol%) _ = N—RZ-N
\NHZ ball-milling (30Hz), L—_ -

r.t, solvent-free,

4 1 15-30 min R R
R = Me; R = Me, Ph, 6
A4 0,
Diamine = g
+
it ) N
4b R N R
NH2 2
HoN R
5
4c NH; 4d NH, (5-84%)

Figure 1.
Synthesis of pyrroles assisted by ball-mill under the organocatalytic condition.

) R!
DBU (1 equiv.)
Tos NC , _ ., EWG - ==
~ R'S ball-milling (35 Hz), N, __
7 8 solvent-free, r.t, 1 h EWG

9
1=
R' = CgHs, 4-OMe-CgHy4, COoMe, 2-Fury|, 34-92%, yleld

4-Br-C(,-H4, 4-N02-C5H4, -CH=CH-C5H4 15 exampfes
EWG = CN, CO-CgH4, CO;Me, CO-4-OMe-CgHa,
CO-4-Br-CgHy, CO-4-NO,-CgH,4, CO-'Bu,

Figure 2.
DBU catalyzed van Leusen pyrrole synthesis under mechanochemical activation.

electron-withdrawing and electron-donating groups was found to be well worked
under this standard condition. The tolerability of a broad functional group, simple
operational procedure, short reaction time, is some of the key features of this strategy.
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2.1.2 Synthesis of furans

A simple but highly attractive one-pot procedure for the synthesis of trans-2,3-di-
substituted 2,3-dihydrofurans in a diastereoselective manner by employing mechano-
chemical techniques as a powerful green energy source under solvent-free conditions
was developed by Chuang and Chen (Figure 3) [38]. With the help of piperidine as
the organocatalyst, the desired products 13 were accomplished via grinding of several
1,3-dicarbonyl compounds 10, aldehydes 11, and N-phenacyl pyridinium bromides
12 in a mortar and pestle for 1-1.5 hours at room temperature have been achieved in
51-79% yield. This reaction was also possible to carry out in conventional solution con-
ditions, however, the mechanochemical method was found to be very superior in terms
of green chemistry point of view and synthetic efficiency. The reaction condition was
found to be tolerable to a variety of 1,3-dicarbonyl compounds and also aryl aldehydes
comprising different electron-withdrawing and electron-donating substituents.

2.1.3 Synthesis of thiophenes

The Gewald method which involves the reaction of ketones, a-methylene carbonyl
compounds, activated nitriles, and elemental sulfur is a well-established approach for the
synthesis of 2-amino thiophenes. In this regard, Mack et al. [39] reported a Gewald reac-
tion of acetophenone 14, ethyl cyanoacetate 15, and sulfur 16 under the ball-milling con-
ditions with a stainless-steel ball (1/8th inch) at 18 Hz for the synthesis of thiophenes 17
by using morpholine as the organocatalyst in solvent-free condition at 130°C. By applying
this method, a total of six compounds were synthesized in a 14-53% yield. Although
solvent-free, as well as metal-free, waste-free short reaction time, makes the advantages
of this protocol, however, the low-substrate scopes mark a limitation of this procedure
and call for further developments otherwise outstanding developments (Figure 4).

2.2 Synthesis of five-membered heterocycles containing two-heteroatoms
2.2.1 Synthesis of pyrazoles

As nitrogen-containing heterocycle, pyrazole and their derivatives have a signifi-
cant role in the field of medicinal chemistry and material sciences. As a consequence,

substantial efforts have been dedicated to their synthesis [16]. In line with this, a
highly efficient one-pot mechanochemical method for the synthesis of a series of

0
0o 0 0 0 B R2 R?
J\)L . JJ\ . + \)J\ Br Piperidine
R1 RZ R3 H Ar Ph grinding with mortar ) / i
10 1" 12 and pestie, 1-15h  R'" g7 {7
r.t, solvent-free Ph

13

51-79% vyield
12 examples

R' = CH3, CgHs, CoHs: R? = CH3, OCoHs, OCHs3;

R® = CgHs, 4-Me-CgH., 4-MeO-CgHy, 4-Br-CgH.,
4-C|-CgH4, 4-(M602C)-06H4

Ar = Py, 4-Me-Py, 4-Bn-Py, 3,5-(Me),-Py, 3-(EtO,C)-Py

Figure 3.
Secondary amine catalyzed grinding assisted one-pot three-component diastereoselective synthesis of
dihydrofurans.
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R
(0]
N~ O Morpholine O\‘ /Et
Me + *‘c\)J\ Et + Sg — > -0
o~ ball-milling (18 Hz),
R 16  solvent-free, 130 °C, 7\
14 15 30 min ~NH,

1 6 examples S
R" =H, 4-NO3, 4-Br, 4-Cl, 4-CN, 4-NHCOMe 17

14-53% yield

Representative examples

Br NC 05N
0 Et 0 Et 0 Et O Et
/ 7/ r; 7
—0 —0 —0 —Q
/\ [\ [\ I\
S NHQ S NH; s -“'NHZ S NH;D

14% yield 25% yield 32% vyield 53% yield

Figure 4.
Organocatalytic mechanochemical one-pot synthesis of thiophene derivatives.

sulfur-containing pyrazole derivatives 21 under solvent-free conditions has been
developed by Saeed and Channar (Figure 5) [40]. With the help of a mortar and
pestle, the authors manually ground the readily available 3-chloro-2,4-pentanedione
18, hydrazine 19, and thiophenol 20 by using piperidine as the base organocatalyst

at room temperature for 10-17 minutes. This three-component reaction afforded the
corresponding products 21 in 72-88% yields. Broad functionality, short reaction time,
mild reaction condition, metal-free, operational simplicity are some of the salient
features of this protocol.

2.2.2 Synthesis of thiazoles

Edrees, Gomha et al. [41] demonstrated the successful application of mechano-
chemical techniques in the synthesis of a library of highly functionalized thiazole
derivatives bearing pyrazole core in their structure (Figure 6). By using DABCO
(1,4-Diazabicyclo[2.2.2]octane) as the catalyst, the treatment of pyrazole-1-
carbothioamide 22 with a-haloketones 23 or 26 under grinding with mortar and

H,N-NH,
19
0O ©0 SH o 5 \ S CH3
)H/U\ & x Piperidine . RA= / ]
| T, . -
H-C CH R+ grinding with mortar N
° ® = and pestle, solvent-free, HsC N7
cl 20 r.t, 10-17 min H
18 21
R = H; CHa; 3-CH3,4-CHg; 3-CH30, 4-CH30; 4-Br; 72-88% yield
3-OCHa3,4-OCHg; 4-Cl; 4-NO,; 2-Naphthy 10 examples

Figure 5.
Piperidine catalyzed one-pot three-component grinding assisted synthesis of pyrazoles.
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B N v{/Ar
4 VI‘.\ s” $"Ar
s N =i
23 N-N =N
Sl g NV o [N
S
cl Cl Cl C
—N | _ 25
N S 24 71-82% yield
\{ DABCO 8 examples
NHz  grinding with mortar _ —
and pestle, neat, r.t, Ar Ar
10-20 min . y
HN- N,
Yok °N
s -~
26 - $7Ny—cH
L%, Je O | 0 - :
N-N NH I N—p N
1l N 4 N U
0 o) S |
Bro - ‘\Ar Hst*’lL‘rf'N‘N’Ar S
- ’ Cl Cl
23 Cl A cl “
26 L 27 - 28

87-75% yield
6 examples

Ar = CgHs, 4-CHa-CgHy, 4-OCH1-CgH4, 4-CI-CgHy4, 4-F-CgHy, 4-NH2-CgHy, 4-Br-CgHa, 4-NO2-CgHy

Figure 6.
Grinding assisted one-pot synthesis of diverse thiazole derivatives bearing pyrazole moiety.

pestle at room temperature was found to proceed in solvent-free condition to form the
desired products 25 and 28 in moderate to good yields, respectively. In both cases, the
reaction was completed through the initial formation of intermediate 24 and 27 which
undergo cyclization and dehydration to afford the final products. A wide variety of
electron-withdrawing and electron-donating substituents present on the aryl ring of
the a-haloketones 23 or 26 were found to be well worked under this reaction condition.

A very simple and straightforward grinding-assisted method to access benzo-
fused thiazole derivatives under organocatalytic conditions was disclosed by Agarwal
and Gandhi (Figure 7) [42]. In this context, they manually grind the readily avail-
able 2-aminobenzenethiol 29 and several aldehydes 11 by using urea nitrate as the
organocatalyst in solvent-free conditions at room temperature. By applying this
operationally simple methodology, a total of six benzo-fused thiazole products 30
were synthesized in excellent yield within a very short reaction time.

R! NH, R! N
o Urea nitrate (15 mol%) \>_R3
s * RBJLH grinding for 30 sec, B S
) r then stirred for 30 min, >
R? " r.t, solvent-free, air R 30
29 95-98% yield

6 examples
R' = R? = H, CHs; R® = 4-CN-CgHy; 3-OCH3,4-OCH3-CgHg; 4-OCoH5-CgHa; 2-furyl

Figure 7.
Grinding-assisted construction of benzo-fused thiazoles under ovganocatalysis.
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2.2.3 Synthesis of imidazoles

Rajitha et al. [43] disclosed the utilization of grinding techniques for the conden-
sation reaction of benzo[c][1,2,5]thiadiazole-4,5-diamine 31 with different substi-
tuted aldehydes 32 under the influences of cellulose sulfuric acid as the organocatalyst
in solvent-free condition at room temperature to access a variety of benzo-fused
imidazoles 33 in moderate to excellent yield. The reaction was found to be well toler-
ated for both aryls and heteroaryl-substituted aldehydes. The mild reaction condition,
short reaction time, use of recyclable and reusable catalyst, environmentally as well
as eco-friendly benign, simple work-up procedure, wide substrate scopes are some of
the advantages of this protocol (Figure 8).

2.3 Synthesis of five-membered heterocycles containing three-heteroatoms
2.3.1 Synthesis of oxadiazoles

Kategaonkar [44] developed an environmentally benign procedure for the con-
struction of oxadiazole derivatives 36 from the condensation reaction of 1H-indazole-
3-carboxylic acid hydrazide 34 and aromatic acids 35 by applying the high catalytic
activity of the cellulose sulfuric acid as the organocatalyst under grinding condition by
using a simple mortar and pestle in solvent-free condition at room temperature. The
reaction was completed within only 5-10 minutes to afford the desired products 36
in good to excellent yield. To broaden the substrate scopes, a variety of aromatic acids
bearing electron-rich and electron-poor substituents on the aryl ring were subjected to
1H-indazole-3-carboxylic acid hydrazide under the optimized reaction condition and
all are found to be efficiently worked by this mechanochemical reaction (Figure 9).

2.3.2 Synthesis of thiadiazoles

Thiadiazoles are well-established five-membered heterocyclic compounds with
three heteroatoms including two nitrogen atoms and one sulfur in their structure.
They are known to be an important skeleton in medicinal and synthetic chemistry due
to their wide prolific pharmacological profile. Considering their importance, Aziem
etal. [45] introduced the grinding process as an eco-friendly and environmentally
friendly chemical technology for the organocatalytic synthesis of various 1,3,4-thia-
diazole derivatives 39 comprising benzofuran moiety in their structure. With the help
of a mortar and pestle, the author’s manually ground benzofuran-bearing hydrazine-
carbodithioate 37 and hydrazonoyl halides 38 in presence of TEA (triethylamine) as
the catalyst under the solvent-free condition at room temperature which eventually

:S ~N /S N
\
N \/\ ~__-NH2 Q / \,(R Cellulose sulfuric amd Ny
[ * — grinding with mortar T >—@
Xy ~NH- H and pestle, solven-free, T N
31 ‘ 32 rt, 2-3 min
33
R = H, 4-Cl, 4-NO,, 4-CH3, 4-OCH3, 4-OH, 75-95% vyield
2-Cl, 2-NOs, 2-Furyl, 1-naphthyl, 4-OC,Hs 14 examples
Figure 8.

Organocatalytic mechanochemical synthesis of benzo-fused imidazoles.
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a _NH Al‘)J\OH grinding with mortar ’—4\ .
HN—N ﬁ ¢ and pestle, neat, r.t, HN— / N
35 10 mi N
34 5-10 min
36
Ar = 2-Cl-CgHy4; 2-OH-CgHy4; 3-Cl-CgH4 86-97% yield
4-OCH3-CgH4; CH=CH-CgHg4 7 examples
2-OCH3,4-OCH3-CSH3; CGH5
Figure 9.
CSA catalyzed vapid access to oxadiazoles 36 by means of mechanochemical activation.
a) O/
N.__s
> L .
7 N \f ,L >7’ R?
N N7 \Ar grlndmg with mortar
0 (o] and pestle, r.t,
0 R! 38 solvent-free, 7 min
37 39
= H, CHaPh: R2 = Me, CH,Ph; R® = CO,C,Hs, COCHa 68-95% yleld

7 examples
Ar = CsHs. 4- NOz-C5H4, 4-Cl- C5H4, 4-CH3-CEH4

b) P ~
0o o y . o o
ame
> N S Cl s > _N S
- H condition N™ = _R3
| " \gﬁ ' R‘J\\:‘N’N“A \N(‘ ’% A
: ) -
o o o c,) f\r/ N
é1 38 R
40 LY
R = H; R? = Me, CH,Ph; R® = CO,C;Hs, COCHa; Ar = 4-NO5-CeHa g%ﬁgﬁgj‘:g
Figure 10.

Tertiary amine catalyzed grinding assisted synthesis of thiadiazoles comprising benzofuran moiety.

leads to the formation of the desired products 39 in moderate to excellent yield within
avery short reaction time (Figure 10a). Enlightened by this result, they extended
their protocol to synthesize another type of thiadiazole derivatives containing chro-
mone moiety in their structure. The same reaction condition was found to be tolerable
to hydrazine-carbodithioate of type 40 and hydrazonoyl halides 38 to deliver the
corresponding 1,3,4-thiadiazole derivatives 41 in good yields (Figure 10b).

3. Mechanochemical organocatalytic reactions for the synthesis of
six-membered heterocycles

3.1 Synthesis of six-membered heterocycles containing one-heteroatom
3.1.1 Synthesis of pyridines

Synthesis of a vast array of 1,4-dihydropyridine derivatives under mechano-
chemical activation has been achieved by Sarada et al. [46]. With the help of a
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mortar and pestle, grinding of readily available aldehydes 11, 2 equivalent of ethyl
acetoacetate 42, and ammonium acetate 43 in presence of 20 mol% of chlorosul-
fonic acid (CSA) as the organocatalyst under the solvent-free condition at room
temperature results in the formation of the corresponding products 44 in moderate
to good yields within a very short reaction time. A wide variety of aliphatic and
substituted aryl aldehydes were found to be well tolerated by this methodology
(Figure 11a). Similar to this, the application of ball-milling techniques as an
alternative energy input for the one-pot synthesis of 1,4-dihydropyridines was
demonstrated by Ghafuri et al. [47]. By using imidazole dicarboxylic acid (IDCA)
as the organocatalyst, the desired products 46, derived from several substituted
aldehydes 11, B-ketoesters 45, and ammonium acetate 43 were obtained in

good to excellent yield under solvent-free conditions. Short reaction time,

energy efficiency, mild reaction conditions are some of the advantages of this
protocol (Figure 11b).

3.1.2 Synthesis of quinolines

A highly efficient and environmentally benign approach for the synthesis of
polysubstituted quinolines via Friedlinder reaction under ball-milling condi-
tions was developed by Javanshir et al. [48]. For this purpose, authors performed
a solvent-free two-component reaction of 2-aminoaryl ketones 47 and a variety
of active methylene compounds 48 under the influences of 30 mol% of p-TSA
(p-toluene sulfonic acid). Initial optimization for the reaction condition of this
reaction in presence of different catalytic systems, such as chitosan, cyanuric
chloride, p-TSA, MCM-41 suggested the utilization of p-TSA as the best catalytic
system under solvent-free conditions. A total of twelve quinoline products 49
were synthesized in poor to excellent yield by this method within a very few
minutes (Figure 12).

a) Sarada et al., R®
0 CSA (20 mol%)  ElO;C CO,EL
R3 )k)‘LOEt * NH“OAC grinding with mortar ‘ \
11 and pestle, r.t, neat, Me N Me
20-30 min H
44

R® = CgHs; CH2CgHs; 3-Cl-CgHy; 2-Furyl; CH=CH-CgHs; 4-NO4»-CgHy;

-889 i
4-N(CHa);-CgHa; 3-OCHz,4-OCH3,5-OCH3-CgHy: Py; CH(CHa)s 75-88% yield

10 examples

R3
J?\ o) ?K IDCA (50 mg)  R'O.C COzR
ey T2 Lv/ or' * NTOAC ball-milling, r.t, 20 min |
1 45 3 solvent-free Me™ H Me
. s 46
R' = Me, Et; R® = CgHs, 4-NO5-CgH4, 4-Me-CgHa,
88-95% yield
4-Cl-CgHj, 4-Br-CgHg, 4-OCH3-CgH 4
64 r-Ceihg 3-Lghs 7 examples

Figure 11.
One-pot mechanochemical synthesis of 1,4-dihydropyridines under organocatalysis.
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0 Ph
1 0, 1 a
R oh . fl\/ . p TlSlA (30 mol%) . R SR
R2 ball-milling, solvept-free, P )
NH2 48 r.t, 30-150 min N R?
47 49
38-96% yield
R'=H, Cl 12 examples

0 0 0] @] @] 0]
48 = M ’ M ' )J\)J\ ’
OMe OEt

O
O : .0 Ogo OF
Figure 12.

Organocatalytic mechanochemical assisted synthesis of quinolines.

3.1.3 Synthesis of pyrans

The synthesis of 4H-Pyran core and their derivatives have attracted tremendous
attention over the last decades due to their great prevalence in natural product chem-
istry, and medicinal chemistry [49]. To develop a rapid, facile, and simple method
inconsistent with the green chemistry principle, the group of Naimi-Jamal [50]
introduced ball-milling techniques in combination with the organocatalytic system
as a perfect chemical process for the synthesis of a vast array of 2-amino-4H-pyrans.
The synthesis involves the one-pot three-component reaction of aldehydes 50,
malononitrile 51, and ethyl acetoacetate 42 in presence of piperazine as the organo-
catalyst under the ball-milling condition at frequency 20 Hz-25 Hz for 20-90 min-
utes. Noticeably, the reaction was carried out at room temperature in absence of
solvent, and the corresponding products 52 were achieved in good to excellent yields
(Figure 13a). Subsequent to this report, Dekamin and Eslami [51] disclosed the
utilization of potassium phthalimide (POPI) as the metal-free organocatalyst for the
mechanochemical one-pot three-component synthesis of 2-amino-4H-pyrans from
the reaction of aldehydes 50, malononitrile 51, and ethyl acetoacetate 42 under the
solvent-free condition at ambient temperature. The reaction required only 5 mol% of
catalyst to efficiently form the desired products 52 in 90-98% yields (Figure 13b).

3.2 Synthesis of six-membered heterocycles containing two-heteroatoms
3.2.1 Synthesis of quinoxalines

Cellulose sulfuric acid was applied as an efficient metal-free organocatalytic system
for the solid-state construction of highly functionalized quinoxaline derivatives by
Rajitha et al. (Figure 14) [52]. By using a mortar and pestle, grinding of substituted
3-bromoacetyl coumarins 53 and thiadiazole-substituted diamine 31 under the
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a) Naimi-Jamal et al.,

o 0 o (0] Ar
Piperazine (15 mol%)
Ar)J\H ~ /\OM ball-milling (20-25 Hz), © ]
50 51 42 r.t, solvent-free,
20-90 min 0" 'NH;
Ar = CgHs, 4-MeCgHa, 2-NO,CgHg, 3-NO2CgHg, 52
4-NO,CgHa, 2-CICgHa, 4-CICgHa, 4-BrCgHa, 90-97% yield
4-FCgH,, 4-CNCgH4, 4-OMeCgHy, 2-Furyl, 14 examples
2-Thienyl, 4-(CH30,C)CgHg
b) Dekaminetal,
o o o 0 Ar
.« no_on . POPI(5mol%) . CN
Ar” H ~ /\OM ball-milling (28 Hz), R
51 solvent-free, 15-20 min
50 42 O NHz
Ar = CgHs, 4-OMeCgHy, 4-NO2CgH 7 52
r= CgHs, 4-OMelgHy, 4-NO20LgH,, 90-98% vyi
® | _ yield
4-CICgH4, Methyl 4-formylbenzoate N K+ 5 examples
Q
POPI

Figure 13.
Organocatalytic three-component synthesis of 4H-pyrans under ball-milling condition.

1
R NS
O (o] .
HaN___ f N Cellulose sulfuric acid %/J' 8
2 = * l grinding with mortar N
R Br HaN = and pestle, 20-30 min, |
r.t, solvent-free z
53 0 31 =
R"=H, Br, Cl, CHg; R* = H, Br, Cl, 91-96% yield
6 examples
-3
N/ \ O (o] N—S
~ N Cellulose sulfuric acid P N I\
j|/ grinding with mortar = | ~ j
) P and pestle, 30 min, - P
- r.t, solvent-free N
56 (89% vyield)

Figure 14.
Cellulose sulfuric acid-catalyzed mechanochemical synthesis of quinoxalines.

solvent-free condition at room temperature for 20-30 minutes results in the forma-
tion of coumarin-substituted quinoxaline derivatives 54 in good to excellent yields.
Different substitutions by electron-rich and electron-poor groups on the coumarin
ring smoothly underwent the reaction and had no detrimental effect on the product
yields. Similarly, other types of substituted coumarins 55 were found to be well worked
under the same reaction condition to provide the desired product 56 in quantitative
yield. Environmentally benign conditions, inexpensive, good yield of the products,
exploitation of recyclable and reusable catalysts are some key features of this protocol.
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3.2.2 Synthesis of pyrimidines

Barman et al. [53] disclosed a metal-free highly convenient one-pot approach
under mechanochemistry for the synthesis of 3,4-dihydropyrimidines. With the help
of a mortar and pestle, the author’s grind substituted 1,3-diketones 10, aldehydes 11,
and urea or thiourea 57 under the influences of L-tyrosine as the organocatalyst in
solvent-free condition at room temperature which eventually led to the desired prod-
ucts 58 in 81-91% yields. Initially, the reaction was performed in presence of different
catalytic systems, such as L-proline, glycine, L-serine, L-tyrosine, camphorsulphonic
acid, and different reaction mediums, such as ethanol, microwave, solvent-free;
among them, the solvent-free grinding method using L-tyrosine as the catalyst was
found to be the best condition for this reaction. Not only the aryl aldehydes possessing
different electron-poor and electron-rich groups but also heteroaryl aldehydes were
efficiently underwent the reaction under this condition (Figure 15).

3.2.3 Synthesis of quinazolinones

Quinazolinones and their derivatives are well-established heterocycles com-
monly encountered in many natural products and synthetic drug candidates. To
realize their importance, a rapid mechanochemical assisted one-pot methodol-
ogy for the synthesis of diverse quinazolinone derivatives has been developed
by Shingare et al. (Figure 16) [54]. By introducing 10 mol% of vitamin B, also
known as thiamine hydrochloride as the organocatalyst, the solid-state treatment
of anthranilic acid 59, triethyl orthoformate 60, and various amines 61 under the
grinding condition at room temperature afforded the corresponding quinazolinone
products 62 in good to excellent yields. A wide variety of aryl amines bearing
electron-withdrawing as well as electron-donating substituents smoothly worked
well by this environmentally benign protocol. The effectiveness of the methodology
was demonstrated by recycling and reusing the catalyst up to five consecutive reac-
tions without affecting the significant outcome of the protocol.

Another achievement for the synthesis of different types of quinazolinones 64 and
66 has been accomplished by Saha et al. [55] by employing ball-milling techniques as
an environmentally benign energy source (Figure 17). With the help of 10 mol% of
p-TSA (p-toluene sulfonic acid) as the Brgnsted acid catalyst, the solvent-free
reaction of anthranilamide 63 and aldehydes 11 under mechanochemical grinding
conditions delivers the corresponding quinazolinone products 64 in moderate to
excellent yield within 3-15 minutes. While the reaction of anthranilamide 63 with

R® R®
(@] @] (0] X . 0
/U\)J\ . JL N J\ L-t_yro.sme (_10 mol%)_ NH
R R2 R H  H.N NH, grinding with mortar | /g
10 11 ’ 57 " and pestle, 5-20 min RN ¥
r.t, solvent-free H
R' = CHg; R?= CHg, OC,Hs, OCHz; X = O or 58
R3 = H, CgHs, 4-NO2-CgHy, 4-OCH3-CgHy, 4-OH-CgHy, 81-91% yield
3-OCH3-CgH4, CH=CH-CgHs, 3-Thienyl 16 examples
Figure 15.

L-tyrosine catalyzed three-component synthesis of 3,4-dihydropyrimidine.
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i OEt iz Q ~
0,
OH .+ . N VB1 (10moi%) \\|
0 Soet || grinding with mortar N R
NH, 60 R/ =~ and pestle, 45-60 min, /)
59 61 r.t, solvent-free N
62
R = CgHs; 4-Cl-CgHy; 4-Br-CgHg; CcI N+H3 84-95% vyield
2-Me-CgHjy; 2-Cl,4-Cl-CgHg; cr 13 examples
3-Me-CgHjy; 3-Cl,4-Cl-CgHs3; N7 N+'S\
4-NO»-CgHa; 3-NO2-CgHa; )|\ S
4-0ME-C5H4; 2-0M9-05H4; Me N/ =
2-Cl-CgHg; 4-Me-CgHy Me
VB, OH

Figure 16.
Thiamine hydrochloride catalyzed three-component synthesis of 4- (3H)-quinazolinone by grindstone technique.

o]
AN i
R H
11 R LLNH .
R|L 50-95% vyield
U““fy“N R 15 examples
(o] H
| [}
1 T'/P-;w J‘\ NH, p-TSA (10 mol%) )K L
R q ,,“ grinding with mortar . \
~F TNHy and pestle, 3-15 min, " ; o
r.t, solvent-free N | | J-L
63 n s
65 ril NH 55-95% yield
n=0,234 L~ N’i/ 9 examples
H « )
66
'ﬁé};?éééﬁ[a}f\?é examples T TTTTTTTTTTTTTTTTTTITTTTTmmTTmmTTTTT
O (‘) O O
Br\_ P T e \ J\ P /l\
G )Q\ OGS ’“*\@
95% yield 90% yleld 0% yleld 90% vyield 85% vyield

Figure 17.
p-TSA catalyzed grinding assisted synthesis of diverse quinazolinone derivatives.

different carbonyl compounds 65 under the same reaction condition afforded the
quinazolinone products of type 66 in moderate to excellent yield in only 5 minutes.
Broad functional group tolerances, mild reaction conditions, solvent-free, waste-free,
metal-free are some of the key advantages of this protocol. The practicality of the
protocol was established by performing gram scale synthesis in quantitative yield.

4. Mechanochemical organocatalytic reactions for the synthesis of
complex-fused poly-heterocycles

4.1 Synthesis of indazolo[2,1-b]phthalazine

An efficient eco- and environmentally friendly approach for the synthesis of com-
plex-fused heterocycle, namely indazolo[2,1-b]phthalazine under mechanochemical
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method was developed by Wang et al. (Figure 18) [56]. By using 3 mol% of p-TSA
(p-toluene sulfonic acid) as the catalyst, the three-component grinding-assisted
reaction between phthalhydrazide 67, dimedone 68, and aldehydes 50 was found to
proceed under the solvent-free condition at room temperature to deliver the desired
products 69 in 83-92% yields. The utilization of grinding as a green energy source,
metal-free, simple work-up procedure, mild reaction condition, low catalyst loading,
broad functionality is some of the salient features of this protocol.

4.2 Synthesis of naphtho[2,3-b]thiophenes

A domino one-pot mechanochemical route toward the synthesis of naphtho-fused
thiophene heterocycle was developed by the research group of Singh (Figure 19) [57].
By utilizing DMAP (4-Dimethylaminopyridine) as the metal-free catalyst, the oxida-
tive [3 + 2] heteroannulation of 1,4-naphthoquinone 70 and a-enolicdithioesters/p-
oxothioamides 71 under mechanochemical grinding with a mortar and pestle in
solvent-free condition at room temperature afforded the corresponding naphtho[2,3-b]
thiophene products 72 in moderate to excellent yield within a very short reaction time. It
is interesting to note that, this reaction does not require any co-catalyst and an activator
which marks the advantages of this protocol. To broaden the substrate scopes, a variety

O Ar
O (] o
NH o] p-TSA (3 mol%) FTJ
| t o
NH T * Ar y grinding with mortar N
R R and pestle, 2-5 min,
fs) 50 r.t, solvent-free 0 R
68 R
67 69
R =H, Me 83-92% vyield
Ar = CgHs, 4-CHy-CgHg, 4-CH30-CgHg, 4-F-CgHa, 12 examples

2-Cl-CgHa, 4-Br-CgH4, 4-NO2-CgHy4, 4-OH-CgHag,
4-(CH3)2N-05H4. 2-Naphthyl, 4-CH3-CBH4, 4-C|-05H4.

Figure 18.
Bronsted acid-catalyzed three-component one-pot synthesis of indazolo[2,1-b]phthalazine by grinding method.

@] 9] 0 R1

OH S DMAP (1 equiv.)
" 1J\)J\ 5 grinding with mortar - | A\ RZ
R R g

and pestle, 10-30 min,

o 71 r.t, solvent-free
0
70 72
R' = CgHs; 4-OCH3-CgHg; 4-CF3-CgHg; 3-OCH3,4-OCH3-CgH3; 65-95% yield
3-Pyridyl: 2-furyl; -C(CHa)s; 4-CHs-CgHy: 4-Br-CgHa: 19 examples

2-CIl-CgHjy; 2-Naphthyl; 2-thienyl; biphenyl; 3-OCH3-CgHy
R? = SMe, NHPh, NHMe,

Figure 19.
DMAP catalyzed grinding assisted domino thienannulation to access naphtho[2,3-b]thiophenes.
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of aryl, as well as heteroaryl-substituted a-enolicdithioesters/B-oxothioamides, was
subjected to the reaction under the optimized condition and all are found to be efficiently
compatible by this method.

4.3 Synthesis of pyrano[4,3-b]pyrans

Khaligh et al. [58] demonstrated the successful application of ball-milling techniques
in the multicomponent reaction of substituted aldehydes 50, malononitrile 51, and
4-hydroxy-6-methyl-2-pyrone 73 in presence of 10 mol% of 1,4-piperazinediethane-
sulfonic acid (PIPES) as the organocatalyst under solvent-free condition (Figure 20).
This reaction offers a library of pyrano([4,3-b]pyran derivatives 74 in good to excellent
yield after 30 minutes. The electronic effects of the substitution by different electron-
withdrawing as well as electron-donating substituents on the aryl ring of aldehydes
were examined and all are found to be well tolerated by these reaction conditions.

4.4 Synthesis of pyrano[2,3-c]pyrazoles

A grinding assisted one-pot multicomponent approach for the rapid construc-
tion of pyrano[2,3-c]pyrazoles from the four-component reaction of aldehydes 50,
malononitrile 51, acetylene dicarboxylate 75, and hydrazine hydrate 76 in presence of
L-proline as the organocatalyst in solvent-free condition was developed by Padmini
etal. (Figure 21) [59]. Noticeably, only 10 mol% of L-proline was found to be
effective for catalyzing this reaction and a total of 13 compounds were synthesized
in moderate to good yield. Not only the aryl aldehydes possessing various electronic
groups on different positions but also heteroaryl aldehydes smoothly undergo this
reaction. The operational simplicity, mild, green reaction medium, short reaction
time, and wide-substrate scopes are some key features of this approach.

4.5 Synthesis of triazolo[1,5-a]pyrimidine

Khaligh and Mihankhah [60] reported the exploitation of ball-milling tech-
niques as a powerful alternative energy source in the three-component reaction of
amino-substituted triazoles 78, aldehydes 50, and ethyl cyanoacetate 15 by using
poly-melamine-formaldehyde (mPMF) as the nitrogen-rich porous organocatalyst
under the solvent-free condition at room temperature. This solid-state reaction
provides a library of triazolo[1,5-a]pyrimidines 79 in moderate to excellent yield after

OH
o <CN A PIPES (10 mol%)
+ »
Ar)LH CN /& P ball-milling (600 rpm),
H;C O O
51
73

50 r.t, solvent-free, 30 min HaC
Ar = C5H5; 4-C|—CsH4: 4-CH3-CSH4; 4-N02-CSH4; 4-CH30-CGH4; 80-94% yield
2-Cl-CgHg; 3-OCHj3,4-OCH3,5-CH30-CgHy; 4-Br-CgHa; 15 examples

4-F-CsH4; 4—(CH3)2CH-C(5H4; 3-C|,5-C|-C5H4; 2-CH30-C5H4;
4-CF3-CGH4; 3-F.5-F-CGH3; 3-CF3.5-CF3-CBH4

Figure 20.
Mechanochemical one-pot three-component ovganocatalytic synthesis of pyrano[4,3-b]pyrans.
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9 CN 1o EtO,C
L-Proline (10 mol%)
¥ < * ] ‘ + NzH4Hz0 — - -
Ar H CN grinding with mortar HN_
50 CO,Et 76 and pestle, 10 min,
51 : r.t, solvent-free
75
Ar = CgHs, 4-CH3-CgHy4, 2-CI-CgHy4, 4-F-CgH4, 4-CI-CgHg, 65-92% yield
4-C,Hs-CgHy, 4-OH-CgHy4, 2-OCH3-CgHy, 4-OCH3-CgHy, 13 examples

4-0OH-3-0CH3-CgH3, 4-NO3-CgHy, 2-furyl, 2-thienyl

Figure 21.
L-proline catalyzed grinding assisted multicomponent synthesis of pyrano[2,3-c]pyrazoles.

H Ar
(N~N K Ne mPMF 20 mg) N~y CO,Et
\ + )J\ Y o - <
N Ar H 0 all-milling (600 rpm), )\
50 . r.t, solvent-free, 90 min
78 79
Ar= 4-C|~CsH4; 4-Br-CﬁH4; 2-N02-CEH4; 4-CH30-06H4; 76-94% yleld
4-N02-CGH4: 2-CH3O-CGH4; 3—0CH3,4-CH3O-CEH3; 10 examp!es
2—OCH3,4-OCH3,6-CH30-CGH2; 4-(CH3)2N-CGH4;
3-OCH3,4-OCH3,5-CH;0-CgH»
Figure 22.

Poly-melamine-formaldehyde catalyzed three-component mechanochemical synthesis of triazolo[1,5-a]
pyrimidine.

90 minutes (Figure 22). The catalyst was found to be very effective for this reaction
that could be easily recycled and reused for the next consecutive reaction without
altering the reactivity and selectivity of the product. The easy work-up procedure,
green reaction condition, low cost, wide abundance of the substrate scope are some
advantages of this mechanochemical process.

5. Mechanochemical organocatalytic reactions for the synthesis of
complex spiro-heterocycles

In the last few decades, the field of synthetic organic chemistry has witnessed
outstanding developments in the synthesis of spiro-heterocycles especially spiro-
oxindoles due to their outstanding reactivity and prolific pharmacological activity
as well as their utilization as important building blocks for the synthesis of natural
products types molecules as well as medicinally privileged heterocycles [61, 62].

Considering their importance in accordance with the significant application of
mechanochemistry in synthetic organic chemistry, the research group of Bazgir [63]
synthesized a series of spiro[diindenopyridine-indoline]triones 82 from the three-
component reaction of various amines 61, 2 equivalent of 1,3-indandione 80 and
substituted isatins 81 by using p-TSA (p-toluene sulfonic acid) as the Brgnsted acid
catalyst under grinding and solvent-free condition (Figure 23). A total of 20 com-
pounds were synthesized in 80-91% yield within 3-4 minutes at room temperature.
Similarly, treating amines 61 and 1,3-indandione 80 with acenaphthylene-1,2-dione
83 by replacing isatins was found to proceed under the same reaction condition to
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83 NH» /O 81
RN _,
p-TSA X 4 H \T’ p-TSA
grinding with mortar | - grinding with mor’far
and pestle, 3-4 min, = and pestle, 3-4 min,
r.t, solvent-free 61 a0 o r.t, solvent-free

0
o) 0
R = H, 4-Br, 4-NO2, 4-Me, 4-OMe;
/T TN R"=H, Me; R? = H, Br, NO,
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=
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A 5 examples 20 examples
R
82
84

Figure 23.
Bronsted acid-catalyzed multicomponent synthesis of diverse spiro-heterocycles by means of grindstone technique.

afford the desired spiro[acenaphthylene-diindenopyridine]trione products 84 in
82-89% yields.

6. Conclusion

The frequent occurrence of heterocyclic compounds in natural, pharmaceutical, and
synthetic optoelectronic materials, demands efficient methodology for their construction
and selective functionalization by using them as key building blocks. But, the involve-
ment of toxic solvents which are associated with chemical pollution often results in
environmental safety concerns. Therefore, developing an alternative method to carry out
organic synthesis by avoiding or minimizing the utilization of volatile organic solvents
and toxic reagents by introducing environmentally benign conditions with the main
focus to reduce the cost-effectiveness of the chemical transformation is highly desired.
From the above observation, it is clear to conclude that the utilization of mechanochemi-
cal techniques allows all the reactions to be carried out in absence of volatile organic
solvents, hazardous reagents and make them environmentally as well as eco-friendly
benign. The mechanochemical techniques are found to be very efficient as compared
to traditional stirring conditions from the perspective of synthetic as well as green
chemistry points of view. The attractive benefits associated with mechanochemistry
as a powerful alternative green energy source lead to a new frontier in the synthesis of
diverse heterocyclic compounds as well as asymmetric synthesis and hope to consider asa
method of choice both at the laboratory as well as in industrial level in near future.

Besides these, the development of organocatalytic reactions under mechanochem-
istry is set to lead the field of synthetic organic chemistry to a new height. The ability
to accomplish reaction under the metal-free organocatalytic condition in the absence
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of solvent via simple grinding with mortar and pestle or milling can contribute to some
of the goals of green and sustainable chemistry and are considered as highly promising
routes in the synthesis of diverse and densely functionalized five-membered and six-
membered heterocycles as well as complex-fused heterocycles and spiro-heterocycles.

On the other hand, some serious attention needs to be paid to broadening the
substrate scopes, reducing the amount of catalyst, and developing a scalable protocol
based on the industrial level.
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Eco-Sustainable Catalytic System
for Green Oxidation of Spirostanic
Alcohols Using Hypervalent lodine
(III) Tempo-4-n-Acetoxyamine
System
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Maria Elizabeth Canchingre, Christie Durdn Garcia
and Juan E. Tacoronte

Abstract

The oxidation of the 3f-hydroxy group in the steroidal substrates obtained from
naturally occurring sources, i.e., solanaceae steroidal sapogenins, is an important
process in the preparation of ecdysteroid analogs. The need for selective green
oxidation methodologies for steroidal alcohols (spirostenols, diosgenine, and
derivatives) avoid the use of toxic Cr (VI) derivatives, without the isomerization
of the double bond at 5,6 position and also without the oxidative cleavage of the
spirocetal moiety is of great methodological significance. Herein, we report the
oxidation of spirostanic steroidal alcohols to their carbonyl analogs using hypervalent
iodine (III)/ TEMPO-4-N-acetoxyamine system. The present method is simple, eco-
sustainable, efficient, and high-yielding process for the oxidative transformation of
secondary steroidal alcohols without any over-oxidation, isomerization of the double
bond, or oxidative cleavage of spirocetalic fragment in different substrates. Therefore,
this method does not involve toxic heavy metals and is expected to have wide utility in
the oxidation process of these compounds.

Keywords: green chemistry, green oxidation, spirostanic substrates, TEMPO,
hypervalent Iodine, ecdysteroid analogs

1. Introduction

Green or Eco-sustainable Chemistry is a unique, philosophically, methodologically,
pedagogically, and experimentally new discipline of chemistry where the convergency
of conceptual series: Structure-related Properties-Functionality-Scalability and
Environmental Responsibility demonstrates the versatility and applicability of these
concepts in a dynamical evolution and design of new experimental tools, techniques,
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technologies, and in a more advanced structural way of thinking [1]. It is helpful
to chemistry and chemical engineers in the field of research, at laboratory scale,
and industrial application in real-time, mainly focusing on the development and
production of more eco-friendly and efficient processes and products, including
scientific-technical and engineering services, which may also have great financial
and strategic benefits.

Green chemistry is, generally, based on the 12 principles, which constitute the
conceptual and methodological foundation of sustainable development from the
point of view of environmentally benign applied chemistry, which were proposed by
Anastas and Warner [2] and developed intensively by Sheldon [3, 4] and Lancaster
[5]. The principles comprise theoretical and experimental instructions to implement
the green chemical eidos related to new chemical products, new unconventional
synthesis, new sources of raw materials and energy, and new processes that have
been extensively described in classical today’s references [6-13].

Within this frame of reference, it should be noted that 12 basic principles of green
or sustainable chemical engineering have also been described [14].

Steroids constitute one of the oldest known molecular systems and have been
discovered in all living systems, forming structural, compositional, and functional
parts of biomembranes, defensive secretions and pheromones, and complex
neurochemical and hormonal information systems [15], defining, in many points,
the molecular evolutionary capacity and metabolic efficiency of living organisms
[16]. In this context, several naturally occurring and synthetic steroids are important
therapeutic options for a wide range of pathologies. Among them can be considered
sex and corticosteroid hormones, bile acids, vitamin D derivatives, and cardiotonic
steroids, which have shown unique therapeutic value for the treatment of human
diseases.

Oxidation of organic substrates is one of the most important processes on an
industrial and laboratory scale [17], where the application of catalytic conditions
(heterogeneous or homogeneous) defines the selectivity and yield of the process
[18]. One of the most important reaction in organic synthesis and industrial organic
chemistry is the oxidation of alcohols (I and II) to their carbonyl derivatives
(aldehydes and ketones). This transformation of functionalities, from alcohol to
carbonyls, via heterogeneous or homogeneous catalysis or not, using conventional
procedures or not, constitutes one of the fundamental synthetic organic reactions of
applied green eco-sustainable chemistry in the fundamental fields of technological
development for minimizing environmental impact, in such as pharma,
agrochemistry, petrochemistry, and fine chemistry [19].

Naturally occurring steroidal derivatives, such as spirostannic alcohols, are
characterized by a hydroxyl group in position 3p- in the A-ring of the cyclopentane-
perhydro phenanthrene nucleus, being typical secondary alcohol, and, taking
into account this consideration, most common oxidative transformation in steroid
chemistry is probably the oxidation of alcohol functionality into carbonyl group [20].

A large number of oxidizing agents have been described to transform the
3p-hydroxy group into a ketone group, minimizing collateral reactions depending
on the specific synthetic objectives and reaction conditions; among these, the
following can be highlighted: Cr,0;%" (dichromate), CrOs/pyridine (Collins’s reagent),
Pyridinium chlorochromate (PCC), Pyridinium dichromate (PDC, Cornforth
reagent), Dess—Martin periodinane, Dimethylsulfoxide (DMSO)/oxalyl chloride
(Swern oxidation), CrOs;/H,SO,/acetone (Jones oxidation), Aluminum isopropoxide/
acetone (Oppenauer oxidation) [21, 22]. It should be noted that other catalytic
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oxidative procedures have been developed, which employ molecular oxygen, biphasic
catalysis, osmium and ruthenium salts, permanganate salts impregnated on zeolitic or
alumosilicate supports, organic hydroperoxides, etc. [23, 24].

In recent years an interesting increase in the application of hypervalent
iodine compounds in synthetic organic chemistry has been observed. Several
compounds have been recognized as useful reagents with considerable synthetic
applicability [25]. Hypervalent iodine derivatives are now commonly used in
organic synthesis as efficient multipurpose reagents with very low toxicity and
minimal environmental problems after their utilization. The discovery of eco-
sustainable catalysis via hypervalent iodine compounds and its application in
micro- and meso-scale synthetic chemistry is an important achievement that has
also allowed the use of green chemistry concepts [26]. In the last decade Iodo (V),
Iodo (VI) reagents have been used for efficient conversion of alcohols to carbonyl
compounds [27].

The oxidation of 3-cholesteryl benzoate to the corresponding 4-ketone deriva-
tive in 67% yield has been described [28], and authors reported the utilization of
Iodoxybenzene (PhIO,) and a catalytic amount of 2,2'-dipyridyldiselenide as a very
mild and efficient catalytic system.

In this setting, and considering the main objective of the communication, should be
highlighted that the reagent PhI(OAc), in the presence of alcohol/alkali mixtures -KOH-
MeOH is equivalent to PhIO-KOH-MeOH; however, PhI(OAc), (BAIB) is commercially
available whilst PhIO is not. Consequently, the reagent (Diacetoxyiodo)benzene,
[PhI(OAc),], is most widely used in synthetic processes, including in green chemistry
protocols. This reagent has been employed in the synthesis of the steroidal dihydroxyac-
etone side chain with satisfactory yields [29, 30].

Recently N-oxoammonium salts, more specifically, 2,2,6,6-tetramethylpiperidi-
nyloxy radical (TEMPO) derivatives have been described and used as a useful reagent
for the oxidation of alcohols [31]. These have been used stoichiometrically either
in isolated form or generated iz situ via acid catalyzed dismutation [32]. In order
to increase the efficiency and yield of the oxidation process, different reagents and
techniques have been considered for use in conjunction with oxoammonium salts
such as m-CPBA [33], N-chloro succinimide, electrooxidations [34-36]; impregnation
on solid support [37].

However, in spite of these relatively new mild selective oxidants, the oxidation of
a hydroxy functionality in the steroidal core is a major challenge in organic synthesis
particularly by employing eco-friendly oxidizing catalysts [38, 39].

Considering the aforementioned explanations, the main objective of the work
is to evaluate the possibility of using the Hypervalent Iodine (III) Tempo-4-n-
Acetoxyamine system in the oxidation processes of steroidal alcohols (spirostanols)
in eco-sustainable green chemistry conditions.

2. Results and discussion

Brassinosteroid and ecdysteroid spirostanic oxo-analogs bearing different side-
chain have shown remarkable plant growth and metamorphosis promoting activities
[40]. The synthesis and study of the biological activity of spirostanic compounds with
characteristic functionalities of some natural brassino- and ecdy-steroids at different
rings have been reported, including some oxidative protocols for selectively oxidation
of 3p-hydroxy group in the A-ring into a ketone group [41, 42].

83



Green Chemistry - New Perspectives

The catalytic oxidation of 3p, 6a, 6f; 12-hydroxy groups in steroidal sub-
strates obtained from naturally occurring sources, (i.e., solanaceae steroidal
sapogenins and phytosterol mixture isolated from sugarcane), is an important
process in the preparation of ecdysteroid analogs [43, 44], blatellanosides [45],

OH TEMPO-4-N-acetoxyamine/BAIB

-
)\ CHgClz_, 1t )]\
R4

R TR,
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Figure 1.
Oxidation of spirostanic steroidal alcohols using hypervalent iodine (II1)/ Tempo-4-N-Acetoxyamine system.
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Figure 2.
Oxidation of spirostanic alcohols. The reported yields refer to isolated, chromatographically pure, or vecrystallized
carbonyl derivatives. All proposed structures have been confirmed by FTIR and "H/°CNMR analysis.
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cytotoxins [46], pharmaceutical molecular templates and potential plant growth
promoters [47]. The need for selective oxidation methodologies for steroidal
alcohols (spirostenols, diosgenin, solasodine, hecogenin, and some polyhgdroxy
derivatives) without the oxidation-isomerization of the double bond at A>®
position and also without the oxidative cleavage of the spirocetal moiety has
remained unexplored.

Herein, we wish to report the oxidation of spirostanic steroidal alcohols to their
carbonyl analogs using hypervalent iodine (III)/ TEMPO-4-N-acetoxyamine system
(Figure1).

This oxidation reaction has been investigated for a large array of steroids deriva-
tives generated from diosgenin using standard procedures and having 3p-hydroxy
functionality. It is worthwhile to note, that other functionalities such as double bonds,
acetoxy, and tertiary a-hydroxy groups, and spiro segments in the steroidal structure
do not get affected by employing this method; the results are described in Figure 2. It
is remarkable to note that solasodine (3, Figure 2) after oxidation using that catalytic
system yields carbonyl derivative only without any collateral reaction in the NH func-
tionality. The probable mechanism for this oxidation process is similar to the pathway
earlier described in the literature and depicted in Figure 3 [34, 48-51]. It appears that
the role of the hypervalent iodine compound (BAIB) is to regenerate the TEMPO-4-
N-acetoxyamine in the catalytic cycle. Furthermore, it is observed that in the absence
of this TEMPO derivative the oxidation process does not take place. This methodology
has also been extended to some non-steroidal substrates like 2-methyl-2-ene pentanol
and n-heptanol for obtaining their corresponding carbonyl analogs, thus exhibiting
the generality of this procedure.

PhI(OAc), + nR-OH—=PhI(OAc),, (OR), + n AcOH

Figure 3.
Proposed mechanism for the oxidation of alcohols by BAIB/TEMPO-4-N-acetoxyamine.
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Figure 4.
1H-NMR spectrum of starting substrate ((25R)-spirost-3p,5a-dihydroxy-6-one). The typical signal of
nonoxidized OH-is observed at C3-H (3.93 ppm, 1H, H-3).
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Figure 5.
BC-NMR spectrum of starting substrate ((25R)-spirost-3p,5a-dihydroxy-6-one). The typical signal of non-
oxidized C3-OH-is observed at C3 in 67.2 ppm.

In the case of model reactions, obtaining (25R)-Spirost-5a-hydroxy-3,6-dione
(4, Figure 2) to corroborate the conversion of the hydroxy functional group in
position 3 to its carbonyl derivative (ketone), the chemical shift values (ppm)
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BC-NMR spectrum of obtained keto-spivosteroid (25R)-spivost-5a-hydroxy-3,6-dione (4, Figure 2). The typical
signal of oxidized C3-OH-is observed at C3 in 210.36 ppm.

were used. In the starting substrate ((25R)-Spirost-3f,5a-dihydroxy-6-one) a typi-
cal signal (*H-NMR) is observed at C3-H (3.93 ppm, 1H, H-3); and the B¢ signal
at carbon 3 (67.2 ppm) are related to the presence of a hydroxyl substituent at this
position C-3.

During the oxidation process using the hypervalent iodine (III)/TEMPO-4-N-
acetoxyamine system yields the keto derivative at C-3.

In the 'H nmr spectrum, a variation in the magnitude of the chemical shift values
(ppm) is observed. In C-3 the signal (3.93 ppm, 1H, H-3, 67.2 ppm, C-OH) disappears
and a new signal in °C nmr spectrum at C-3 (210.36 ppm) is observed. This variation
of the magnitude of the signal towards lower fields (from 67.2 ppm to 210.2 ppm)
corroborates the oxidation of the OH- in C-3 to a carbonyl derivative (ketone). The
spectra are represented in Figures 4-6.

It should be noted that the use of this catalytic system, hypervalent iodine (III)/
TEMPO-4-N-acetoxyamine, does not generate any dehydration product, as observed
when conventional oxidants are used, and, also, it is not detected deformation of
minor derivative 4-en-3,6-dione.

3. Experimental section

All chemicals and solvents were obtained from commercial sources and used
without further purification. '"H-NMR/”C-NMR (Brucker AC-250 instrument,
Germany, at 25°C, using tetramethyl silane as internal reference; magnitude in ppm);
FTIR (Philips Analytical FTIR PU-9600, KBr) was used to identify the compounds.
Melting points were determined on VEEGO digital automatic melting points appara-
tus and are uncorrected.
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3.1 General procedure for the oxidation of spirostanic steroidal alcohols to their
carbonyl analogs

In a typical procedure, a solution of steroidal alcohol (1 mmol) in dichlorometh-
ane (3 mL), BAIB (1.1 mmol) and TEMPO-4-N-acetoxyamine (0.1 mmol) is added
and stirred for 4 h at room temperature. On completion of the reaction as indicated by
Thin Layer Chromatography (ethyl acetate-hexane, 3:7, v/v; vanillin in perchloric acid
50%), the reaction mixture is quenched with 10% sodium thiosulphate solution (2x10
mL) and is extracted with CH,Cl,. The organic layer is washed with sodium bicarbon-
ate and brine solution, dried over anhydrous sodium sulfate, and concentrated under
a vacuum to give the crude product. This is purified by column chromatography
(SiO,, CHCL;-EtOAc, 2:8 v/v) to afford the pure product.

3.2 Model reaction II: (25R)-Spirost-5a-hydroxy-3,6-dione

(87%), mp. 283°C (methanol). FTIR (KBr): v max 3345 (v OH), 2953 (v CH), 1713
(vC=0), 1456 and 1376 (5 CH), 1057 (v C-O), 980 and 899 (spiroketal); '"H-NMR
(5, ppm): 2.10/1.86 (m, 2H, H-1), 2.40 (m, 2H, H-2), 2.78/2.25 (m, 2H, H-4), 2.96/2.34
(m, 2H, H-7), 1.99 (m, 1H, H-8), 1.90 (m, 1H, H-9), 1.50 (m, 2H, H-11), 1.81/1.31
(m, 2H, H-12), 146 (m, 1H, H-14), 1.99/1.32 (m, 2H, H-15), 4.47 (m, 1H, H-16), 1.85
(m, 1H, H-17), 0.83 (s, 3H, CH3-18), 1.04 (s, 3H, CH3-19), 1.90 (m, 1H, H-20), 1.01
(d, 3H, CH3-21), 1.69 (m, 2H, H-23), 1.50 (m, 2H, H-24), 1.66 (m, 1H, H-25), 3.5/3.38
(m, 2H, H-26), 0.82 (d, 3H, CH3-27). C-NMR (8, ppm): 31.8 (C-1), 373 (C-2), 210.2
(C-3), 419 (C-4), 82.7 (C-5), 210.4 (C-6), 44.8 (C-7), 36.8 (C-8), 44.7 (C-9), 431
(C-10),21.3 (C-11), 39.5 (C-12), 41.0 (C-13), 56.0 (C-14), 31.6 (C-15), 80.4 (C-16), 62.0
(C-17), 16.4 (C-18), 13.9 (C-19), 41.6 (C-20), 14.5 (C-21), 109.3 (C-22), 31.3 (C-23), 28.8
(C-24),30.3 (C-25), 66.9 (C-26), 171 (C-27) (4, Figure 2).

4. Conclusions
It is necessary to highlight some important aspects:

* Simple procedure does not require special laboratory conditions such as
extra-dry solvents, inert atmosphere, or additional treatment of the generated
derivatives.

* The catalytic system is easily recovered from the reaction mixture by simple
filtration.

* Theyield of carbonyl derivatives exceeds 75%.

* The described process can be applied in undergraduate and graduate courses of
implementation of catalytic processes in organic synthesis.

* This catalytic oxidation system, hypervalent iodine (III)/ TEMPO-4-N-
acetoxyamine, is applied for the first time to spirostane derivatives obtained
from diosgenin for the generation of carbonyl compounds widely used as plant
growth promoters and metamorphosis control in insects.
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In conclusion, the present method, using hypervalent iodine (III)/Tempo-4-N-
Acetoxyamine system, is a simple, efficient, convenient, and high yielding (>75%)
process for the oxidative transformation of 3p-secondary steroidal alcohols without
any over oxidation, isomerization of the double bond or oxidative cleavage of spiro-
cetalic fragment in different substrates. Therefore, this method does not involve toxic
heavy metals and is expected to have wide utility in the oxidation process of these
compounds in eco-sustainable conditions.

Research programs related to the optimization of these catalytic oxidation pro-
cesses under heterogeneous conditions using condensed pyroclastic flow, molecular
oxygen, and non-conventional energy sources (microwave, infrared, and ultrasound
technologies) are currently being developed.
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Chapter 6

Potassium Persulfate as an
Eco-Friendly Oxidant for Oxidative
Transformations

Bilal Ahmad Mir and Suvesh Rajamanickam

Abstract

The formation of carbon-carbon/carbon-heteroatom bonds by oxidative transfor-
mations is a hotly debated topic in chemistry. K,S,05 has emerged as a cost-effective
inorganic oxidant for a wide range of oxidative reactions in this setting. This book
chapter covers oxidative reactions facilitated by K,S,0s in the absence of a metal cata-
lyst in detail. Organic chemists may find this book chapter valuable in formulating the
mechanistic pathways involving the sulphate radical anion, as well as in the quick and
environmentally friendly synthesis of novel chemical species.

Keywords: potassium persulfate, oxidant, eco-friendly, oxidative transformations,
Minisci reaction, C-C and C-X bond formation

1. Introduction

Heterocyclic compounds are fascinating for several reasons, the most notable of
which is that they have biological activities, and many drugs are heterocycles. Because
of their biological properties, nitrogen heterocycles [1] and oxygen heterocycles (such
as coumarins and analogues, [2-4] as well as chromone-based compounds [5]) have
long aroused chemists’ interest. As a result, organic chemists have been hard at work
developing new and efficient synthetic transformations to make these heterocyclic
compounds. Carbon carbon (C-C)/carbon-heteroatom (C-X) formations are gener-
ally used in the synthesis of these heterocycles. The formation of carbon carbon
(C-C)/carbon heteroatom (C-X) bonds between two C-H/C-H bonds or C-H/X — H
bonds via oxidative transformation has become a central focus in C-C/C-X bond
forming reactions in this setting, obviating the use of prefunctionalized substrates
and reducing salt waste generation, resulting in superior sustainability and environ-
mental compatibility [6-8]. Over the last two decades, the reliance on these direct
oxidative C-H functionalizations that offer higher atom economy and sustainability
has steadily increased, indicating the importance of and growing interest in this
synthetic methodology. Despite the inherent difficulty of generating high regio-
selectivity, effective realizations of numerous regioselective C — H functionalizations
have been accomplished [9-10]. Transition-metal-catalyzed oxidative reactions are
one of the most cutting-edge aspects in organic chemistry. In these reactions, an
oxidant is always used to regenerate the catalyst. In several of these metal-catalyzed
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reactions, it has been discovered that selecting the right terminal oxidant is critical

to achieve the desired catalytic result. Molecular oxygen, 2,3-Dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ), p-benzoquinone, tert-Butyl hydroperoxide (TBHP),
PhI(OAc),, Iodine, metal oxidants, oxone, persulfates, and other oxidants have

all been found to be useful in these processes. Among these inorganic and organic
oxidants, potassium persulfate (K,S,0g) has emerged as a good inorganic oxidant for a
wide range of oxidative transformations, with applications spanning from laboratory
studies to industrial processes. Since the discovery of the Minisci reaction, K,S,0g has
demonstrated its special utility as an inexpensive, readily available oxidant [11-12].
Among various peroxygen families of compounds, such as H,0,, KHSO,, and others,
the peroxydisulfate ion (S,04%) is the most effective oxidant. In aqueous solution, the
standard redox potential is predicted to be 2.01 V [11]. Under mild circumstances,
thermal, photolysis, radiolysis, or redox breakdown of S,05%" produces the sulphate
radical anion (SO,"") additionally, transition-metal ions can activate K,S,0g to
generate SO,”. With a redox potential of 2.531V, SO, is considered an extremely
strong one-electron oxidant [13-14]. Because of their predilection for electron
transfer processes, it has a longer lifetime (4 s) than hydroxyl radicals. Exergonic or
endergonic electron transport processes exist. Because of the high activation energy,
the endergonic process could be sluggish. Various metal salts and complexes, anions,
nucleophilic radicals, and neutral organic molecules can all be oxidized by K,S,04
[11]. In recent years, a plethora of literature has emerged, highlighting the potential
use of this oxidant in a variety of metal-catalyzed and metal-free organic reactions.
Not only has it found widespread application in palladium catalysis as a result of
Minisci’s work, but it has also been used to carry out a variety of novel oxidative
transformations without the aid of any metal catalyst. In comparison to K,S,0s, other
versions such as Na,S,0g and (NH,),S,0s are significantly less widely utilized. This is
due to the potassium salt’s higher solubility in organic solvents, allowing for more effi-
cient transformation. The C—CtoC-X (X =N, O, S, P, B, Si, F, Br, I) bond forming
reaction is covered by the spectrum of transformations accomplished with K,S,0s in
metal-catalyzed and metal-free methods across a wide variety of substrates. K,S,0s
has also been shown to be quite effective at degrading organic pollutants, especially
aromatic pollutants [15]. Despite the fact that selective organic transformations
involving electron transfer to SO, have been studied in the literature [11, 16, 17],

no comprehensive investigation on metal-free oxidative transformations involv-

ing persulfate K,S,0g has been published, including updates on recent progress in

the field. The focus of the current book chapter is on the use of K,S,0s in oxidative
organic transformations. Because there is so much information about this oxidant,
just the most important examples illustrating a wide range of bond types are provided
here. This review is separated into groups based on the types of bonds produced.

We hope that chemists working on or planning to work on developing K,S,04-based
approaches for metal-free oxidative processes will find this book chapter useful,
permitting considerable scientific advancement in this area.

2. Metal-free oxidative transformations with K,S,0g

K;S,0g is used as the major oxidant in the creation of a variety of
C — C/C - N/C - S/C — O bonds, allowing access to a variety of cyclic and acyclic
compounds. In the process of oxidation S,05" is either directly involved or the radical
anion sulphate (SO4~), which, in turn, is produced by the breakdown of K;,S,0s.
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2.1 C-C bond formation

Direct radical acylation, alkylation, and arylation reactions (through
cross-dehydrogenative coupling reactions and decarboxylative processes), cascade
radical addition cyclization processes, multifold bond-cleavage-bond-forming reac-
tions, and photoredox reactions are among the various types of C-C bond-forming
reactions reported with K;,S,0g as the sole oxidant. K,S,0s-mediated hydroxyalkylation
of 2H-benzothiazoles with aliphatic alcohols in aqueous solution was reported by
Weng and co-workers [18]. This mild and convenient approach produced a variety of
hydroxyalkylated benzothiazoles in moderate to good yields. In addition, benzimid-
azole and ethers were compatible in this reaction, resulting in C-2 ether-substituted
heteroarenes. K,S,05 not only works as an oxidant in this case, but it also aids in
the formation of radicals. In the reaction, there would be cross-coupling between the
radicals. In addition, additional radicals would target benzothiazole, so two feasible
pathways are proposed in Figure 1. To begin, homolytic cleavage of K,S,05 produced
sulphate radical anions (SO,""), which stripped hydrogens from benzothiazole and
alcohol, yielding benzothiazole radical and hydroxyl radical, respectively. The two
radicals then had a cross-coupling reaction, resulting in the desired product. The
hydroxyl radical, on the other hand, would attack the 2-position of benzothiazole to
create radical cation intermediates, which were then deprotonated by SO,™ to provide
the products (Figure 1) [18].

K;S,0¢-mediated Minisci acylation on electron-rich pyrroles was used to estab-
lish regioselective monoacylation of (NH)-free pyrroles (Figure 2). Under initial
heating circumstances, homolytic cleavage of K,S,05 might form a sulphate radical
anion (SO,""), which could then be decarboxylated to produce acyl radical. Two
mechanisms could lead to the synthesis of benzoylated product. From the acyl

wn oo T L
[:;] — X R1 [i:j/ >—*%OH
- K>S,0g (4 equiv)

X
.OS n=12 H»0, 65 °C, air X=N, S

A — N
S,06> —5————=> SO - N
2¥8  cleavage 4 SO, @\ >—H

:o: 804 N
\
HSO,
HSO,
HSO,
:o:
N
N H \ — .
[::I;s>_ S o SO, O

Figure 1.
K.,S,0¢-mediated hydroxyalkylation of benzothiazoles with alcohols.
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K.,S,0¢-mediated aroylation of electron-rich pyrroles.
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A mechanism for K,S,0g-mediated aroylation of electron-rich pyrroles.

/

radical, the acylium ion might arise, which could then be electrophilically substituted
with pyrrole to create nitrogen radical cation. In other pathway the sulphate radical
anion (SO,™") can capture one electron from pyrrole, resulting in pyrrole radical
cation, which could produce adduct when reacting with nucleophilic acyl radical.
Deprotonation of the intermediate could generate 2-benzoylpyrrole (Figure 3) [19].

Wei and colleagues demonstrated a simple, environmentally friendly, and effec-
tive method for undertaking radical cyclizations of enynes/dienes in water. This
methodology was developed to employ mild reaction conditions with no catalyst,
and it was easy to scale up. It was also designed to use K,S,0s as a green oxidant and
water as the solvent, resulting in a process that is both clean and simple to operate,
meeting the green chemistry criterion. This reaction undergoes a sequential radical
addition, intramolecular cyclization and H-abstraction to give the final product
(Figure 4) [20].

Zhang and Chen jointly reported K,S,05—/tetrabutylammonium hydrogen sulfate
(TBAHS) promoted cascade oxidative aryl-alkylation of N-Aryl-alkylation of N-aryl
acrylamides for functionalized oxindole synthesis (Figure 5) [21]. Under the heat-
ing condition, K,S,05 interacted with TBAHS to produce bis(tetrabutylammonium)
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K.S,0g-mediated radical cyclizations of enynes/dienes with alcohols.

peroxydisulfate, which might undergo homolytic O-O bond cleavage to yield two
molecules of tetrabutylammonium sulphate radical anions (n-BuyN*S04") [22, 23].
The radical anions then extract a hydrogen atom from a variety of Cy,3. H compounds,
resulting in the C-centered radical. Alkene would then grab the resultant radical,
which would then be cyclized to form an aryl radical. Finally, a carbocation is formed
by single-electron oxidation of resultant aryl radical by radical anions, which is
deprotonated by the produced sulphate dianion (n-Bu,N*SO,*") to obtain the desired
product. The active n-Bu4N*SO4" produced in the first stage of the reaction can
provide higher solubility and a suitable oxidation potential for the product.

Under metal-, photocatalyst-, and light-free circumstances, the Baishya group
described two simple and successful C-3 arylation protocols of quinoxalin-2(1H)-ones
with arylhydrazines and aryl boronic acids, respectively, via free radical cross-coupling
reactions. Under two separate reaction conditions, K,S,0g has been employed as an
effective oxidant to create aryl radicals from arylhydrazines and aryl boronic acids.
The process starts when persulfate S,04”~ decomposes into the sulphate radical anion
SO,"", which interacts with phenylhydrazine to create the phenylhydrazine radical.
Another sulphate anion radical combines with SO," to produce phenyldiazene,
which then reacts with still another sulphate anion radical to produce phenyldiazene
radical. The phenyl radical is formed when N, gas is removed from phenyldiazene
radical, and it conducts a Minisci-type radical addition reaction on the C-3 position of
quinoxalin-2(1H)-one, yielding the desired product as shown in Figure 6 [24].

In the presence of persulfate, Ryu’s group found that a wide range of unactivated
acyclic and alicyclic substrates cleanly undergo site-selective alkenylation of unacti-
vated C(sp’)-H bonds with 1,2-bis(phenylsulfonyl)ethene. The sulphate radical formed
by thermally induced homolysis of the persulfate anion abstracts a hydrogen from the
p-position of cyclopentanone to create alkyl radical. After that, this radical combines
with the C-C double bond of 1,2-bis(phenylsulfonyl)ethene to generate another radical,
which then undergoes f-scission to yield the desired product as shown in Figure 7 [25].

Inorganic oxidants such as potassium persulfate (K;S,0g) have been frequently
employed in oxidative transformations because they are inexpensive and readily
available. Tang and Chang’s group published a method for selective intramolecular
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Figure 5.
K,S,0g and TBAHS promoted synthesis of oxindoles.

radical trifluoromethylacylation of alkenes with low-cost CF;SO,Na and K,S,0s to
produce CF;-functionalized chroman-4-ones (Figure 8) [26]. The rate-determining
phase entailed the production of trifluoromethyl radical (CF;) from CF;SO,Na via the
oxidation of K;,S,04. The reaction was started by CF; rather than the acyl radical from
the aldehyde, according to control experiments and DFT calculations.

Under metal-free circumstances, the Xaio group disclosed a novel and simple
approach for the synthesis of 3-(2-oxo-2- arylethyl)chroman-4-ones as shown in
Figure 5. Using the radical method, aromatic or aliphatic aldehydes react with various
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Synthesis of CFy-functionalized chroman-4-ones.
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Figure 9.
K.,S,04- mediated synthesis of chroman-4-one derivatives.

2-(allyloxy)arylaldehydes to make chroman-4-one derivatives in a moderate to good
yields. The procedure is metal-free and has a step-by-step approach, as well as readily
available starting materials, demonstrating its some physiologically active chemicals
having practical synthetic use (Figure 9) [27].

2.2 C-N bond formation

Under metal-free circumstances, several nitration, azidation, and intramolecular
C-N bond-forming reactions with K,S,04 have been described. Unlike the decarbox-
ylation of alkyl radicals from carboxylic acids or the generation of sulfur-centered
radicals from the corresponding metal salts, silver or other metal catalysts are not
required for the generation of nitrogen dioxide or azide radicals (redox potentials of
nitrogen dioxide and azide radicals are +1.04 V and + 1.33 V, respectively), [28, 29]
and K,S,0g alone could suffice.

By employing TBN and various internal alkenes, Patel group developed a
metal-free approach with K,S,0g and quinolone for the synthesis of 1,2,5-oxadia-
zole-N-oxides (furoxans) and nitrolefins from various internal alkenes as shown
in Figure 10 [30]. In this method, the TBN undergoes thermal heterolytic cleavage
of tert-butyl nitrite, resulting in the formation of a NO radical and a tert-butoxy
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Figure 10.
Tert-butyl nitrite mediated differential functionalizations of internal alkenes.

radical. Under aerobic reaction conditions, the NO radical is transformed to a NO,
radical. As shown in Figure 10, the NO, radical generated attacks the various alkenes
and produces the desired products [30].
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K.,S,0¢-mediated synthesis of imines, azobenzenes, benzothiazoles, disulfides.

The Sawant group published an excellent yielding transition metal-free technique
for oxidative coupling of primary amines to imines and azobenzenes, thiols to disul-
fides, and 2-aminothiophenols to benzothiazoles. The use of biocompatible and green
reaction conditions such as solvent, room temperature reactions, and a transition
metal-free approach are among the advantages of the current ecologically friendly
process. It also has a wider range of substrate scope (Figure 11) [31].

2.3C-0/C-S/C-Se/C-halogen bond formation

The oxidative C-O, C-S, C-Se and C-halogen bond-forming processes utilizing
K;S,0s as the only oxidant are described in some detail. For the synthesis of 1,2-dik-
etones from internal alkynes, Chao and colleagues established a K,S,0g-mediated,
transition-metal-free approach [32]. For diaryl- and aryl-alkyl acetylenes, Chao’s
procedure is quite convenient. However, under this K,S,0g-mediated reaction state,
the aldehyde functionality connected to the aryl-alkyne is unwelcome, resulting in
avery poor yield of the desired 1,2-diketone product. Transition-metal (Pd, Ru, Au,
Ag, and Cu) catalyzed reactions are generally used to convert alkynes to 1,2-diketones
[33, 34]. This K,S,05-mediated process is a good transition-metal catalyzed reac-
tion alternative. The author concluded from ®O-isotope labelling tests that oxygen
incorporated into alkyne came from K,S,05 and molecular oxygen rather than water
(H,0™) as shown in Figure 12 [32].
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Figure 12.
K.,S,0s-mediated synthesis of 1,2-diketones.

Tetrahydro-carbolines were oxidized by persulfate, according to the Chen group.
In moderate to good yields, this reaction promotes the synthesis of a range of 2-formyl
N-substituted tryptamines and related derivatives as important intermediates. The
approach can be used to perform direct last-stage oxidation of Cialis and evodiamine,
two interesting medicines (Figure 13). Under thermolysis in the DMSO solvent,
breakdown of S,0¢” results in the creation of the sulphate radical anion SO, single
electron transfer (SET) from tetrahydro-carboline to SO," yields the carbon-centered
radical, which is then further oxidized to provide the iminium intermediate. N-Boc-
2-formyl-Trp-OH is produced via intermolecular nucleophilic addition to an iminium
intermediate (Figure 13) [35].

In order to synthesis the related flavanones and chalcones in good to excellent
yields, a novel K,S,0g-mediated approach for the oxidative deoximation of flavanone
and chalcone oximes was developed. Flavanone oximes, chalcone oximes, ketox-
imes, and aldoximes have all been effectively deoximated using this approach. This
approach works for both inhibited and functionalized aldoximes as well as ketoximes
(Figure 14) [36].

Bhat recently reported paraselective thiocyanation of phenol and aniline
driven by K,S,0s. For heterocycles like indoles, high regioselectivity was also seen
(C3-thiocyanation) as shown in Figure 15 [37]. To learn more about the mecha-
nism, the radical scavenger TEMPO (2,2,6,6- tetramethyl-1-piperidinyloxyl) was
treated with the reaction mixture. Even after an extended reaction period, the
thiocyanation reaction did not progress, indicating that a free radical route was
most likely engaged during the process. K,S,0s is well recognized for producing a
powerful, short-lived oxidant-sulphate radical anion (SO,). When the sulphate
radical anion (E° = 2.6 V) interacts with aromatics with low ionization potential, it
produces a radical cation [38, 39].

Yu reported using thiocyanation and C-O cyclization in the presence of K,S,0g to
obtain 3-thiocyanato-4H-chromen-4-ones from different 2-hydroxyaryl enaminones [40].
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K.,S,0¢-mediated oxidation of tetrahydro-p-carbolines by persulfate.
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Figure 14.
K.,S,0¢-mediated oxidative deoximation of oximes.

The production of a nucleophilic SCN radical was hypothesized as the next step in
this process as shown in Figure 16.

Sun and co-workers described a K,S,0s-mediated selenoamination of alkenes using
diphenyl diselenide and several nitrogen containing compounds such as saccharin,
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K.,S,0g-mediated synthesis of 3-thiocyanato-4H-chromen-4-ones.

dibenzenesulfonimide, benzotriazole, pyrazole, 1,2,4-triazole, 6-chloropurine, and
others as shown in Figure 17 [41].
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K.,S,0¢-promoted selenoamination of alkenes.
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K.,S,0¢-promoted benzgylic monofluorination and difluorination.

Yi and co-workers used Selectfluor and K,S,0g to develop a transition-metal-free
technique for direct benzylic C-H fluorination [31]. Despite the existence of different
techniques for this transformation, the use of K;,S,0g as a cheap oxidant was shown
to be the most effective. The most plausible scenario was the formation of a benzylic
radical with the sulphate radical ion, which then interacted with a F atom from
Selectfluor (Figure 18) [39].

3. Conclusions

Oxidative transformations that result in the formation of C-C/C-X bonds are an
important class of reactions that has made significant progress in recent years. The oxi-
dative reactions carried out under metal-free conditions using K,S,0g as the major oxi-
dant are highlighted in this book chapter. Overall, this book chapter covers a wide range
of greener metal-free transformations (C-C, C-N, C — O/C — S/C — Se/C — Halogen
bond formations) with K,S,0g and the mechanisms that underpin them. Their applica-
tions in visible light and photoredox-catalyzed reactions have recently been discovered.
Nonetheless, given the current state of knowledge about the use of this oxidant in
diverse transformations, a comeback of new techniques is very likely in the near future,
which can be hastened even further with a complete grasp of mechanistic pathways.
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Chapter 7

Thermally Activated Delayed
Fluorescence (TADF) Compounds
as Photocatalyst in Organic
Synthesis: A Metal-Free Greener
Approach

Suresh Rajamanickam and Bhisma K. Patel

Abstract

Thermally activated delayed fluorescent (TADF) molecules undergo efficient
intersystem crossing (ISC) and reverse intersystem crossing (RISC) processes, making
them as third-generation emitters in organic light-emitting diodes (OLEDs), photo-
dynamic therapy (PDT) and time-resolved luminescence imaging. Apart from these
applications, recently, TADF molecules have been used extensively as photocatalysts
in light-mediated synthesis. In general, highly expensive complexes of Rh, Ir, Ru and
organic dyes (Eosin Y, Rose Bengal, 9-mesityl-10-methylacridinium perchlorate [Acr-
Mes]*ClO,4 ) are commonly used in the photocatalysis process. Organic-TADF based
molecules help to avoid these costly metal catalysts and frequently used organic dyes,
making the reaction economical and greener. This chapter will briefly summarize the
photocatalytic properties of organic-TADF compounds in organic synthesis.

Keywords: thermally activated delayed fluorescence (TADF), photocatalysis,
4CzIPN, organo photoredox catalysis, radical chemistry, single electron transfer
(SET), halogen atom transfer (XAT), cross dehydrogenative coupling (CDC), Minisci
reaction, cyclopropanation, cyclization reaction, ring opening reaction, deuteration
reaction, hydroformylation reaction

1. Introduction

The term ‘photocatalysis’ is derived from the concepts of photochemistry. Previ-
ously, ultraviolet (UV) irradiation was commonly applied in classical photochemical
reactions. The use of high energy ultraviolet light has selectivity issues and requires a
designer reaction setup. However, the recent photochemical reaction uses low energy
and selective wavelength of visible light from Light-Emitting Diodes (LED). Due to
low energy usage, modern photochemical reactions are highly selective. In general,
visible light has low absorptivity, so it can not drive the organic reaction competently.
A secondary substrate, usually a photocatalyst is introduced to enhance the light
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absorptivity. This photocatalyst absorbs visible light and provides stable and long
photoexcited states, which induces the substrates or reagents to participate in the
chemical reaction. The photoexcited catalyst either donates or removes a single elec-
tron from the reacting partners, which triggers further reaction via oxidative or
reductive quenching. The current need of modern organic chemistry is the effective
utilization of raw materials, energy resources. Further, elimination of waste, toxic,
hazardous solvents, reagents and replacement of expensive and less efficient processes
are the basic tenets of Green Chemistry. In this regard, visible-light assisted photo-
catalyzed reactions provides a smooth pavement for sustainable chemical synthesis. In
addition, the visible-light assisted photo-catalyzed reaction received much attention
in the synthetic community due to the simplicity of reaction setup and broad
applicability to various reactions. However, most visible light-mediated reactions use
expensive metal-based Ru or Ir based photoredox complexes making the process
economically unviable. Nevertheless, the use of bench-stable inexpensive Thermally
Activated Delayed Fluorescence (TADF) organic material as photocatalysts obviate
many of the problems.

Polish physicist Aleksander Jablonski studied the molecular absorbance and emis-
sion of light. He developed the famous Jablonski diagram to explain the spectra and
kinetics of fluorescence and phosphorescence. This diagram illustrates the excited
states energy level of a molecule and their radiative and non-radiative transitions. A
typical Jablonski diagram is shown in Figure 1a. Under appropriate light irradiation,
the molecules excite to an excited singlet state (Sn), and then the excitons migrate to
the lowest excited singlet state (S;) via internal conversion (IC). The lowest excited
singlet state (S;) excitons subsequently migrate from the S; state to the ground state
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Figure 1.
Simplified Perrin-Jablonski diagram and commonly used TADF motif in photocatalysis.
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(So) by releasing radiative light energy. This process is known as fluorescence or
prompt fluorescence. Meanwhile, the singlet state excitons (S;) can further migrate to
the lowest triplet excited state (T;) through intersystem crossing (ISC), which can
undergo a radiative decay transition process from the lowest triplet excited state (T,)
to the ground state (Sp), (T; — S transition) which is termed as phosphorescence.

Followed by Jabloniski, French physicists Jean Baptist Perrin, the winner of 1926
Nobel Prize in Physics, and his son Francis Perrin rationalized a third type of radiative
transition known as delayed fluorescence. This occurs when a molecule in the lowest
triplet excited state (T;) transitions to the lowest excited singlet state (S;) via reverse
intersystem crossing (RISC) followed by a radiative transition to the ground state
(So). The reverse intersystem crossing (RISC) from T, to S, is only possible when the
molecule has a very small singlet-triplet energy gap AEgr (upto <0.6 ev) between the
lowest-lying singlet S; and triplet excited states T;. When the AEgr is very small, the
environment heat helps to achieve the reverse intersystem crossing (T; — S;),
resulting in delayed fluorescence. The overall process is termed as Thermally Acti-
vated Delayed Fluorescent (TADF). These TADF molecules have huge applications in
the third-generation Organic Light-Emitting Diode (OLED) display technology.
According to Transparency Market Research, the global OLED displays market is
expected to reach $100 billion by 2030 from $4.9 billion in 2012. Recently, the TADF
process is also incorporated in the Jablonski diagram and the diagram is termed as
Perrin-Jablonski diagram.

The TADF proceeds via the result of multiple cycles between intersystem crossing
(ISC) from S; to T; and the reverse intersystem crossing (RISC) from Ty to S;. So a
delayed fluorescence is observed after the short-lived fluorescence. TADF emission is
identical in wavelength to prompt fluorescence, but it occurs on a longer timescale.
The emission lifetime of fluorescence or prompt fluorescence is shorter (nanosecond
scale). On the other hand, the delayed fluorescence has a longer emission lifetime
(microsecond or even millisecond scale).

Eosin Y is the first organic compound identified to show Thermally Activated
Delayed Fluorescence (TADF) property. This inexpensive organic dye is widely used
in photocatalysis (PC) due to its moderate redox potentials (in 1:1 ratio of acetonitrile
and water ratio the ground oxidation and reduction potentials of Eosin Y are
Eox = 0.78 Vand E,.q = —1.06 V respectively. The excited state reduction and oxida-
tion potentials are E,,* = —1.11 V and Er.q* = 0.83 V) and visible region absorption
(Aaps = 520 nm in MeOH). Followed by Eosin Y, other organic TADF molecules such as
Rose Bengal, 9-mesityl-10-methylacridinium perchlorate [Acr-Mes]*ClO, and
polypyridyl metal complexes Ir(ppy)3, (Ir[dF(CF;)ppyl(dtbpy))PFs and [Ru(bpy)s]
(PFs),) were extensively studied in photocatalysis process (Figure 1).

In 2012, Adachi group prepared a conformationally twisted electron-donor and
acceptor TADF material, 2,4,5,6-tetra(carbazol-9-yl)benzene-1,3-dicarbonitrile
(4CzIPN) by single-step reaction between 2,4,5,6-tetrafluoroisophthalonitrile and
carbazole via nucleophilic aromatic substitution (SyAr) reaction (Figure 2) [1]. This
molecule has a very small energy gap (AEst = 0.08 eV in toluene) between S; and T
levels. This small energy difference allows reverse intersystem crossing (RISC) from
T to S to qualify it as a TADF molecule [1]. 4CzIPN is a poor single-electron oxidant
or reductant in the ground states. On the other hand, it is a potent single electron
transfer reagent in the excited states under visible-light irradiation. This TADF mole-
cule has high photoluminescence quantum yield (94.6%) and a long lifetime at an
excited state (5.1 ps). One of the primary advantages of 4CzIPN is its low synthetic
cost [2].
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Figure 2.
Synthesis of 2,4,5,6-tetra(carbazol-9-yl) benzene-1,3-dicarbonitrile (4CzIPN).

O [18-crown-6]

4CzIPN (1 mol %)
Radical DMF rt 24 h ,
L R'—R
aceeptor (R") j Q Blue LEDs

. ™~ ,;’_Q}\ N/
H.C ,TCH3::>H30 N CHe Tosm="+_ 7 = T\

N— —/ AN

HsC N CHs; He N oH, 78%
o Ph._-C
94%
CouE coE N MeO,C . MeO,C._Cy
P = e . = —
HZC’} ~oTos H,c? WY O C|/J\VCV Me0,C~ Me0,C
88% 70% 78%

Figure 3.
4CzIPN-catalyzed radical functionalization of silicates with varvious vadical acceptors.

In 2016, Ollivier and Fensterbank group used 4CzIPN as a photocatalyst for an
organic transformation [3]. Under blue LEDs irradiation, 4CzIPN undergo photoex-
citation, the photoexcited 4CzIPN* generated benzyl radical from benzyl bis
(caecholato)silicates, the generated radical is trapped by (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl (TEMPO) (Figure 3). The author further extended the scope of
this methodology for the preparation of alkynylation, vinylation and Giese-type
products by treating alkylsilicates with a variety of radical acceptors (Figure 3). This
work open-up a new window for many organic transformations using 4CzIPN as an
economically cheaper, greener organo photoredox catalyst.

Followed by Ollivier and Fensterbank radical-mediated synthesis [3], various
organic transformations were documented using 4CzIPN as a photocatalyst under the
irradiation of visible light or blue LEDs. Besides this, many reactions were reported
using 4CzIPN in combination with a transition metal. This chapter excludes transition
metal assisted (synergic catalysis) synthesis and mainly focuses on 4CzIPN as an
independent photocatalyst without any transition metals.

2. Cyclopropanation reactions

In 2018, a group of Gutierrez and Molander demonstrated a redox-neutral
photocatalytic cyclopropanation of olefins with triethylammonium bis(catecholato)
iodomethylsilicate using a combination of 4CzIPN and blue LEDs light.
Triethylammonium bis(catecholato)iodomethylsilicate serve as an iodomethyl radical
precursor (Figure 4) [4].

From mechanistic aspects, the photocatalytically generated halomethyl radical is
trapped by the alkene and generate a stable tertiary radical. This radical accepts a
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4CzIPN-catalyzed cyclopropanation of alkene using iodomethylsilicate.
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4CzIPN-catalyzed cyclopropanation of alkene using iodomethylsilicate.

single electron from the 4CzIPN ', to form an anion and regenerate the catalyst. It
underwent an anionic 3-exo-tet ring closure that leads to a cycopropylation product.
With the support of both computational and control experiments performed, the
authors concluded that the reaction proceeds via an anionic 3-exo-tet ring closure
(Figure 5) [4].

In the same year, the Molander group further extended their aforementioned
cyclopropanation methodology [4] to the homoallylic tosylates system (Figure 6) [5].
In their previous report, the leaving group (iodo) is attached to the radical precursor
motif itself [4]. In their follow-up work, the Molander group incorporated the leaving
group into the alkene core. They treated three different alkyl radical precursors such
as bis(catecholato)alkylsilicates, alkyltrifluoroborates and 4-alkyl dihydropyridines,
with an array of linear homoallylic tosylates systems [5]. All leads to 1,1-disubstituted
cyclopropanes derivatives in moderate to good yields via in-situ generated anionic
cyclization (Figure 6). The classical electrophilic carbenoid Simmons-Smith
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4CzIPN-catalyzed cyclopropanation of linear homoallylic tosylates using alkyl radical precursors.
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Figure 7.
4CzIPN-catalyzed cyclopropanation of exocyclic homoallylic tosylates using bis(catecholato)alkylsilicates.

cyclopropanation reaction is incompatible for Lewis basic heterocycle and free amine
functional groups. However, this radical-polar annulation reaction (RPARs) protocol
is highly comfortable with those substrates (Lewis basic heterocycles and free amines
substrates). a-Heteroatom, secondary, tertiary and benzylic radical generated from
trifluoroborate reagents all smoothly delivered cyclopropanation derivatives [5].

In successive work, the reaction between bis(catecholato)alkylsilicates and exocy-
clic homoallylic tosylates in the presence of photocatalyst 4CzIPN under blue LEDs
irradiation afforded polycyclic cyclopropanes (Figure 7) [6]. This reaction proceeds
smoothly with five (indanone) and six-membered (tetralone) carbocylic tosylate
alkenes. But, seven-membered i.e. cycloheptanone-based tosylate failed to provide a
cyclopropanation product. However, the introduction of heteroatoms (nitrogen and
oxygen) in the benzylic position of seven-membered ring i.e. benzoazepines and
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benzoxepines-derivatives, smoothly afforded Radical-Polar Crossover (RAC) annula-
tion products (Figure 7) [6].

Around the same time, Noble and Aggarwal’s group jointly documented 4CzIPN-
catalyzed cyclopropane reaction by treating aliphatic carboxylic acids with electron-
deficient internal and external chloro alkenes (Figure 8) [7]. The reaction proceeded
via decarboxylative radical addition followed by a polar cyclization cascade pathway
(Figure 8). This methodology shows broad substrate scope for both acids (including
cyclic, acyclic carboxylic acids, amino acids and dipeptides) and electron-
withdrawing groups (carboxylate esters, nitriles, primary amides, sulfones and
phosphonate esters) attached chloro alkenes.

Homoallyl chlorides provided good yields of 1,1-disubstituted cyclopropanes. On
the other hand, allyl chlorides lead to vicinal substituted cyclopropanes with moderate
yields. The slightly lowered yield obtained is due to the formation of an allylic ester
by-product via SN2 reaction between allylic chloride and carboxylate (Figure 8) [7]. It
is noteworthy to mention that, this mild organic photocatalyst protocol is applied for
the late-stage cyclopropylation of a variety of acid-containing bioactive natural prod-
ucts namely, dehydroabietic acid (terpenes), biotin (vitamin B7), trolox (vitamin E
analogue), cholic acid (bile acid) and gemfibrozil (fibrate drug) (Figure 8) [7].

From a mechanistic perspective, the excited photocatalyst 4CzIPN* underwent
SET with the carboxylate to form a carbon center radical by reduction of the excited
photocatalyst to radical anion (4CzIPN" ™). The carbon center radical underwent
Giese-type addition into the homoallyl chloride to generate the stabilized alkyl radical.
This stabilized alkyl radical accept a single electron from 4CzIPN"~ leading to a
stabilized carbanion. Polar 3-exotet cyclization of stabilized carbanion afforded cyclo-
propane product (Figure 9) [7].

The above cyclopropanation reactions have considerable advantages over other
reagents such as diazomethane (respiratory irritant) and highly pyrophoric
diethylzinc (C,Hs),Zn, used in the Simmons-Smith reaction.
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Figure 8.
4CzIPN-catalyzed cyclopropanation of allyl and homo allyl chlorides with carboxylic acid.
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A mechanism for 4CzIPN-catalyzed decarboxylative cascade radical addition—polar cyclization reaction towards
substituted cyclopropanes synthesis.

Subsequently, various research groups generated 4CzIPN photo catalyzed
decarboxylative carbon-centered radicals from a carboxylic acid and added it into
alkenes (via Giese-type addition) [8-11] or aromatic heterocyclic (Minisci reaction)
[12, 13].

For example, Wang group generated a carbon-centered radical (10B) in-situ via a
decarboxylative path from the anionic form of diethoxyacetic acid (10A) by
photoirradiation of 4CzIPN. The generated radical (10B) adds regioselectively into
aryl olefins (styrene derivatives), at the less substituted site which leads to a stable
benzylic radical (10C). This benzyl radical then accepts a single electron from the
radical anion of photocatalyst 4CzIPN "~ to form a benzyl anion (10D). Protonation of
benzyl anion followed by acid hydrolysis of the acetal provided hydroformylation
product (10E) (Figure 10) [8]. In sum, Wang group developed a 4CzIPN catalyzed
hydroformylation of aryl olefins with diethoxyacetic (Figure 10). In this reaction,
diethoxyacetic acid acts as the formylation reagent (formyl radical equivalent). It is
noteworthy to mention that this is the first radical-based hydroformylation strategy.
The author avoided competitive radical polymerization reaction by performing the
reaction in a continuous flow system for electron-deficient olefins, and batch method
applied for electron neutral and rich olefinic systems. This radical formylation proto-
col was successfully extended towards late-stage formylation of biologically relevant
complex olefins (Figure 10) [8].

The authors studied the competitive reaction between aryl and alkyl olefin in both
inter and intra-molecular manners. The reaction showed higher chemoselective at the
aryl olefin site. Alkyl olefin site remains intact in both continuous flow and batch
method (Figure 11) [8].

Schubert group employed 4CzIPN-mediated decarboxylative radical
conjugate addition to C=C bonds of dehydroalanine (Dha) and its derivatives
peptides (Figure 12) [9]. This protocol opens up new avenues to a diastereoselective
synthesis of unnatural amino acids and the late-stage derivatization of a tripeptide

(Figure 12) [9].
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Figure 11.
4CzIPN-catalyzed intra- and intermolecular chemoselectivity hydroformylation reactions.
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Figure 12.
4CzIPN-catalyzed radical conjugate addition to dehydroalanine containing tripeptides.
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3. Three-component C—C and C—N bond formation reaction

So far, we discussed 4CzIPN catalyzed two compound reactions [3-9]. For the first
time in the year 2019, the Studer group developed a 4CzIPN photocatalyzed three-
component reaction for 1,2-amidoalkynylation of unactivated alkenes (Figure 13)
[10]. Photoexcited TADF (4CzIPN*) generated an amidyl radical (14B) in-situ from
the anionic form of Troc-protected a-amido-oxy acid (14A) via a single electron
transfer followed by decarboxylation and extrusion of acetone (Figure 14). An amidyl
radical (14B) is added into alkene, which generated an alkyl radical (14C), which then
couples with an alkyne radical produced from ethynyl benziodoxolones (EBX) to
form 1,2-amidoalkynylation product (14D) [10].

This three-component reaction showed broad substrate scope for mono, di and tri
substituted terminal alkene and substituted benziodoxolones. In addition to these,
vinyl ethers, esters and enamides are also compatible with these reaction conditions
(Figure 13). The reaction provided a high level of chemo-selective product. The polar
effect plays a major role in chemo-selective product formation. An amidyl radical is
attached at the less substituted site of alkene and the alkyne radical is attached at the
more substituted site of alkene (Figure 13) [10]. For a particular note, this is the first
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Figure 13.
4CzIPN-catalyzed 1,2-amidoalkynylation of unactivated alkenes.
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Figure 14.
Proposed mechanism of 4CzIPN-catalyzed 1,2-amidoalkynylation of unactivated alkenes.
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Figure 15.
Radical clock experiments in the synthesis of 1,2-amidoalkynylation of unactivated alkenes.

transition metal-free alkene aminoalkynylation. Before this report, alkene aminoalk-
ynylation reactions are restricted to disubstituted alkenes.

The author concluded that the reaction proceeded through a radical pathway by
performing two different radical clock experiments using 1,6-diene and
vinylcyclopropane (Figure 15) [10].

4. Photoinduced C—Si bond formation via decarboxylation of
silacarboxylic acids

All the aforementioned examples deal with photoinduced C—C bond formation
via decarboxylation of carboxylic acids. In 2020, Uchiyama group generated a silyl
radical by photoirradiation of silacarboxylic acids in the presence of 4CzIPN. This silyl
radical is successfully trapped by an alkene, leading to silyl alkane via C—Si bond
formation (Figure 16) [11]. Substrate scopes of the reaction were demonstrated with
three silacarboxylic acids (Ph,MeSiCOOH, Ph,’BuSiCOOH and PhMe,SiCOOH) and a
broad range of electron-withdrawing substituted alkenes (Figure 16). Interestingly,
1,1,2,2-tetraphenyldisilane-1-carboxylic acid, (having Si—H and Si—COOH) also
provided decarboxylative silyl radical coupled product, without affecting the Si—H
group. (Figure 16, product no. 16.8) [11].
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Figure 16.

4CzIPN-catalyzed decarboxylative hydrosilylation of alkenes from silacarboxylic acids.
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5. TADF-photocatalyzed Minisci reactions

The addition of nucleophilic radical to electron-deficient nitrogen-containing
heteroarenes bases followed by a formal hydrogen atom loss is known as Minisci
reaction [14, 15]. The major problem associated with the Minisci reaction is regio-
selectivity. For example, classical Minisci reaction on quinoline often provides a mix-
ture of C2 and C4 addition products. In 2020, Phipps group developed a TADF-
photocatalyzed protocol for regioselective C2 and C4 functionalization of quinoline
with phenylalanine-derived redox-active esters (Figure 17) [12]. The authors system-
atically studied the effect of acid, solvents and photocatalyst in the regioselective
decarboxylative functionalization (alkylation) of quinolone. The Bronsted acids,
photocatalyst and solvent all play major roles in selectivity. The TADF-photocatalyst
4CzIPN with p-toluenesulfonic acid (PTSA) in a more polar solvent (DMA) favor
C4-functionalized product (5.4:1 ratio of C4/C2). On the other hand, another TADF-
photocatalyst 3DPAFIPN with structurally bulky 2,4,6-triisopropylbenzenesulfonic
acid (TIPBSA) in a less polar solvent (dioxane) leads to the highest C2 selectivity
(C4/C2 = 1.7.3) (Figure 17) [12].

Sherwood and co-workers employed a 4CzIPN-photocatalyzed Minisci reaction
between a variety of electron-deficient N-containing heterocycles and the intermedi-
ate of an in-situ generated N-(acyloxy)phthalimides (NAP) from aliphatic carboxylic
acid (Figure 18) [13]. Sherwood used various substituted heteroarenes namely
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Figure 17.
4CzIPN and 3DPAFIPN-photocatalyzed regioselective Minisci reaction of quinoline with redox-active esters.
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4CzIPN-photocatalyzed one-pot Minisci reaction between hetreoarenes and in-situ genevated N-(acyloxy)
phthalimides (NAP).
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pyridine, quinoline, isoquinoline, quinoxaline, quinaldine, quinazolinone,
phthalazine, purine, azaindole, benzimidazole, benzothiazole, benzoxazole, indazole
and caffeine to test the efficiency of the reaction protocol. Among these, azaindole,
benzoxazole and indazole provided the least amount of product (5%), all other sub-
strates afforded moderate to excellent yields of Minisci functionalized products. In
addition, this one-pot reaction protocol showed a high degree of functional group
tolerance towards late-stage functionalization (LSF) of nucleosides (nebularine and
peracetylated nebularine, adenosine), alkaloids (quinine, camptothecin) and antican-
cer marketed drug scaffolds namely vemurafenib, imatinib (Figure 18) [13].

From mechanistic aspects, when blue LEDs light is exposed to organophotocatalyst
4CzIPN and in-situ synthesized N-(acyloxy)phthalimides (NAP) (19A), the latter
underwent reductive fragmentation to generate an alkyl radical (19B) and
phthalimide (by extrusion of carbon dioxide). This is followed by SET from excited
4CzIPN* to a phthaloyl radical. The alkyl radical (19B) was added to the electron-
deficient N-containing protonated heteroarenes (19C) to form adducts (19D, E). The
adduct (19E) further underwent a second SET with the oxidized form of the
organophotocatalyst 4CzIPN " to give a Minisci product (19F) and regenerated the
catalyst (Figure 19) [13].

In the afore-mentioned Minisci protocols (Figures 17 and 18), acid additives were
used in the reaction medium [12, 13]. In 2019, Graham and Noonan demonstrated an
acid additive-free, large-scale (67 g) photoredox catalyzed Minisci reaction towards
the synthesis of 2,4-dichloro-6-[1-(methylsulfanyl)cyclopropyl]pyrimidine
(Figure 20) [16]. This protocol reduces four reaction steps in the classical production
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Figure 19.
Proposed mechanism of 4CzIPN-photocatalyzed one-pot Minisci reaction between hetreoavenes and in-situ
generated N-(acyloxy)phthalimides (NAP).
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Figure 20.
3DPA2FBN-photocatalyzed one-pot Minisci reaction towards cevalasrtib synthesis.
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Figure 21.
4CzIPN-photocatalyzed decarbonylative Minisci reaction.

of cancer’s phase II clinical trials molecule ceralasertib [16]. Compared to 4CzIPN
(50% yield), 3-DPA2FBN (70%) is a more effective photocatalyst for the above-
mentioned transformation.

In general most of the Minisci reactions proceeds through the decarboxylation
(—CO,) pathway [12, 13, 15, 16]. Large amounts of oxidants are generally required
when aldehydes are used as the radical precursors. In 2019, Huang and Zhao groups
disclosed a visible-light-induced photoredox decarbonylative (—CO) Minisci type
C—C bond formation (alkylation) between aldehydes and N-heteroarenes
(Figure 21). The reaction proceeded at room temperature and air (O,) was used as the
sole oxidant (Figure 21) [17].

This reaction is highly compatible with secondary and tertiary aldehydes. How-
ever, primary alkyl aldehydes and aromatic aldehydes failed to deliver
decarbonylative Minisci-type alkylated products. The substrate scope of this aerobic
photoredox decarbonylative alkylation reaction is decorated by various mono N-
heteroarenes (quinolines, isonicotinonitrile, isoquinoline, phenanthridine,
quinoxyfen, hydroquinine, and benzothiazole) and multi-nitrogen containing
heteroarenes such as 1,10-phenanthroline, phthalazine, quinoxaline and imidazo[1,2-
a]pyridine. Mono-nitrogen heteroarenes provided a good yield of Minisci-type alkyl-
ation products. On the other hand, multi-nitrogen-containing heteroarenes delivered
a lower yield of products (Figure 21) [17].

The author proposed a plausible reaction mechanism, as shown in Figure 22.
Visible light-induced photoexcited catalyst 4CzIPN* underwent SET with O, to form a
superoxide radical anion (O, 7). This superoxide radical anion abstracts a hydrogen
atom from aldehyde to produce an acyl radical (22A). Decarbonylation of an acyl
radical (22A) generates an alkyl radical (22B). The alkyl radical (22B) addition to the
protonated N-heteroarene (22C) leads to N-heteroarene radical cation (22D). Fur-
ther, sequential deprotonation of radical cation (22D) and SET between alpha alkyl
radical and [4CzIPN]" afforded final alkylated quinolone product (22E) and
regeneration of photocatalyst 4CzIPN (Figure 22) [17].

6. Cross-dehydrogenative Minisci type reactions
Cross dehydrogenative coupling (CDC) reaction is step and atom economical

reaction. It plays a vital role in the construction of a diverse array of C—C and
C—heteroatom bonds, by functionalizing C—H bonds of all types sp, sp’, sp> [18-23].
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A plausible mechanism for 4CzIPN-photocatalyzed decarbonylative Minisci reaction.
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Figure 23.
A plausible mechanism for 4CzIPN-photocatalyzed decarbonylative Minisci reaction.

In 2020 Li and An group demonstrated an acid-free, 4CzIPN photocatalyzed,
Minisci reaction between diverse Csp>—H sources and N-heteroarenes
(Figure 23) [24].

Sun group developed 4CzIPN and quinuclidine-catalyzed direct C—H silylation of
quinoxalinones or electron-deficient heteroarenes via Cross Dehydrogenative Cou-
pling (CDC) between quinoxalinones Csp>—H and silane Si—H bond (Figure 24).
The reaction proceeded with the combination of photoredox (4CzIPN) and hydrogen
atom transfer (HAT) catalyst (quinuclidine) (Figure 24) [25]. From a mechanistic
perspective, a single electron transfer (SET) between photoexcited catalyst 4CzIPN*
and quinuclidine (24.A) generates 4CzIPN’ "~ radical anion and quinuclidinium radi-

cal cation (24.B). The hydrogen atom transfer between silane and quinuclidinium

radical cation (24.B) produced silyl radical (24.C) and protonated quinuclidine (24.
D). Pyridine base accepts hydrogen from protonated quinuclidine (24.D) to regener-
ate hydrogen atom transfer (HAT) catalyst quinuclidine (24.A). Meanwhile, the in-
situ generated silyl radical couple with the quinoxalinones (24.E) to form a radical
adduct (24.F). Parallelly, superoxide radical anion (O, ™) is formed by another single
electron transfer (SET) between 4CzIPN"~ and 10,. Finally, the intermediate 24.F

underwent direct hydrogen atom transfer (HAT) with superoxide radical anion
(0,77) to give the desired CDC silylated product 24.G (Figure 24) [25].
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Figure 24.
4CzIPN and quinuclidine catalyzed silylation of quinoxalinones and electron-deficient heteroarenes with alkyl
silane via CDC approach.
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Figure 25.
4CzIPN-photocatalyzed cascade oxidative aryl-trifluovomethylations and aryl-methylcyanation of N-aryl
acrylamides.

7. Cyclization reactions

Cai group established a 4CzIPN-photocatalyzed intramolecular cascade oxidative
aryl-trifluoromethylations [26] and aryl-methylcyanation [27] of N-aryl acrylamides
for the synthesis of functionalized oxindole (Figure 25). Cai used Langlois reagent
(sodium triflinate, CF3SO,Na) and acetonitrile as trifluoromethyl and
methylcyanation sources, respectively. The aryl-trifluoromethylations reaction
proceeded without a strong oxidant. Oxygen present in industrial-grade nitrogen
(with 0.5 mol% of oxygen) acts as the oxidant. The use of high purity argon
(>99.999%) completely failed to provide any trifluoromethylations product
(Figure 25). On the other hand, aryl-methylcyanation reaction proceeds in the
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presence of strong oxidant, phenyliodine bis(trifluoroacetate) (PIFA) and an additive
1,3,5-trimethoxybenzene (Figure 25). Both aryl-trifluoromethylations [26] and aryl-
methylcyanation [27] reactions show broad substrate scope with N-aryl, alkyl acryl-
amides. However, substrates 25.3, 25.4 and 25.5 readily decomposed and failed to
provide their desired product (Figure 25).

From a mechanistic perspective, the photoexcited 4CzIPN* catalyst decomposes
sodium triflinate (CF3SO,Na) into CF; radical and SO,. This CF5 radical is added into
alkene of N-aryl acrylamide to generate a tertiary carbon center radical (26.A) or its
resonance oxygen radical (26.B). Radical cyclization of 26.A or 26.B followed by
sequential oxidation and deprotonation steps leads to trifluoromethylated oxindole
product 26.C (Figure 26) [26].

The author proposed a plausible reaction mechanism of aryl-methylcyanation of
N-aryl acrylamides, as shown in Figure 27. The additive 1,3,5-trimethoxy benzene
reacts with phenyliodine bis(trifluoroacetate) PIFA to delivered the diaryliodonium
salt 27.A. Which underwent single electron transfer (SET) with excited photocatalyst
4CzIPN*, generated active iodanyl radical 27.B species. Which abstract acetic hydro-
gen from acetonitrile or acetone or dimethylsulfoxide to provide the corresponding
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Figure 26.
A plausible mechanism for 4CzIPN-photocatalyzed cascade oxidative aryl-trifluoromethylations and aryl-
methylcyanation of N-aryl acrylamides.
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A plausible mechanism for 4CzIPN-photocatalyzed cascade oxidative aryl-methylcyanation of N-aryl
acrylamides.
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alkyl radical 27.C. This alkyl radical underwent radical addition into N-aryl acrylam-
ide alkene, which leads to stable tertiary carbon center radical 27.D. A sequential
radical cyclization, followed by deprotonation, afforded alkyl functionalized oxindole
product (27.E) (Figure 27) [27].

Cai group further extended the reaction protocol to N-benzoyl acrylamides to
synthesize cyano, acetone, dimethylsulfoxide and trifluoromethyl substituted
isoquinolinediones (Figure 28) [26, 27].

In 2021, Yu group demonstrated a 4CzIPN catalyzed cascade cyclization of N-
arylpropiolamides to 3-phosphorylated, trifluoromethylated or thiocyanated azaspiro
[4.5]trienones (spiro-y-lactam derivatives). In this radical-initiated cascade annula-
tion reaction, diphenylphosphine oxide or diethyl phosphite, 1-trifluoromethyl-1,2-
benziodoxol-3(1H)-one (Togni’s reagent II) or NH,SCN have been used as phospho-
ryl, CF3 and SCN sources respectively (Figure 29) [28]. The reaction showed broad
substrate scope for N-(4-methoxyphenyl)propiolamides bearing different N-substit-
uents (R") and Ar substituents (Figure 29). Interestingly N-arylpropiolamide
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4CzIPN-photocatalyzed cascade oxidative functionalization of N-benzoyl acrylamides.
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Figure 29.
4CzIPN-photocatalyzed cascade oxidative functionalization of N-arylpropiolamides.
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Figure 30.
Proposed mechanism for 4CzIPN-photocatalyzed cascade oxidative functionalization of N-arylpropiolamides.

containing a piperidine ring reacts with diphenylphosphine oxide, providing
polyfused heterocycle product 29.5 in very good yield (80%) [28].

This cyclization reaction proceeds via the combination of energy transfer (EnT)
and single electron transfer (SET) mechanism. The photo-excited catalyst 4CzIPN*
transfer its energy to N-arylpropiolamide 30.A, to form a high-energy-level 30.A*.
Then a SET between lauroyl peroxide (LPO) and 30.A* generated N-arylpropiolamide
radical cation (30.B) and dodecanoate anion. Afterward, the second SET between
diphenylphosphine oxide (30.C) and 30.B provided N-arylpropiolamide 30.A and
diphenylphosphoryl radical (30.D). This phosphoryl radical (30.D) regioselectively
added into alkyne of 30.A, generated alkenyl radical intermediate (30.E). Subse-
quently it underwent intramolecular radical cyclization to form an azaspiro radical
(30.F). The third single electron transfer reaction between 30.F and lauroyl peroxide
(LPO) leads to an azaspiro cation (30.G) and dodecanoate anion. Sequential addition
of H,0, followed by elimination of methanol and deprotonation, provided the desired
phosphorylated azaspiro[4.5]trienones product (30.H) (Figure 30) [28]. A similar
reaction mechanism was adopted for trifluromethylated and thiocyanated azaspiro
[4.5]trienones synthesis (Figure 30) [28].

8. Ring opening reaction

He and co-workers demonstrated a 4CzIPZ catalyzed aerobic oxidative cleavage of
unstrained Csp>~ Csp® bonds of morpholine derivatives using visible light as the
energy source and O; as an oxidant (Figure 31) [29]. The author proposed that the
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Figure 31.
4CzIPN-photocatalyzed oxidative cleavage of morpholine derivatives.

photoexcited 4CzIPN* was reduced by N-aryl morpholine via a single electron trans-
fer to generate 4CzIPN™ and aminium radical cation (31.A). Simultaneously, oxida-
tion of 4CzIPN™ by O, regenerate photocatalyst 4CzIPN and superoxide anion (O, 7).
This superoxide anion (O, ™) abstracts a hydrogen atom from the aminium radical
cation (31.A) to form an iminium intermediate (31.B) and HOO™. Afterwards, the
HOO™ abstracts a proton from the iminium intermediate (31.B) and form an enamine
species (31.C). Concurrently, singlet oxygen ('O,) is produced by sensitization with
4CzIPN* via energy transfer (ET). This singlet oxygen (*0,) is reacted with enamine
(31.C) to form a dioxetane intermediate (31.D), which readily decompose and pro-
vide the desired oxidative cleaved product (31.E) [29].

9. Deuteration reaction

In 2020, Leonori and co-workers incorporated deuterium in unactivated 1°, 2° and
3° alkyl iodide using a combination of synergistic photoredox 4CzIPN catalyst and
BusN as the halogen atom transfer (XAT)-agent precursor and methyl
thioglycolate—D,0 as the D-atom donor (Figure 32) [30].

From mechanistic aspects, the excited photocatalyst 4CzIPN* oxidize BuzN
followed by deprotonation leads to a-aminoalkyl radical (33.A) and 4CzIPN . The a-
aminoalkyl radical (33.A) abstract a halogen-atom from the alkyl halide to generate an
alkyl radical (33.B) and a-iodoamine (33.C) via XAT. This a-iodoamine (33.C) species
dissociate into the iminium iodide (33.D). Meanwhile, HAT, between deuteriated
methyl thioglycolate (33.E) and alkyl radical (33.B) provided desired deuteriated
product (33.F) and thiol radical (33.G). Finally, a single electron transfer between
4CzIPN' ™~ and thiol radical (33.G) regenerate photocatalyst 4CzIPN and methyl
thioglycolate (Figure 33) [30].

In addition to deuteration reaction, Leonori and co-workers further utilized the in-
situ generated alkyl radical (34.B) towards cross-electrophile coupling between
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4CzIPN-photocatalyzed deuteration of alkyl halides.
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Proposed mechanism for 4CzIPN-photocatalyzed deuteration of alkyl halides.

R

Ao wetme |

EWG «—————|4CzIPN (5 mol %)

X =Br, | CH:CN-H:0 |Et N, i, Blue LEDs
R |
‘ ~ H.O ! R
hv., RTN"Ewe jz \ 4CZIPN ci
rf/EEZ'P{: P o : / ) /K/’\\CHQ
4CzIPN* SET . 3 4CZ|PN* SET ( 34.G6 L
i\ AN R’ EWG | AL "
Et;N FgET 4CZ|F’N\R/J\\/‘\EWG34-E } EtsN 7 SET 4Cz|PN cl - R /“\/
T2
H* 34.C 3 H* ,\/m
) . H.C¥ “EWG! Py , H,C
Me” NEt; —HAT—~ g | Meg UNE —HAT~ g
34.A Y Ta4B ! Y R x 34B B
~R ] X L X
! »- =z
R Me)\NEtS Me™ “NE; | R Me” “NEt,  M&" TNEt

Figure 34.
4CzIPN-photocatalyzed deuteration of alkyl halides. Hydroalkylation and allylation.
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electron-deficient olefins or allyl chlorides following Giese-type hydroalkylation
mechanism (Figures 33 and 34) [30].

10. Conclusions

It is well-known that photocatalytic reactions are powerful tools for a wide range
of organic transformations. In this regard, visible-light-induced metal complexes have
gained huge attention in the last two decades. Recently TADF materials have been
used as an alternative for metal photocatalyst. In this chapter, we summarized a few
TADF materials, particularly 4CzIPN as photocatalyst for various radical-based
organic transformation reactions. This inexpensive TADF photocatalyst is less toxic
and greener. A large number of TADF materials are prepared and used in OLEDs
applications. However, only very few TADF molecules are explored in visible light
promoted organic transformations. This TADF catalyzed organic transformation
reactions are still in its infancy. Many new organo photocatalysts should be discovered
for milder organic transformation.
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Abstract

Transition metal chalcogenides (TMC) is a broad class of materials comprising
binary, ternary, quaternary, and multinary oxides, sulfides, selenides, and tellurides.
These materials have application in different areas such as solar cells, photocatalysis,
sensors, photoinduced therapy, and fluorescent labeling. Due to the technological
importance of this class of material, it is necessary to find synthetic methods to
produce them through procedures aligned with the Green Chemistry. In this sense,
this chapter presents opportunities to make the solution chemistry synthesis of TMC
greener. In addition to synthesis, the chapter presents different techniques of experi-
mental planning and analysis, such as design of experiments, life cycle assessment,
and machine learning. Then, it explains how Green Chemistry can benefit from each
one of these techniques, and how they are related to the Green Chemistry Principles.
Focus is placed on binary chalcogenides (sulfides, selenides, and tellurides), and the
quaternary sulfide Cu,ZnSnS, (CZTS), due to its application in many fields like solar
energy, photocatalysis, and water splitting. The Green Chemistry synthesis, charac-
terization, and application of these materials may represent sustainable and effective
ways to save energy and resources without compromising the quality of the produced
material.

Keywords: transition metal chalcogenides, green chemistry, synthesis,
design of experiments, life cycle assessment, machine learning
1. Introduction
The term Green Chemistry refers to the strategies for the production and use of
safer chemical products as replacements for hazardous substances. In this sense,

hazardous substances can be defined in a broad way as any substance representing
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any physical, such as injury as a result of short or long term exposure; environmental,
such as water or air pollution; or toxicological risks, such as mutations or cancer [1].

Although the search for safer reagents and solvents has been an ongoing process
in modern chemistry, the term Green Chemistry was coined at the beginning of the
1990’ decade. Soon after the establishment of the Pollution Prevention Act of 1990
[2]. Among different proposals, this Act included source reduction as desirable in
opposition to waste management in addition to pollution control and more cost-effec-
tive production and operation procedures to reduce or prevent pollution generated by
industries.

In 1998, Anastas and Warner published the book Green Chemistry: Theory and
Practice. This book presented for the first time the 12 Principles of Green Chemistry
[3]. These Principles serve as guidelines for good practices regarding minimization of
chemical waste production, mitigation of harmful or hard to treat byproducts, atom
economy, development of materials with reasonable degradation period after the end
of their lifecycles, and search for safer chemical sources, renewable feedstocks, and
energy-efficient processes.

The 12 Principles of Green Chemistry function like an instruction manual for
those professionals willing to develop products and processes more aligned with the
Green Chemistry concept. These Principles also have contributed to the populariza-
tion of Green Chemistry, since they work as a concise and accessible consulting
resource. As the 12 Principles of Green Chemistry will be continuously recalled
throughout this chapter, they are presented here to provide a quick reference to the
readers [3].

Principle 1—Prevent the Waste.

Principle 2—Atom Economy.

Principle 3—Less Hazardous Chemical Synthesis.

Principle 4—Designing Safer Chemicals.

Principle 5—Safer Solvents and Auxiliaries.

Principle 6—Design for Energy Efficiency.

Principle 7—Use of Renewable Feedstocks.

Principle 8—Reduce Derivatives.

Principle 9—Catalyst reagents are preferred over stoichiometric ones.

Principle 10—Design for Degradation.

Principle 11—Real-time Analysis for Pollution Prevention.

Principle 12—Inherently Safer Chemicals for Accident Prevention.

Since the proposal of the Pollution Prevention Act, the Green Chemistry field has
grown substantially in the scientific literature.

Many of the terms and parameters related to Green Chemistry were defined con-
sidering a molecular structure as a model to assess the safety and toxicological proper-
ties. While dealing with nanomaterials, besides molecular structure, other factors
such as being crystalline or amorphous, crystal structure, surface area, particle size,
porosity, and so on can play substantial roles regarding how a nanomaterial should
be evaluated in relation to its production, life cycle, toxicity, and disposal. Hutchison
et al. [4] published a paper presenting a comparison between the materials context
and the molecular context, which were adapted and presented in Table 1.

Based on this context, this chapter focus on the strategies, perspectives, and
advancements of the greener preparation of transition metal chalcogenides (TMCs).
TMCs are part of a broad class of materials comprising binary, ternary, quaternary,
and multinary sulfides, selenides, and tellurides. These materials have application in
different areas such as solar cells, photocatalysis, sensors, photoinduced therapy, and
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Concept Molecular Context Materials Context
Composition Defined by molecular formula Core and surface composition difficult to
define; may vary according to sample shape
and size
Size/shape Defined molecular structure and shape Often a mixture of sizes and shapes, dependent
on synthetic method
Dispersity Single and continuous composition and Characterized by distributions of composition
structure and structural features
Purity Purification procedure is intimately Small molecule impurities coming from surface
related to molecular structure (i.e. coating or unreacted precursors significantly
chromatography) influence properties
Toxicity Possible to assess based on molecular It may be inherent to the composition but also
structure can be related to particle size, shape, or surface
coating
Table1.

Comparison between molecular chemistry and materials chemistry context for different concepts.

fluorescent labeling [5-7]. Due to the technological importance of this class of mate-
rial, it is necessary to find synthetic methods and sophisticated tools to help produce
the TMCs nanomaterials through procedures aligned with Green Chemistry.

In this sense, we review the recent literature for the recent advances not only
in the chemical synthesis of the TMCs, but also in emerging planning and analysis
techniques, such as the design of experiments, life cycle assessment, and machine
learning. These emerging techniques can contribute to the further advancement of
Green Chemistry.

2. Strategies to make a nanoparticle synthetic process greener

Any change in the synthetic process that eliminates or replaces a hazard-
ous reagent or solvent [8], or is consistent with one of the 12 Principles of Green
Chemistry will likely result in an overall process that is more environmentally friendly
and less hazardous. Also, it is important to point out that the changes necessary to
make the process greener must not compromise the quality of the final product.
Green Chemistry, when successfully implemented, results in the green production of
high-performance products. If performance is compromised, then the process does
not yield a functional product.

There are many opportunities to make the synthesis of transition metal chalco-
genides greener. In this section we outline strategies to green up the planning, prepara-
tion, and analysis of transition metal chalcogenides alongside the Green Chemistry
Principles addressed by making the change [4, 9].

2.1 Strategy 1: safer reagents and solvents

The selection of safer reagents and solvents that are unsuitable for producing
high-quality materials represents a waste of time and resources. Thus, the best course
of action is to first examine results from related work in order to reasonably predict
whether a reaction or procedure will be successful using the greener precursors and
solvents. Also, working at small scales in the initial stages can represent an economy of
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time and resources. If the procedure did not work well on a small scale, then one would
not proceed to a larger scale procedure. Finally, careful examination of the safety
materials associated with each chemical is crucial for preventing problems arising
from the combination of incompatible materials or the production of toxic byprod-
ucts. These strategies specifically address Green Chemistry Principles 1, 5, and 12.

2.2 Strategy 2: use more efficient energy input sources

The wet-chemical synthesis of transition metal chalcogenides requires some
source of energy input (to promote the diffusion process), which is often provided by
heating the solution containing the starting materials to temperatures above 200°C.
Often, this heating procedure is carried out using a reflux apparatus, which requires
the consumption of many liters of water to cool the reflux column. Alternatives to
refluxing include reactions assisted by microwaves or ultrasound [10]. Furthermore,
procedures that enable the synthesis at lower temperature or even at room tempera-
ture represent a greener process. The use of more efficient energy input sources
addresses Green Chemistry Principles number 1 and 6.

2.3 Strategy 3: eliminate or minimize byproducts

The reduction or elimination of byproducts can mean little to no post-synthesis
purification is required. Indeed, the separation of the desired product from the
reaction medium as well as from the undesired byproducts often represents the most
waste-generating step. The reduction or elimination of byproducts addresses Green
Chemistry Principles 1, 2, 6, and 8.

2.4 Strategy 4: avoid using unnecessary additives and steps

In the synthesis of transition metal chalcogenides, it is common to use capping
agents, which are often surfactants, to obtain a certain size and anisotropic shape
for the nanoparticles. In many cases, surfactants are necessary to obtain a particular
anisotropic shape. However, in some cases, the growth can be controlled by the sol-
vent, by varying the amount of a certain starting material, or adjusting other param-
eters like temperature, pH, or ionic strength. Avoiding unnecessary additives means
less post-synthesis purification is required, and fewer reagents are required overall.
Nanoparticle synthesis methods commonly produce nanoparticles in some
non-polar solvent. To use these nanoparticles for some applications often requires
dispersion in a polar solvent. When this happens, it is necessary to replace the cap-
ping agent that makes the particle dispersible in the non-polar solvent with another
capping agent that makes particle dispersible in a polar solvent. This ligand exchange
procedure consumes time and additional solvent and reagents. In many cases,
ligand exchange can be avoided by simply choosing a synthetic route that yields
the nanoparticles with surface chemistry that is suitable for the final application.
Avoiding unneeded additives and unnecessary ligand exchange steps directly address
Principles number 2, 5, and 6.

2.5 Strategy 5: greener purification procedures

Commonly employed purification procedures include washing nanoparticles
with a solvent that can solubilize only the byproducts. Other purification processes
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are based on the difference in size of the products and byproducts, for instance, the
size-exclusion chromatography and dialysis. All these procedures require the use of
additional reagents, particularly solvents, which makes the purification procedure
one of the most difficult steps to green up.

An ideal synthetic procedure will produce the desired product in both high
yield and high purity. Indeed, even trace impurities can drastically compromise the
performance of devices. In order to reduce the total solvent required, in dialysis, for
example, sequential dialysis against smaller volumes of pure solvent will generate less
waste and a product with higher purity.

Judicious selection of solvent may also mean that the post-dialysis solvent could be
recycled by passing through a purification column, for example. Alternative purifica-
tion procedures should be investigated to select the method that will be the greenest
possible without compromising the purity of the final product. The use of greener
purification procedures addresses Green Chemistry Principles 3, 4, 7, and 12.

2.6 Strategy 6: the use of design of experiments

Design of Experiment (DoE) approach helps minimize the number of experiments.
The experiment minimization agrees with the Green Chemistry Principles 1, 2, 6, 8, and
11. One way to efficiently decrease the number of experiments needed to fully analyze
the data is to apply the concept of Design of Experiments (DoE). The DoE consists of a
set of statistical techniques where the experiments are planned and performed accord-
ing to a multivariate approach. The multivariate approach can be understood as an
experimental plan where all the possible factors are varied simultaneously [11].

The multivariate approach contrasts with the univariate approach, which is gener-
ally known by the acronym OFAT, meaning one factor at a time. The OFAT approach
is usually the standard approach in the chemical literature [12]. For instance, suppose
that a research group is interested in studying the effect of temperature, pH, and
concentration. And the goal of the research is to maximize the yield of the reaction.

According to the OFAT approach, the group would choose, for instance, five
temperature levels, 4 pH values levels, and four concentration levels. And then, they
would set a temperature and pH, and find an optimal concentration. Next, they will
fix this optimal concentration and vary the temperature and pH in all levels, and find
an optimal pH value. Then, finally, they will select the optimal concentration and pH,
and vary the temperature in all five levels until finding the optimal temperature.

The OFAT approach, although widely used in the literature, has some drawbacks.
The first one is the usual large number of experiments to be performed. The second
one is that by fixing one level for all the variables, except the one that will be varied in
all levels, can lead to a situation where not all possible experimental conditions were
explored. Consequently, there is the chance that the most optimal condition deter-
mined is not the actual optimal condition. Another consequence of not varying all the
variables at the same time is that all factors are not studied in a connected way [13].
Consequently, it is impossible to analyze the effect of the interaction among two or
more factors. Ultimately, it hinders the obtaining of a mathematical model that would
allow estimating the yield for conditions initially untested.

In contrast, in the multivariate approach for the same situation, only two levels
would be selected for each factor (temperature, concentration, or pH). Then, all three
factors are varied simultaneously, leading to a total of eight independent experiments.
The results obtained for these eight experiments are analyzed according to a set of
algorithms. The output of these calculations would allow estimating not only the
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effect of each factor independently. But also, the effect of all possible combinations of
factors two by two, and the combination of the three factors. Then, after determining
which factors and interactions have statistically significant effects, it is possible to
refine the calculations and obtain an empirical model that would allow estimating the
results for an experimental condition initially untested [14, 15].

This DoE explained in this example is called 2" full factorial design, where the
number two relates to the number of levels, in this case, two for each factor. And the
exponent & relates to the number of factors, in this example & = 3, due to the factors
temperature, concentration, or pH. Therefore, this example explains a 2* full factorial
design, and the result of the calculation that names the factorial design is equal to the
number of independent experiments necessary to complete the factorial design [16].
This is the reason why eight independent experiments were required to complete the
factorial design from this example.

2.7 Strategy 7: The use of life cycle assessment (LCA)

The use of life cycle assessmentFollowing a system thinking approach Life Cycle
Assessments (LCA) are designed to evaluate and assess the potential environmental,
economic, and societal impacts related to the sourcing of reagents, processing, distri-
bution, use, and disposal of materials [17-19]. By listing, mapping, and evaluating the
safety and suitability of the material and energy inputs, products, and byproducts,
it is possible to compare distinctive synthetic methods or different possible products
by determining relevant metrics focusing on process intensity (similar to atom
economy), toxicity, and cost [20-23].

LCAs focused on metal nanoparticles have linked high energy consumption to
upstream metal refining and been used to screen reducing agents indicating how
these methods serve to analyze the literature and help tailor synthetic protocols
[24, 25]. LCAs of manufactured photovoltaic cells with chalcogenides have been
used to determine whether other components in these systems such as steel or glass
contribute to downstream impacts helping to place research in a wider context [18].

While LCA methods are specific and tailored to a given system, examining
analyses of metal chalcogenides and related green nanoparticle systems through
metrics-based assessments can inform the design of transition metal chalcogenide
nanoparticles and help mitigate unwanted impacts [22, 25, 26]. Researchers may look
to blend their own experimental data with literature data to support claims of innova-
tion or sustainability with quantitative analyses using a life cycle approach towards
making and using nanoparticulate matter [27-29]. Life Cycle Assessment touches on
many of the principles of green chemistry and specifically principles 1, 4, 6, and 10.

2.8 Strategy 8: the role of machine learning in predicting materials properties

Data-driven approaches are found helpful in numerous fields of material science,
especially when they are paired with computational methods [30, 31], where the data
can be generated in a high-throughput fashion, with consistent quality. Data-driven
methods are also beneficial to a traditional synthesis-oriented areas, especially due
to digitalization of information (for example, lab notebook) processing the wealth of
experimental notes becomes possible [32, 33]. The machine-learning applications in
chemistry currently focus on property prediction (ranging from mechanical proper-
ties to electronic structure) [34-36] rather than structure prediction and exploratory
synthesis guidance [37-41]. The areas of machine-learning application in materials
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science, include solar cells, perovskites, and non-centrosymmetric structures, which
echoes with chalcogenides’ typical industrial applications.

Being one of the most rapidly emerging fields nowadays, machine learning quickly
went through typical stages of method development and crystallized in the list of best
practices for applying machine learning in materials domain [42]. For example, sharing
entire code of the model, along with the input data and pre-processing methods, gave
research publications transparency and promoted sharing the ideas to the next level.
Democratization of data, approaches, and informatics allows domain experts to be part
of the machine learning community, even with limited knowledge in computer science.

The main benefits of machine learning methods for materials are: (i) analysis of
complex correlations between parameters and output, e.g., synthesis conditions and
crystal structures or composition and property; (ii) optimization of synthesis condi-
tions; (ii) prediction of candidates with desired properties. In short, machine learn-
ing allows fast and detailed analysis of the available data to provide a list of potential
candidates, which we can synthesize with fewer experiments.

Machine-learning approaches can guide us towards the direction of narrowing
materials candidate pool, which eventually results in less waste (Principle 1). Targeted
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Figure 1.
Summary of the green chemistry principles correlated to each one of the strategies presented.
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material selection minimizes the risk of exploring undesired composition, e.g. mini-
mizing hazardous chemical content (Principle 3 and 5). Machine learning combined
with DoE helps to optimize newly discovered material to improve their performance,
which seconds the efficiency principle (Principle 6).

The correlation between each one of the strategies presented and the Green
Chemistry Principles is shown in Figure 1.

3. Applications of green chemistry principles in the synthesis of transition
metal chalcogenides

Transition metal chalcogenides (TMC) constitute an important class of materials
and include different types of oxides, sulfides, selenides, and tellurides. Increasing
interest has been devoted to TMC due to their technological applications in different
fields such as photocatalysis, sensors, solar cells, supercapacitors, electrocatalysis,
heterogeneous catalysis, and many other applications [43]. In view of the growing
need and interest for this class of materials, it is necessary to find ways to produce
them through solution chemistry synthetic routes that minimize the environmental
impacts and health-related risks. In order to demonstrate that it is possible to pro-
duce TMC by greener routes, throughout this section, we will show some successful
examples where changes in the synthetic process yielded substantial improvements by
decreasing environmental impacts and biological risks.

3.1 Solution-based synthesis of transition metal chalcogenides nanoparticles

Quantum Dot is a class of oxides, sulfides, selenides, and tellurides with a particle
size smaller than the Bohr radius for that certain material. Consequently, quantum
dots are subjected to a phenomenon called quantum confinement, where their
absorption and emission on UV-visible range happens at higher energy as the particle
size decreases [44, 45].

Initially, the synthesis of quantum dots was established by Bawendi and co-
workers, in 1993 [46]. They were able to prepare monodisperse quantum dots of CdS,
CdSe, and CdTe, with controlled crystallite size between 1.2 and 11.5 nm. Two slightly
different methods were used to produce these cadmium chalcogenides quantum dots.
Both methods were based on the hot-injection of the organometallic Cd, and S, Se, or
Te sources in a hot trioctylphosphine oxide (TOPO).

In the first method, the source of Cd was dimethyl cadmium (Me,Cd), and
elemental Se and Te. Me,Cd was dissolved in trioctylphosphine (TOP), Se, and Te
were also mixed with TOP to form the organometallic compounds trioctylphosphine
selenide (TOPSe) and trioctylphosphine telluride (TOPTe). The source of Cd, plus
TOPSe or TOPTe were injected at TOPO around 200°C, and growth proceeded for
temperatures between 230 and 260°C.

In the second method, the solvent (TOPO) and source of Cd (Me,Cd and
TOP) were kept, but the sources of S, Se, and Te were replaced, respectively, by
bis(trimethylsilyl) sulfide ((TMS),S), Bis(trimethylsilyl)selenium ((TMS),Se), and
Bis(tert-butyldimethylsilyl) tellurium ((BDMS),Te). The growth temperature was
between 290 and 320°C for larger particles, and around 100°C, for particles having
size around 1.2 nm.

Since the pioneer paper by Bawendi et al. [46], this hot-injection method using
TOP/TOPO as solvent has been used for the synthesis of many binary chalcogenides
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(ZnS [47], ZnS doped by Mn [48], ZnSe [49], CdTe [50]). However, there are many
opportunities to make this hot-injection synthesis more environmentally friendly
and less harmful. One point for improvement is that the solvents TOP and TOPO are
both considered to cause severe skin burns and eye damage [51, 52]. The Me,Cd isa
flammable and pyrophoric compound that can ignite spontaneously if exposed to air,
release flammable gases when in contact with water, and cause severe skin burns and
eye damage, and respiratory irritation [53]. Additionally, Peng et al. [54] reported
that Me,Cd supposedly decomposes generating some insoluble metallic cadmium
when in contact with TOPO. To overcome all these problems related to the use of
Me,Cd, Peng’s group developed a greener version of the hot-injection route in TOP/
TOPO, where they replaced the Me,Cd by cadmium oxide (CdO) [55]. Going more

in depth, the CdO was solubilized by forming a complex with hexylphosphonic acid
(HPA) or tetradecylphosphonic acid (TDPA) at temperatures around 300°C after
injection in TOPO. This route enabled the production of monodisperse quantum dots
of CdSe, CdS, and CdTe [55]. It also allowed a remarkable shape control, since it was
able to produce CdSe quantum dots and rods, just by varying the precursors concen-
tration and growth time and temperature [54].

Looking at Green Chemistry perspective, this CdO route also represents an
accomplishment of the principles number 3, 4, 5, 8, and 12. Also, the fact that it was
necessary to add, at least one more reagent (HPA or TDPA) does not represent a dis-
agreement with principle 2, since neither HPA nor TDPA presents any known health
hazard or toxicity issue [56, 57].

The Greenest solvent possible would probably be water, and theoretically, any
pair of ions that can generate an insoluble product would be enough to produce a
binary TMC. For instance, to produce CdS, it would be necessary just to find out some
sources of Cd** and S*°, and mix them in water in concentrations that would exceed
the CdS solubility product for a certain temperature and pH condition. Although
this strategy may work for certain cases, it is very likely to generate products having a
broad size distribution, heterogeneous composition, and without any shape control.
To avoid these drawbacks, it is necessary to use some capping agent. A completely
Green synthesis of CdS was described by Unni et al., [58] where they used CdSO4 and
Na,$,05.5H,0, as cadmium and sulfur sources, and thioglycerol as capping agent. The
reagents were mixed in water at 30°C and stirred at the same temperature for 1 hour,
producing monodisperse quantum-confined CdS, having crystallite size around
3-5 nm. The photoluminescence (PL) of these CdS quantum dots could be controlled
by successfully doping them with Cu®* (PL red-shifted) or Zn>* (PL blue-shifted)
[58]. The use of unharmful solvents and room temperature synthesis complies with
Green Chemistry Principles 3, 5, 6, and 12.

The aqueous based or hydrothermal syntheses of selenides and tellurides are more
difficult to be carried out in comparison to the sulfides one, since it is hard to find
non-toxic and stable sources of selenium and tellurium. For instance, both Na,Se
and Na,Te are toxic and very reactive to be controlled during the reaction [5, 59, 60].
Reduction of elemental Se or Te by sodium borohydride (NaBH,4) in an oxygen-free
atmosphere has been often used as a way to deliver Se’” and Te*” in aqueous synthesis
[60, 61]. However, if this reduction does not happen completely, in case of selenides,
amorphous elemental selenium can be generated, and it can crystallize to trigonal
selenium, even at room temperature, in a range of few months [62].

Sodium selenite (Na,SeO;) or tellurite (Na,TeO;) have good solubility in water
and can be easily purchased. However, as the oxidation state of Se and Te is +4,
respectively, on Na,SeO; and Na,TeOs;, it is necessary to use an effective reducing
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agent because Se or Te will need to be first reduced to oxidation state 0, then further
reduced to oxidation state —2. The most common reducing agent used in this case has
been hydrazine (N,H,). The hydrothermal synthesis of selenides and tellurides from
Na,SeO; or Na,TeOs, using N,H, has been successful preparing many compounds like:
CdSe and CdTe nanorods [63, 64], ZnSe nanoflowers [65], ZnTe nanowires [66], NiSe
nanoparticles [67], NiTe nanorods [68], among many other transition metal selenides
and tellurides [68-70]. Although hydrazine is a versatile solvent enabling the dissolu-
tion of many different cations at room temperature [71], its high toxicity, flammabil-
ity, pyrophoricity, and carcinogenicity make it a solvent hard to handle safely and
therefore unsuitable for large scale applications [72].

Aiming to find new ways to deliver Se>~ and Te*” to make the aqueous synthesis
of selenides and tellurides, Xia et al. [73] prepared CdTe/CdSe core-shell quantum
dots in water using oxygen-free NaHTe and Na,SeSO; as sulfur sources, and mercap-
topropionic acid (MPA) as capping agent. NaHTe can easily be prepared by heating
elemental selenium in ethanol with excess NaBHy,, in oxygen-free atmosphere [74]
also no toxicity information was found for NaHTe. The aqueous route using NaHTe to
prepare CdTe proved to be very versatile regarding the capacity to produce nanomate-
rials from many different shapes, sizes, and PL emission, just by varying pH, counter-
ion on Cd** source, the thiol capping agent, and the mole ratio between cadmium and
tellurium source [75]. The route is adaptable regarding the variety of binary TMC able
to be prepared, such as ZnTe [76], Ag,Te [77], and PbTe [78].

Binary chalcogenides often contain cadmium as the metal cation, which is a toxic
and carcinogenic element for humans [79, 80] and an environmental concern regarding
its segregation and disposal [81]. Additionally, binary chalcogenides usually have band-
gaps higher than 2.5 eV, which is suitable for the absorption of the UV radiation of the
electromagnetic spectra, whereas ternary and quaternary chalcogenides typically have
band-gaps ranging from 0.5 to 2.0 eV, which is suitable for the absorption of the visible
light. Among different types of ternary and quaternary chalcogenides, we will focus our
attention to a class of quaternary chalcogenide represented by the formula Cu,ZnSnS,,
which will be hereafter referred to as CZTS. CZTS is comprised of non-toxic and earth-
abundant elements, features that align with Green Chemistry Principles. In addition, its
direct band-gap around 1.5 eV and high-absorption coefficient (> 10* cm™) make CZTS
a suitable material for many applications, including use as the absorber layer in thin film
solar cells [82], counter-electrode material in dye sensitized solar cells [83], visible-light
photocatalyst for water pollutant degradation [84], as well as use in heterostructures
with Pt or Au for H, evolution in water splitting systems [85].

Generally speaking, the successful hydrothermal synthesis of CZTS requires
relatively long reaction times (ca. 12-24 h). To speed up the reaction and reduce the
overall energy required, microwave heating represents a promising alternative to
conventional heating. An important consideration is the capacity of a given solvent
to absorb microwaves, which is measured by a parameter called dielectric loss factor
(tan 8). In general, tan § can be classified as high (tan 8 >0.5), medium (0.1 < tan
8 < 0.5), and low (tan 8 <0.1) [86]. Water has a tan & of 0.123, which is on the very
low side of the medium range. Ethylene glycol, which does not have any toxicity if not
ingested [87], has a high tan & of 1.350 [86], which has led to its use for the solvother-
mal synthesis of CZTS using microwave heating.

Pinto et al. developed a microwave-assisted method using ethylene glycol as the
solvent to prepare CZTS nanoparticles by controlling the percentage of the kesterite
and wurtzite crystal phases by varying the amount of thiourea, and the initial oxida-
tion state of the tin acetate (between Sn*? and Sn**) used as the tin source [88]. Later,
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the same group prepared CZTS doped with Co** ions (Cu,(Zn; xCo,)SnS,) using a
similar synthetic microwave-assisted route, having ethylene glycol as solvent. These
powders were dispersed in water and deposited in molybdenum-coated substrates,
followed by annealing at 600°C producing dense Cu,(Zn; \Coy)SnS, thin films [89].
In both papers by Pinto et al., the microwave heating procedure was carried out at
160°C for 20 minutes, which is usually much shorter than the time used in the regular
solvothermal heating procedures [88, 89].
Table 2 summarizes the main papers presenting some advance towards the Green
Chemistry application to the solution-based synthesis of transition metal chalcogen-
ides nanoparticles.

Material Size and morphology =~ Reactants Method and Temperature Reference
CdS Quantum confined CdO, HPA, TDPA, Hot-injection at 300°C [55]
nanoparticles and TOPO, and S
nanorods
CdSe Quantum confined CdO, HPA, TDPA, Hot-injection at 300°C [55]
nanoparticles and TOPO, and Se
nanorods
CdTe Quantum confined CdO, HPA, TDPA, Hot-injection at 300°C [55]
nanoparticles and TOPO, and Te
nanorods
Cds Quantum confined CdSOy, Na,S,0s, Co-precipitation at 30°C [58]
nanoparticles between  water, thioglycerol
3and 5nm
CdS:Zn*? Quantum confined CdSQOy, Na,S,0;, Co-precipitation at 30°C [58]
nanoparticles between  water, ZnSOy,
3and 5nm thioglycerol
CdS:Cu*? Quantum confined CdSQOy, Na,S,0;, Co-precipitation at 30°C [58]
nanoparticlesbetween  water, CuSO,,
3and 5 nm thioglycerol
CdTe/CdSe Core-shell quantum CdCl,, MPA, Reflux at 100°C to prepare the [73]
dots NaHTe, Na2SeSO3, core CdTe, and around 78°C to
water, prepare the shell CdSe
Cu,ZnSnS, Agglomerated particles  Copper (I) acetate, Microwave heating at 160°C [88]
(CZTS) around 20 nm Copper (II) acetate,
zinc acetate, tin (II)
acetate, tin (IV)
acetate, Ethylene
glycol, thiourea,
L-cysteine,
thioglycolic acid,
MPA
Cobalt-doped ~ Agglomerated particles ~ Copper (II) acetate, =~ Microwave heating at 160°C [89]

CuyZnSnS, around 20 nm zinc acetate, tin (II)
acetate, cobalt (II),
ethylene glycol,
thiourea, sodium
thioglycolate

Table 2.

Papers presenting some advance towards the green chemistry application to the solution-based synthesis of
transition metal chalcogenides nanoparticles.
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3.2 Biological approaches for the synthesis of transition metal chalcogenides

Generally speaking, the chemical synthesis of nanoparticles may involve the use
of dangerous and non-biocompatible chemicals. This fact has created a demand for a
greener approach to nanoparticles through biological synthesis.

Although the biological approach to quantum dots (QD) synthesis shows extreme
promise with attributes such as control over the size and shape of the nanoparticles
and biocompatibility, opening a market for the medical use of nanoparticles and
TMCs. The promise of biologically synthesized nanoparticles fits right with the theme
of Green Chemistry principles 1, 2, 3, 4, 8, 10, 11, and 12.

The biological approach typically uses cells within plants or fungi by surrounding
the cells with a metal-ion solution that triggers a cell’s defense mechanism. These spe-
cific cells can be engineered biologically to produce different shaped QDs and TMCs.

Bacterial, microbial, and viral methods offer a promising future for QDs and TMC-
nanoparticles in terms of ‘going greener’. The sheer variety of microorganisms provides
a wide range of biological attributes from the natural selection from millions of years.
As aresult, these microorganisms are incredibly efficient at excreting the required
enzymes to synthesize QDs and TMC-NPs both intra and extracellularly [90].

This synthesis method also generally occurs in relatively tame environments,
bypassing the high heat and pressure usually associated with chemical synthesis.
CdSe QDs, for example, typically require temperatures in the range of 240-300°C
when chemically synthesized [91]. When performed biologically, the synthesis will
occur close to room temperature, requiring less input work and falling right in line
with Green Chemistry principles 6 and 12.

CdS QDs are other examples of a TMC that has high temperature and hazardous
chemicals associated with it. A massive step forward in improving this process was the
discovery of a genetically engineered strain of Escherichia coli was shown to synthesize
CdS QDs intracellularly [92]. Intracellular synthesis is generally considered a shortcom-
ing on the bacterial and microbial front of biosynthesis. When QDs are synthesized
intracellularly, the steps required to harvest said QDs often proves to negate the benefits
of biosynthesis in the first place. To separate the QDs from the E. coli cells, the cells were
lysed with a hyper acoustic cell grinder and centrifuged. The re-suspended cells were
then freeze-thawed at —70° C. The QDs then had to be purified using anion exchange
resin columns [92]. This energy and time-consuming process is one of many associated
with intracellular synthesis and thus may diminish the purpose of a greener synthesis.

Despite the additional steps necessary to obtain the CdS quantum dots, the
intracellular preparation has proven to be capable of generating functional CdS
quantum dots. For example, Yan and coworkers produced intracellularly from E. coli
cells CdS QDs with a fluorescent emission at 470 nm, when excited by UV radiation.
Additionally, antimicrobial susceptibility studies showed that the resistance of E. coli
cells to eight different antibiotics is minimally changed when comparing before and
after the CdS production [93].

On the other hand, many other forms of bacteria have been shown to excrete
enzymes and synthesize QDs and nanocrystals extracellularly. Klebsiella pneumoniae
generated CdS quantum particles extracellularly [94]. The bacteria were placed in
a nutrient-rich broth that acted as a source for sulfate ions. The sulfate ions were
absorbed by the microbe and converted to adenosine phosphosulfate with the ATP
sulfurylase secreted by the microbe. The created adenosine phosphosulfate was
then phosphorylated into 3’phosphoadinosine phosphosulfate. Then, with the help
of another enzyme provided by the microbe (phosphoadinosine phosphosulfate
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reductase), the 3’phosphoadinosine phosphosulfate was reduced into sulfite, which
was further reduced to sulfide [94]. These sulfide ions could then react with metal
ions like Cd** to form CdS NC extracellularly [94]. This biological method comes with
inherent advantages that bypass intracellular synthesis drawbacks, using much less
energy in the process.

In general terms, control over the nanoparticles size and shape is also seen as a
drawback in regard to bacteria and microbes because of the many variables to be
controlled in the synthesis. That being said, differences in pH, metal-salt solution
concentration, and temperature may all play a key role in dictating the size and shape
of the nanoparticles. These conditions have also been found to dictate whether the
synthesis occurs intra or extracellularly, both responding to different factors.

Few known species can reliably create specifically shaped nanostructures. For
instance, Streptococcus thermophilus (Str. Thermophilus) is known to produce ZnS and
PbS hollow nano-spheres through a sonochemical process. During the respective
processes, the ZnS and PbS nanoparticles cluster on the surface of the cell walls of the
bacteria. The bacteria can then be removed using sonication, leaving just the hollow
nanostructures built up by the cell walls [95].

The variety of bacteria available in the environment and described in the literature
could help us take advantage of the biomineralization processes similar to the ones
demonstrated by Stv. Thermophilus.

Fungi are part of another important category of microorganisms that can be used
in the preparation of chalcogenide nanoparticles. For instance, Tudu and coworkers
prepared spherical CdS QDs using the Termitomyces heimii fungus extracted from
mushrooms [96]. The synthesis was carried out in water, using Cd(NO;); and Na,S
as Cd** and S* sources, respectively. Then, the mushroom extract was added to the
reaction mixture, which was further heated up at 60 to 80°C for 16 hours. Increasing
the extract volume added led to a decrease in the particle size accompanied by an
increase in the band gap energy, which varied between 2.5 and 2.8 eV. The infrared
spectroscopy results revealed the presence of bands related to Cd-S bonds and also of
proteins from the Termitomyces heimii fungus [96].

The rot fungus Trametes versicolor is another example of fungus used in the
CdS preparation [97]. The fungus mycelium was added to an aqueous mixture of
Cd(NO;3),.4H,0, thioacetamide, and mercaptoacetic acid. The reaction mixture pH
was raised to 10, and the mixture was shaken at 28°C for 24 hours. In the end of the
process, spherical nanoparticles, with an average diameter of 6 nm were formed,
according to TEM results. The XRD confirmed the presence of the CdS cubic phase.
Similar to other works using fungal biosynthesis, the nanoparticle surface indicated
the presence of fungal proteins. The authors hypothesized that the fungal proteins
attached to the nanoparticle surface due to a defense mechanism of the mycelium
from the Cd** presence. Then, these proteins chelated to Cd**, which further reacted
with S*” ions, producing the CdS nuclei [97].

Table 3 summarizes the main papers some advance towards the Green Chemistry
application of biological structures to the synthesis of transition metal chalcogenides
nanoparticles.

3.3 Mechanochemistry synthesis of transition metal chalcogenides

Mechanochemistry is the result of chemical transformations from grinding, mill-
ing, and similar changes in mechanical force, and this technique is often conducted
without solvents [98].
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Material Size and Microorganism Method and Temperature Reference
morphology
Cds Nanoparticles E. coli Intracellular. E. coli cells [92]
around 8 nm incubation and genetic
expression at room
temperature
Cds Nanoparticles E. coli Intracellular. E. coli [93]
around 10 nm incubation with CdCl, in the
dark at 37°C for different days
CdS Particles Klebsiella pneumoniae Extracellular. [94]
ranging from 5 Biotransformation of Cd*?
t0200 nm ions into K. pneumoniae cells
surface
PbS Hollow Streptococcus Pb*? ions and thioacetamide [95]
nanostructures thermophilus (for were dispersed in the
and hollow nanospheres) and microorganism suspension
nanotubes L. bulgaricus (for and sonicated at room
nanotubes) temperature for 6 h
ZnS Hollow S. thermophilus Zn*?jons and thioacetamide [95]
nanostructures (for nanospheres) were dispersed in the
and hollow and Lactobacillus microorganism suspension
nanotubes acidophilus (for and sonicated at room
nanotubes) temperature for 6 h
CdS Nanoparticles Termitomyces heimii Cd*?, microorganism extract, [96]
inthe3to5nm and Na,S were added in
range aqueous solution and heated
at 60-80°C for 16 in the dark
CdS Nanoparticles Trametes versicolor Cd*?, MPA, thioacetamide, [97]
with size below and the microorganisms were
10 nm added to water, pH adjusted
to 10. The mixture was
incubated at 28°C for24 h
Table 3.

Papers presenting some advances towards the green chemistry application of biological organisms and structures
for the synthesis of transition metal chalcogenides nanoparticles.

Mechanochemistry has been more recently revived in part because of its alignment
with the principles of Green Chemistry [99-102]. A typical mechanochemistry appli-
cation is the use of advanced milling methods, including high-energy and ‘online’ or
real-time analyses. These methods allow for the assessment, and stepwise formation
of specific nanoparticle materials and metal organic framework (MOF) polymorphs
inaccessible through solution-based techniques [103-105]. Mechanochemistry also
has demonstrated to perform various catalytic transformations making it an attractive
alternative for carefully controlling the stoichiometry of nanoparticle products and
their activity [101].

Mechanochemical syntheses with chalcogenides typically follow one of two routes
in either a dry or wet mode [106]. In a dry reaction mode, metal and chalcogenide are
milled together, while in wet systems, salts including acetates and sodium sulfide are
used [107]. After completion, the reaction mixture is washed, and the sodium acetate
or other salts are removed before drying. The reduction or elimination of solvent can
have a cascade of impacts by increasing reaction efficiency and reducing costs related
to waste disposal and treatment [108].
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Mechanochemical methods have been leveraged to synthesize binary and com-
plex metal sulfides and other chalcogenide nanoparticles [106, 109]. By controlling
the mechanical energy of a system, chemists and engineers can tailor chemical and
structural changes, polymorphic structures, and the materials resulting properties
[101, 110, 111]. Short milling times on the order of seconds have yielded CusSe, from
copper selenide blends at room temperature [112].

Liquid-assisted milling systems have been demonstrated to run at low tempera-
tures reducing energy consumption compared to reactions run at high temperatures
[113]. Sonochemical methods represent different ways to promote and control reac-
tions using sound energy in solutions where intense local heating and pressure events
occur with short lifetimes [114-116]. These methods may be expanded to address how
catalysts are used in fixed bed reactors in industry [117, 118].

The synthesis and use of metal chalcogenides present a green chemistry challenge
from both the process safety and the environmental toxicology perspectives [119,
120]. Mechanochemical methods have been used to study the use of inert additives to
synthesize copper sulfides in a non-explosive regime. This method allowed to control
the obtained polymorph as covellite (CuS) or chalcocite (Cu,S) [121].

Ohtani et al. have used mechanical alloying which is a solid-state technique per-
formed with a high energy planetary ball mill to produce homogenous powder silver,
samarium, or copper-based sulfides, selenides, or tellurides, allowing to control the
stoichiometry and polymorph obtained [112, 122].

It is essential to highlight the additional use of complementary methods used
alongside mechanochemical techniques such as thermal and microwave setups or
electrical discharge milling (EDAMM) [106, 123]. All of these serve to extend the
range and scope of transition metal chalcogenides and their engineered nanostruc-
tures possible to be obtained. Thus, providing accessible methods that spawn compel-
ling functional products such as superconductive InyNb;Te, [109].

In situ monitoring of mechanochemical reactions may improve methods for the
real-time detections of polymorphs, products, and potential toxins, in line with
the 12th principle of green chemistry. For more comprehensive information about
the mechanochemistry scope on preparing TMCs, readers are welcome to check the
review article by Balaz et al. [106].

4. Applications of design of experiments for transition metal
chalcogenides

The DoE can be applied in many situations involving TMCs preparation and
performance. For instance, Ribeiro et al. used DoE of experiments to prepare CdTe
quantum dots aiming to maximize the photoluminescence quantum yield (QY)
[124]. These quantum dots were prepared in water, using microwaves as the heating
method, fixing the temperature at 100°C for 30 minutes. The water as the solvent,
the relatively low temperature, and the short reaction time are features that would be
enough to consider this method as green.

However, in addition to these features, a 2° full factorial design followed by a
central composite design (CCD) was carried out for each capping agent, which
corresponds to eighteen experiments with four replicates in the center point. Three
capping agents were studied, they were: 3-mercaptopropionic acid, L-glutathione,
and 2-mercaptoethanesulfonate. The factors studied were the mole ratio between
Cd*" and Te”", the mole ratio between Cd** and the capping agent, and the pH. The
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factorial design allowed them to obtain a quadratic model for the set of experiments
for each one of the capping agents. Interestingly, the statistically significant terms
vary according to the capping agent used. The response surface graphs obtained for
each model revealed that the QY was maximized when the L-glutathione was used
as the capping agent, in the following conditions: pH of 9.8, Cd**/Te*” mole ratio of
1:0.2, and Cd**/glutathione mole ratio of 1:0.77.

Copper antimony sulfides (Cu,Sb,S,) are a promising alternative for toxic chalco-
genides containing cadmium or lead and for the indium-based semiconductors like
CulnSe, due to the indium scarcity and consequent high price [125]. The Cu,SbyS, has
four main polymorphs chalcostibite (CuSbS,), tetrahedrite (Cuy,Sb4S;3), skinnerite
(CusSbS;), and famatinite (Cu3SbS,) [126]. To better understand the formation of
each one of these phases, Pretto et al. performed a 2* factorial design to study the
influence of the time (1 or 5 minutes), temperature (200 or 250°C), type of solvent
(oleylamine or a mixture oleylamine and diphenyl ether), and the heating method
(hot injection or heat up) [127]. The 2* factorial design required 16 independent
experiments. The factorial design revealed that the heat up method led to the CuSbS,
formation, whereas the hot injection led to the formation of Cu;SbS, phase. The
temperature as high as 250°C also led to the selective formation of CuSbS,.

Another promising alternative to the binary Cd or Pb-containing semiconductor
quantum dots is the ternary semiconductor AgInS,. The AgInS, has photolumi-
nescence QY higher than 50%, all over the visible and near infrared range of the
electromagnetic spectrum, when passivated with a ZnS shell [128]. With the goal to
prepare AgInS, based semiconductor quantum dots, Soares et al. prepared AgInS,/
ZnS capped by mercaptopropionic acid (MPA) [129]. The factors studied were the
reaction time, temperature, Ag:In ratio, S:In ratio, Zn:In ratio, MPA:In ratio, and pH
of the solution. The response factors studied were the PL maximum wavelength, the
PL lifetime, and QY.

Due to the large number of factors studied, the authors had to initially perform a
fractional factorial design of the 2> type, which initially corresponded to 16 inde-
pendent experiments. This initial design revealed that the significant factors were
Ag:In ratio, MPA:In ratio, and the solution pH. Then, a 2* factorial design with central
composite design was performed considering only the optimization of the three sig-
nificant factors. The highest QY, which was around 0.46, was obtained for Ag:In equal
to 0.1, pH 8.5, MPA:In equal 6. Besides the QY = 0.46, this set of conditions had an
emission wavelength maximum at 625 nm, a lifetime emission of 400 ns, a Ag:In:Zn
proportion about 1:3:5.

The application of semiconductor nanocrystals in solar cell devices requires the
deposition of continuous thin films from the semiconductor materials. To obtain
an appropriate thin film demands the optimization of several factors. In this sense,
Ramirez et al. studied CZTS thin films’ deposition by spray pyrolysis, starting from
a mixture of the Cu*, Zn**, and Sn** salts in a mixture of acetone and DMSO [130].
The factors studied in this deposition process were the substrate temperature (350 and
450°C), the carrier gas pressure (2 and 4 bar), and the spray pulse time (0.4 to 1.2 s).
The response factor studied was the film resistivity, which should be minimized. By
performing a 2? factorial design with a face-centered central composite design, obtain-
ing an empirical equation quadratic for the substrate temperature, linear for the other
terms, and considering significant the interaction between the substrate temperature
and pulse time. The lowest value for resistivity was obtained for films deposited at
400°C, carrier gas pressure lower than 0.3 bar, and spray pulse time lower than 0.8 s.
For those conditions, the resistivity values between 10 to 52  were obtained.
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The examples presented in this section showed how the DoE could be used to
decrease the number of experiments performed vastly in different contexts and stages
of production of the TMCs semiconductor nanoparticles and thin films. Furthermore,
the DoE provides statistical justification for each decision taken and for the empirical
models developed, which can not be obtained through the OFAT approach.

5. Applications of life cycle assessment for transition metal chalcogenides

As commented in Strategy 7 in Section 2.7, life cycle assessments (LCA) can con-
tribute to developing a greener process by analyzing the resources and energy input,
the cost-effectiveness, and the social and economic impacts involved in that specific
process.

To illustrate the utility of life cycle assessments, a simplified LCA was performed
by aggregating and reframing data from several different routes to distinctive copper
sulfide nanosystems [22, 25]. Five different synthetic protocols were selected from
the literature and with open-access resources these data are used to calculate metrics
related to economic, societal, and environmental impacts associated to the chemicals
and relative amounts in the protocols [131-135].

The selected synthetic protocols for copper sulfides share similarities. Most use
different amounts of dodecanethiol as a source of sulfur and capping agent, along
with solvents such as ethanol and chloroform for workup [131-135]. Despite common
reagents, the methods and routes vary across the protocols allowing for access to
downstream heterostructured nanoparticles [131], generalized procedures (towards
an array of TMCs nanosystems) [132], a one-step synthesis and assembly [133],
control over product shape [134], and solventless techniques [135]. These pieces of
information from these five protocols were extracted from the literature and using
physicochemical reference data [136, 137], SDS, and online databases [138]. The
above metrics were calculated for the different sets of methods (Table 4).

For this analysis, five metrics were selected to demonstrate the flexibility of this
technique: process mass intensity, material cost, global warming potential, smog

Life Cycle Assessment of Copper Sulfide Nanosynthesis

Procedure Process Material Global Smog Ingestion Product
Mass Cost Warming Formation Toxicity
Intensity Potential Potential

1 1.0 1.0 —_ 13 8.7 Cu,S Hexagonal
Nanoplatelets

2 9.3 1.9 — 49 50 CuySs Digenite

phase Nanowire
Aggregates

3 59 33 37 37 81 Cu,S Tunable
Nanoparticles

4 13 8.4 1.0 1.0 1.2 Cu,S 2D-Nanosheets

5 6.8 49 6.0 — 1.0 Cu,S Hexagonal
Nanoplatelets

Table 4.

Life cycle assessment of copper sulfide nanosystems. Metrics are normalized by column such that the least impact
and most benign has a value of 1.
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Metrics for Assessing Cu/S Nanosystems Process Mass Intensity

Focus on Focus on mass of all inputs
reducing waste, reducing = “mass of product
solvents, and cost by
reagents recycling Relative Cost ($/gram Product]

solvents c r.ast of reagent;

Cost =
maw of reagent;
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sources of 1oxic solids organic Smog Formation Index (lgep)

CuandS  gnd jiquids chemicals Ingestion Toxicity index ()

Figure 2.
Metrics used to assess the synthesis of copper sulfide nanosystems and the information used to calculate these
metrics.

formation potential, and ingestion toxicity (Figure 2) [139-141]. While LCAs typi-
cally focus on environmental and energy impacts they may be broadened or adapted
to address a variety of economic and societal impacts as with techno-economic assess-
ments which have been performed for evaluating downstream copper recovery from
spent electronics [20, 142-144]. An additional metric not used here which is relevant
when screening metals with TMCs is the abiotic depletion potential, which examines
the impacts of elemental scarcity in products including inorganic materials [26].

Process mass intensity (PMI) is a ratio of the masses of the chemical inputs for a pro-
cess over the products [139]. Similar to E-Factor and related to atom economy, process
mass intensity accounts for byproducts and wastes, including solvents [145]. This may
serve to help identify materially efficient transformations contributing to the preven-
tion of waste [146]. Cost is determined as a sum of the scaled costs of each reagent used
to synthesize 1 gram of product and does not include operational costs related to energy,
nor capital costs for equipment, which are the focus of other LCAs [23, 27].

The final three metrics are related to human and environmental health. They are
calculated using available potentials and safety data related to the specific impact of a
given chemical in a procedure to a reference chemical such as toluene [141, 145, 147].
The potential for each chemical is multiplied by the relative mass per product and
the sum of each potential generates an impact index. The relative magnitude of these
indices identifies the expected impact of the procedure on a model environment [145].
Global warming potential (GWP) accounts for the incorporation of greenhouse gases,
such as carbon dioxide, chloro- and hydrochlorofluorocarbons [17, 26]. Smog forma-
tion potential (SFP) assesses a variety of volatile organic chemicals such as ethanol
and acetone, that can partake in reactions with pollutant oxidants at ground level
[147, 148]. Ingestion toxicity (ING) models how chemicals may disperse in an external
environment and their relative potential to harm living systems [21, 119].

Collecting these metrics, we can get a more holistic perspective of how a specific
synthesis procedure can have both up- and down-stream impacts (Table 4). Here no
one metric is any more important than another, and we quickly realize that there is no
one best protocol. This allows us to look back at our work and examine why a specific
value is high or low and why and how another procedure has a better or worse value
and perhaps adopt a chemical or method from this protocol.

Templates and other resources for this type of LCA are available online with
the full set of calculations available of this LCA in the supplementary informa-
tion [23, 147, 149]. The reader should note the assumptions that accompany this
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analysis: primarily using a multi-compartmental model to represent an external
environment, the standard estimation of amounts for techniques such as washing
and filtering, and neglecting to consider the cost of water [141]. The functional
unit for this assessment represents a way to standardize the analysis across the
procedures for differently scaled references and here was set as 1 gram of product.
After calculations are performed the data is normalized per metric such that the
most benign or least impactful value is scaled to one.

Assessing a synthesis or comparing several goes beyond setting any one metric.
Here one may make the distinction between the cost effective and efficient methods
in the first procedure and the more costly, yes less environmentally impactful meth-
ods in the fourth protocol. Examining protocol one’s high ingestion toxicity parameter
we can look back at the calculation to reveal it stems from a large excess of dodecane-
thiol. As this serves as solvent, a source of sulfur, and a capping agent, one may deem
it a necessary hazard though they may also explore in the future how to better balance
the stoichiometry of reagents.

Interestingly the solvent-free synthesis, method five, has a high process mass
intensity and cost due to solvents such as chloroform that are used in the workup.
LCA methods may be used to better model whether a system is greener than alterna-
tive methods by leveraging common and novel sustainability metrics [139, 140].

In contrast to the narrow focus on synthesis in the above example, LCAs ideally
have a wide scope, including a look at sourcing reagents all the way to recovery or
disposal [150]. A fundamental goal of green chemistry and systems thinking is the
use of loops to close gaps between wastes and resources. LCAs may be used to address
these considerations [151].

Although their power and flexibility LCAs are limited by the quality and acces-
sibility of their source data. Even rudimentary assessments may prove inconclusive
for certain values and metrics, note in Table 4 for dashed entries without a calcu-
lated value. Empty values in an LCA may indicate a lack of literature information
or imperfect metric, which also provides researchers with a focus on what informa-
tion is missing from the literature. As LCAs are inherently complex many choose
to use proprietary software such as GaBi or ASPEN though researchers must be
careful to avoid using LCAs as a black box. To help steer and assess the synthesis,
application, scale-up, and recycling of transition metal chalcogenides life cycle
assessments can be used to systematically evaluate procedures for green chemists
and engineers.

6. Applications of machine learning for transition metal chalcogenides

Proposing new materials requires extensive sustainability, availability, and
economic metrics analysis. While reports of individual compounds focus on specific
composition metrics, typically considering economic factors. Only within the most
recent years, in the extensive review work, it is important to compare the proposed
class of compounds (chalcogenides in our case) with other classes, taking into account
trends in economics.

In this section, we look at machine learning applied to the chalcogenide materials
from three main aspects: First, we present a study showing how machine learning was
used to catalog the band gap diversity among materials containing p-block elements.
Second, we present and examples from the recent literature where machine learning
was applied to predict properties and trends related to TMCs.
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6.1 Band gap diversity among materials containing p-block elements

To estimate the fraction of chalcogenide materials among all compounds with
report or calculated band gap or absence of the band gap, 6031 reports were analyzed.
The band gap values obtained experimentally were summarized in the literature
reports [152-155]. For the compounds without band gaps, the data was extracted
from the Materials Project database [156]. For this work, only a fraction of unique
reports were used, and the full dataset is listed in the supporting information of the
manuscript by Zhou et al. [157]. Out of 6031 reports, the compounds with elements
from Group VII—452, Group VI—3801, Group V—1905, Group IV—1441, and Group
III—1676. Out of all p-block elements, Group VI (O, S, Se, Te), mainly consisted of
chalcogenides is the most frequently reported (Figure 3).

A detailed analysis of the band gap reports for the Group VI elements, revealed
that the element are distributed as the following: 0—1014, S—1416, Se—1081,
Te—614. Interestingly, the reported band gap value follows the trend of shifting the
distribution of band gaps from insulating to metallic character for the elements of the
Group VI, when going from lower principal quantum number to higher, similarly to
the periodic table property change from non-metals to metals (Figure 4).

This is the most diverse distribution of the band gaps among all other p-block
elements, allowing a band gap engineering for tailoring materials for a specific
application need. From the average of 3.5 eV for oxygen 2.0 eV for S, 1.8 eV for Se,
and 0.6 eV for Te, chalcogenide materials are the most suitable candidates for semi-
conductor synthesis and study.

6.2 Property prediction using machine learning for transition metal chalcogenides

The number of experimentally-confirmed predictions in the field of machine
learning chemistry is limited [158]. Commonly, physics-based simulations (molecular
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3
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Figure 3.
Absolute number of veports of materials with band gap and with metallic character.
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Figure 4.
Band gap energy distribution for different oxides, sulfides, selenides, and telurides.

dynamics or density functional theory) are regarded as experimental validation of a
machine-learning model [159]. Developing a functional informatics infrastructure
with training data pipeline, selection of appropriate algorithm, and assessment of
model performance, requires expertise in both domain knowledge and informatics.
This synergy is what converts model’s prediction to a real sample of a lab bench.

Combination for ML and DoE makes exploration of optimal synthesis conditions,
faster and more efficient. For example, organic solar cell efficiency was increased
substantially, increasing the efficiency of solar energy conversion from 6-8%,
confirmed with a real working device [160]. Given that solar cell is also an area where
chalcogenides are viewed as promising candidates, we can expect similar performance
boost with application of machine learning methods [161].

Band gap prediction (fundamental for semiconductor, lighting, sensor, and solar
cell areas) is one of the most common property prediction that was tackled with
machine-learning methods [157, 162]. Chalcogenides, especially the binary ones with
ZnS-type structure, are promising candidates. Transition metals (most common
components in binary ZnS-type chalcogenides) are prone to statistical mixing, which
allows for a precise control of the band structure in these materials [163]. Ternary
chalcogenides were predicted to be promising p-type transparent conductors [162].
The compositional diversity of the chalcogenide-rich candidates is represented by
two transition metal elements present (VCusS,), or TM with p-block element (IrSbS),
or alkaline-earth with metalloid (Ba,SiSe4). Double perovskites of chalcogenides are
promising photovoltaics. The formation of perovskites is governed by strict structural
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geometrical rules along and charge-balanced composition. This puts limitation on
the list of possible candidates, however, given that for double perovskites quaternary
systems have to be explored, machine learning is essential, since the unexplored
chemical white space in quaternary phase diagrams is impossible to explore
experimentally [164].

7. Conclusions

This chapter presented many views and examples of how Green Chemistry can be
used to benefit TMCs in different scientific fields. These benefits can be explored in
many different stages of the TMCs planning and production. For instance, there are
different approaches to make TMCs syntetic processes greener, such as using more
benign reagents and solvents, milder synthetic conditions. Or using biological media
or solventless methods like mechanochemistry.

Additionally, DoE can be used to plan more efficiently the number of experi-
ments necessary to draw certain conclusions and obtain models allowing to predict
initially untested synthetic conditions. LCA can be used to predict the risks, benefits,
and environmental impacts involved in the production, use, and disposal of TMCs.
Machine Learning is important in predicting TMCs properties, which offers useful
guidelines for the synthesis of known TMCs. It is also valuable for predicting the
structural features and properties of the materials never synthesized, opening up
possibilities for discovering new TMCs.

We hope this chapter can be a resource for scientists aiming to make their
nanoparticle synthetic processes more benign and environmentally friendly.
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Chapter 9
Biopolymers

lIoana Stanciu

Abstract

Significant progress has been made on biopolymers in recent years. Biopolymers
are preferred to other materials because they have specific physical, chemical, biologi-
cal, biomechanical, and degradation properties. Many natural or synthetic biopoly-
mers can degrade hydrolytically or enzymatically and are used for many applications.

Keywords: biopolymers, classification, structure

1. Introduction

Biopolymers are a large group of biomaterials, for which it is important that they
are biocompatible and noncytotoxic and produce decomposition products that are
themselves nontoxic. They should support cell adhesion and proliferation and be an
active participant in the process of creating new tissues, ensuring that the dynamics
of formation and resorption of these tissues take place efficiently, with a constant
balance between the two processes. Biopolymers by their properties, although they
include different types of hydrophilic and hydrophobic polymers (which include dif-
ferent types of complex polymers, such as grafted and block copolymers, hydrogels,
different types of thermoplastic biodegradable polymers, and polypeptide polymers,
which may be of natural origin or artificial, different functional properties, network
kinetics, and biodegradation), mostly belong to the so-called family smart polymers,
due to their ability showing significant changes in their structural properties when
the environmental conditions in which they are changing.

Among the best-known polymers are polyethylene, polyvinyl chloride, polysty-
rene, polypropylene, polyvinyl alcohol, etc. Their basic properties are satisfactory
strength, flexibility, ease of painting and modeling, and hardness. What is the basic
specificity of smart polymers is their extreme response to slight changes in envi-
ronmental conditions, such as changes in temperature, pH, water, and light. These
changes cause changes in the structural characteristics of these polymers. Therefore,
they have significant potential for different types of applications in the field of bio-
technology and biomedicine. Knowledge of the chemistry of conformational changes
in polymers, which are conditioned by changes in environmental conditions, offers
the possibility of the synthesis of new smart polymers, whose changes can be con-
trolled by changes in environmental factors. This is extremely important for biologi-
cal systems, as it allows the efficient use of polymers for the delivery of drugs or other
substances important for the control of metabolic mechanisms. Smart polymers can
be designed in the form of hydrogels, patches, bags degradation of plastic, chewing
gum, blood glucose detectors, and polymers for the targeted release of insulin.
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Graft and block copolymers are a special group of polymers, which consist of two
different polymers, which are linked together in a graft. There are many patents that
offer different combinations of such polymers, which have different reactive groups.
The products are a combination that has properties characteristic of both components
involved in the construction of such a polymer, which gives a new dimension to the
structures of smart polymers, thus creating conditions for increasingly diverse appli-
cations. The crosslinked hydrophobic and hydrophilic polymers form micelle-like
structures in which the safe encapsulation and protection of the drug can be related
to the delivery of the drug through an aqueous medium until it reaches the target
location when degradation occurs by breaking the bonds between the two polymers.
An example of such a polymer is a polyacrylic acid PAAc bioadhesive polymer. The
polyacrylic acid adheres, swells rapidly, and degrades to pH = 7.4, resulting in the
rapid release of the drug trapped in the matrix. The combination of polyacrylic acid
with other polymers, which are less susceptible to changes in neutral pH, increases
the retention time of the drug and slows its release, while showing an increase in its
bioavailability and efficacy.

Hydrogels are networks of polymers that do not dissolve in water, but swell and
collapse when the aquatic environment changes. They are used in biotechnology for
phase separation because such polymers are suitable for recycling. Highly specialized
hydrogels have also been developed for the delivery and release of drugs into specific
tissues. Polyacrylic acid hydrogels have very pronounced bioadhesive properties and
exceptional absorption.

Enzyme immobilization in hydrogels is a highly developed technique for intro-
ducing enzymes into biological systems. In such an enzyme application, the body’s
response depends on the product of the enzyme reaction. The process of introducing
enzymes, receptors, and antibodies takes place by establishing the connection of the
given entities with the selected molecule, within the hydrogel. After the connection
is established, a targeted chemical reaction takes place in the hydrogel, the product of
which may be, for example, oxygen, due to the sensitivity of the system to the pres-
ence of redox enzymes or pH changes of hydrogels that are sensitive to pH changes.
Thus, for example, combinations of glucose oxidase and insulin packaging are con-
verted to pH-sensitive hydrogels. Namely, in the presence of glucose, the formation
of gluconic acid by enzymes leads to the targeted release of insulin from the hydrogel.
The two basic criteria for the efficient operation of this technology are stability
enzymatic and rapid kinetics (rapid response to change activator and recovery after
cessation of its action).

Smart polymers are not yet suitable for drug delivery, although their properties
are suitable for bioseparation. The time and cost involved in protein purification can
be reduced with the significant use of smart proteins, which undergo rapid reversible
changes in response to changes in average properties. Conjugate systems have long
been used in physical and chemical separations and immunoassays. Microscopic
changes in the structure of the polymer are manifested by the formation of a pre-
cipitate, which can be used to help separate the trapped proteins from the solution.
These systems work in such a way that if a protein or other molecule is separated
from the mixture forms a biconjugate with the polymer, then it precipitates with the
polymer when the properties of the medium change. The precipitate is removed from
the medium, separating the desired conjugate component from the rest of the mix-
ture. The removal of these components from the conjugate depends on the speed of
recovery of the polymer and its return to baseline. Another possibility of controlling
biological reactions using smart polymers is the preparation of recombinant proteins,
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with characteristic binding sites embedded in ligand-like proteins or binding sites in
cells. This technique is used to control both ligands and cell binding activities, which
are responsible for various stimuli of activity, such as temperature or light [1, 2].
Future applications of smart polymers will be related to the development of polymers
that will be able to learn and correct their own behavior over time. In the near future,
smart toilets will use such polymers for analysis, for example, urine, and provides
assistance in identifying health problems. Many creative approaches to targeted drug
delivery systems and their self-regulation based on their unique cellular environment
are already the subject of intense research.

Intelligent natural polymers and their response to external stimulation.

Polymers found in living systems (proteins, carbohydrates, and nucleic acids) play
a significant physiological role in biological systems. Smart polymers have become
especially important after studying their chemistry and the conditions that serve as
activators of their conformational changes. The new polymeric materials are formu-
lated to “feel” specific changes in biological systems by adjusting to respond to them
in a predictable way, allowing them to be used as a useful tool for the administration
of drugs and the control of various metabolic mechanisms. The nonlinear response of
smart polymers makes them unique and efficient. Significant changes in the structure
and properties of smart polymers can be caused by a small change in stimuli. Once a
change occurs, there are no changes, which means that it is predictable whether or not
there will be a response. It is important to note that the change in the conformation
of the polymer is homogeneous for the system as a whole. Smart polymers change
their conformational, adhesive, or retention properties when present in water, with
small changes in pH, ionic strength, temperature, or other change activators. Another
factor that defines the response efficiency of smart polymers is their inherent nature.
The response of molecules to stimulus-induced change occurs simultaneously in a
number of individual monomeric units. Although the change, which is related to only
one of the monomer molecules, is almost insignificant when it comes to the whole set
of such molecules (because the total change is equal to the sum of these identical or
similar minor changes and theirs), corresponding responses (hundreds or thousands)
such a change has a significant value, conditioning the appearance of a very signifi-
cant force of stimulation of the appropriate biological responses (processes).

2. Classification and basic applications of polymers

Today, the most common application of polymers in biomedicine is for the tar-
geted delivery of drugs. With over-the-counter pharmaceuticals, the basic problem
for scientists is to find an effective way to deliver drugs to a certain place in the
body without first degrading it to very acidic stomach acid. Preventing side effects
on healthy bones and tissues is also a significant issue. It is advisable to monitor the
release of medicines until the delivery system is in the desired location [3].

The release of the drug is controlled by chemical or physiological activation.
Intelligent linear or matrix polymers are in different varieties and may have different
properties depending on the type of functional groups or side chains present in them.
These groups may be sensitive to pH, temperature, ionic power, electric or magnetic
field, and light. Some polymers crosslink with non-covalent bonds and can cleave
and reform depending on external conditions. Dendrimers are known as typical
particle-free polymers, which are most commonly used for drug delivery. Lactic acid
polymers are used in the traditional encapsulation of medicines. The release of drugs
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from smart polymer matrices is achieved by chemical or physiological reactions, such
as hydrolysis, in which the bonds are broken and the drug is released when the matrix
is divided into biodegradable components. Artificially obtained polymers, such as
polyanhydrides, polyesters, polyacrylic acids, poly (methyl methacrylates), and poly-
urethanes, are most often used for this purpose. Low-molecular-weight hydrophilic
amorphous polymers containing heteroatoms (other atoms relative to carbon) have
been shown to degrade most rapidly. By controlling the rate of degradation, today’s
scientists are trying to control the rate of drug delivery [3-5]. Another very impor-
tant field of application of polymers is tissue engineering, where many polymers of
natural and artificial origin can be part of such composite structures that allow better
adhesion and attachment of suitable cells (stem cells), their differentiation according
to a certain phenotype, and finally, of them proliferation to new tissue [3-5].

Due to the relevant economic and environmental aspects, the growing interest in
natural polymers is becoming more important in natural polymers due to their bio-
degradability, low toxicity, low cost, low availability, and renewable costs. Moreover,
they offer a wide range of benefits for tissue engineering applications, such as biologi-
cal signaling, cell adhesion, degradation, and responsible cell remodeling. However,
their inadequate physical properties, such as solubility, rapid degradation, and possible
loss of biological properties during casting, often limit their use as scaffolding materi-
als. In addition, the risk of immune rejection and transmission of diseases require
further purification. Physical or chemical modification of such polymers is an effective
way to improve the stability of the material and its physical characteristics [6].

3. Polymers of natural origin

Natural polymers used in tissue engineering are very diverse in origin and com-
position. Such polymers include proteins, collagen, silk fibroin, polysaccharides,
chitosan, and its derivatives, hyaluronic acid, alginates, starch, cellulose, dextrans,
and polyesters of microbial origin.

3.1 Proteins

There have been numerous studies on proteins that make up the extracellular matrix
(ECM) of natural tissues, such as scaffolding in tissue engineering. The use of biomac-
romolecules, such as collagen and fibronectin, which transmit biological information
and provide the necessary physicochemical functions, is attempting to mimic ECM in
the development of targeted tissues. A group of collagen-based biomaterials has been
investigated with a particular interest in their application in bone regeneration [7].

Despite attempts to replace natural fibrous protein materials with artificial
polymeric materials, natural protein fibers, such as silk, wool, and leather fibers, have
not yet been successfully reproduced as artificial materials. Bone tissue and cartilage
engineering based on the use of silk fibroin in the construction of scaffolds based on
biomaterials is a very current topic of modern research [7-9].

3.2 Collagen

Collagen is a biological protein with a high content of glycine (almost 33%) and
other amino acids (almost 20%). It is rich in the ECM of many tissues (skin, bones,
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cartilage, blood vessels, and teeth) where it provides the basic structure and mechani-
cal support of these systems. Type I collagen is found in bones, tendons, cartilage, and
corneal fibers, type II in hyaline cartilage and the nucleus pulposus (the gelatinous
substance in the central part of the spine), type III in the intestines and uterine walls,
type IV in the endothelium tissues and epithelial membrane, and type V in the cornea,
placenta, bones, and heart valves. In the structure of collagen fibers, glycine is the most
abundant, which is in place of every third residue in the polypeptide chain of collagen,
forming (Gly-XY) a motif repeatedly adapted to the helical structure oriented to the
left (a chain) with a length of about 1400 amino acids and three residues per reason.
The most common collagen sequences are composed of glycine (gly), proline (pro),
and hydroxyproline (hyp) (Gly-Pro-Hyp). Three a chains are wrapped around each
other, twisted to the right, and densely wrapped in a triple helix (Figure 1) [10, 11].

Collagen fibers are stabilized by specific covalent crosslinkers between collagen
molecules. Biodegradability, low antigenicity, and cell binding properties make col-
lagen a valuable material for use in tissue engineering. Collagen sponge accelerates the
growth and growth of cells and tissues and improves bone formation by promoting
the differentiation of osteoblasts.

Studies involving the seeding of mesenchymal stem cells (MSCs) in collagen gel,
when implanted in osteochondral defects in rabbits, lead to bone and hyaline cartilage
formation, although the mechanical properties of regenerated tissue are signifi-
cantly lower than in normal tissues. It is important to note that, after the implanta-
tion process, no degeneration of the surrounding tissues was observed in the first
24 weeks. The main disadvantage of using collagen as a biomaterial for tissue repair
is its high rate of degradation, which leads to the rapid loss of mechanical properties
of scaffolds based on it. Many attempts have been made to overcome this problem
by further processing to ensure that the collagen remains insoluble during a certain
critical period, by adding suitable mineral crystals or a combination of collagen with
other natural materials, such as glycosaminoglycans (GAGs) or synthetic polymers,
derived from methacrylate, or by applying specific methods of collagen crosslinking
[10-12]. Highly porous hydroxyapatite/collagen composite constructions seeded with
chondrocytes showed an increase in the stability of the foam composite in the culture
medium upon ECM deposition. A matrix made by crosslinking collagen fibers with
modified hydroxyapatite, implanted in the cranial defects of mice, showed good
biocompatibility and improved osteoconductivity in relation to the collagen material
itself. The improvement of mechanical properties can be achieved by crosslinking the
collagen chains by amino groups of lysine and hydroxylysine using glutaraldehyde
or other agents, such as 1-ethyl-3-(3-dimethyl aminopropyl), carbodiimide (1-ethyl-
3-(3)-dimethyl aminopropyl) carbodiimide, and hexamethylene diisocyanate.
However, these treatments are not sufficiently cytocompatible due to the potential
toxicity of any of the network agents used.

Figure 1.
Collagen triple helix [http://www.resb.org/].
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Other strategies for modifying collagen fibers are related to the chemical modi-
fication of the side chains of the collagen fiber to form double bonds, which allow
subsequent crosslinking with chemical or photoinitiated free radicals or crosslinking
with the enzyme lysyl oxidase. Takayama and Mizumachi have shown that lactoferrin
adsorbs type I collagen, thus accelerating the calcification of collagen i vitro and the
differentiation of human osteoblastic cells. Biocompatible scaffolds derived from type
I collagen electrospun and hydroxyapatite nanoparticles show a significant increase
in tensile strength and modulus. The mechanical properties of the scaffold are further
improved by crosslinking with the vapor phase glutaraldehyde.

A new method for obtaining a biostyclic-nanofibrocollagen nanocomposite, in
the form of a membrane or macroporous scaffold, has recently been published. The
nanocomposite matrix exhibits “in vitro,” bioactivity induced by the rapid forma-
tion of bone-like mineral apatite on its surface when incubated in body fluid (SBF).
Osteoblastic cells show a favored growth on nanocomposite scaffolds, and their alka-
line phosphatase activity is significantly higher than in pure collagen scaffolds [13].

3.3 Silk fiber

Silk is a natural polymer that has been used clinically for centuries. Naturally
extruded by insects or larvae, the silk took the form of a fiber consisting of a protein
fiber called fibroin and a sticky coating made of sericin protein. Today, fibroin fibers
are increasingly used as biomaterials for new biomedical applications, especially, in
the field of tissue engineering, due to their biocompatibility, slow degradability, and
exceptional mechanical properties, as well as better ability to control molecular struc-
ture and morphology through various forms of processing and surface modification.

Silk fiber in various forms (films, fibers, nets, membranes, sponges, etc.) sup-
ports the adhesion, proliferation, and differentiation of stem cells “in vitro” and
promotes the repair of tissues “in vivo.” 3D fibrous silk scaffolds have a special appli-
cation in skeletal tissue engineering’s, such as bones, ligaments, and cartilage, as well
as in connective tissue engineering (skin tissues). The dominant source of silk-based
materials to date is fibroin produced from Bombyx mori silkworm caterpillars. Silk
fibroin from spiders and modified transgenic species is also a very important source.
Such a silk fibroin shows the possibility of modifying certain fibroin sequences from
natural silk and thus indirectly new possibilities for the production of materials
inspired by silk fibroin, for various medical applications.

4. Structure and properties of silk

Silk belongs to a group of natural polymers that produce a wide variety of
insects and spiders. In nature, silk has different structures and functions that are
evolutionarily oriented toward the needs of the animal species that produce it in a
given environment. The different functions of silk are classified as a series of tissue
constructions, from tissue in the form of a victim trap (spider weaving), through
safety rope (pull rope) to reproductive form (cocoon shape). Silk offers an excellent
combination of lightweight (1.3 g/cm3), high tensile strength (over 4.8 GPa, as the
strongest fiber known in nature), and outstanding hardness and elasticity (with a
tightening length, before breaking the fiber by more than 35%). The tensile strength
of silk yarn is comparable to most synthetic Kevlar-49 fibers, while the elasticity of
silk fibers is 4-7 times higher than Kevlar-49 fibers, and the energy required to break
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the fibers is 3-4 times bigger. In addition to these remarkable mechanical properties,
silk has thermal stability of up to about 250°C, which allows it to be processed over a
wide temperature range [14].

The most commonly studied silk is derived from the larvae of Bombyx mori and
the silk thread of the spider Nephila clavipes. Structurally, fibroin silks of these
species are characterized by natural block copolymers, consisting of hydrophobic
blocks with very regular repeated sequences, consisting of short chains of amino
acids, such as glycine and alanine, and hydrophilic blocks with more complex
sequences. Consisting of long chains of amino acids, such as charged amino acids
(Figures 2 and 3) [15, 16].

Hydrophobic blocks tend to form -plates or crystals bound by hydrogen bonds
and hydrophobic interactions, forming the basis of the tensile strength of silk fibroin.
These arranged hydrophobic blocks are responsible for the high elasticity and hard-
ness of the silk fibers [17].

The method of processing fibroin solutions into fibers by various bodies is still
insufficiently studied and still remains in the field of intensive research. The process
of obtaining fibroin fibers involves spinning a highly concentrated aqueous solution
of silk fibroin into a non-Newtonian liquid crystalline state, in which the silk fibroin
is lubricated and stabilized with water and forms micelle-like structures by separat-
ing the phases due to the process, and internal hydrophilic and hydrophobic block
structures. The process is also supported by the water content and location. During
the natural process of producing fibroin fiber, the concentration of the solution of silk
fibroin in the glands gradually increases to form mycelium, which further aggregates
to form globules or gel-like structures. At this stage, the fibrous silk protein is orga-
nized into a metastable state that maintains enough water to avoid premature conver-
sion to the structure of the p-plate. The tensile stress during the spinning of the fibers
(movements of the head in a silk caterpillar or pushing of a spider’slegs) determines
the final assembly of the p-plate into crystal blocks [18].

In the final stage of spinning a silkworm, hydrophilic proteins, such as sericin,
form a composite matrix with a silk fibroin core. The resulting silk fibers are insoluble
in many solvents, such as water, ethanol, dilute acids and bases, hexafluoroisopropa-
nol (hexafluoroisopropanol (HFIF)), calcium nitrate, or LiBr solution. The crystalline
region of silk fibroin contains repetitive sequences rich in alanine or alanine glycine.
These repetitive sequences are used as a basis for the genetic engineering of silk
fibroin-like polymers in host systems, such as Escherichia coli, yeast, mammalian
cells, and plants. Similar to natural fibroin fibers, most recombinant fibroin polymers
have low water solubility due to their hydrophobicity [17, 19].

Strategies used to self-organize recombinant polymers similar to silk fibroin to
increase solubility include, but are not limited to the following: i) the inclusion of
molecular activators (triggers) of reactions, such as methionine reduction/oxidation

0 o (0] CH O CH
H r H | ° H 3
N N N
N/W N/Y N
H H H
O O o™n

Gly Ser Gly Ala Gly Ala

Figure 2.
The primary structure of silk fibroin [wikipedia.org].
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Figure 3.

a )gNegatively charged disintegrated Anaphe moloneyi silk, dyed with sodium phospholphramate, with fibrous
plaques, magnification 120.000x b) and c) fibers twisted by 900, fiber width, magnification 350,000x; d) a
film poured from a fibroin solution of Bombyx silkworm obtained by treatment with cupriethylenediamine
negatively charged, stained with sodium phospholphramate, magnification 120,000 x; e) fibers obtained from a
sequentially charged polypeptide (alanine-glycerol-alanine-glycerol-serine) polypeptide, stained with sodium
phospholphramate. Magnification 120.000x [].Cell biol, 33, (1967), 289].
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reactions to control B-plate formation or phosphorylation/phosphorylation kinase
action, ii) construction of chimeric polymer fibers of fibroin-like silk to incorporate
« helical structures, and iii) inclusion of GVGVP (glycine-valine-glycine-valine-
proline) domain characteristic of elastin to reduce crystallinity. The latter approach,
based on copolymers of fibroin silk and elastin, whose hydrogels are exposed to
physiological conditions, makes this combination of copolymers attractive for use in
injectable systems for the controlled administration of therapeutic agents.

5. Conclusions

This review detailed the classification, types, and some important applications of
biomaterials used in different applications in our life. From the biomaterial’s unique
properties, these materials are perfect candidates for different bio-related applications.
Biopolymers have attractive properties, particularly biodegradability, biocompat-
ibility, selective permeability, and modifiable physical-mechanical properties. These
properties find targeted applications in a variety of fields, particularly in the field of
pharmacy and medicine. The use of natural biopolymers makes it possible to manu-
facture sustained-release forms that should avoid post-consumer peaks (diminish
side and undesirable effects) and spread the effectiveness of this molecule over time
(decrease the number of daily doses).
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Chapter 10

New Frontier of Plant Breeding
Using Gamma Irradiation
and Biotechnology

Vichai Puripunyavanich, Lamai Maikaeo,
Mayuree Limtiyayothin and Piyanuch Orpong

Abstract

Mutation is an underlying cause of evolution as a mutant, either natural or
artificial, with a novel trait may be preferentially selected for nature because of
its superior survival adaptive features. Because of the desirability of the novelty,
mutation is the heritable change to an individual’s genetic makeup, which is passed
on from parent to offspring and thereby, drives evolution. In nature, mutations are
spontaneously caused by errors in the DNA replication. Gamma radiation induced
mutation in plant breeding is the one effective method that can cause DNA changes
via direct and indirect actions. Many crop varieties have been created using gamma
irradiation mutagenesis technology for trait improvement that enhance the charac-
teristic or increase the abiotic and biotic stress tolerance. Plant breeding and genetics
procedure usually start from mutation induction by gamma irradiation and work
with the other modern enabling technologies, such as tissue culture or molecular
genetics. Tissue culture and bioreactor techniques are used for synthesizing new
plant varieties, while the molecular genetic technique is used for genetic analysis
of the new varieties. The irradiation coupled with new modern tissue culture and
molecular genetic technology is widely used to induce plant mutation breeding for
creating new commercial plant varieties.

Keywords: plant mutation breeding, irradiation, biotechnology, tissue culture,
molecular genetic

1. Introduction

Nowadays, agriculture has changed dramatically compared to the past.
Technologies have played an important role that can be applied to use in almost
every aspect of the agricultural value chain from production to consumption.
The world population is currently around 7.9 billion and is expected to reach
10 billion in 2050 [1]. To feed the expected world population, the production of
food will need to increase to meet the global food demand. Improved agricultural
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production through plant breeding, is one of the key solutions to sustainable
development for supporting the growing global population. Plant breeding refers
to the development of plant cultivars suitable for agricultural cultivation. In
nature, natural selection is responsible for the survival of plants, based on their
characteristics. Plants with low survival quality would be eliminated naturally.
High-quality plants can be crossed and matched up using farmers’ knowledge
and expertise. Gregor Mendel, the modern genetics pioneer, did research based
on the principles of genetic theories. Later, radiation and chemical mutagens
were developed to help induce genetic mutation more rapidly than natural
evolution.

2. Mechanism and types of mutation
2.1 Mutagenesis mechanism

Mutations involve changes in the genetic material (DNA) of cells and can be
passed on to offspring through the cell division process. Mutations may be associated
with the loss of a gene or structural changes within a gene, which is called gene muta-
tion or point mutation. Chromosome-related mutations can involve changes in the
number of chromosomes, exchange of chromosomes, and the disappearance/addition
of a segment of a chromosome.

1. Gene Mutation

Gene mutation or point mutation is a chemical change in a gene involving only a
few nucleotides bases in a gene that affects some genetic changes in that gene.

2.Chromosome Mutation

Chromosome mutation is the change in the number or the structure of the
chromosomes.

a.Changes in the Structure of Chromosomes
A missing or duplication part of the chromosome can cause a number of genes to
be changed as well. The effects of these changes vary greatly depending on the type of
gene and the number of genes involved.
b.Changes in Chromosome Number
Usually, plants have diploid chromosome numbers, an increase or decrease can
occur only on certain chromosomes called aneuploidy, for example, 2n + 1 or 2n - 1.
In case of increase or decrease of chromosomes sets, it is called polyploidy.

2.2 Type of mutagens

Mutagen can be divided into three types, which are as follows:
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1. Physical mutagen: Radiation such as X-rays, gamma rays, ion beams, electron
beams, and neutron particles.

2. Chemical mutagen: Chemicals that cause mutations in genes or chromosomes.
These chemical substances are ethyl methane sulphonate (EMS), diethyl sulfate
(dES), ethyleneimine (EI), N-ethyl-N-Nitrosourea (ENU).

3. Biological mutagen: Genetic disruption might be the result of the virus and bacteria.

Comparatively, gamma and X-ray irradiation can be used to induce changes in
seeds or other reproductive organs of the plant, such as branches, buds, stems, bulbs,
and corm because they can penetrate into the internal tissues better than chemicals
and also the method does not lead to chemical waste [2].

3. The use of radiation-induced mutations

It has been over 100 years since Darwin developed the theory of evolution by natu-
ral selection. Many scientists have learned and discovered the evidence of this theory
that relates to a genetic mutation. Furthermore, they have found ways to induce and
utilize mutations. The development of genomic study helps enhance the plant muta-
genesis in crop improvement more efficiently. The mutant traits, such as dwarfing,
sterility, disease and pest resistance, change of metabolites content, and many others,
were shown in many species from crops to ornamentals by mutation induction. The
need for plant breeding has been demonstrated usually by combining genetic modi-
fiers to change the original mutant phenotype to become a significant breeding target.
The mutagenesis technique is one of the apparatus that has resulted in many impres-
sive mutant varieties. The number of such varieties is high across economic plant
species, including vegetatively propagated species [3, 4].

Mutation techniques have been used widely in efforts to create new plant varieties
that are more resistant to biotic and abiotic stress. The effects induced by physical
and chemical mutagens can be similar to the natural mutation in major crops. The
use of in vitro mutagenesis combined with iz vitro selection with the parental lines
has significantly improved the plant mutation breeding efficiency, especially in
bananas and potatoes [5]. The success of mutation breeding depends on three main
factors—mutagenesis efficiency, the starting plant material, and mutant screening.
Identification of the genes associated with valuable traits would help in understand-
ing the genetic background and choosing suitable starting material by molecular
genetic technologies. Finally, the efficiency of mutant screening will impact the cost
of mutation breeding, especially in plant species requiring long periods before the
mutant traits can be evaluated [6].

Genetic variation is a prerequisite for plant breeding required to obtain useful
traits for crop improvement. Often, the desired variation is either decreasing or
disappearing over time. Moreover, spontaneous mutations occur at a very low rate
that cannot be used in plant breeding for creating and developing new plant varieties.
Therefore, the increase in mutation rate needs to be enhanced by the induction of
genetic variability using mutagen treatments, such as gamma-ray, X-ray, fast neutron,
ethyl methane sulfonate (EMS), and sodium azide, among others.

187



Green Chemistry - New Perspectives

Plant breeders recognize the importance of ionizing radiation in plant breed-
ing research programs. The technique has been tried out since 1930 and became
accepted around 1950 because it solved some problems that standard conventional
plant breeding methods could not. The two main advantages of irradiation are—1)
some crops, especially cereal crops, have undergone extensive breeding that in some
areas and could not be advanced from existing germplasm or strains, some character-
istics, such as disease resistance, were rarely found in natural plants. 2) the increase
in world population destroyed native plants because the farmer’ plant only improved
the cultivation of plant species that have a disadvantage in terms of having a narrow
genetic background. The use of radiation induces mutations in plants is one way to
solve the problem of variability in plant species by inducing the desired characteris-
tics that are not found in genetic sources. Ionizing radiation, such as X-rays, gamma
rays, and neutron rays, can cause damage to genetic material and lead to phenotypic
changes. Any propagated parts of plants can be irradiated, including seeds, buds,
shoots, and stolon. However, seeds are most commonly used and most convenient.
Radiation-induced mutations occur randomly, but their rate of occurrence could be
made higher than spontaneous mutations. Evolution and practical plant mutation
breeding both depend on genetic variation. Desired characteristics are selected and
the obtained mutants are investigated and screened criteria essentially include the
direct or integrated study of morphological variability, alteration of physiological
and biochemical parameters, gene expression analysis, etc., under different degrees
of stress conditions. Before conducting any plant mutation breeding experiment, one
has to define the desired characteristics. The screening for such characteristics can be
done in vitro and/or in vivo depending on the species, trait/character (abiotic stresses)
understudy, biotic/abiotic factors influencing the expression of the trait(s), etc.

4. Technology in mutation breeding and tissue culture
4.1 Induced mutation in the plant by irradiation

Plant breeding is the development of plant species to have better characteristics
than the original variety and to meet human needs. Plant breeding can be used for
many different purposes, such as to increase productivity, nutritional value, to with-
stand inappropriate cultivation conditions disease and insect resistance, for enhanced
appearance, etc. Plant breeding methods are as follows.

4.2 Conventional plant breeding

Conventional plant breeding is the development or improvement of plant variet-
ies by using conservative tools for manipulating plant genomes within the natural
genetic boundaries of the species. The common methods for breeding self-pollinated
species include mass selection, pure line selection, pedigree, bulk population, single
seed descent, backcrossing, multiline and composite [7].

4.3 Induce mutation plant breeding

Natural mutations may occur, whereas at low rates and over a lengthy period. In
this way, the mutation's induction takes less time than a spontaneous mutation. To
induce mutations, mutagens must be used. The most commonly used mutagens are
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chemicals, but it is not safe for workers and the environment. Irradiation is another
popular mutagen used to induce mutations.

4.4 Induced mutation in the plant by irradiation and tissue culture
Advantages of plant propagation by tissue culture are as follows:

1.1t can increase the volume of plants in large quantities in less time than normal
propagation. This saves space and labor used for propagation.

2.Disease-free plants can be obtained. Diseases are caused by fungi or bacteria
infecting seeds or other propagation. In tissue culture, plant parts are sterilized
before being cultured on a tissue culture medium. If there is mold and bacteria
on it, it will show and can be removed.

The process of induced mutation in plants by irradiation and tissue culture
1. Study the appropriate tissue culture medium.

Plant tissue culture should be studied in a formula that is appropriate for the
species and parts of the plants tested to enable the plants to grow well. and expand the
number appropriately with strong plants.

2.Irradiation
Two methods of irradiation combined with tissue culture can be performed [8]

a.Irradiated plant parts such as seeds, lateral buds, shoots, and branches. Then the
plant parts are sterilized and tissue cultured. The disadvantage of this method is
that the plant becomes contaminated with microorganisms after tissue culture,
resulting in less plant tissue than in reality.

b.Irradiated plant parts, such as seeds, lateral buds, shoots, and branches. Then the
plant parts are sterilized and tissue cultured. The disadvantage of this method is
that the plant becomes contaminated with microorganisms after tissue culture
has fewer plants than the number of plants that should have been the chances of
selecting a mutant will also be less.

Irradiation can be done in two ways: 1. Acute irradiation is the irradiation of a high
dose in a short time or irradiation at a high dose rate, 2. Chronic irradiation is the irra-
diation of a low dose and uses a long time or irradiation at a low dose rate (Figure1).

Plant tissue before irradiation is called MV, with M standing for meiotic and V
for vegetative, when irradiated, it is called M;V; generation. New plants or new shoots
from M;V; generation are called M;V, generation. It can be subcultured to the next-
generations, called M;V3, M;V,, M;Vs, and so on (Figure 2).

3.Selection of mutations by tissue culture technique

After irradiation of plant tissue, the tissue is subcultured to M;V, generation. In
M,V, generation, there can be genetic differences in new plants or new shoots that can
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Figure 1.
(left) Gammator and (vight) Gamma room at Thailand Institute of Nuclear Technology (Public Organization).

Figure 2.
M.V, - M,V; generation.

be divided into three groups: 1. The original species, 2. The group of tissues that
are all mutated is called a solid mutant, and 3. The group in which the mutated and
normal tissues are combined is called a chimera [8]. The occurrence of chimera

in different layers of plant cells affects different plant phenotypes, as illustrated

in Figure 3.

The size and frequency of sectoring are a function of transposon (or other
mutagens) activity and the rate of cell division [9]. Tissue culture can help in
the separation of mutated and normal sections by subculture. The mutated sec-
tion is cultured, and the subculture continues until the solid mutant is obtained
(Figure 4).

Examples of research on plant breeding by radiation in combination with tissue
culture.

Study on the effect of gamma irradiation on tissue culture of aquatic plant
“Anubias nana.” It was found that the selected mutants in the M;V, generation had
variegated leaves, dwarfism, light green leaves, abnormal leaves, and albinism
(Figure 5).

Mutation’s breeding on tissue culture of Curcuma hybrid “Laddawan.” The experi-
ment revealed that morphological variations in the M;V, generation were observed
at 50 Gy gamma irradiation treatment samples with variegated leaves and light green
leaves were observed (Figure 6).

The use of tissue culture techniques to assist in the selection of mutations in tissue
culture of bromeliad “Tillandsia cyanea’. The selected mutants in M;V; generation
had light green leaves, variegated leave, dwarf, and giant characteristics. The most
common characteristic was light green leaves (Figure 7).
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Figure 3.

Sh%w: mutation chavacteristics and phenotypic expression. (A-B) has a mutation at the L2 layer (shown in
yellow and red, vespectively) causing phenotypic mutation along the leaf margins. (C-D) has a mutation at L1,
L2, and L3 layers, which are often chavacterized as being unstable. (C) Sectorial are traverse all layers of the
shoot meristem. (D) Non-patterned sectorial are variegated appearance.

Besides the traditional tissue culture method, another tissue culture method
may increase the number of plant tissues in a shorter time. This is called the TIB
(Temporary Immersion Bioreactor) System. This system has a container that sepa-
rates the liquid tissue culture medium and plant parts into two parts, each with a tube
connected to allow the liquid tissue culture medium to be pushed back and forth with
air pressure from an air pump. The condition inside the bottle was aseptic by filter-
ing the air entering the bioreactor with a filter with a pore size of 0.2 pm plant This
prevents the plant from drowning in liquid food all the time [13].

The working principle is divided into four phases as follows [14]:

1. Stationary phase: Systemic tissue is normal in culture parts and media parts with
liquid food.
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Figure 4.
Selection of mutations by tissue culture technique.

Figure 5.
Characteristics in the M,V generation of Anubias nana, (A) normal plant, (B) albinism, and (C) variegated
leaves [10].

2. Immersion phase: It is the stage of air pressure to deliver liquid food to flood the
plant tissues in the culture part at the specified time

3.Drain phase: Allowing liquid food to flow back into the vessels below by gravity.
4. Ventilation phase: The phase of air pressure into the vessels above (Figure 8).

The temporary immersion bioreactor system is a fast automated system.
Therefore, the use of labor in the work is reduced. In addition, the container capac-
ity of the bioreactor system temporarily sinks and can increase by 4-5 times. Thus,
increasing the volume per area can also reduce the area of the tissue culture room
down. Therefore, the temporary immersion bioreactor system is a new and suitable
plant propagation system. It can replace the traditional plant tissue culture system
(solid medium) and can be used in industrial plant production [15].
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Figure 6.
Characteristics in the M,V, generation of Curcuma hybrid ‘Laddawan’, (A) normal plant, (B) variegated leaves,
and (C) light green leaves [11].

Figure7.
Characteristics in M,V; generation on tissue culture of Tillandsia cyanea after acute gamma irradiation, (A)
normal plant, (B) light green leaves, (C) dwarf, (D) giant, and (E) variegated leaves [12].

Figure 8.
Bioreactor, (top) vertical sample vessels, and (below) horizontal sample vessels.
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5. Application of molecular biology techniques for plant breeding

According to the article mentioned above, chemical and physical mutagens can
cause genetic material alteration and have been widely used in plant mutation breeding.
Variety identification or classification is an important step for plant breeding including
the investigation of genetic variation and relatedness which are critical aspects of the
maintenance of biodiversity. The identification method often uses genetic markers as a
specific identifier that have been developed and used as a modern technique for charac-
terization genotypes of organisms. A genetic marker is divided into three types [16-21].

1. Morphological marker

This marker is a physiological indicator that can be observed through general
appearance and can be observed in morphological traits, such as plant height, canopy
width, flower color, size or shape of the flower, flowering time, harvesting time, etc.
It may be called naked-eyed polymorphism. These traits are mainly expressed by the
controlling gene, so they can be used as a genetic marker. However, this marker has
limited use, due to the morphology of plants often varying according to the changing
environment, thus, the observed traits may cause errors in species identification.

In addition, some plants are closely related species, the external characteristic com-
parison cannot be easily distinguished. Therefore, other indicators are required to
improve the species classification accuracy.

2.Protein marker

The development of protein markers is to help identify the differences of plant
species using different protein molecules which are components of plants to be
examined. Protein markers are widely used to verify genetic purity for seed produc-
tion. However, protein markers also have important limitations. The number of genes
or proteins used for testing is small and genes that use for investigation must be
expressed. Therefore, the investigation is necessary to select the optimal plant tissue
and growth stage from gene expression. Moreover, the expression effect depends on
the environment as well. This results in increasing the chance of the variation detect-
ing in protein levels being undervalued. In addition, the use of protein markers in
plant species detection is also limited because proteins are products of gene expres-
sion. It was found that the environment influences the expression of genes. If the
environment is not suitable for plant growth, some genes cannot be expressed and
proteins cannot be synthesized. Therefore, the results may vary and the classification
between species that are closely related to each other can be impossible.

3.DNA marker

DNA marker is a DNA sequence that is used as a unique marker of an organ-
ism and can be inherited by the next generation. Each plant species has its own
unique arrangement of nucleotides or polymorphisms of the DNA molecule
that makes difference. So, it can be used as a marker to construct DNA profiles
and assign the breeding lines to the various heterotic groups as well as variety
identification. Using DNA as a marker to identify varieties of organism genetic
material pattern which has a unique pattern to each individual can be done by a
molecular and genetic technique which are commonly known as DNA profiling or
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DNA fingerprint. DNA markers can be classified into three types according to the
principles and techniques used for development.

* Hybridization based marker

This marker is developed based on the hybridization principle, which is the pro-
cess of combining DNA probe and DNA target with complementary base pairs, such
as restriction fragment length polymorphism (RFLP).

* Polymerase chain reaction-based marker

DNA markers are developed based on the principle of the rapid amplification of
DNA as known as polymerase chain reaction (PCR), such as randomly amplified
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP),
simple sequence repeat (SSR), inter simple sequence repeat (ISSR).

* Sequence-based marker

A developed marker based on the identification of nucleotides in DNA, such as
single nucleotide polymorphism (SNP) (Figure 9).

Sometimes protein markers and DNA markers can refer to molecular markers.
Molecular markers are a very useful tool to assess genetic diversity and relationships.
The application of molecular markers in plant mutation breeding can help to acceler-
ate the breeding program, increase accuracy and save cost and labor. They can apply
to the study of genetic diversity, phylogeny, polymorphism analysis, and cultivar
identification [24-28]. These markers have their own advantages and disadvantages,
the appropriate marker selection depends on the purpose of use, the specific of each
marker, facility, financial, time and knowledge. The comparison of some widely used
DNA markers is shown in Table 1 [19, 29, 30].

Genetic marker

¢ ¥ ¥
Morphological marker Protein marker DNA marker

+

Hybridization based
+ RFLP

PCR based
+ RAPD
+ AFLP
+ SSR
+ ISSR

Sequence-based
+ SNP

Figure 9.
The overview of genetic markers [22, 23].
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Technique RFLP RAPD AFLP SSR ISSR SNP
Amount of required DNA 10 pg 20 ng 50-100 ng 50 ng 50 ng 50 ng
Quality of required DNA High High High Low Low Very high
Reproducibility High High Medium High Medium-High High
Genome abundance High Very high Very high Medium Medium High
Polymorphism level Medium  Very high High High High High
Cost High Low High High High Variable
Table1.

Comparison of some widely used DNA markers.

The development of DNA technology has grown rapidly over the past 10 years.
There is a lot of new knowledge that can be applied widely in agriculture especially in
plant breeding with an important purpose to create new varieties with good character-
istics, such as high yield, disease resistance, pest resistance, and unfavorable conditions
resistance. DNA markers are constantly being developed. It is widely used to identify
the difference or diversity of organisms whether in terms of quantity or quality trait
and is applied as a tool by plant breeders in many fields. Examples of the application of
DNA markers in plant breeding are identification and purification of plant varieties,
genetic assessment, genetic linkage mapping construction, and gene mappings, such
as quantitative trait locus (QTL) and marker-assisted selection (MAS) [31-35]. DNA
markers can distinguish more accurately and precisely than using plant morphology
which often varies according to the environment. While protein marker is also limited,
as it is based on gene expression. The advantages of DNA markers are as follows:

1. High accuracy — DNA marker is a tool that directly selects the desired plant geno-
type. Therefore, it is more accurate and precise than the selection from pheno-
types that are related to the environment.

2.Large number of markers available for use

3. Constant results — The use of DNA marker to help in cultivar selection can be
performed at every stage of plant growth and can use seed or tissue from any parts
to be examined due to DNA remaining unchanged. Therefore, plant breeders can
select the mutants at an early stage, which shortens the selection process. That
plant can continue to grow. This is useful in cases when MAS is used because

4.Nondestructive — This is because only a small part of the plant is collected for
DNA extraction and examined using the DNA marker. The interested mutant
that is investigated can continue growing. There is no need to replant.

5.Inheritance classification — Some DNA markers, RFLP and SSR, are codominant
markers that can be distinguished by both heterozygous and homozygous geno-
types. While some DNA marker, such as RAPD, is not possible to distinguish
between heterozygous genotype and homozygous genotype.

6. Able to select many desired characteristics simultaneously — The use of DNA
markers can help select multiple desired traits at the same time and during the
early growth stage. It saves time, labor, cost, and planting area.
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6. Application of gamma irradiation on crop varieties

Rapid population growth, environmental pollution, and climate change have
greatly affected human survival on Earth. The unsustainability of food, medicine,
herb, and fuel supply chains is becoming a major problem for people around the
world. Agricultural crops are very important to provide food, which is one of the
most basic needs of human beings. How to feed the world’s consumption poses great
challenges to farmers and policymakers. To date, the method of artificial mutagenesis
to obtain new biological cultivars, therefore, becomes a major challenge for breed-
ers, and developing strategies to increase the genetic variability has demanded the
attention of several research groups. The first paper on the technology of irradiation
for mutation breeding employed X-rays in inducing mutations in maize and barley
by Stadler in 1928 [36]. The first commercial mutant crop generated by irradiation
technology is Nicotiana tabacum or “chlorine type” [37]. The leaves of these plants
are used in the production of cigars, chewing tobacco, and nicotine replacement
products. Plant breeders have been encouraged to use mutation breeding as one of the
“peaceful uses of atomic energy.” The main strategy in mutation-based breeding has
been to upgrade the plant by altering traits to enhance their productivity and quality.
In 2022, there are more than 3,391 cultivars developed from mutation breeding and
registered in FAO/IAEA mutant database (Table 2). The mutant varieties database
was split into three categories, crop plants, ornamental plants, and others were 47%,

Category Records

Crop plants 1,592

Ornamental plants 711

Others 1,088

Total 3,391
Table 2.

The categories of FAO/IAEA mutant varieties database.

Others 32%

mCrop plants m Ornamental plants m Others

Figure 10.
Pie chart showing the percentage of categories plant data on FAO/IAEA mutant variety database.
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21%, and 32%, respectively (Figure 10). Among these new varieties, about 1,703
cultivars were induced by gamma-ray irradiation [38].

Gamma irradiation mutagenesis technology has been widely used in crop mutation
for along time, partly due to restrictions on other techniques, such as hybridization,
cross-breeding, and transgenic plants. Gamma radiation is able to penetrate the target
material thoroughly and cause DNA damage in the chromosome. The DNA damage is
difficult to repair effectively and correctly, leading to the generation of mutant plant
varieties. To date, the IAEA reported that there are nearly 300 gamma irradiators
from around the world [39].

Many crops, such as food, herbal medicine, flower, and ornamental, have been
created using gamma irradiation mutagenesis technology for trait improvement. This
can support food security, through enhanced characteristics, or increased resistance
to environmental stress. Many plant varieties have been developed using gamma
irradiation and have been released and widely cultivated worldwide.

Food crops are most important for human survival. Many countries around the
world are looking for techniques to improve crop diversity. The mutagenic effects
of gamma-rays in plants have been a particularly important issue concerned by the
breeders. There are many mutated crops varieties were reported in the FAO/IAEA
database (Table 3). Wheat, rice, and soybean are the most important crops for the
breeders, about 22%, 19%, and 15%, respectively, resented in mutated crop variet-
ies in the database (Figure 11). The strategies for genetic improvement of the crops
are the increase in production, improvement of nutrition, and higher resistance to
unfavorable conditions, such as drought and salinity. However, the high-yield crops
are considered by the breeders. Both total doses, dose rate and multiple biological
endpoints on crops after exposure to gamma-ray were investigated. The rice seeds of
the non-waxy variety ‘Toyonishiki’ were exposed to 20 kR of gamma-ray. Two out of
20,000 panicles produced on these plants had waxy grain, and one of these brought
forth a new commercial variety, “Miyuki-mochi.” The yield of the new variety was

Common name of crop plants Records
Wheat 265
Rice 230
Soybean 182
Barley 106
Maize 89
Groundnut 79
Mungbean 39
Chickpea 27
Pea 30
Lentil 19
Sugarcane 13
Sorghum 18
Others 117
Table 3.

List of mutated cvop plant varieties from FAO/IAEA mutant varieties database.
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Figure 11.
Pie chart showing the percentage of cvop plants on FAO/IAEA mutant variety database.

reduced by 8% as compared with the original variety, but the heading date, culm
length, panicle length, and the number of panicles of the new variety were almost the
same as those of the original variety. If compared with the old leading waxy variety,
“Shinano-mochi,” “Miyuki-mochi” is superior in yield by 15% and has high resistance
to lodging and rice blast [40]. The seeds of five Japanese rice cultivars were irradi-
ated with 250 Gy of gamma-ray (over 20 hr) and five high-yielding mutants were
obtained [41]. High salinity in the soil is one of the major abiotic stresses leading to
the reduction of rice yield. The seeds of “Dongan” rice were exposed to gamma-ray
and selected for salt tolerance. They introduced the systemic procedures for the selec-
tion of salt tolerance rice plant mutants, and two promising mutant lines, ST-87 and
ST-301, were finally selected [42].

Medicinal plants are important for disease prevention and in human healthcare for
along time. To date, numerous studies have been carried out globally to verify their
efficacy and some of the findings have led to the production of plant-based medicines.
The global market value of medicinal plant products exceeds $100 billion per annum
[43]. Medicinally important plants are enhancement of secondary metabolite produc-
tion, both % vive and in vitro by gamma irradiation is a current area of interest. In the
common herb babchi (Psoralea corylifolia), phenolic compounds in whole plants/plant
parts irradiated with y-ray at 20 kGy increase as high as 32-fold. The capsaicinoids, a
phenolic compound in paprika (Capsicum annum L.) increased by about 10% with 10
kGy. The in vitro studies show all three types of secondary metabolites are reported
to increase with y-irradiation. Stevioside, total phenolic, and flavonoids content were
slightly increased in 15 Gy-treated callus cultures of stevia (Stevia rebaudiana Bert.).
In terpenoids, total saponin and ginsenosides content was increased 1.4- and 1.8-fold,
respectively, with 100 Gy for wild ginseng (Panax ginseng Meyer) hairy root cultures.
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In alkaloids, camptothecin yield increased as high as 20-fold with 20 Gy in callus
cultures of ghanera (Nothapodytes foetida). Shikonins increased up to 4-fold with 16 Gy
in suspension cultures of purple gromwell (Lithospermum erythrorhizon S.) [44].
Flowering plants and ornamental plants are two types of plants held in a special
place in the history of humanity since ancient times. The sight of beautiful fresh
flowers has a positive effect on the viewer. The use of such plants for decorative and
aesthetic purposes has grown in floriculture. The report on the global market provides

Common name of ornamental plants Records
Chrysanthemum 285
Rose 67
Dahlia 36
Carnation 28
Alstroemeria 35
Begonia 18
Azalea 15
White lupin 14
Hibiscus 14
Tulip 9
Achimenes 8
Canna lilies 8
Scotch broom 9
Lily 6
Others 82
Table 4.

List of ornamental plant varieties from FAO/IAEA mutant varieties database.

Ornamental plants
Lily 1%
cannshRLem, T
Achimenes 1%.
Tulip 2%
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u Chrysanthemum = Rose m Dahlia Carnation

m Alstroemeria = Begonia mAzalea mWhite lupin
m Hibiscus u Tulip m Achimenes mCanna lilies
m Scotch broom Lily Others

Figure 12.
Pie chart showing the percentage of ornamental plants on FAO/IAEA mutant variety database.
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a holistic analysis, market size and forecast, trends, growth drivers, and challenges
of flower, and the ornamental plant has been closely monitored and it is poised

to grow by 27.18 billion dollars during 2021-2025 [45]. The mutation of flowering
and the ornamental plant has become more successful owing to additional changes
in phenotypic characteristics, heterozygous nature, and high mutation frequency
producing a large number of new plant varieties. Gamma irradiation mutagenesis was
used to improve the phenotype of flower and ornamental plants for a long time. In
1954, the first mutant propagated variety was released as a tulip variety with better
flower shade and arrangement [46]. To date, there are various ornamental plants
were recorded in FAO/IAEA mutant varieties database (Table 4). The three most of
release mutant plants were chrysanthemum, rose, and dahlia (Figure 12). During
1970-1997, FAO/TIAEA mutant varieties database shows the list of officially released

Scientific name Common Mutant variety Country of Year of Main improved
name release release characters
Dhalia sp. Dhalia Adagio France 1970 Flower color
Bichitra India 1978 Plant architecture
Huanghuan China 1978 Shortness
Jyoti India 1978 Plant architecture
Meiguizi China 1989 Flower color
Twilight India 1978 Plant architecture
Dianthus Carnation Bonitas GDR 1985 Semi dwarfness
caryophyllus
Chaichompon Thailand 1983 Flower color
Galatee lonvego France 1982 Fusarium
Loncerda France 1983 Fusarium
Maiella lonchabi France 1982 Fusarium
Scrlet Bell Japan 1983 Flower color
Sim Feu Follet France 1972 Flower color
Gerbera jamesonii Gerbera Raisa Poland 1993 Flower color
Gladiolus sp. Gladiolus Shobha India 1988 Flower color
Tambani India 1991 Flower color
Hibiscus sp. Hibiscus Anjali India 1987 Flower color
Purnima India 1979 Variegated leaves
Nelumbo nucifera Lotus Dandinyuge China 1997 Flower color
Dianezhuang China 1983 Earliness
Rosa sp. Rose Beijingzhichun China 1990 Flower color
Beiyumudan China 1986 Flower color
Bridal Sonya Japan 1985 Flower color
Caiyemingxin China 1986 Leaf morphology
Paula USA 1960 Flower color
September Canada 1983 Flower color
wedding
Table 5.

List of officially veleased mutant flowering and ornamental plants from FAO/IAEA mutant varieties database [47].
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Common name Scientific name Applied dosages  Treated materials Results
Orchid Dendrobium sonia 10 t0 200 Gy Protocorm-like Untreated orchids’ survival rate and
bodies weight were higher compared to
treated plants
Tuberose Polianthes tuberosa 5,10, 15, 20, 25, Bulbs Variegated leaves and mutant
and 30 Gy cultivars were found with 20 Gy
Tuberose Polianthes tuberosa 2and 4 KR Bulbs Early sprouting, early spike
emergence, and 50% flowering were
noticed at 2 kR than 4 kR
Gladiolus Gladiolus 15, 30, 45, and Corms Low doses of gamma irradiation
grandifforus 60 Gy encouraged the vase life of a flower
and changed floret colors
Gladiolus Gladiolus hybrida 0.5t05.0 kR Corms Earliest sprouting was observed in
3.0kR
Gladiolus Gladiolus spp. 25, 40, 55 and Corms Spike length, number, and size of
70 Gy florets were decreased at 70 Gy
Gladiolus Gladiolus hybrida 1to7kR Corms 2 and 3 kR proved better stimulation
overall treatment
Gerbera Gerbera jamesoni 15,2,25,5,10, In vitro In radiated plants with 5 Gy doses
15, 20, 30 Gy shoots showed moderate resistance to
powdery mildew
Hibiscus Hibiscus 10, 15, 20, and Nodal 5 Gy was effective for controlling
Rosa-sinensis 25Gy segments Phytoplasma and the survival rate
of plants
Marigold Glebionis segetum 20, 40, 60, 80, Seeds 20 Gy changed disk color and 40 Gy
and 100 Gy changed floret and disk color
Sunflower Helianthus annuus 100 to 900 Gy Seeds 100 and 200 Gy have a positive
effect on plant height and root
length, LD 50 have found at 500
Gy
Blushing Philodendron 70,100, 150Gy Rooted cuttings The color composition of leaves
philodendron erubescens ranged from 0-10%
dark bluish-green, 60-90% strong
yellow-green and
10-30% brilliant greenish-yellow
Gerbera Daisy Gerbera jamesonii 10, 20, 30, 40, Seeds Gradual formation of a number of
50, 60 Gy shoot and fresh weight was declined
by increasing irradiation
Bougainvillea Bougainvillea glabra 500 to 2000 Stem cuttings Survival rate was 94% at 500 Krad
Krad and at 2000
Krad sprouting was delayed
Chrysanthemum Dendranthema 5,10, 20, 30 and Shoot culture Flower color was detected by 10 Gy
grandiflora 40 Gy irradiation
Chrysanthemum Chrysanthemum 10, 15,and 20 Gy Flower bud 10 and 15 Gy can be used for
moriflium inducing genetic variability
Chrysanthemum Chrysanthemum 0.5,1,2,and Shoot culture Nuclear DNA content was
moriflium 5Gy comparatively less at low
dose rates
Table 6.

Effect of exposure of gamma irradiation on different economically important flowers and ornamental plants
during 2008—2019 [48].
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mutant flower and ornamental plants induced by gamma irradiation, as shown in
Table 5 [47]. The effect of exposure to gamma irradiation on different economically
important flowers and ornamental plants is summarized in Table 6 [48].

7. Conclusions

The technology of radiation, especially gamma irradiation is a faster tool and
environmentally friendly. Plant biotechnology, both tissue culture and molecular
biology, plays an important role in shortening the time of mutation breeding.
Roughly, tissue culture is new mutant lines synthesized and molecular biology is an
analyzed tool. Most of the studies on mutagenesis in plants are using gamma-ray with
changes in some characteristics that disappeared in the parents. For developing new
plant varieties applying gamma radiation or chemical mutagen to iz vitro explants is
a useful and worldwide method. The mutants can be selected and propagated to pro-
duce numerous plantlets that will be further accepted. Therefore, useful changes can
provide improving new varieties, new species, and sometimes new genera. Several
types of plants including food and medicinal plants and ornamental plants have been
improved by these methods. Thus, radiation-induced mutation breeding is a remark-
able method that can lead to genetic variations, resulting in superior mutant cultivars
with new and useful traits.

And all of these are rapidly artificial evolution by humans.
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Green Preparation of Fe,0;

Doped Gum Acacia Derived

Porous Carbon/Graphene Ternary
Nanocomposite as a Supercapacitor
Electrode

Vijayasvee Haridas, Zahiva Yaakob and Binitha N. Narayanan

Abstract

The extended applications of the supercapacitor are possible with the attainment
of a wide potential window since then it can exhibit high energy density too. Thus,
organic electrolytes are more feasible in supercapacitors due to the accessibility of
wide potential windows and the resultant higher storage/release of energy. A high-
performance supercapacitor electrode material is prepared here via an eco-friendly
procedure using a combination of Fe,0s, gum acacia derived porous carbon, and a
ball-mill synthesized graphene for the first time. The synergistic action of the metal
oxide and the carbon materials provided excellent specific capacitance values to the
ternary nanocomposite. An appreciable specific capacitance of 433 F/g has been
displayed by the composite coated glassy carbon electrode at a current density of
6 A/g in tetraethylammonium tetrafluoroborate—acetonitrile electrolyte at a wide
potential window of 2.5 V. The material showed outstanding cyclic stability of 109%
of the initial specific capacitance after 5000 repeated cycles.

Keywords: ternary nanocomposite, graphene, Fe,0;, acacia, green synthesis,
supercapacitor

1. Introduction

Supercapacitors are potential energy storage systems that revolutionize conven-
tional energy storage devices by their exceptional energy density, power density,
promising cyclic stability as well as rate capability [1-6]. Based on the charge storage
mechanism, supercapacitors are broadly classified into electrochemical double-layer
capacitors (EDLC), pseudocapacitors, and hybrid capacitors. The faradaic reaction
is present in the pseudocapacitors, while electrostatic interaction acts in the work-
ing of EDLCs, and hybrid capacitors are a combination of both of the above [1-7].
The power density and shelf life shown by the supercapacitors are higher compared
to the batteries; while the energy density is found to be lower [1-6]. To enhance the
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performance, the development of modified electrodes having high specific capaci-
tance and energy density is required without sacrificing the power density and cyclic
stability of EDLC, which is a challenge for the scientific community.

The planar covalently bonded hexagonal 2D materials like graphene act as EDLC
due to its surprising electrical conductivity, high surface area, etc. [8, 9]. Graphene
is a perfect candidate that provides a good conducting network with a theoretical
specific capacitance value of 550 F/g [10]. Similarly, porous carbon with a graphitic
structure also functions as a good electrode material due to its outstanding electri-
cal conductivity as well as high surface area [11]. The porous nature of the material
additionally provides fast movement of the electrolyte ions. The preparations of such
porous networks are found to be difficult as they require costly methods like chemical
vapor deposition and electro-spinning methods [12-14]. Without disturbing the qual-
ity and supercapacitor performance, the development of a porous carbon network in a
cost-effective manner is an interesting aspect.

Among the different methods of preparation of graphene, ball-mill-assisted
exfoliation of graphite has the advantage of the easiness of preparation under mild
conditions [15]. In addition, edge functionalization of graphene with milling agent
provides synergistic properties advantageous in various applications. The use of
naturally occurring biopolymers as milling agents is highly recommendable due to
their low cost, eco-friendly nature, and easy availability [16, 17]. Here we use gum
acacia for the ball-mill exfoliation of graphite and in addition, it takes the role of the
precursor for porous carbon. Gum acacia, also called gum Arabic, is found in dif-
ferent species of Acacia, for example, Acacia arabica, Acacia babul, etc. [18]. Itisa
highly branched biopolymer composed mainly of high molecular weight glycosidal
acid (Arabic acid) [19]. It has medicinal applications as well as it is used in food as an
additive, thickening agent, emulsifier, etc. It is also used as a binder in paints, photog-
raphy, printmaking, ceramics, etc. [18].

The operating voltage of a supercapacitor increases the energy density since it is
related to the square of the operating voltage as evident from the equation, E = %2CV?,
where, E is the energy density, C is the specific capacitance, and V is the operating
voltage [20]. Electrolytes are one of the vital parts, deciding the performance of
supercapacitors. Organic electrolytes like tetraethylammonium tetrafluoroborate
(TEABE,), acetonitrile (AN), propylene carbonate, etc. enhance the operating
voltage and provide greater specific capacitance as well as specific energy by avoid-
ing the complications caused by the splitting of water in the aqueous electrolytes
[21]. Kesavan and co-workers developed nitrogen-doped graphene for high energy
density supercapacitors in 1 M TEABF,4/AN, and obtained a specific capacitance
value of 103 F g™' at a current density of 0.5 mA cm ™ [22]. Kovalska et al., performed
supercapacitor studies using a gel electrolyte lithium bis(oxalate)borate in propylene
carbonate displaying a capacitance of 78 pF/cm® using graphene-based supercapacitor
[23]. Mostly for commercial purposes, supercapacitors are developed using organic
electrolytes. But compared to the aqueous electrolyte, organic electrolytes reduce the
electrolyte conductivity proceeding slower diffusion of the electrolyte to the electrode
[21]. Therefore, developing a better electrode material with suitable functionalization
reform the demerit caused by the organic electrolytes.

Hou et al., synthesized nitrogen-doped porous carbon nanosheets from natural
silk and obtained a specific capacitance value of 242 F/g at a current density of 0.1 A/g
[24]. Wang and co-workers prepared nitrogen-doped porous carbon from silkworm
excrement and utilized it for high-energy-density symmetrical supercapacitor having
an energy density of 138.4 Wh kg™ and lithium-ion hybrid electrochemical capacitors
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of energy density 242.2 Wh kg™* [12]. Liu et al., synthesized graphene-like porous
carbon nanosheets from salvia splendens and displayed good capacity retention from
1to0 100 A/g [25].

The introduction of metal oxides in the carbon matrix improves the supercapaci-
tor performance due to pseudocapacitance behavior in addition to the EDLC nature
of carbon species [26]. The transition metal oxides like Fe,O3, MnO,, RuO,, NiC0,0y4,
etc. improve the supercapacitor performance of graphene-like materials by adapting
pseudocapacitive behavior [27-30]. The non-toxic nature and low cost together with
high theoretical capacitance promote the use of Fe,O; as a supercapacitor electrode
material [31]. The conducting carbon network on Fe,O; can provide excellent super-
capacitor properties to the combination [31, 32].

Herein, we have developed a Fe,0; decorated biomass-derived porous carbon/
graphene ternary nanocomposite in an eco-friendly and cost-effective manner.
Environmentally benign gum acacia is used here for the exfoliation purpose. The
composite was characterized and supercapacitor performance studies were done via
cyclic voltammetric (CV), galvanostatic charge-discharge (CD), and electrochemical
impedance spectroscopic (EIS) studies in 1 M tetraethylammonium tetrafluorobo-
rate-acetonitrile (TEABF,/AN). The ternary composite showed excellent supercapaci-
tor performance with a specific capacitance value of 433 F/g at a current density of
6 A/g and outstanding cyclic stability of 109% of the initial specific capacitance after
5000 repeated cycles.

2. Experimental
2.1 Materials

Graphite flake (Sigma Aldrich Chemicals India Pvt. Ltd.), FeCl;.6H,O (Loba
Chemie), gum acacia (Loba Chemie), ammonia (Nice Chemicals Pvt. Ltd.) ethanol
(98.5%), and polyvinyl alcohol (PVA, Loba Chemie) of reagent grade were used
as such without purification. Electrolytic water (using electrolytic water purifier-
double stage water purification system—type II water, W3T324491, EVOQUA Water
Technologies) was used throughout the electrochemical experiments. Deionized
water was used for the material preparation.

2.2 Preparation of Fe,Os/porous carbon graphene ternary composite

For the exfoliation of graphite, the planetary ball-mill procedure was used with 9
balls of 1 cm diameter and 5 balls of 2 cm diameter. The ball to powder weight ratio
is fixed to be 4:1. Forty-nine gram of gum acacia and 1 g of graphite were mixed
well and the resulting mixture is then dry milled for 30 hours. To the ball-milled
mixture, 75 ml of water was added and then wet-milled for 3 hours. The mixture was
then recovered from the ball mill and 425 ml of water was added which was further
sonicated (Bath Sonicator, 6.5 L, PCI Analytics Ltd.) for 1 hour. Centrifugation
is carried out to remove unexfoliated graphite. 6.77 g of FeCl;.6H,0 dissolved in
50 ml water was then added to the graphene dispersion under sonication. Ammonia
solution was then added until basic pH and the obtained solution was kept over-
night. Hydrothermal treatment was given to the dispersion in a tightly closed
Teflon container at 120°C for 18 hours. The treated solution was transferred to a
dialysis membrane (Himedia Dialysis Membrane-50, 14.3 mm diameter, 1.61 ml/cm
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approximate capacity) and dialyzed using water by stirring for a day until chloride
ions were completely removed. It was dried and calcined for 3 hours in a tubular
furnace at 350°C in a crucible closed with aluminum foil. The ternary system is
further designated as Fe,O;-PC/graphene. Binary systems without Fe,0; and without
graphene are represented as PC/graphene and Fe,05-PC, respectively, where PC
indicates porous carbon.

2.3 Material characterization

X-ray diffraction (XRD) measurements of the materials were conducted by
an advanced X-ray powder diffractometer (Bruker AXS D8 with CuKa radiation
0.15406 nm) in a 20 range of 10-90°. Fourier transform infrared (FTIR) spectra were
measured using a Perkin Elmer Spectrum TwoL1600300 FTIR Spectrometer. Raman
analysis was conducted to analyze the defective nature of the prepared composite
using JASCO NRS-4100 Spectrometer of 532 nm wavelength laser light. To study mor-
phology, transmission electro microscopic images were taken using a high-resolution
transmission electron microscope (TEM/JEM 2100). To investigate the elemental
composition and nature of bonding, X-ray photoelectron microscopic analysis was
performed by X-ray photoelectron spectroscopy with Auger electron spectroscopy
module (PHI 5000 Versa Prob II, FEI Inc.) with C1s as internal standard.

2.4 Electrochemical measurements

The electrochemical studies were recorded using CHI-760E Electrochemical
Analyzer (CH Instruments, USA) with the techniques cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical impedance spectros-
copy (EIS). All of the measurements were done in 1 M TEABF,/AN electrolyte
using a modified glassy carbon electrode (GCE) as the working electrode, Pt wire
as the counter electrode, and Ag/AgCl as the reference electrode. The studies were
conducted by drop coating the dispersion on GCE as prepared by sonicating 70 wt%
composite, 15 wt% carbon black (Phillips Carbon Black Limited), and 15 wt% PVA in
60 vol% ethanol-water mixture. The specific capacitance values were calculated from
the following equation based on CD studies [33].

Specific capacitance =IAt/ AAV 1)

Where I is the current (mA), t is the discharge time (s), AV represents the poten-
tial window (V), and A is the area of the electrode of the CD measurement. EIS
measurements were conducted with an amplitude of 5 mV in a frequency range of
0.01-10,000 Hz.

3. Results and discussion

A ternary composite of Fe,O; with carbon nanostructures is prepared here for its
use as a supercapacitor electrode material. The composite preparation was attained
via ball-mill-assisted exfoliation of graphite with gum acacia and further hydrother-
mal treatment of the obtained graphene dispersion with the iron oxide precursor. The
as-prepared colloidal mixture is dried and heat-treated for the formation of Fe,O;
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embedded porous carbon on the highly conducting graphene sheets. The porous
nature of the carbon derived from gum acacia can be a result of the release of gaseous
materials such as H,0, CO,, etc. during the heat treatment at 350°C. The different
stages in the preparation are schematically illustrated in Figure 1 and detailed in the
experimental section, from where it is clear that the preparation procedure follows a
green strategy throughout.

The formation of iron species can be explained as follows. During prepara-
tion, to the graphene-gum acacia dispersion FeCl; is added followed by ammonia.
Initially, FeCl; interacts with basic ammoniacal medium to form Fe(OH); precipitate
as observed during preparation. In hydrothermal treatment, Fe’* interacts with
polysaccharides in the medium. The alcoholic moieties of polysaccharides exist as

4 v Py’
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Figure 1.
Schematic representation showing the formation of Fe,O;—PC/graphene.
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deprotonated in basic medium and these negative species coordinate with Fe** via
electrostatic interaction forming complexes. Since, after hydrothermal treatment, a
colloidal solution is obtained, the iron can exist as FeOOH covered by the polysac-
charide as in agreement with reports [34]. Dialysis and further heat treatment convert
the colloidal iron species to Fe,0; as evident from various characterization techniques.
In addition, during calcination, the polysaccharides from gum acacia got transferred
to a porous carbon network embedding the Fe,0; nanoparticles. These materials lay
on the conductive graphene sheets to work as an efficient ternary composite electrode
material.

3.1 Material characterization

X-ray diffraction patterns of the ternary composite and Fe embedded carbon
shown in Figure 2 displayed broad peaks centered around 20 values of 24° and 43°
indicating the presence of amorphous carbon [35]. Graphitic (002) diffraction is
observed as a sharp band at 26.5° [36]. This band is found to be absent on the sample
prepared without graphene. Weak bands around 33°, 35.7°, 54°, 62.5°, and 72° in the
ternary composite as well as on iron embedded amorphous carbon indicate diffrac-
tion from the (104), (110), (116), (214), and (119) planes of a-Fe,0; in the compos-
ites [37, 38]. The results suggest the coexistence of amorphous carbon, graphene, and
a-Fe,0; in the ternary composite.

FTIR spectra of the samples Fe,0;-PC and Fe,0;-PC/graphene (Figure 3(a))
show peaks corresponding to C-OH (~3400 and 1150 cm™), C-H (2916 cm™), C=0
(1708 cm™), CH, (1380 cm™"), C-O-C (1056 cm™"), and Fe-O (~580 cm ™) suggest-
ing the presence of oxygen-containing functionalities on the carbon that can bind
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Fe,O,.- PC/graphene
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Figure 2.
XRD patterns of (a) Fe,0,/-PC graphene nanocomposite. And (b) Fe,O;-PC.
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(a) FTIR spectra of Fe,0,/-PC graphene nanocomposite and Fe,0;-PC, and (b) Raman spectrum of Fe,0,/-PC
graphene nanocomposite.

with Fe,03 [39-43]. The presence of aromatic carbon stretching of graphene (C=C,
1629 cm™) is also indicated in the ternary composite [44].

Raman spectrum of the ternary composite (Figure 3(b)) displayed two major
peaks corresponding to the D and G bands of carbon matrix at 1350 and 1580 cm™
[45, 46]. The Ip/Ig value of 0.71 indicates the presence of disordered graphitic struc-
ture in the composite [47]. The broad bands around 700 and 2850 cm ™! are indicative
of the hematite and graphitic 2D bands, respectively [45, 48].

The morphology of the ternary composite is investigated from the TEM images
(Figure 4). The Fe,0; nanoparticle embedded porous carbon structure on graphene
sheets is well evident in the images. HRTEM image of the Fe,O; nanoparticle embed-
ded carbon displayed the lattice fringe at 0.26 nm corresponding to the (110) plane of
a-Fe,05 [49]. Graphene prepared with the assistance of gum acacia displayed a sheet-like

Figure 4.
(a)-(c) TEM images of Fe,0,/-PC graphene nanocomposite.
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graphene structure; in addition, torn carbon sheets are also visible with a porous texture
(Figure 5).

XPS wide scan spectra indicate the presence of C (74.72 at %), O (22.68 at %),
and Fe (2.59 at %) in the ternary composite (Figure 6(a)). Deconvoluted Cls
(Figure 6(b)) show the interaction between Fe,O; and carbon as evident from the
peak at 283.69 eV. The peak at 284.8 eV indicates the sp3 C-C bond, and the aromatic
C=C is confirmed by the peak at 283.99 eV [50]. The slight shift in the reported
values of sp3 C-C bond may be a result of the interaction of some of the sp3 C with
Fe. The presence of oxygen moieties is validated from the peak at 286.89 eV indicat-
ing the presence of C-O-C/C-OH functionalities [50]. In the XPS profile of Ols
(Figure 6(c)), the peaks at 532.57 eV, and 531.95 eV indicate the C-O-C and C-OH
groups in the ternary composite [51]. A well-specified band noticed at 530.09 eV
corresponds to Fe-O-C indicating binding of Fe with carbon via oxygen [52]. The

© k (@

Figure 5.
(a)-(c) HRTEM of Fe,O,/-PC and (d) of PC/graphene.
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band at 530.73 eV is indicative of Fe-O in Fe,0; [53]. The Fe-O binding in Fe,0; and
its Fe-C interaction is additionally evident from the band at 531.88 eV [54]. The peak
at 532.66 eV further confirms the C-OH functionalities in the composite [55].

3.2 Supercapacitor performance evaluation

The supercapacitor performance of the materials is evaluated using CV and CD
measurements. CV curves are shown in Figure 7(a), which illustrate both electro-
chemical double-layer capacitance (EDLC) as well as the pseudocapacitive nature of
the materials. The ternary composite displayed a very high current in comparison with
GCE, Fe,05-PC, as well as PC/graphene systems. This indicates a synergistic effect of
the ternary system enhancing the electrochemical performance of each of the com-
ponents. Both the EDLC and redox behavior are displayed in the CV curves [56, 57].
A wide potential window has been attained by the electrodes as a result of the use of
organic electrolyte, which can provide high energy density to the system [58].

The charge-discharge curves of GCE, Fe,0;-PC, and PC/graphene are shown in
Figure 7(b). The specific capacitance value of Fe,0;-PC (77.4 F/g) was found to be
lower than that of PC/graphene (83 F/g) that can be due to the lower conductivity
of Fe,0;, whereas the high diffusion of electrolyte on the porous carbon and high
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Figure 6.

XPS spectra of Fe,0;-PC/graphene nanocomposite (a) wide scan spectra, (b) C 1, and (c) O1s.

219



Green Chemistry - New Perspectives

conductivity of graphene are the reasons of the enhanced specific capacitance of
PC/graphene [59]. The specific capacitance of Fe,0;-PC/graphene (433 F/g) mea-
sured at a current density of 6 A/g is found to be excellent as a result of the synergy
between the individual components in the hybrid structure. All the systems showed
an initial IR drop, but the discharge time for the ternary nanocomposite is found to
be slower thereafter. The ternary composite shows good specific capacitance values
of 433, 97, 88, 84, 23, 14, and 12 F/g at current densities of 6, 7, 9, 10, 25, 50, and
100 A/g, respectively. The synergistic behavior attained by the ternary composite is
composed of high pseudocapacitance of Fe,0;, fast electrolyte diffusion on porous
carbon, and the highly conducting high surface area graphene sheets with good
EDLC [60]. The galvanostatic CD curves of Fe,0;-PC/graphene-modified electrodes
at different current densities are shown in Figure 7(c). As expected, the discharge
time and thus the specific capacitance values decrease with an increase in the cur-
rent density [61].

The stability of the electrode in repeated CD cycles was evaluated at a current den-
sity of 10 A/g to check the suitability of present ternary systems in electronic devices
(Figure 8(a) and (b)). The performance of the Fe,0;-PC/graphene was slightly
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(a) Cyclic voltammograms of Fe,O;-PC/graphene, Fe,0,-PC, PC/graphene and GCE in 1 M TEABF /AN,
(b) GCD curves of Fe,0,-PC, PC/graphene and GCE, and (c) GCD curves of Fe,0;-PC/graphene at different
current densities.
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improved to 109% of its initial performance after 5000 repeated runs, which is highly
promising and potential quality of a supercapacitor electrode material.
EIS of the ternary composite (Figure 8(c)) indicates Warburg impedance and
absence of a semicircle at high-frequency region (Figure 8(d) is indicative of the
absence of charge transfer limitations in the composite electrode as well as its high
conductivity [62, 63]. The inclination of the EIS plot towards the Y-axis suggested
enhanced diffusion of electrolyte ions, which can be resultant of the porous nature of
carbon in the composite [64].
Table 1 indicates a comparative supercapacitor performance evaluation of the
present ternary composite with other carbon-based electrodes using organic elec-
trolytes (details of the electrode materials are given in the appendix Table A1). The
better specific capacitance of the Fe,0;-PC/graphene is well evident from the data.

SL No. System Current Specific Electrolyte % Retention @ Ref
density/ capacitance no. of cycles
Scanrate
1 NAC@Gr 1A/g 228 F/g 1M TEABF,/AN 93.64 @ 10,000 [65]
2 ResFaGO-A 10 Alg 105 F/g 1.5M Et,NBE, 72 @ 10,000 [66]
3 NPCFs 50 mA/g 306 F/g 1M TEABF,/AN — [67]
4 GMS 1mV/s 125F/g 1M Et,;NBE,/PC 100 @ 600 [68]
5 RGO/V,05 01A/g 384 F/g LiClO4/PC 82.2 @ 10,000 [69]
6 Graphene-CNT 1A/g 110 F/g 1M TEABF,/PC [70]
composites
7 Co304-graphene 1A/g 4242 F/g 1M LiPFq — [71]
8 PCNS 1mV/s 120-150F/g 1M TEABF,/AN 90 @ 10,000 [72]
9 PNSC 2A/g 210 F/g 1M TEABE,/PC 95 @ 2000 [73]
10 Fe,0;-PC/ 6Alg 433 F/g 1M TEABF,/AN 109 @ This
graphene 5000 cycles work
Table 1.

The specific capacitance of carbon-based graphene nanocomposites using organic electrolytes.
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4, Conclusions

A perfectly green procedure is reported here for the preparation of a ternary
system having Fe,0;, porous carbon, and graphene as constituents. Gum acacia takes
the dual role of exfoliating agent to graphite and the precursor of porous carbon. The
material characterization revealed the porous nature of Fe,0; embedded carbon and
the strong interaction between the components. Electrochemical studies revealed the
electrochemical double-layer capacitance, pseudocapacitance, and the conducting
nature of the composite leading to high specific capacitance values. Excellent cyclic
stability of 109% is offered by the nanocomposite even at a high current density of
10 A/g after 5000 continuous charge-discharge measurements.
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Appendix
Sl. No. System designation Electrode material
1 NAC@Gr Nitrogen- and oxygen-enriched porous carbon/graphene
2 ResFaGO-A Carbon-graphene composite under Ar atmosphere
3 NPCFs Sandwich-like nitrogen-doped porous carbon/graphene nanoflakes
4 GMS Carbon graphene mesosponge
5 RGO/V,05 Reduced graphene oxide/V,05
6 Graphene-CNT Graphene-carbon nanotube composites
composites
7 Co30,4-graphene Nanoporous Co;04-graphene composite
8 PCNS Porous carbon nanosheets
9 PNSC Porous network structured carbon
Table A1.

Details of various graphene-porous carbon-based modified electrodes (mentioned in Table 1 of the manuscript)
used in the supercapacitor performance evaluation studies.
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Abstract

The present review highlights the various green method of synthesis and discrete
applications of inner transition compounds. Green chemistry’s strategies are develop-
ing, producing, and using effective, reliable, and eco-friendly chemical products
and processes to manage pollution. In this review, the greener or environmentally
sound route for synthesizing lanthanide compounds is discussed briefly. The initial
section briefs the fundamental principles of greener chemistry. It further emphasizes
in-depth studies of synthesis of the different lanthanide-based complexes and their
applications in different dimensions. It includes Green Synthesis of (a) lanthanide-
doped nanophosphors, (b) rare-earth zirconates, (c) metal oxide nanoparticles,

(d) rare-earth ions-doped nanocrystals-based photoluminescent materials, (e) self-
assembled nanospherical dysprosium MOFs, and (f) nucleotide-based lanthanide
coordination polymers. The last section dedicatedly reports the scope for the future
perspective and recommendation in the novel area of research.

Keywords: green synthesis, rare earths, nanomaterials, Photoluminescent, MOFs

1. Introduction

The growing awareness for a thriving environment and the integrity of the
industrial applications have paved the way for the emergence of green chemistry
as a distinct subject. Years ago, the industrial sector started on a significant scale.
Ciamician, a highly foresighted researcher, recognized that it is now essential to pro-
duce chemicals remarkably similar to natural ones [1, 2]. Green synthesis has become
increasingly important in modern chemistry. Green or sustainable chemistry’s
primary goal is to make valuable molecules and provide resources to humans while
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allowing no environmental damage. Green chemistry contributes to the emergence

of novel techniques to prevent ecological degradation by minimizing the number of
toxic pollutants and their health effects by commencing with harmless or healthier
substances than those now in use. This discipline is presented through a period of
rapid advancement and growth. The progression of “green chemistry” has arisen asa
surprising move for resolving this challenge and ensuring the environment’ security
[3]. Green chemistry includes a diverse catalyst, biocatalysis, solvent-free production,
and the utilization of microwave and ultrasound, among other things.

Green chemistry has been characterized in a variety of ways by various institu-
tions. According to IUPAC, green chemistry is described as “the discovery, configura-
tion, & application of chemical products and minimizes possible use and generation
of toxic chemicals.” The Environmental Protection Agency (EPA) defines “chemistry
for source reduction” as green chemistry. But, The Organisation for Economic
Co-operation and Development (OECD) explained green chemistry as “sustainable
chemistry.” These concepts of green chemistry appear to be unique in terms of how
they are represented, but they all give rise to the same significance and primary
objective. Green chemistry’s strategies are developing, producing, and using effective,
reliable, and eco-friendly chemical products and processes to manage pollution.

Further, the lanthanides belong to the f-block in the modern periodic table, with
atomic numbers falling between 57 and 71 (La-Lu). The outermost electron or valence
shell electron of lanthanides goes in a 4f subshell. They possess identical chemical and
physical properties. The silvery-white soft metals experience various characteristics.
With the increase in the atomic numbers, the hardness of the metals also increases
due to the rise in their melting and boiling points. They are also paramagnetic.
Lanthanides have many scientific and industrial applications. On heating with halo-
gen, lanthanides exhibit fluorescence under UV lights. Its exposure to air gives rise to
tarnishing because of oxidation, which is usually very quick in moist air. Lanthanides
could burn quickly in the atmosphere and are also highly reactive. They typically
react very steadily with O, and H,0 but quickly at high temperatures. Other similar
properties of lanthanides include their characteristics as potent reducing agents,
making ionic compounds rapidly dissolved in acids. Lanthanides and the different
ligands are particularly favorable chemical compounds used in developing functional
molecular substances. Lanthanides are an attractive essential matter for synthesiz-
ing several divalent or trivalent derivatives of lanthanides with organic compounds.
Trivalent lanthanide cations act as “hard” acid, in which the bonding of lanthanides
with another element is examined predominantly electrostatic and ionic. Therefore,
their affinities toward “hard” ligands with oxygen donor atoms will be decisive. As a
suitable fluorescent material, lanthanide-doped nanophosphors gained much interest
for biological applications due to their inherent lower cytotoxicity.

The present review highlights the various green route of synthesis of lanthanide-
based compounds synthesis and their discrete applications in different dimensions.
The initial section gives a brief explanation of the fundamental greener synthesis of
organic compounds provided by Paul Anastas & John Warner. It further emphasizes
in-depth studies of other lanthanide-based complexes obtained by the green method
of their synthesis. It includes green synthesis of a) lanthanide-doped nanophosphors,
b) rare-earth zirconates, c) metal oxide nanoparticles, d) rare-earth ions-doped
nanocrystals-based photoluminescent materials, e) self-assembled nanospherical
dysprosium Metal organic frameworks (MOF), and f) nucleotide-based lanthanide
coordination polymers. The last section dedicatedly reports the scope for the future
perspective and recommendation in the novel area of research.
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2. Basic principles of greener chemistry

In 1998, Paul Anastas and John Warner put forward the basic principles of green
chemistry for the first time [4]. As reported, green chemistry mainly comprises 12
principles, which are widely accepted for explaining the most outstanding ever-
emerging image of green chemistry [5, 6].

i.Prevention: It iss a saying, prevention is better than cure. Hence, preventing
waste is better than managing or cleaning the waste after being made.

ii. Atom economy: The artificial techniques should be delineated to increase the
whole material utilized in the procedure into the final product.

iii. Nontoxic synthesis of chemicals: The process used for the synthesis should
be planned to generate and use substances that show less or no toxic effects to
the environment and humankind.

iv. Design safe substances: The chemical substances must be prepared to affect
their required functions while decreasing toxicity.

v. Safe auxiliaries and solvents: The usage of auxiliary substances like separat-
ing agents, solvents, etc., have to be proclaimed inessential wherever manage-
able and less toxic when it is used.

-

. Designing for energy efficacy: The demand for energy for synthetic proce-
dures has acknowledged its economic and environmental effects and has to
be reduced. The manufactured techniques must be accompanied at medium
pressure and temperature if possible.

v

-

. Utilization of renewable sources: Using feedstock and raw materials that are
recycled or renewable instead of depleting is a step toward a greener synthesis
route. The renewable feedstock is derived from agro-based products, whereas
the depleting feedstock is emanated by the fossil fuels like coal, natural gas,
and petroleum.

vi

viii. Reduction of derivatives: The unessential formation of by-products, i.e.
the usage of blocking groups, protection/deprotection, modification of
chemical/physical methods for the time being, etc., should be reduced or
avoided. These steps require additional reagents and will sow the seeds of
waste.

ix. Minimize waste by avoiding stoichiometric reagents and using catalysts:
Using catalytic reactions should minimize waste production. Catalysts
are more advantageous than stoichiometric reagents, used excessively and
employed only once. The catalysts are employed in the least quantity and
several times carry out a single reaction.

x. Designing for degradation: The chemical substances should be prepared to
disintegrate the innocuous degradation of products conclusively after their
use, and it may not present further in the surroundings.
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xi. Appropriate evaluation for preventing pollution: The analytical methodolo-
gies should be further developed to control, monitor, or evaluate appropriately
before generating toxic or dangerous substances.

xii. Inherent use of safe chemicals for preventing accidents: The substances
mainly used in a chemical procedure should be chosen in such a manner that
reduces the potential for accidents (by chemicals), along with the fires, explo-
sions, and releases.

3. Synthesis of various lanthanide-based complexes with their
applications in different dimensions

3.1 Green synthesis of lanthanide-doped nanophosphors

Nanocrystal-based semiconductors are seemed to be a useful luminescent material
for bio-fluorescence labeling and bio-imaging because of their quantum-sized effects
where the absorbance starts, and the emissions shift toward the high energy with
the decrease in size. These compounds are prepared under complex, expensive, and
dangerous experimental conditions. Recently, studies indicated that they could affect
the penetrability of the cell membrane and engender unwanted risky interactions with
the human biological system [7]. As a result, the long-term uses of these compounds
in the bio-related field have been limited. The higher increase in the recognition of
the certainly unfavorable effects of nanomaterials on the well-being of humankind
has been directed toward the lanthanide (In)-doped nanophosphors of lower toxicity
in the field of life science. The recent studies introduced a concept of an advanced
perspective based on the microplasma approach for the fabrication of crystalline
Ln-doped nanophosphors of advanced quality [8]. This approach is perhaps devel-
oped for the greener synthesis of different lanthanide-doped/co-doped nanophos-
phors because it possesses higher elasticity. In 2019, Lin [9] investigated the model of
Eu’'-doped yttria for the synthesis of Y,03:Eu’* nanophosphors of different sizes and
discrete Eu** concentrations of doping. The lanthanide (Ln = Tm, Dy, Tb, Eu)-doped
nanophosphors are synthesized by the simple microplasma-assisted process. It is dem-
onstrated that the ultra-high pure crystals of Y,05:Eu** nanophosphors are prepared
by aq. sol. of Ln(NO;)3:6H,0 (Ln = Euand Y) at meager plasma power consumption
(near about 3-5.5 W), except for any involvement of dangerous chemicals. In addition
to this, the trivalent Europium ions proved to be efficient, and they are also doped
within the yttria matrix homogeneously. The green route’s nanophosphors obtained
by the electrolytic solution of Ln(NO;)3-6H,0 shows the regulated photoluminescence
properties.

The advanced microplasma-based method reduces the disturbing obstacles in the
present situation of techniques for synthesizing lanthanide-doped nanophosphors.

In contrast with the addition of surfactants, stabilizers, or solvents to control the
in-homogeneous and vigorous hydrolysis reaction induced by the super-saturated
alkali precipitants, this technique generally utilizes H,O as a “soft” source of “OH”
for maintaining the milder conditions of hydrolysis [8]. Hence, it is concluded that
heating can increase luminescence performance efficiency by regulating the proceed-
ing conditions. Therefore, this method prevents the complex from the time-taking
procedures of post-separation/purification and facilitates the complete synthesis
system.

232



Recent Advances in the Green Synthesis of Lanthanide-Based Organic Compounds for Broad...
DOI: http://dx.doi.org/10.5772/intechopen.104716

3.2 Green synthesis of rare-earth Zirconates

Rare-earth zirconates (Re,Zr,0;) have been extensively engaged in different areas
of research like disposal of nuclear waste, catalyst, diesel engines, and thermal-
barrier-coating compounds [10-14]. As yet, a different synthesis method appeared
for the manufacturing of Re;Zr,0,. In 2012, Saradhi [15] synthesized the nanocrystal-
line Eu,Zr,0; using dil. NH,OH as precipitant by co-precipitation method. In 2017,
Zhang and co-workers used glycine as a propellant and ignited to prepare rare-earth
zirconates Ni/Ln2Zr207 (Ln = Y, Sm, Pr, and La), used as catalysts [16]. Saitzek and
co-workers [17] manufactured thin layer of lanthanum zirconate (Ln,Zr,0;) using
a sol-gel technique. The other methods of synthesis of the zirconates of lanthanides
are comprised of evaporation-induced self-assembly process, thermal impedance
process, co-ions complexation, cathode plasma electrolysis, and solid-state reaction
[18-20]. At present, the grain size, shape, and the rate of purity have been proved to
be the influential factors for the specification of its discrete features and effectivity of
the nano-compounds [21-23]. Thus, a substantial number of researchers have con-
centrated on the composition of the nano-compounds with controlling and modify-
ing the required factors. In this study, Zinatloo-Ajabshir [24] synthesized Ln,Zr,0;
(where, Ln = Pr, Nd)-based ceramic nanostructures by tea leaf extract (green) as new
and effective material by green and straightforward path. Remarkably, the effective-
ness of Ln,Zr,0; (Ln = Pr, Nd) was evaluated in the propane-SCR-NOx method. The
study introduced the nanostructured Ln,Zr,0; (Ln = Pr, Nd) as a potent novel variety
of catalysts that are preferably efficient for the C;Hg-SCR reaction of nitrogen oxides.
The catalytic effectiveness of the produced specimen should be considered concern-
ing its capacity of adsorption, specific surface area, crystallinity, and particle size
[25]. The catalytic effectiveness of Pr,Zr,0; for NOx reduction is preferably greater
than Nd,Zr,0; to such an extent that the transformation of nitrogen oxide to nitro-
gen for Pr,Zr,0; is approximately 67% and for Nd,Zr,0; is approximately 56%. The
accumulation of carbon monooxide in the exit valve that is generally an unwanted
by-product in the operation of SCR-nitrogen oxides-Cs;Hg for Pr,Zr,0y is less than
Nd,Zr,0;. Therefore, it can be said that Pr,Zr,0; exhibits preferably greater effective-
ness for transformation of NOx to N,.

3.3 Greener synthesis of metal oxide nanoparticles

MO-based lanthanides nanoparticles have recently achieved more attention
because of their particular biological application and unique properties in various
fields. At present, metal oxide synthesis demands a time-efficient, ecologically sound,
and cost-effective process. The biological synthesis is a preferable alternative for
the traditional chemical process of MO nanoparticles [26]. Biological synthesis is an
environmentally sound green route using yeast, algae, fungi, and bacteria to synthe-
size MO nanoparticles. The biological manufacturing route brings forth a reliable,
affordable, and less toxic method for synthesizing MO nanoparticles with differing
composition, shape, size, and physico-chemical effects [27]. Tin oxide is a prominent
semiconductor used biomedically among the different metal oxides. SnO, has excep-
tional catalytic properties, a higher charge transfer rate, incredible binding energy,
chemical and higher thermal stability, and excellent optical and electrochemical
properties. In particular, metal/non-metal-doped SnO, played a crucial in biomedi-
cal applications. S.A. Khan and co-workers suggested that cobalt-doped tin oxide
exhibits more significant antimicrobic activity than un-doped SnO, [28].
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Likewise, K. K. Nair described silver-doped tin oxide as exhibiting more signifi-
cant antibiotic activity than pure SnO,. Recently, biosynthesis is using jujube fruits
[29], Ficus Carica [30], and Plectranthusamboinicus [31] for the preparation of
SnO;. Solanum nigrum, known as Makoi or Black Nightshade (h) Kakamachi, is an
everlasting shrub mainly appearing inside a timbered or forested region. In medicinal
chemistry, Makoi/Nightshade has anti-hyperlipidemic, antioxidant, antiherpetic,
and anti-inflammatory properties. This herbaceous plant substitutes anodyne, dia-
phoretics, diuretics, and expectorants. Here, the present study explains the prepara-
tion of Y,03, Sn0,, Sn-doped Y,0;, and Y-doped SnO, and investigates the purpose
of doping to increase antibacterial or antimicrobic motility of Y,0; and SnO,. The
outcomes illustrated that the extracted material drawn out from plants and doping
is necessary for synthesizing metal nanoparticles and explaining their biomedical
implementations (Table 1) [32].

3.4 Greener synthesis of rare-earth ions-doped nanocrystals-based
Photoluminescent substances

Photoluminescent substances have been practised globally in the security and anti-
counterfeiting field because of their eccentric easy identification, excellent reliability,
and difficulty with duplication [33, 34]. This paper introduces a simplistic, greener, and
cost-efficient method to manufacture biomass composites that comprise cellulose fibers
and Ln-doped nanocrystals for anti-counterfeiting applications [35-37]. The photo-
luminescent substances were synthesized using in situ Chemical Vapour Deposition
(CVD) approach of trivalent lanthanides on the bleach hard-wood semi-fluid cellulose
fiber (bhpFibers) plane by adding PVP (poly-vinyl-pyrrolidone) to couple the forma-
tion of the bhpFibers-PVP@LaF5:Eu’" composite. In 2018, Qing Wang [38] synthesized
the bhpFibers-PVP@LaF3:Eu®* composite that possesses effective fluorescence. Its
luminescence intensity could be easily managed by changing the incorporation of the
moral quantity of trivalent lanthanum and europium ions in a solvent.

Moreover, the complex is utilized as a block to form photoluminescence paper
through a vacuum filtration method. This synthesized paper shows well writable and
printable properties, high flexibility, and good luminescence. Furthermore, the com-
plete process is modest and free from toxic reagents. The bhpFibers-PVP@LaF5:Eu**
composite exhibited balanced and robust luminescent property for 10-15 days and
pH between 2 and 12. Different Ln-doped/fibers nanocrystal composites and vari-
ous other trivalent lanthanides can be prepared based on this technique. Hence, this
simple and greener approach for manufacturing the photoluminescence-active cellu-
lose fibers retains excellent and promising applications in anti-counterfeiting material
on a large scale. The detailed schematic representation is explained in Figure 1.

3.5 Greener synthesis of self-assembled Nanospherical dysprosium metal: organic
frameworks

Metal-organic frameworks are an advanced category of permeable translucent
substances prepared from the multi-dentate organic ligands and metal clusters [39].
An increase in the study of MOFs witnessed in recent times because of its possible
applications in magnetism [40], nonlinear optics [41], heterogeneous catalysis
[42, 43], gas storage [44], and separation [45], etc. Based on MOF, the sensing materi-
als are predicted to be more favorable than the existing sensor probes because of their
exposed active sites, tunable framework compositions, high surface areas, and ease of
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S. No. Compound Precuror (solanum Parameters Result

nigrum plant)

1. Yttrium oxide Yttrium nitrate 60°C for 60 mins; The solution changes
nanoparticles heat at 350-400°C from green to creamy

white.

2. Stannous oxide SnCl, 60 C for 60 mins; The solution changes

heat at 350-400°C from dark green to
black.

3. Stannous-doped 0.1 mM yttrium nitrate 60 C for 60 mins; The solution changes
yttrium oxide (80%), 0.1 mM SnCl, heat at 350-400°C from dark green to
nanoparticles (20%) creamy white.

4, Yttrium-doped 0.1 mM SnCl, (80%), 60 C for 60 mins; The solution changes
stannous oxide 0.1 mM yttrium nitrate heat at 350-400°C from dark green to
nanoparticles solution (20%). brown.

Table 1.

Synthesis of In-based nanoparticles by ethanolic extraction of solanum nigrum plant.

G
—_—

Wood fiber

PVP solution

Continuous
addition of NaF

TN\ PVP e LlaF:Eu**nano-particles

(a)

Vacuum Drying UV-light

e W s
filtration Qﬁm&qw&"""‘; treatment

Figure 1.
Diagrammatic illustration of the fabrication of bhpFibers-PVP@LaF;Ew’* [38].

synthesis [46]. Implementation of MOFs in real-life applications is a significant cause
in the present-day research. The main focus was to enhance features like selectivity,
sensitivity, latent period, and durability of prepared MOFs to synthesize effective
sensory platforms for authentic characteristics. In 2019, Mukherjee and co-workers
[47] prepared two new trivalent dysprosium MOFs assimilating welectron-donating
azides performance in ligand vertebrae using the solvothermal method. An ecological
and green method has been embraced to scale the prepared substance to nanotechnol-
ogy. Formerly undetermined Dy (III) carrying nanospherical MOFs thus achieved

are used to sense several -NO,-based incendiary devices in the solvent media through
fluorescent quenching. On illustrating the potential appropriateness of nanoscale
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MOFs for recognizing distinct -NO,-based incendiary devices, the current study
also explained the excellent utility of annihilation constants known till date in the
permeable substance realm. For attaining the high-performance sensory inquests for
reliable and ecological applicative value, ad-libbing the concept of sensors into the
vapor state seemed to show excellent outcomes. Hence, researchers considered that
the outcomes conferred here obviously expedite a novel approach for the development
of green organic—inorganic hybrid nanocomposites to design the new-generation
sensory probes. This study illustrates the solvothermal-based preparation of two
novel Ln-MOFs, named as [{Dy,(5N;-IPA)¢(DMF);(H,0) 4} (DMF) (H,0),] ., and
[{Dy(2N;-TPA),(H,0) (CH;0H) }]... emanated by two RCOO" ligand named as 2N;-
TPA (2-azidoterephthalate) and 5N;-IPA (5-azidoterephthalate) correspondingly,
through confined azide components that are directed toward the pore surfaces having
two-dimensional sheet-like arrangement with helical metal carboxylates chain. The
two synthesized complexes show good aqueous phase and thermal stabilities. A
convenient and straightforward method has been embraced to minimize the synthe-
sized compounds’ particle size for the preparation of Nanoscale metal organic frame-
works (NMOF). These nanoscale metal-organic frameworks are strongly utilized
for fluorescence analysis for the identification of several nitro-analytes like picric
acid, nitro-toluene, 4-nitrobenzoic acid, 2, 6-dinitrotoluene, and nitrobenzene, etc.
Furthermore, selectivity toward picric acid sensing with another elementally identical
nitro-analytes and better recyclability of the operating sensing manifesto revealed
excellent potential for these substances considering its authentic applications.

The crystal structure and coordination geometry of both compounds are
explained in Figures 2 and 3.

3.6 Green synthesis of nucleotide-based inner transition coordination polymers

White-light-emitting substances gained immense recognition due to their applica-
tions in various practicable areas, like electrochemical cells, light-emitting diodes,

T
-y,
y
¥
’.
(b)
Figure 2.

Crystal structurve and coovdination geometry of [{Dy(2N;-TPA),(H,0) (CH;0H)}].. [47].
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(c) (d)

Figure 3.
Crystal structurve and coordination geometry of [{Dy,(5N;-IPA) (DMF);(H,0) ,}(DMF) (H,0),]. [47].

and several different varieties of light-emitting devices [48-51]. The advanced white-
light-emitting substances noted till today are predominantly concerted on metal-
organic hybrid components [52-54], inorganic nanocrystals [55], quantum dots [56],
and small-organic molecules [57]. In general, these white-light-emitting materials are
achieved by the following three approaches: (1) one-constituent emitting in the entire
Vis-region from 400 to 700 nm, (2) two-chromophores carrying constituent emitting
orange, yellow or blue, and (3) three-chromophores carrying constituent emitting
primary colors [58]. Comparing these three strategies, the outcomes described that
the one-constituent white-light-emitting phosphors possess great benefits: lower
production cost, higher luminescent efficiency, and higher color displaying index.
At the same, the accretion of the one-component substances is efficient of white
light fabrication is still difficult. Ln-based phosphors are seemed to be the realm of
two-chromophores-assisted white-light-emitting substances during the past decades
because of the supremacy of trivalent Ln ions, together with the low toxicity, high
photochemical stability, long fluorescence lifetime, sharp emission, and significant
Stokes shift.

Presently, the white-light-emitting diodes mainly depend on blue light InGaN
chip, and yellow light from Ln-based inorganic materials of Y;A1;0,:Ce®* (YAG:Ce)
is accessible at a large scale [59]. Though, few defects are persisted because of the
absence of red-light-emitting constituent, regulating its multifaceted applications.
Currently, metal-organic coordination polymers of lanthanide fascinated much inter-
est for white light administration. It is observed that LMOCP (Ln (III) metal-organic
coordination polymers) are highly adaptable with the organic matrices for organic
LED characteristics than nitride powders and inorganic metal oxides as organic—
inorganic hybrid material [60]. Compared with the crystal MOFs, amorphous
LMOCP exhibits wide composition diversity, mild reaction conditions, and high
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Figure 4.
Diagrammatic representation of the method of synthesis for white-light-emissive AMP/In-CIP [62].

tailorable properties [61]. Zhang and co-workers synthesized an amorphous Ln (III)
metal-organic coordination polymers of adenosine monophosphate (AMP)/Ln-CIP
by green route with tunable white light emission by an organic ligand, i.e. adenosine
monophosphate (AMP). In the strong structure of AMP/Ln-CIP, Ln = Gd, Eu, and
Tb, CIP can coordinate with the trivalent Ln ions with oxygen atoms of the -CO and
-COO group for the fabrication of the trivalent Ln complexes. It also fascinates energy
in the ultraviolet range for the sensitization of the red emission of trivalent europium
ions and the green emission of trivalent terbium ions. On the basis of the three
primary colors theory, through a greener approach of preparation, Zhang strongly
fabricated a white-light-emissive nanophosphor compound of AMP/Tb ;Eug ¢Gdgo o-
CIP. On comparing with the different routes of synthesis of the white-light-emitting
constituents, this approach is easy, effortless, and environmentally sound. Hence,

it is concluded that the AMP/Tbg 1Eug 9Gdgg o-CIP exhibits several benefits like high
quantum yields, long fluorescence lifetime, and high thermostability. Moreover,

the homogeneous coordination properties of Tb**, Eu’*, and Gd*>* permit the in

situ doping of these metal ions simultaneously into a parent Ln (III) metal-organic
coordination polymers concurrently. Hence, it is believed that this synthetic method
can be elongated to develop other Ln-based white-light-emitting materials [62]. The
diagrammatic illustration of the method of synthesis for white-light-emissive AMP/
Ln-CIP is shown in Figure 4, Table 2.

4. Conclusion and future perspectives

Green or sustainable chemistry’s primary goal is to make valuable molecules
and provide resources to humans while allowing no environmental damage. Green
chemistry contributes to the emergence of novel techniques to prevent ecological
degradation by minimizing the number of toxic pollutants and their health effects
by commencing with harmless or healthier substances than those now in use. In this
chapter, the greener route for the synthesis of Ln-doped nanophosphors, rare-earth
zirconates, nucleotide-based lanthanide coordination polymers, self-assembled
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nano-spherical dysprosium MOFs, rare-earth ions-doped nanocrystals-based photo-
luminescent materials, and metal oxide nanoparticles is discussed in detail with their
applications in different dimensions. The chapter highlights the role of rare-earth
elements in the green synthesis of organic compounds. Lanthanides mainly coordi-
nate with other ligands to give an organic compound by environmentally sound route
with less toxic effects and no use of dangerous chemical reagents. These methods of
synthesizing organic compounds are necessary for the present scenario because they
reduce hazardous damages and decrease pollution levels. The products prepared by
the green route are also highly adaptable with the organic matrices.
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Chapter 13

Ascorbic Acid-assisted Green
Synthesis of Silver Nanoparticles:
pH and Stability Study

Katherine Guzmdn, Brajesh Kumar, Marcelo Grijalva,
Alexis Debut and Luis Cumbal

Abstract

In this chapter, eco-friendly in situ synthesis of silver nanoparticles (AgNPs)
using a mixture of ascorbic acid and citric acid is introduced. The synthesis condi-
tions of the AgNPs were optimized by adjusting the pH of the reaction mixture.
Different spectroscopic and microscopic techniques have been used to characterize
the physico-chemical properties of AgNPs. The synthesis of AgNPs was primarily
identified by the appearance of yellow colour and confirmed by showing Ap.x =
409 nm in UV-visible spectroscopy. All characterization techniques reveal that the
generated AgNPs were non-aggregated, quasi-spherical shapes with an average size of
22.4 +13.2 nm, and face-centred cubic crystalline structures. Infrared spectroscopy
confirms the surface of AgNPs covered with -COOH group and shows peaks at 1733,
1759, 3262 and 3633 cm ™. Moreover, synthesized AgNPs at pH 10 were stable for one
month with a slight change in size. A straightforward, facile and environmentally-
friendly synthesis of highly stable AgNPs may contribute to future engineering
applications.

Keywords: green synthesis, silver nanoparticles, ascorbic acid, TEM, UV-Vis
spectroscopy

1. Introduction

Nanotechnology’s ability to design and manipulate matter at an atomic scale
has been encouraging over the last few decades. Being a source of novel products
that need to be beneficial for the environment, the metal nanoparticles (MNPs)
displayed an unusual characteristics that make them valuable. Metals like silver
include remarkable optical and chemical properties in which the synthesis of silver
nanoparticles (AgNPs) highly depends on controlling the size, shape, crystallinity,
composition and several features ruled by the unique effects of nanobiotechnology
[1, 2]. Silver is the most promising metal due to the bactericidal potential used since
ancient times and unique properties such as high thermal stability [3]. AgNPs have
diverse applications such as environmental protection, catalysis, food industries,
medicine and others [4].
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However, hazardous and environmentally unfriendly conditions are not
demanded to apply for the synthesis of nanomaterial. The protocols followed to
synthesize AgNPs should be feasible, cleaner, long-lasting, low-cost and safer. In
other words, the green synthesis of AgNPs does not require any physical, electrical or
modification processes [5]. In recent years, researchers have been interested to control
and improve engineering procedures of the desired nanoparticle features [6]. Some
experts have suggested that the AgNPs synthesis key relates to the selection of right
parameters that permit the control over the size and shape outcomes [7].

Numerous scientific articles in the field of AgNPs synthesis have been published,
and most of the traditional methods are based on the bottom-up category such as
chemical reduction, light assisted, sol-gel, electrochemical method, etc [8, 9].
Green synthesis of AgNPs using a variety of reducing—stabilizing agent includes
gallic acid-chitosan [10], cellulose [11], gelatin [12], starch [13], ascorbic acid [14],
quercetin [15], sodium citrate [16], ascorbic acid-gelatin [17], ascorbic acid-sodium
dodecyl sulphate [18], tannic acid-sodium citrate [19], plant extracts [20], etc have
been reported.

In this study, the bottom-up strategy was used to synthesize AgNPs using ascorbic
acid as a reductive agent and citric acid as a potent complex stabilizer, effectively. We
also looked at the effect of pH on stable AgNPs colloid formation and the particle size.
Furthermore, various spectroscopic and microscopic techniques were used to charac-
terize the physicochemical properties of AgNPs.

2. Experimental
2.1 Chemicals

Silver nitrate (AgNO;, 99%) was obtained from Sigma-Aldrich, Germany.
Ascorbic acid (CsHgOg, 99%, powder/USP/FCC) and sodium hydroxide (NaOH) were
purchased from Fisher Chemical, China. Trisodium citrate (Na;CsHsO7 99%) was
acquired from Loba Chemie, India.

2.2 Preparation of AgNPs

The formation of AgNPs from ascorbic acid and sodium citrate was monitored
by a colour change in the reaction médium [21]. The final adapted solution for
the preparation of the AgNPs was 20 mL of ascorbic acid (0.6 mM) and 20 mL of
sodium citrate (3 mM). Before preparation of AgNPs, the pH of these solutions was
adjusted to 9, 10 and 11 by the addition of 0.1 M NaOH in a separate flask. One flask
was stored as a control (pH = 6.7). Subsequently, 4 mL of 1 mM of AgNO; was added
to each flask under stirring conditions in the water bath at 60—65°C for two hours.
Each reaction mixture containing AgNPs was diluted seven times and analyzed in the
UV-visible spectrophotometer.

2.3 Characterization of AgNPs

Formation and stability of AgNPs were determined by a UV-visible spectropho-
tometer, SPECORD® S600 from Analytik Jena, Germany. The mean particle size and
stability were analyzed in a dynamic light scattering (DLS) instrument (HORIBA,
LB-550 Japan). The shape, size and selected area electron diffraction (SAED) pattern
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of AgNPs were captured from transmission electron microscopy, TEM (FEI Tecnai,
G2 Spirit Twin, Holland). X-ray diffraction (XRD) analyses were performed

with a PANalytical brand 0-26 configuration (generator-detector) x-ray tube, cop-
per A = 1.54059 A and EMPYREAN diffractometer. The Fourier transform infrared
spectroscopy (FTIR) measurements were performed on a Spectrum 100 IR spec-
trometer (Perkin Elmer, USA) using the attenuated total reflectance (ATR) tech-
nique to determine the possible involvement of functional groups in the synthesis
of nanoparticles.

3. Results and discussion
3.1 Visual and UV-vis spectroscopy studies

The initial synthesis of AgNPs was assessed through visual colour and UV-Vis
spectrometric analysis. After the addition of AgNO; to the alkaline reaction mixture,
the colour becomes yellowish within 5 mins, showing the reduction of Ag* to Ag® and
the formation of AgNPs [22]. Detection of UV-visible peak between 390 and 410 nm
implies the presence of small and spherically shaped AgNPs [23]. Mie [24] said that
only one surface plasmonic resonance (SPR) band produces spherical nanoparticles,
while two or more SPR bands cause shape variation. The colour arises in nanoparticles
due to SPR, a non-linear optical property related to the excitation of electrons and
collective oscillation of dipoles under the influence of electromagnetic field of light
[2]. Kumar et al., 2014 observed similar SPR result in UV-vis absorption spectroscopy
using Plukenetia volubilis leaf extracts [25].

The SPR band can provide useful information about the morphology and particle
distribution of the synthesized nanoparticles. In order to understand the effect
of pH in the synthesis of AgNPs, we performed the reaction at different pH levels
(Figure 1). The reaction mixture showed a sharp absorption band at pH 9, 10 and 11,
while no band was observed at pH 6.7. The SPR band observed for pH 10 was nar-
rower than others (pH = 9 and 11). It clearly showed a narrow size distribution of
AgNPs at pH 10 and was more selective [26]. The cause behind this observation was
that at pH>9, free H* of ascorbic acid and citric acid are consumed, and the amount
of free OH" increases. In Figure 2, the maximum absorption band (Ay,x) for AgNPs
at pH 10 was 409 nm and Ay, observed at pH 11 was 404 nm, respectively. Synthesis
of AgNPs at pH 10 provides a narrow absorption band and seems to be a uniform size
distribution. After 4 weeks, its absorption band increases slightly and shifted towards
shorter wavelengths (408 nm and 406 nm), which is a typical characteristic of smaller
nanoparticles. The redox potential of ascorbic acid depends on the pH, when the
pH increases, the redox potential decreases. Increased difference of redox potentials
between Ag" and the ascorbic acid/ reducing agent makes the reaction faster, and
smaller AgNP nuclei are created [14]. The reduction of Ag" ions is difficult due to
the complex formation with citrate and results in greater stability through the outer
surface coverage [27, 28].

To monitor the stability of the AgNPs prepared at pH 10, the SPR absorption
spectra of the AgNPs (stored at 23-25°C) were measured for 7, 14, 21 and 28 days
(Figure 3). At various incubation periods, a slight increase in the intensity of the
SPR peaks was observed. In addition, Ap,x for the SPR peaks of AgNPs have almost
remained constant. It clearly explained that the reaction mixture having a pH at 10
is most appropriate to reduce Ag" ions into AgNPs and stable over a month. These
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UV-vis spectrum of AgNPs synthesized at different pH.
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Figure 2.
UV-vis spectrum of AgNPs synthesized at pH 10 and 11 for different incubation times [Inset: visual image of
AgNPs synthesized at pH 10 and 11].
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Figure 3.
UV-vis spectrum of AgNPs synthesized at pH 10 and different incubation times.

findings were further confirmed by the DLS analysis. The reduction of Ag” ions by
ascorbic acid (C¢HgOg) was suggested as follows [28]:

C.H,O, +2Ag" —2Ag’ +C.H,O, +2H"

3.2 DLS and TEM analysis

DLS tests are performed to investigate the size distribution and stability of the
colloidal AgNPs in the aqueous médium. As shown in Figure 4, the mean size of
the AgNPs synthesized at a pH of 10 over 7 days is 22.4+13.2 nm and the observed
polydispersity index (PDI) is 0.3472. PDI > 0.1 confirms the polydispersed nature
of nanoparticles in the aqueous phase [2, 10]. These findings were summarized and
correlated by the UV-Vis and DLS analysis mentioned in Table 1. The DLS data of
reaction mixture at pH 10 (Apax = 409 nm) directly indicated that smaller particles
were formed with respect to other pH levels. Hence, pH 10 was preferred for the
synthesis of stable and smaller diameter particles. This result agrees with UV-vis and
TEM results.

In Figure 5a and b, TEM image clearly showed the presence of non-aggregated
and monodisperse AgNPs of an average size of 30 nm. Furthermore, the low magni-
fication TEM images confirm the uniform size and quasi-spherical shape of AgNPs.
Slight chage in mean size observed in TEM and DLS analysis may be due to the
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DLS pattern of AgNPs synthesized at pH 10 for 1st week.
pHof Particles Particles Particles Particles UV-vis Myax
reaction diameter diameter diameter diameter (nm)
mixture (pt6)nm (p+to)nm (L +06)nm (pt0)nm
Time: 1st week Time: 2nd Time: 3rd Time: 4th
week week week
6.7 117.72 + 54.3 125.7 +203.3 156.5 + 55.9 158.75 £60.3 No sharp peak
9 499 £ 599 45.34 + 39.2 59.9 + 334 673+ 339 411
10 224 £13.2 231 £133 252+139 291 + 111 409
11 28.7 176 3227 £181 30.1 £16.5 3231143 404
Table 1.

Particle mean diameter and UV-vis values for different pHs and time intervals.

presence of some impurity in the sample or screening of small particles by bigger ones
in the DLS analysis [29]. The SAED pattern of ascorbic acid-induced AgNPs is illus-
trated in Figure 5c. The concentric ring-like diffraction pattern in the SAED pictures
clearly indicates that the particles are polycrystalline and spherically shaped [23, 25].

3.3 XRD and FTIR analysis

The crystal structure of the nanoparticles was confirmed with the help of the XRD
technique. The XRD profile of the AgNPs synthesized by ascorbic acid and sodium
citrate at pH 10 is presented in Figure 6. The presence of an intense peak at 38.0696°
corresponds to (111) planes and indicates the growth of AgNPs along the (100) direc-
tions, while another peak at 44.2506° indexed as (200) reflection plane of metallic
silver, respectively (ICSD no: 98-018-0878). The presence of an unindexed peak at 26
= 31.6858° in the XRD profile indicates the organic/ bioinorganic impurities [8, 10].
These observations confirmed the successful formation of the semicrystalline AgNPs
and also justify the outcomes of the SAED.

FTIR spectrum analysis is crucial to describe the processes that take place during
AgNPs synthesis. The characteristic bands observed at 1759 and 1733 cm™ correspond
to the C=0 stretching of citric acid, whereas the presence of C=0 stretching vibra-
tion at 1653 cm ™ confirms the oxidized form of ascorbic acid [19]. The presence of
1559 and 1383 cm ™! is characteristic of C=0 asymmetric stretching in the -COO™ and
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Figure 5.
(a,b) TEM image and corresponding (c) SAED pattern of AgNPs.
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Figure 6.
XRD pattern of AgNPs synthesized by a mixture of ascorbic acid and sodium citrate.

C-OH stretching peaks of citric acid. Both ~-O-H (multiple) and C-O-C stretch vibra-
tion is detected at 3885, 3810, 3633, 3262 cm ™! and 1049 cm™ represented for ascorbic
acid and organic/citric acid (Figure 7) [23]. Furthermore, the bands at 1462 cm™
correspond to C-H bending and CH, scissoring of the aliphatic group, while peaks
occurred at 915 cm™ for alkenes and 830 cm™ for -OH out of plane deformation/C-C
ring stretching. The FTIR results indicate that the citric acid is directly involved in the
stabilization and capping of AgNPs, whereas ascorbic acid reduces Ag* ions to Ag’.
The UV-vis, TEM and XRD data justify the FTIR analysis statement.

4, Conclusions

In conclusion, the combined use of ascorbic acid and sodium citrate was proposed
as a simple and non-toxic method for the green synthesis of AgNPs because it permits
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FTIR pattern of AgNPs synthesized by ascorbic acid and sodium citrate.

the control of the nucleation, growth and stabilization of the synthesis process. It
Shows Amax = 409 nm at pH 10 and produces monodisperse, quasi-spherical shape
AgNPs with an average size of 30 nm under optimized conditions. Additionally,
AgNPs were stable for one month, the XRD result confirms that the crystallinity
of AgNPs is FCC in nature and FTIR suggested capping of AgNPs by ~COO~ group
of sodium citrate. Therefore, the suggested environmentally-friendly synthesis of
AgNPs will contribute to the future engineering applications.

Acknowledgements

This scientific work has been funded by the Universidad de las Fuerzas Armadas
ESPE and Prometeo Project of the National Secretariat of Higher Education, Science,
Technology and Innovation (SENESCYT), Ecuador.

Conflict of interest

The authors confirm they have no conflict of interest.

254



Ascorbic Acid-assisted Green Synthesis of Silver Nanoparticles: pH and Stability Study
DOI: http://dx.doi.org/10.5772/intechopen.107202

Author details

Katherine Guzmin’, Brajesh Kumar"*, Marcelo Grijalval, Alexis Debut!
and Luis Cumbal

1 Centro de Nanociencia y Nanotecnologia, Universidad de las Fuerzas Armadas
ESPE, Sangolqui, Ecuador

2 Department of Chemistry, TATA College, Kolhan University, Chaibasa, Jharkhand,
India

*Address all correspondence to: krmbraj@gmail.com

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

255



Green Chemistry - New Perspectives

References

[1] Singh OV. Bio-nanoparticles:
Biotechnological Applications.
New Jersey: John Wiley & Sons; 2015

[2] Kumar B, Smita K, Angulo,

Debut A, Cumbal L. Single-step biogenic
synthesis of silver nanoparticles using
honeybee-collected pollen. Inorganic
and Nano-Metal Chemistry. 2022. DOI:
10.1080/24701556.2022.2081198

[3] Gebauert J, Malissek J, Sonja S,
Knauer S, Maskos M, Stauber M, et al.
Impact of the nanoparticle-protein
corona on colloidal stability and
protein structure. Langmuir.
2012;28(25):9673-9679

[4] Singh M, Manikandan S,
Kumaraguru AK. Nanoparticles: A new
technology with wide applications.
Research Journal of Nanoscience and
Nanotechnology. 2010;1(1):1-11

[5] Lok C, Chi-Ming L, Rong C, He Q,
YuY, Sun H, et al. Silver nanoparticles:
Partial oxidation and antibacterial
activities. Journal of Biological Inorganic
Chemistry. 2007;12:527-534

(6] Burda C, Chen X, NarayananR,
Mostafa A, Sayed E. Chemistry
and properties of nanocrystals of
different shapes. Chemical Review.
2005;105(4):1025-1102

[7] Sonnichsen C, Reinhard M,

Liphardt ], Alivisatos AP. A molecular
ruler based on plasmon coupling of single
gold and silver nanoparticle. Nature
Biotechnology. 2005;23(6):741-745

[8] Kumar B, Smita K, Cumbal L,
Debut A. Ficus carica (Fig) fruit
mediated green synthesis of silver
nanoparticles and its antioxidant
activity: A comparison of thermal

256

and ultrasonication approach.
BioNanoScience. 2016;6:15-21

[9] Pacioni NL, Borsarelli CD,
Rey R, Veglia AV. Synthetic Routes for
the Preparation of Silver Nanoparticles.

Switzerland: Springer International
Publishing; 2015

[10] Guzman K, Kumar B, Vallejo MJ,
GrijalvaM, Debut A, Cumbal L.
Ultrasound-assisted synthesis and
antibacterial activity of gallic acid-
chitosan modified silver nanoparticles.
Progress in Organic Coatings.
2019;129:229-235

[11] Mochochoko T, Oluwafemi OS,
Jumbam DN, Songca SP. Green synthesis
of silver nanoparticles using cellulose
extracted from an aquatic weed; water
hyacinth. Carbohydrate Polymers.
2013;98:290-294

[12] Kanmani P, Rhim J-W.
Physicochemical properties of gelatin/
silver nanoparticle antimicrobial
composite films. Food Chemistry.
2014;148:162-169

[13] Kumar B, Smita K, Cumbal L,
Debut A, Pathak RN. Sonochemical
synthesis of silver nanoparticles using
starch: A comparison. Bioinorganic
Chemistry and Applications.
2014;2014:8. DOI: 10.1155/2014/784268

[14] Malassis L, Dreyfus R, Murphy R],
Hough LA. DonnioB, Murray, CB.
One-step green synthesis of gold and
silver nanoparticles with ascorbic

acid and their versatile surface post-
functionalization. RSC Advances.
2016;6:33092-33100

[15] Egorova M, Revina AA. Synthesis of
metallic nanoparticles in reverse micelles



Ascorbic Acid-assisted Green Synthesis of Silver Nanoparticles: pH and Stability Study

DOI: http://dx.doi.org/10.5772/intechopen.107202

in the presence of quercetin. Colloids
and Surfaces A: Physicochemical and
Engineering Aspects. 2000;168:87-96

[16] Li H, Xia H, Ding W, LiY, Shi Q,
Wang D, et al. Synthesis of
monodisperse, quasi-spherical silver
nanoparticles with sizes defined by the

nature of silver precursors. Langmuir.
2014;30(1):2498-2504

[17] Chekin F, Ghasemi S. Silver
nanoparticles prepared in presence
of ascorbic acid and gelatin, and
their electrocatalytic application.
Bulletin Material Science. 2014;37(6):
1433-1437

[18] Rastegarzadeh S, Hashemi F. A
surface plasmon resonance sensing
method for determining captopril
based on in situ formation of silver
nanoparticles using ascorbic acid.
Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy.
2014;122:536-541

[19] Ranoszek-Soliwoda K,
Tomaszewska E, Socha E,

Krzyczmonik P, Ignaczak A, Orlowski P,
et al. The role of tannic acid and sodium
citrate in the synthesis of silver
nanoparticles. Journal of Nanoparticle
Research. 2017;19:273

[20] Kumar B. Green synthesis of gold,
silver, and iron nanoparticles for the
degradation of organic pollutants in
wastewater. Journal of Composite
Science. 2021;5:219. DOI: 10.3390/
jcs5080219

[21] Kim D-Y, SungJS, Kim M,
Ghodake G. Rapid production of silver
nanoparticles at large-scale using gallic

acid and their antibacterial assessment.
Materials Letters. 2015;155:62-64

[22] Stamplecoskie K. Silver
Nanoparticles: From Bulk Material to

257

Colloidal Nanoparticles. In: Alarcon E,
Griffith M, Udekwu K, editors. Silver
Nanoparticle Applications. Engineering
Materials. Vol. 1. Cham: Springer; 2015.
pp. 1-12. DOI: 10.1007/978-3-319-11262-6

[23] Kumar B, Smita K, Debut A,

Cumbal L. Extracellular green synthesis
of silver nanoparticles using Amazonian
fruit Araza (Eugenia stipitata McVaugh).

Transactions on Nonferrous Metals.
2016;26:2363-2371

[24] Mie G. Contribution to the
optical properties of turbid media, in
particular of colloidal suspensions of
metals. Annals of Physics (Leipzig).
1908;25:377-452

[25] Kumar B, Smita K, Cumbal L,
Debut A. Synthesis of silver
nanoparticles using Sacha inchi
(Plukenetia volubilis L.) leaf extracts.

Saudi Journal of Biological Sciences.
2014;21(6):605-609

[26] Vigneshwaran N, Nachane RP,
Balasubramanya RH, Varadarajan PV.
A novel one-pot ‘green’ synthesis

of stable silver nanoparticles using
soluble starch. Carbohydrate Research.
2006;341:2012-2018

[27] Dadosh T. Synthesis of uniform silver
nanoparticles with a controllable size.
Materials Letter. 2009;63:2236-2238

[28] Singha D, Barman N, Sahu K. Facile
synthesis of high optical quality silver
nanoparticles by ascorbic acid reduction
in reverse micelles at room temperature.
Journal of Colloid and Interface Science.
2014;413:37-42

[29] Kumar B, Smita K, Awasthi SK,
Debut A, Cumbal L. Capsicum baccatum
(Andean Chilli)-assisted phytosynthesis
of silver nanoparticles and their H,0,

sensing ability. Particulate Science and
Technology. 2022;40(6):772-780



Edited by Brajesh Kumar and Alexis Debut

Green Chemistry - New Perspectives is at the frontiers of this continuously evolving
interdisciplinary science, and publishes research that attempts to reduce the
environmental impact of the chemical enterprise by developing a technology base
that is inherently non-toxic to living things and the environment. The book covers all
aspects of green chemistry, including chemical synthesis, nano synthesis, eco-friendly
processes, biomass, extraction techniques, environmental remediation, and energy,
making it a unique reference resource. This will continue to encourage scientists
around the world to develop novel synthetic methods or improve the existing ones
to circumvent some of the problems and favours all aspects of green chemistry. This
book is intended for academia, professionals, scientists, as well as graduate and
undergraduate students without any geographical limitations.

ISBN 978-1-80355-779-3

9‘7 1803"55

037557793

Published in London, UK
© 2022 IntechOpen

© phloxii / iStock InteChOpen

8




	Green Chemistry - New Perspectives
	Contents
	Preface
	Section 1
Green Chemistry - Fundaments
	Chapter1
Green Methods of Chemical Analysis and Pollutant Removal
	Chapter2
Fundamental Principles to Address Green Chemistry and Green Engineering for Sustainable Future

	Section 2
Green Organic Synthesis
	Chapter3
Green Synthesis of Chalcone Derivatives Using Chalcones as Precursor
	Chapter4
Mechanochemistry in Organocatalysis: A Green and Sustainable Route toward the Synthesis of Bioactive Heterocycles
	Chapter5
Eco-Sustainable Catalytic System for Green Oxidation of Spirostanic Alcohols Using Hypervalent Iodine (III) Tempo-4-n-Acetoxyamine System
	Chapter6
Potassium Persulfate as an Eco-Friendly Oxidant for Oxidative Transformations
	Chapter7
Thermally Activated Delayed Fluorescence (TADF) Compounds as Photocatalyst in Organic Synthesis: A Metal-Free Greener Approach
	Chapter8
Green Chemistry Applied toTransition Metal Chalcogenides through Synthesis, Design of Experiments, Life Cycle Assessment, and Machine Learning

	Section 3
Green Chemistry - Miscellenous
	Chapter9
Biopolymers
	Chapter10
New Frontier of Plant Breeding Using Gamma Irradiation and Biotechnology

	Section 4
Green Nanoparticle Synthesis
	Chapter11
Green Preparation of Fe O Doped Gum Acacia Derived Porous Carbon/GrapheneTernary Nanocomposite as a Supercapacitor Electrode
	Chapter12
Recent Advances in the Green Synthesis of Lanthanide-Based Organic Compounds for Broad Application Spectrum in Different Sectors: A Review
	Chapter13
Ascorbic Acid-assisted Green Synthesis of Silver Nanoparticles: pH and Stability Study




