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Introduction

The global transition towards sustainable energy technologies has markedly
increased the demand for efficient and environmentally benign energy storage
systems. Renewable energy sources, such as solar and wind, are inherently
intermittent, necessitating the development of reliable storage solutions to ensure
a steady and controllable power supply [1,2]. Consequently, the advancement of
energy storage devices has become a cornerstone in the progress of modern
technologies, ranging from smart grids and electric vehicles to wearable
electronics devices [3].

Among various energy storage devices, capacitors have garnered considerable
attention due to their ability to deliver high power density, rapid charge-discharge
capabilities, and long cycle life [4]. Unlike conventional batteries, which store
energy through slow faradaic reactions, capacitors operate via non-faradaic
processes, enabling them to respond almost instantaneously to energy demands.
In recent years, the focus has shifted towards developing advanced capacitor
systems—particularly supercapacitors and solid-state capacitors (SSCs)—that
combine high performance with flexibility (Figure-1) and environmental
sustainability [5].
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Figure 1. PVA/borax based SSC with filexibility and self-healing features.
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Solid-state capacitors, in particular, represent a promising direction for next-
generation energy storage due to their inherent safety, mechanical stability, and
compatibility with flexible and miniaturized electronic systems [5]. Unlike
traditional capacitors that often use liquid electrolytes prone to leakage,
flammability, or environmental toxicity, SSCs employ solid or gel-like
electrolytes that offer enhanced safety and device integrity [6]. Additionally, their
adaptable form factor makes them especially suitable for integration into flexible
substrates and portable technologies.

Among the various materials used in SSCs, polyvinyl alcohol (PVA) has
emerged as a versatile and environmentally friendly polymer. PVA is water-
soluble, biodegradable, and capable of forming robust, transparent films with
good mechanical properties [7]. When crosslinked with borax (sodium
tetraborate), PVA forms a physically crosslinked network through hydrogen
bonding and dynamic diol-borate interactions, resulting in a flexible and ion-
conductive hydrogel-like structure [8]. This PVA/borax matrix (Figure 1) not
only maintains mechanical flexibility but also facilitates ionic mobility, making
it an attractive candidate for solid polymer electrolytes in green capacitor
technologies.

Recent studies have demonstrated that PVA/borax-based SSCs exhibit
promising electrochemical characteristics, such as high capacitance retention,
low internal resistance, and excellent cycling stability [9]. Furthermore, their low
cost, non-toxicity, and ease of processing via solution-based methods make them
viable for large-scale and disposable electronics applications [10]. These
advantages align well with the broader movement toward sustainable, safe, and
low-carbon electronic materials.

This study aims to investigate the synthesis, structural characterization, and
electrochemical performance of PVA/borax-based solid-state capacitors. By
exploring the interaction mechanisms within the polymer matrix and evaluating
their comparative advantages over conventional capacitors and batteries, this
work seeks to shed light on the role of such biopolymer-based systems in the
future of sustainable energy storage. Additionally, the potential applications of
these SSCs in emerging Technologies particularly in wearable electronics and
low-power devices will be discussed to contextualize their practical relevance.

History of Capacitors

The development of capacitors over nearly three centuries mirrors the broader
trajectory of scientific and technological advancements in energy storage. The
inception of capacitor technology can be traced to the invention of the Leyden jar
in 1745, one of the earliest devices capable of storing static electricity. Named
after the city of Leiden in the Netherlands, the Leyden jar comprised a glass
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container partially filled with water and coated internally and externally with
metal foil, effectively functioning as a rudimentary form of the parallel-plate
capacitor [11]. Although primitive by today's standards, it laid down the basic
principles of electrostatic energy storage and accelerated research into electricity.
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Figure 2. Evolution of the Capacitor technology with timeline [12].

As seen in the Figure 2, throughout the 19™ and early 20" centuries, capacitor
designs evolved in tandem with advances in materials science and
electromagnetism. The development of metal foil and paper dielectric capacitors
enhanced energy density and reliability, rendering them suitable for early
telecommunication and radio technologies [13]. The introduction of electrolytic
capacitors in the 1920s, which utilized an oxide layer as a dielectric, marked a
significant advancement in compact energy storage. These components offered
substantially higher capacitance in smaller volumes, facilitating the
miniaturization of electronic circuits [13].

The post-World War Il era witnessed rapid innovation in ceramic capacitors,
film capacitors, and tantalum capacitors—each offering specific advantages in
terms of thermal stability, dielectric strength, or longevity. This diversification of
capacitor types paralleled the proliferation of consumer electronics, computing,
and industrial automation technologies during the latter half of the 20" century
[14,15]. However, traditional capacitors remained constrained by relatively low
energy densities, rendering them unsuitable for applications requiring both high
energy and high power.



To address this limitation, the late 20" century saw the emergence of
electrochemical capacitors, commonly referred to as supercapacitors or
ultracapacitors. These devices combined the charge storage mechanisms of
conventional capacitors and batteries, employing electric double-layer
capacitance and pseudocapacitance to achieve higher energy densities while
retaining rapid charge-discharge capabilities [13-15]. Supercapacitors initially
found applications in memory backup systems, but their utility quickly expanded
to renewable energy buffering, electric vehicles, and regenerative braking
systems.

More recently, solid-state capacitors (SSCs) have gained prominence in
response to the growing demand for safer, smaller, and more flexible energy
storage systems. Unlike their liquid-based electrolytic counterparts, SSCs utilize
solid or gel polymer electrolytes, eliminating leakage risks and enhancing
operational stability across a broader temperature range [6, 16]. This
advancement has opened new pathways for integrating capacitors into emerging
technologies such as wearable devices, flexible electronics, and bio-integrated
systems.

Thus, the historical trajectory of capacitor technology reveals a continuous
trend toward higher performance, miniaturization, and environmental
sustainability. From the Leyden jar to contemporary biopolymer-based SSCs,
capacitors have evolved from basic scientific curiosities into indispensable
components in modern energy infrastructure.

Comparative Analysis of Energy Storage Technologies

Understanding the comparative performance of energy storage technologies
is essential for identifying niche applications where solid-state capacitors (SSCs),
particularly those based on PVA/borax systems, can offer distinct advantages.
Conventional capacitors, supercapacitors, and batteries each operate based on
unique electrochemical mechanisms, resulting in trade-offs between energy
density, power output, charge/discharge rates, and longevity [17].

Capacitors, which rely on the electrostatic accumulation of charge on parallel
plates separated by a dielectric, are unparalleled in terms of power density—often
exceeding 500 W/kg. This characteristic makes them ideal for short-duration,
high-power applications such as pulse power delivery, filtering, and power
conditioning [18]. However, their energy storage capacity is extremely limited,
typically less than 0.1 Wh/kg, rendering them unsuitable for applications
requiring sustained energy supply.

Supercapacitors, or electrochemical capacitors, bridge the performance gap
between conventional capacitors and batteries by combining double-layer
capacitance and pseudocapacitance. They offer moderate energy densities (1-10
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Wh/kg) and power outputs ranging from 500 to 10,000 W/kg, along with charge-
discharge times measured in seconds or minutes [18]. This unique profile makes
them attractive for load leveling, regenerative braking, and hybrid energy
systems.

Batteries, particularly lithium-ion systems, provide the highest energy
densities among the three (100-300 Wh/kg for Li-ion), enabling prolonged
energy supply for applications such as electric vehicles, smartphones, and grid-
level storage. However, batteries exhibit slower charge and discharge rates, often
ranging from tens of minutes to several hours, and are limited by finite cycle
lives—typically 500 to 3,000 cycles depending on chemistry and use conditions
[19].

In contrast, SSCs, especially those based on gel polymer electrolytes like
PVA/borax, offer high cycle stability, often exceeding thousands of cycles with
minimal capacity fade. Some systems approach quasi-infinite lifespans due to the
absence of electrochemical degradation mechanisms found in battery electrodes
[20]. These characteristics position SSCs as ideal candidates for applications
requiring frequent and rapid charge-discharge cycles, such as wearable
electronics, sensors, and backup power systems in microdevices.

Solid-State Capacitors: Advantages and Challenges

Solid-state capacitors (SSCs) represent a significant advancement in capacitor
technology by addressing numerous limitations associated with liquid-
electrolyte-based systems. The elimination of volatile and potentially hazardous
liquid electrolytes results in substantial enhancements in safety, thermal stability,
and long-term reliability. SSCs are inherently less susceptible to leakage,
corrosion, or combustion, facilitating their application in compact and high-
temperature environments (typically 60-110°C or higher, depending on
materials)[10].

A primary performance advantage of SSCs is their low equivalent series
resistance (ESR), which minimizes energy losses as heat and enhances overall
power efficiency. Additionally, the compact and flexible nature of solid or gel
electrolytes permits the development of thin, bendable capacitor architectures—
features highly desirable in next-generation electronic platforms [21].

However, the performance of SSCs is significantly influenced by the nature
of the electrolyte material. While liquid electrolytes provide superior ion mobility
and interfacial contact, they often suffer from poor thermal and chemical stability,
rendering them unsuitable for long-term or high-temperature applications. In
contrast, solid electrolytes offer exceptional mechanical integrity, environmental
safety, and long shelf life, but they may encounter challenges such as low ionic
conductivity and poor electrode-electrolyte interfacial contact [17].
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Gel polymer electrolytes, such as PVA/borax systems, present an attractive
compromise between these two extremes. These systems retain the structural
robustness and safety of solid-state materials while maintaining sufficient ionic
mobility through hydrated or semi-hydrated polymer matrices. Moreover, the use
of environmentally benign and non-toxic materials like PVA and borax aligns
with the increasing emphasis on green electronics and sustainable manufacturing
[9,10].

Nonetheless, challenges persist in optimizing the electrochemical interface,
ionic conductivity, and mechanical flexibility of these systems. For instance, the
presence of water in hydrogel-based electrolytes may limit their use at elevated
temperatures or in sealed environments. Ongoing research focuses on modifying
the polymer matrix, incorporating nanofillers, or developing hybrid gel systems
to overcome such limitations.

The absence of liquid electrolytes fundamentally reshapes capacitor design
philosophy—transitioning from bulky, rigid forms to compact, flexible, and
integratable formats. Reliability is improved due to reduced risks of electrolyte
leakage, evaporation, and flammability, while the use of solid components
supports form-factor innovations in flexible electronics. However, ensuring
optimal ion transport and interfacial stability without the benefits of liquid-phase
mobility remains a key area for continued research and development.

Material Characteristics of PVA/Borax-based Solid-State Capacitors

Polyvinyl alcohol (PVA) is a water-soluble, biodegradable and highly
crystalline synthetic polymer; these properties make it an ideal material for
flexible electronic and biomedical applications [9,20]. When combined with
borax (sodium tetraborate), dynamic borate-diol bonds are formed between the
hydroxyl groups of PVA and borate ions, forming a physically cross-linked,
flexible, stretchable and self-healing hydrogel matrix. This hydrogel provides
high ionic conductivity due to its water content (typically 102 to 102 S/cm,
depending on the additives used) and the hydrogen bonds formed by the water
molecules between the polymer chains enhance ion mobility [9,20].

The degree of crystallinity of PVA/borax hydrogels varies between 20-40%
depending on the polymer concentration and crosslinking density, providing a
balance between mechanical strength and flexibility. For example, hydrogels
prepared at 10% PVA and 0.5% borax concentration exhibit a tensile strength of
about 1-2 MPa and an elongation capacity of up to 300% [22,23]. The self-healing
property is due to the reversible nature of borate ester bonds, which can
regenerate after mechanical damage and restore up to 90% of the structural
integrity of the hydrogel . Furthermore, when additives such as graphene, carbon
nanotubes or conducting polymers (e.g., polyniline) are added, the hydrogel can

11



be used as both electrolyte and active electrode material. By increasing the
surface area, these additives can increase the capacitance to between 50-200 F/g
and improve the electrical conductivity up to 10" S/cm [22,23].

These properties make PVA/borax systems a safer and environmentally
friendly alternative to conventional liquid electrolytes. However, the high water
content of the hydrogel can pose a risk of evaporation at high temperatures
(>80°C), which can limit stability in long-term applications. To overcome this
problem, hybrid systems with additives such as ionic liquids or nanofluids are
being developed [10].

Synthesis and Manufacturing Strategies

The synthesis of PVA/borax-based solid-state capacitors is usually carried out
using solution casting or in-situ polymerization techniques. The process starts by
dissolving PVA in water at 80-90°C, which ensures complete dissolution of the
polymer chains. Gelation is then initiated by adding a 0.1-1.0% borax solution.
Critical parameters include PVA concentration (5-15%), borax ratio (0.1-0.5%
by mass of PVA), pH (usually 7-9) and temperature (25-60°C). For example,
higher concentrations of borax (0.5%) improve mechanical strength by increasing
crosslinking density, but may decrease ionic conductivity (from 10 S/cm to 10°
4S/cm) .

Electrodes are prepared from materials such as activated carbon, carbon
fabric, reduced graphene oxide (rGO) or metal oxides (e.g., MnO2) and arranged
in symmetric or asymmetric configurations[24]. The hydrogel is cast or coated
between the electrodes to form a flexible capacitor structure. Electrical properties
can be improved by integrating conductive fillers (e.g. carbon nanotubes or
PEDOT:PSS) into the hydrogel; for example, 1% graphene doping can increase
ionic conductivity by 30%. During the production process, techniques such as
drying under vacuum or freeze-drying increase the porosity of the hydrogel,
facilitating ion transport [24].

For industrial scale production, methods such as roll-to-roll coating or 3D
printing are being investigated. These techniques optimize the homogeneity of
the hydrogel and the electrode-electrolyte interface quality while increasing cost-
effectiveness. However, challenges remain in large-scale production, such as
homogeneous distribution of borax concentration and long-term environmental
stability of the hydrogel.

Electrochemical Performance and Stability

PV A/borax-based SSCs perform similar to electrical double layer capacitors
(EDLCs) and can exhibit pseudocapacitive behavior with redox-active additives.
Capacitance values range from 10-500 F/g depending on the electrode material
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and hydrogel composition. For example, a symmetric PVA/borax SSC with
activated carbon electrode offers a specific capacitance of 50-150 F/g in the
potential range of 0.5-1 V, while this value can reach 300-500 F/g when
pseudocapacitive materials such as MnO: or polianiline are used [9,25].

The electrochemical performance is evaluated by techniques such as cyclic
voltammetry (CV), cyclic charge-discharge (CCD) and electrochemical
impedance spectroscopy (EIS). EIS measurements reveal the low equivalent
series resistance (ESR, typically 0.1-1 Q) of PVA/borax SSCs, resulting in high
power efficiency. Energy density ranges from 1-10 Wh/kg and power density
from 500-5000 W/kg, depending on electrode porosity and electrolyte thickness
[24,25].

Cycle stability is the most remarkable feature of PVA/borax SSCs;
capacitance loss is usually 5-10% even at 100,000 cycles. This is possible due to
the reversible ion transport of the hydrogel and the mechanical flexibility of the
borate ester bonds. In mechanical deformation tests (e.g., 100% elongation or 90°
bending), 90% of the capacitance is retained, which is ideal for wearable devices.
However, dehydration of the hydrogel at high temperatures (>60°C) or low
humidity can reduce the ionic conductivity by up to 50%. To solve this problem,
stability can be increased by adding ionic liquids or moisture retaining agents
such as glycerol.

Application Areas and Technological Potential

The flexibility, biocompatibility and environmentally friendly chemistry of
PVA/borax-based SSCs offer potential in a wide range of application areas.
Wearable Electronics: These capacitors can be used as energy storage in smart
textiles (e.g., fabrics with pulse sensors) and flexible displays (e.g., foldable
OLED displays). For example, a PVA/borax SSC can operate with a capacitance
retention rate of 95% after 1,000 cycles of shrinkage, which increases the
durability of wearable devices. Biomedical Applications: Thanks to their
biocompatibility, these systems can be used in implantable sensors (e.g. glucose
monitoring devices) or soft robotic systems. For example, self-healing
PV A/borax hydrogels provide resistance to mechanical damage in skin patch-like
devices. Renewable Energy Systems: PVA/borax SSCs can be used as auxiliary
energy buffers to store and dissipate short bursts of energy from photovoltaic
panels or piezoelectric sensors. For example, in a solar energy system, they can
provide a power density of 1000 W/kg to meet sudden power demands. Internet
of Things (IoT): In loT devices with low power requirements (e.g., environmental
sensors), these capacitors provide reliable energy with their small size and high
cycle stability [26].
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However, their low energy density (less than 10 Wh/kg) limits them from
being the primary storage in high energy demand applications such as electric
vehicles. Instead, they can be an auxiliary component in memory backup, thermal
buffering or low power management systems. Environmentally friendly
manufacturing processes are in line with sustainability goals, especially in the
production of biodegradable electrics.

Conclusion

PVA/borax-based solid-state capacitors offer unique advantages such as
safety, flexibility, biocompatibility and low environmental impact, making them
an environmentally friendly alternative to conventional energy storage systems.
Easy synthesis, cost-effectiveness and scalability make these systems attractive
for academic research and commercial pro-totyping. However, low energy
density (1-10 Wh/kg) compared to liquid electrolyte supercapacitors or lithium
ion batteries and stability issues at high temperatures are the main limitations.
Future research should focus on enhancing electrochemical performance through
nanostructuring (e.g. graphene or MOF-based composites), doping strategies
(e.g. ionic liquids) and electrode-electrolyte interface engineering. For example,
it is estimated that the porous structure of MOFs can increase ion transport by 20-
30%. Furthermore, for industrial-scale production, innovative methods such as
roll-to-roll coating or 3D printing could increase commercial viability by
reducing costs. These advances could bring PVA/borax SSCs to a wider range of
applications in areas such as wearable electro-technics, biomedical devices and
loT, thus contributing to the development of sustainable and smart energy
systems.
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1. Definition, History, and Types of EVA Polymer

Ethylene vinyl acetate (EVA) is a widely used copolymer composed of
ethylene and vinyl acetate (VA) monomers (Figure 1). This thermoplastic
polymer exhibits a unique combination of elasticity, impact resistance, and ease
of processing, making it an essential material in various industries.
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Figure 1. Chemical structure of EVA polymer

EVA is characterized by its lightweight nature, flexibility, and excellent
weatherability, which contribute to its extensive use in footwear,
packaging, and construction materials (Henderson,1993). Historically, the
development of EVA polymers dates back to the mid-20th century when
advancements in polymer chemistry enabled the synthesis of new copolymers
with tailored properties. The commercialization of EVA gained traction in the
1960s when industries started recognizing its potential for replacing traditional
rubbers and plastics (Bidsorkhi et al., 2014). Due to its cost-effectiveness and
versatile applications, EVA has become a key material in the polymer industry.
EVA polymers are classified based on the VA content, which significantly affects
their physical properties:

1.1. Low VA Content EVA (4-10% VA)

This type exhibits greater rigidity and lower flexibility, making it suitable for
applications requiring structural integrity, such as laminated films, adhesives, and
cable insulation.

1.2. Medium VA Content EVA (10-30% VA)

With enhanced elasticity and durability, this category is commonly used in
footwear, foam sheets, and industrial applications where moderate flexibility is
required.
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1.3. High VA Content EVA (30-50% VA)

This variant resembles rubber and demonstrates exceptional flexibility and
resilience. It is frequently employed in sports equipment, soft packaging, and
shock-absorbing materials.

The tunability of EVA properties based on VA content makes it an attractive
alternative to other elastomers and plastics. Additionally, EVA can be modified
with additives to enhance its thermal stability, UV resistance, and mechanical
performance, further broadening its industrial applications (Camacho et al., 2017;
Spina, 2015; Wilson et al., 2012).

2. Processing Methods of EVA Polymer

The processing of EVA polymers involves several advanced techniques, each
tailored to the desired final product. The most commonly employed methods
include extrusion, injection molding, blow molding, and foaming.

2.1. Extrusion

Extrusion is one of the primary processing methods for EVA, particularly in
film and sheet manufacturing. In this process, EVA granules are melted and
forced through a die to obtain continuous profiles. The extruded sheets are widely
used in solar panel encapsulation, automotive interiors, and industrial packaging
due to their excellent mechanical properties and thermal resistance (Ramirez-
Vargas et al., 2009).

2.2. Injection Molding

Injection molding is a preferred method for producing complex EVA
components, such as shoe soles, protective gear, and electronic casings. The
process involves melting the polymer and injecting it into a mold cavity under
high pressure. The rapid cooling and solidification of the material allow for mass
production of intricately designed EVA products with high dimensional accuracy
(Almeida et al., 2011).

2.3. Blow Molding

This method is utilized in the packaging sector, particularly for producing
EVA-based bottles, containers, and flexible films. The molten EVA polymer is
extruded into a tube and inflated with compressed air to form a hollow structure.
The resulting products exhibit high impact resistance and chemical stability,
making them ideal for food and pharmaceutical packaging applications (Spina,
2015).
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2.4. Foaming

EVA foams are widely used in footwear, sports equipment, and cushioning
materials due to their lightweight and shock-absorbing properties. The foaming
process involves the incorporation of blowing agents that create a cellular
structure within the polymer matrix. The density and resilience of the foam can
be controlled to achieve specific performance characteristics, such as thermal
insulation and energy absorption (Wypych, 2022).

Each processing technique offers unique advantages, allowing EVA to be
tailored to various industrial needs. Additionally, advancements in processing
technologies, such as 3D printing and reactive extrusion, continue to expand the
potential applications of EVA in innovative fields (Novriadi et al., 2024).

3. Applications of EVA Polymer

The diverse properties of EVA enable its utilization across multiple industries,
including packaging, footwear, construction, electronics, and healthcare.

3.1. Packaging Industry

EVA is extensively used in flexible packaging materials, adhesive films, and
sealants. Due to its excellent adhesion properties, it serves as an effective bonding
layer in multilayer packaging films, enhancing barrier performance against
moisture and gases.

3.2. Footwear and Slippers

EVA is a dominant material in the footwear industry, particularly for
producing lightweight and comfortable shoe soles. It offers superior impact
resistance and flexibility, making it ideal for athletic footwear, sandals, and
orthopedic insoles.

3.3. Construction Materials

In the building sector, EVA-based products are used in insulation panels,
waterproof membranes, and soundproofing materials. Its resistance to
environmental factors and ease of processing make it a preferred material in
modern construction techniques.

3.4. Electronics and Solar Panels

EVA is an essential component in the encapsulation of photovoltaic (PV) solar
cells, protecting them from environmental degradation and improving energy
efficiency. It is also used in electrical insulation for wiring and cable coatings due
to its dielectric properties.
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3.5. Medical and Hygiene Products

Due to its non-toxic nature, EVA is used in medical tubing, prosthetics, and
hygiene products such as baby mats and flexible containers (Schneider et al.,
2017; Das et al., 2009; Sidiqui and Waris Khan, 2024; Badiee et al., 2016; e Dias
etal., 2018).

4. Use of EVA Polymer in Footwear and Slipper Industry

The footwear industry extensively relies on EVA due to its outstanding
balance of comfort, durability, and cost-effectiveness.

e Shock Absorption: EVA soles provide excellent cushioning, reducing
impact forces and minimizing foot fatigue.

e  Flexibility and Comfort: Its soft texture enhances user comfort, making
it suitable for long-term wear.

e  Water Resistance: EVA does not absorb water, making it ideal for beach
sandals, shower slippers, and outdoor footwear.

e Lightweight Nature: Compared to traditional rubber, EVA soles offer
significant weight reduction, enhancing mobility and comfort (Paiva et al., 2016).

5. Recycling of EVA Polymer

The growing environmental concerns surrounding plastic waste have
prompted extensive research into EVA recycling. Various recycling technigques
have been developed to reduce waste and promote sustainability.

e Mechanical Recycling: In this method, post-consumer EVA waste is
collected, shredded, and reprocessed into new products. This approach is
commonly used for manufacturing recycled shoe soles, foam mats, and industrial
components.

e Chemical Recycling: This involves depolymerizing EVA into its
monomeric components, which can be reused to synthesize new EVA materials.
Although promising, this method requires significant energy input and is still
under development for large-scale applications.

e  Energy Recovery: EVA waste can be incinerated to generate energy, but
this method raises environmental concerns due to emissions. Research is ongoing
to develop cleaner combustion processes that minimize toxic byproducts.

Recent studies have also explored biodegradable EVA alternatives and bio-
based copolymers to enhance sustainability. The development of eco-friendly
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EVA formulations with improved recyclability remains a priority for researchers
and industry professionals (Martinez et al., 2024; Dias et al., 2017; Bohland et
al., 1997).

Conclusion

EVA polymer represents an essential class of thermoplastic elastomers with
wide-ranging applications in footwear, packaging, electronics, and construction.
The advancements in its processing methods and material modifications continue
to enhance its properties, making it a preferred alternative to traditional materials.
However, the increasing environmental concerns regarding EVA waste
necessitate the development of sustainable recycling methods. The ongoing
research in mechanical and chemical recycling, along with the potential for bio-
based EVA alternatives, highlights the industry's commitment to sustainability.
Future innovations in polymer science and green chemistry will play a crucial
role in addressing the environmental challenges associated with EVA, ensuring
its continued use in a more eco-friendly manner.
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1 Introduction

Concerns about the environmental impact of human society's growth have
become widespread, making sustainability a key priority across all areas of
human activity. As a significant contributor to human progress, the chemical
industry faces mounting pressure to develop more sustainable practices. In this
context, Green Chemistry is defined as the design of chemical products and
processes aimed at minimizing or eliminating the use and creation of hazardous
substances. It was established through principles intended to guide chemists in
their pursuit of greener solutions.

Over the last twenty years Green Chemistry has gradually achieved broad
recognition within the scientific community. As it is let the importance of the
term green chemistry sink in, it can be imagined what is the field of sustainable
chemistry. This is science that operates in a specific area aimed at avoiding or
reducing the production of hazardous substances in processes and products. On
the ground of the principles articulated by Paul Anastas and John Warner in 1998,
green chemistry strives to minimize the environmental and health effects caused
by many processes in chemistry and indeed all industries are able to adopt
principles of sustainable development. Development of the last three years in this
sphere can be characterized as significant especially in such domains as
renewable feedstocks, greener solvents and waste minimization tactics [1,2].

1.1. Green Chemistry

The 12 Principles of Green Chemistry are a set of guidelines introduced by
Paul Anastas and John Warner in 1998 to help chemists design more
environmentally friendly processes and products. Here’s a sorted and clarified
version:

Prevention: Emphasize prevent or minimize the generation of waste rather
than eliminate it after it has been created.

Atom Economy: Ensure the maximum utilization of reactants by ensuring
that all materials used in the process are converted into the product.

Less Hazardous Chemical Syntheses: Design synthetic methods to be as
safe as possible, avoid the production of substances that are toxic or hazardous to
human health and the environment.

Designing Safer Chemical: Create chemicals that are effective and purpose-
driven but not to pose a threat to human health and the environment.
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Safer Solvents and Auxiliaries: Minimize or eliminate the use of solvents or
auxiliary substances (e.g., separation agents) whenever possible. If necessary, use
safe and environmentally friendly solvents.

Design for Energy Efficiency: Optimize processes to consume the least
amount of energy. Preferably, use ambient temperature and pressure conditions.

Use of Renewable Feedstocks: Use raw materials that are renewable rather
than depleting, such as plant-based chemicals instead of petroleum-based ones.

Reduce Derivatives: Avoid using unnecessary derivatives, such as blocking
groups, protecting groups or temporary modifications that require additional
reagents and generate waste whenever possible.

Catalysis: Use catalytic reagents instead of stoichiometric ones to enhance
efficiency. Catalysts which can be reused are more efficient and reduce waste
generation.

Design for Degradation: Design products to break down into harmless
substances in the environment. Avoid substances that persist or bioaccumulate.

Real-Time Analysis for Pollution Prevention: Implement monitoring
techniques to detect and control hazardous substances during the process. Real-
time analysis helps prevent the formation of pollutants and ensures safety.

Inherently Safer Chemistry for Accident Prevention: Design processes to
minimize the potential for accidents such as chemical releases, explosions or
fires. Use safer chemicals and conditions.

The 12 Principles of Green Chemistry are there to encourage sustainability in
chemical processes and reduce the levels of pollution caused by chemical
manufacture. A way to identify and measure how far — or close — you are from
designing safer, more efficient chemical products that reduce waste, require less
energy output or use of hazardous substances offered by the Green Chemistry
Principles. In applying these fundamentals, chemists are working to finds way
definitely certain work that not only generates the desired chemicals but also
takes care of our environment, serving as a balance between technological
advance and ecologic preservation. In addition, the principles help direct
prupclirges within the chemical industry to be more sustainable in a way that
encourages innovation while protecting human health and environment [1]. The
12 Principles of Green Chemistry have been demonstrated Fig.1.
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Real Time

Fig. 1. Twelwe Principle Of Green Chemistry

Over the past ten years, the idea of "Green Chemistry” in relation to
"Sustainable Development” has been extensively studied [3]. Sustainable
development is defined as progress that fulfills present needs while ensuring
future generations can meet their own requirements [4]. Given its focus on
pollution concerns and the unsustainable use of natural resources, sustainable
development holds particular significance for numerous chemistry-related
industries [5]. Key factors for green synthesis of various chemicals include
choosing an environmentally friendly solvent (commonly water, ethanol, or their
combinations), a non-toxic reducing agent and a safe stabilizing substance.
Chemical processes are often highly expensive and require the use of toxic and
dangerous substances which pose numerous environmental hazards [6].

The most critical scientific question facing the chemical industry in shaping
the future of Earth is determining the character, nature and production methods
of synthetic chemicals essential for a sustainable society. Chemistry has a long-
standing tradition of creating vital and high-performing products and processes;
however, this progress has often been achieved with a limited focus on function,
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overlooking harmful side effects [7]. Currently the chemical sector operates on a
linear model (Fig. 1, left), where finite, mostly fossil-based raw materials are
processed through a production chain dependent on reagents that while designed
to be highly reactive are frequently also unintentionally persistent and/or toxic.
This poses risks for workers and can lead to accidental or intentional releases.
Many of these processes generate waste (often toxic, persistent, and
bioaccumulative), frequently exceeding the amount of the intended product,
especially as product complexity increases (e.g., 5 to 50 times for specialty
chemicals and 25 to 100 times for pharmaceuticals) [7]. Additionally, chemical
products are typically designed with their intended use in mind, relying on
external controls to minimize exposure to hazards that often remain unassessed,
likely due to a historical lack of adequate tools and models, as evidenced by
numerous unforeseen negative impacts. Given the essential functions provided
by chemical industry products, the future question must focus on two objectives:
(i) how to maintain and significantly enhance performance improvements, and
(ii) how to minimize or eliminate the harmful impacts that jeopardize human and
planetary sustainability. Addressing this question is a pressing scientific
challenge [8,9]. Substantial progress in "green chemistry" and "green
engineering" has demonstrated that chemical products and processes can achieve
higher performance and functionality while reducing negative impacts. These
achievements need to become systematic rather than isolated examples. To
succeed, it is essential not only to change the conditions under which chemical
products are made and used but also to redefine the chemical products and
reagents themselves throughout the entire value chain from raw materials to
application (Fig. 1). This requires redefining "performance™ to include both
function and sustainability, achievable only through the careful design of the
intrinsic properties of molecules and their transformations [10].

Traditional approaches to chemical synthesis generally make use of
stoichiometric reagents, hazardous solvents and energy-intensive processes under
conditions where very substantial amounts of waste generation and
environmental risks are produced. These traditional approaches prioritize
efficiency and yield but too often overlook the sustainability of inputs and
outputs. On the other hand, green chemical synthesis of the future seeks to
surmount such limitations by applying the 12 Principles of Green Chemistry
including the design of safer chemicals, atom economy, and reduction of energy
use. Green synthesis techniques strive to employ renewable feedstocks,
environmentally benign solvents (or no use of solvents at all) and catalytic
reactions that would reduce waste and toxicity [1]. Besides, further development
of techniques like microwave-assisted synthesis, mechanochemistry and
biocatalysis holds out prospects for more efficiency with less environmental
impact. In cases where industries are considering going green such replacement
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of traditional methods of synthesis with green synthesis methods marks one of
the important steps toward the goal of making chemical manufacturing
compatible with the general philosophy of environmental care and conservation.
[Table 1.].

Tradiational Chemistry Green Chemistry

Maximizing Chemical Output to
Enhance Profitability.

Optimal Efficiency with Minimal Use
of Harmless Materials

Lineer Process

Circular Process

Toxic and Hazardous Chemical
Products

Bening Chemical Products

Strong Covalent Bonds

Weak Non-covalent Bonds

Waste Treatment

Waste Utilization

Resource-intensive separation and
refinement

Autonomous Separation System

Toxic ad Non-eco-friendly Solvents

Rcyclable,inert eco-friendly solvents

Fossil Raw Materials

Renewable Raw Materials

Large Waste Volume

Minimal Waste Volume

Design Solely for Application Relying
on Situational Management

Planned Molecule Design for Full Life
Cycle

Table 1. Comparison of Traditional and Green Chemical Sector
One of the principles of green chemistry is the use of safer solvents and

auxiliaries, or their complete elimination whenever possible. In recent years,
methods for conducting organic syntheses without solvents have been developed
and optimized [11].

1. 2. Green Synthesis of Chalcones

The trans-chalcone family, also known as (E)-1,3-diaryl-2-propenone, is a
significant subgroup of flavonoids. Chalcones consist of two aromatic rings
connected by a three-carbon o,p-unsaturated carbonyl system (Figure 1). These
compounds are well-recognized for their wide range of biological and
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pharmaceutical properties including antiviral, antimalarial, anxiolytic,
antioxidant, anticancer, anti-inflammatory, anti-diabetic and anti-mitotic effects
[12-18]. Additionally, chalcones serve as key intermediates in the synthesis of
various heterocyclic compounds like pyrazolines, flavones, flavanones,
flavonols, aurones and more [19-23]. These versatile applications have
heightened interest in developing environmentally friendly synthesis methods.
Multiple research groups have worked on creating diverse approaches for
synthesizing chalcones [24].

The first synthesis of chalcones was achieved by the German chemist Charles
Rainer (Carl Rainer) in 1869. He used a simple condensation reaction between an
aldehyde and an acetophenone, which is now known as the Claisen-Schmidt
condensation. This method forms the basis for the classical synthesis of chalcones
and remains widely used today [Fig.2.].

(o] (o]
X \ “
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Fig. 2. General Synthesis Method of Chalcones
Chalcones are a group of compounds that have been extensively studied by

scientists particularly due to their widespread applications in the healthcare field.
For this purpose, green synthesis methods have been developed as alternatives to
the Claisen-Schmidt reaction. One of these is a green mechanochemical approach
performed by Ma and his team which involves the simple grinding of solid
reactants (or a combination of solid and liquid) [25]. In this method, equivalent
amounts of the relevant methyl ketones and various aldehydes are mixed in a
porcelain mortar, eliminating the need for solvents and utilizing solid sodium
hydroxide. After 3 to 5 minutes of grinding, a yellow-colored solid mass is
obtained, identified as the desired chalcone. The grinding process is continued
for an additional 5 to 10 minutes. The subsequent purification of the crude
products is carried out through crystallization from appropriate solvents
following their separation by Buchner filtration and washing with cold water [26].

1.2.1. Solvent-Free Methods

One of the principles of green chemistry is the use of safer solvents and
auxiliaries or their elimination altogether whenever possible. In recent years,
methods have been developed and optimized for conducting organic syntheses
without solvents [27].

33



Synthetic reactions are typically performed in a solvent medium, but this leads
to several issues, such as volatile organic compounds (VOCs), solvent loss in
effluents, the need to recover and recycle solvents and product contamination.
Additionally, multiple reaction steps may require different solvents.[28]. Green
chemistry promotes solvent-free or "neat" reaction systems, encouraging
synthetic organic chemists to shift towards this approach. The ideal scenario
involves conducting reactions in molten states, dry grinding or solid-supported
reactions using materials like clay and zeolites. These methods often require
nontraditional activation methods like microwaves, ultrasound or visible light.
There’s also a need for new separation and purification techniques that don't rely
on solvents, presenting innovative challenges for chemists and chemical
engineers

The well-established Claisen-Schmidt reaction method has conventionally
been one of the most applied methods in the synthesis of chalcone structures due
to their wide pharmacological benefits. In recent years, the process has involved
including solvent-free and mechanochemical techniques in an effort to fit into the
12 Principles of Green Chemistry. These combinations greatly reduce the
ecological footprint compared to traditional methods based on solvents. This
approach aims to create more sustainable processes with minimal use of
hazardous reagents and at the same time achieving a lower environmental impact
[29].

Chemists have developed green synthesis methods for many compound
groups. Chalcones are a group of compounds with particularly important
applications in the field of health. Today, the use of green synthesis methods
developed for the synthesis of these significant compounds has a great
importance. In this study, it has been examined the three important green
synthesis methods mentioned below.

Grinding or Mechanochemical Synthesis: This method involves grinding
the reactants together in the absence of solvents, promoting a solid-state reaction.
It has been recognized since the late 1800s that specific chemical compounds
react differently when exposed to heat and mechanical energy.
Mechanochemistry was subsequently established as a separate discipline within
chemistry, thanks to the contributions of Carey Lea. In 1891, Ostwald introduced
the term "mechanochemistry” to describe this related area of physical chemistry.
Therefore, mechanochemistry should be considered alongside other associated
fields such as thermochemistry, electrochemistry, photochemistry,
sonochemistry, chemistry under high pressure, shock waves or microwave effects
[30].
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When organic molecules are subjected to mechanical energy (such as milling
or grinding), two surfaces slide against each other, creating a frictional force. The
kinetic energy of the contacting materials is transformed into their internal energy
through these non-conservative frictional forces. In some instances, friction and
other mechanical actions can lead to thermodynamically metastable states by
increasing enthalpy. This rise affects both the kinetics of the mechanically
activated molecules and their equilibrium state. Consequently, this effect is
analogous to the mixing of liquids [31].

One of the mechanochemical methods for chalcone synthesis is high-speed
ball milling. This method involves the mechanical milling of reactants at high
speeds to synthesize chalcones without the use of solvents [Fig. 3.].

NaOH
RCOCH, + R'CHO — RCOCH=CHR'
Grinding

Fig. 3. Mechonochemical Synthesis of Chalcones

Microwave-Assisted Synthesis: In synthetic chemistry, 1986 marked a
significant milestone for the adoption of microwave devices. Since then,
numerous laboratory-scale syntheses using microwaves have been conducted.
This approach frequently leads to a substantial decrease in reaction times while
maintaining similar product yields compared to traditional energy input methods.
Additionally, microwaves can often minimize unwanted side reactions and
eliminate the need for solvents. The use of microwave irradiation in the synthesis
of chalcones was notably pioneered by Richard Gedye and his team in the mid-
1980s. Richard Gedye is credited with one of the first reports on microwave-
assisted organic synthesis. His work demonstrated how microwaves could
accelerate chemical reactions, including the synthesis of chalcones, which are
compounds formed by the Claisen-Schmidt condensation of an aromatic
aldehyde and an aromatic ketone [29]. Utilizes microwave irradiation to heat the
reaction mixture, significantly speeding up the reaction and improving yields.
The microwave-assisted synthesis of chalcone derivatives has emerged as a
preferred method due to its ability to provide uniform heating and yield high
product quantities within shorter reaction times. This microwave approach is
particularly intriguing for a range of reactions, including cycloaddition,
condensation, and coupling reactions, facilitating the production of diverse
heterocyclic compounds [32].

The unique features of microwave radiation (short reaction times, higher
product purity and yield) have recently attracted interest from chemical scientists.
It represents an interesting complementary choice to allow a more convenient
access for the synthesis of some organic molecules and it is far simpler in terms
of operational procedures, reaction conditions between other criteria. Such
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methods when used for synthesis in open vessels were accompanied with a
solvent-free approach by Varma [33]. Considering these results, simple and
effective strategies can be defined for the preparation of chalcones under solvent-
free microwave irradiation conditions.These advantages make the microwave
synthesis quite attractive to prepare chalcones or indeed other organic compounds

[Fig. 4.].
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Fig.4. Ultasonic Synthesis of Chalcones

Ultrasound-Assisted Synthesis: Ultrasound is a highly effective and
relatively harmless method used in synthetic chemistry for many years, with
varying levels of success. This high-energy input not only amplifies mechanical
effects in heterogeneous reactions but can also trigger new chemical
transformations, resulting in the formation of novel compounds. What sets
sonochemistry apart is the phenomenon of cavitation, a process that has become
a key focus of research due to its intriguing and promising findings [34]. Employs
ultrasonic waves to enhance reaction rates and improve product yields, often in
solvent-free conditions. Ultrasound synthesis is a powerful and increasingly
utilized technique for accelerating organic reactions, recognized as a green
synthetic approach. Ultrasonication offers advantages over conventional
methods, including higher yields, shorter reaction times, greater selectivity, and
minimal side reactions. It has been effectively applied to synthesize various
organic frameworks, from simple carbocyclic compounds to complex
biologically active heterocyclic structures. The technique has proven
environmentally friendly and effective, especially for synthesizing 5-7 membered
heterocyclic rings containing one to three heteroatoms. Additionally, it provides
excellent yields under mild conditions without requiring complex purification
processes [35]. Despite all these methods, the use of solvents may be necessary
under certain conditions. In such cases, green chemists prefer to use
environmentally friendly solvents like water or ethanol, either alone or in
combination, to reduce toxicity and environmental impact.

These methods highlight the move toward more sustainable practices in the
synthesis of chalcones, emphasizing efficiency and reduced environmental
impact.
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2. Conclusions

Green synthesis of chalcone represents one step forward compared with
classical methodologies by employing principles of green chemistry. The use of
environmentally benign catalysis-or the condition free from solvent or renewable
solvents-reduces the environmental impact and generation of hazardous wastes
to a minimum. Enhanced reaction efficiency, reduction in energy consumption
and the use of nontoxic reagents add to the overall sustainability of the process.
It therefore follows that green chalcone syntheses not only provide a workable
route for large-scale production but also set a standard against which future
development in sustainable organic chemistry will need to be measured. Thus, it
has to do with the future dealing with optimization of methods and finding their
application in several other synthetic pathways so that the impact and
applicability may broaden.
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1. Introduction

For the natural numbers 72 = 2 and non-zero real numbers a, b biperiodic
Fibonacci numbers are defined by the following relation

0§, | TG4, -, Niseven
q, = n—1 n—2 (1)
" bqn—l + q?!—: r T I..S' Gdd

The initial conditions are g, =0,q, = 1and when a =b =1, this
sequence reduces to the classical Fibonacci sequence. The nth term of this
sequence, 1] where n is the floor function of 12, is

q. = ﬁ'_—ﬁunu (g'—n_gﬂnjj (2)

I:ﬂb:ll%- F1782

where &(n) is the parity function. The values g, , g- in the last formula are
determined with the help of the formula below [10].

ab—/a~+b~ +dab ab—va~+b"t+4ab
& = - and g, = - : 3)

In [4], the biperiodic Lucas number sequence with initial conditions
{5, = 2,4, = aisdefined as

_(bf,_,+4£, 5., n even
“n _{ af, +f, ., nedd (4)

Inthe case @ = b = 1, inthe last formula above, this sequence is reduced to
the well known Lucas sequence {£,, },.-q.

&(m)
£, = % (g," + g."). (5)
{abjl = -
We can give some equations exist between the roots of in the relation (3) and
the coefficients a, b. And these numbers will be used throughout the study as

follows.

gy — g, = Va*b* + 4ab. (6)
g, + g, = ab. (7
9,9, = —ab. ®)
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(ﬂ1+1j(ﬂz+1): 1. 9)
g,° + g, =ablab+2). (10)

g.(g, +1) = —g, g,(g,+1)=
—4- (11)

2. Leonardo, Biperiodic Leonardo Numbers and Some Related Identities

Leonardo numbers are defined by
Le,=Le, ,+Lle, ,+1, n=2 (12)

with the initial values Ley = Le; = 1 [9]. In 2012, Kocer discussed Leonardo
numbers and their relationship with Fibonacci numbers [2]. In 2019, Catarino and
Borges studied Leonardo numbers [5]. The same authors defined and studied
incomplete Leonardo numbers in 2020 [6]. In 2021, Soykan discussed
generalized Leonardo numbers. In 2021, Alp and Koger defined Hybrid
Leoonardo numbers and discussed some of their properties [1]. In 2021, Kiiriiz
and others discussed Leonardo Pisano Hybrinomials [17]. In 2022, Karakus and
his colleagues defined Hyper dual Leonardo numbers [14]. In 2022, Karatas
defined complex Leonardo numbers and gave the Binet formula of these numbers
[15]. In 2022, Shattuck gave combinatory identities by considering generalized
Leonardo numbers [21]. In 2023, Tasci1 defined and examined Gaussian Leonardo
numbers [26]. In 2023, Tan and his colleagues defined Leonardo p-numbers [25].

In 2024, Ozimamoglu discussed g Leonardo hybrid numbers [19].
Kuhapatanakul and Ruankong investigated genelizated p-Leonardo numbers
[16]. Halici and Curuk obtained some important identities of these numbers using
Pascal type triangles for Leonardo numbers [13].

For any natural number n and nonzero real numbers a, b we define the
biperiodic Leonardo numbers Le,, as follows.

_ {b Le, ,+Le, ,+b,niseven
n

ale, , +Le, ,+a, nisodd (13)

Here, Le, =1 ,Le, = 2a — 1 are the initial values. Moreover, we can
arrange this definition for numbers 11 = 4 as follows.

Le, =(ab+ 2)Le,_, —Le,_, +ab, (14)
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Some terms of the sequence are given below to be used throughout the study.

{fe,},20 ={1,2a —1,2ab+1,2ab + 4a — 1, }. (15)

For n = 2 and different from each other real numbers a,b, a different
definition for these numbers is given by Catarino and Spreafico in 2024 as follows

[7].

Gle, = {a GLe, .+ Gle,_, + a,niseven

bGLe, , +GLe, , +b ,nis odd

n—

where, GLey, = 2a —1,GLe; = 2ab — 1.

In the table below, we have listed some biperiodic sequences named according
to their initial values.

n |01 2 3 4 5

q,| 0|1 a ab+1 |a*b+2a a*b*+ 3ab+ 1| -
f.12]a ab+ 2 a*b+ 3a | a®b* + 4ab H a®b” + 5a°b

+5a

. 0] 1 a ab+ 2 a’b+ 4a a*b* + 6ab + 4| -
c, |2|a ab+ 4 a*b+ 6a | a*b* + 8ab H a®b*10a’b + 20
P |O|1 2a  |4ab+1 |8a’b+4a |16a’bh” 4+ 12ab{--
6, | 2| 2a |4ab+|8a’b + 6a 16a°b” + 16qi32a’b” + 40a”h -
Le, 1| 2a —12ab +|:2a’b + 4a -2a’b® + 6ab #2a°b>+8a’b + 6c

Table 1. Some special biperiodic numbers

The following some relationships between Leonardo, Fibonacci and Lucas
numbers are

b LE” :E'F;z+1_ 1.
i LE” = 'F;z + JI'r":'z—l'
i LE” =L:lz+2_'F:rlz+2 -1

b Leu+1 = Leu + 2'F:;z
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For non zero real numbers @ and b and for every natural number 7, the
biperiodic Fibonacci and Lucas numbers can be written, respectively

{“quﬂ +q,, n= 0(mod2)
bg,:, +q,. n=1(mod2)

q:lz+2

and

b'f:lz+1 + 'E

P B { n = 0(mod2)
nt+2 T af;z+1+£

n = 1(mod2).

nt

Whereg, =0, q, = 1and £, = 2, £, = a. In[23], Fibonacci and Lucas

p —numbers are defined as follows, respectively.
F,(n) =F,(n— 1)+ F,(n—p—1),
and

Ln)=L,(n—1)+L,(n—p—1).

In here,
F,(0)=0and F,(1)=F,(2) =~ =F,(p) = 1
and
L(0)=p+1andl,(1)=L,(2)==L,({p) =1

In [24], Leonardo p —numbers, Lep[n] are defined as follows.
Le,(n)=Le,(n—1)+Le,(n—p—1)+p, n=p
Le,(0) = Le, (1) = Le,(2) = -~ = Le,(p) = 1.

When p =1, this sequence reduces to classical Leonardo numbers. In

2018, Yazlik and others defined and investigated the Fibonacci and Lucas
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p numbers [27]. For a, beRR™ and peZ™, biperiodic Fibonacci and Lucas

p —sequences are defined as follows, respectively.

n

aﬁ!—i + f:lz—p—j_r n= ﬂ(]‘nﬂd 2:]
{b,ﬂl_l + faep-1n = 1(mod 2)

and

IiI'}"E:lz—l + 'Eu—p—j_; n= ﬂ(]‘ﬂﬂdzj
" ﬂ'f?z—l + 'E;q—p—j_: n= 1(1‘?‘10({2).

When n = p + 1, the initial values for f,, and £, are follows:
13155
fo=0fi=1f=a,.. . f,=a2lbl 2

and

+1
t,=p+1,8,=at,=ab,.. e =a 7 b

Notice that these sequences defined above reduce to the classical

Fibonacci and Lucas sequences, respectively, forp =a =b = 1.

f;:z = f::z—l + n—2r fl} = j‘Hfl = 1’

£, = 'En—l +'E:'z—2’ 'EI} = z’fl =1

n

In [13], in their study, the authors defined biperiodic Leonardo numbers.
These numbers are given by the following recurrence relation, with
Le, =1Le, =2a—1,

bfe, ,+Le, ,+b, n = 0(mod 2)

Len = {m:,e”_l +rfe, ,+a  n=1(mod?2)
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In this study, we will consider some different biperiodic Leonardo

numbers, make definitions and examine the properties of the series.

Definition 1. For a, b € R* and p € Z* we define biperiyodik Leonardo

p- sequence {fe, }o_, with fe, = 1,fe;, = 2a— 1, as follows.

o — bfle, ; +fe, ,_,+b, n = 0(mod 2)
n = {a te,  +fe, ,,+a n = 1(mod 2)

(e }uso = {1,2a—1,2ab + 1 a1 }

n=ld —

Diagrams can be given to more easily examine the relationships between

the elements of the array. For the sequence{fe,},., , we also give the

following diagram.

fe,
aé":n}bl—é':n} 1
'Ee:lz—l +1 'Eeu—p—i
gl—gnlpginl 1 gl—&n+pl pn+p) 1
'Eeu—f +1 'Ee:lz—p—f 'Ee:lz—p—f +1 'Eeu—fp—f

Figure 1. 3-diagram.

[==)

Theorem 1. For biperiyodik Leonardo p-sequence {fe, }:—,, we have

{e,
ab(fe,_, +2)+(a+b)le, ,_, +{fe p = 0(mod2)
| ab(fe,_,+ 1)+ 2fe,_,_q, p = 1(mod2)

n—2p—2r

Proof. Let's examine the definition of the above sequence according to
whether p is odd or even:
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o — bfe, , +fe, ,_,+b n = 0(mod 2)
“n = {a te,  +Pe, ,,ta n = 1(mod 2)

Let p be odd. Then,
Een — aﬁ(n}bl—ﬂfra}fen_l +'Een.—p—1 + aﬂﬁn}bl—ﬂﬁn}

= abfe, . + ua':”'bl"g':”'-i'gr_._p_: +ab+af I:EIIJL_EI:EI-EE‘E_F_: +fey_ap s

+ ﬂﬁ inlbj.—é'-inl ¥ ﬂﬁl:nlbj.—ﬁinl

fe, = abfe,_, + Eaﬂ”}bl_ﬂ”}fen_};_: + e, 2,2
+ Eaﬁlin}bl—ﬁlin} 4 ab
fe, = abfe,_, + Zaﬂ”'}'bl_ﬂ”'}({’en_P_: + 1} + fen_gp_:
+ ab
fe, = abfe, , +2fe, , | +ab
fe, = ab(fe,_,) + 2¢e,_,_, . (16)

Let @ be even. Then,
-E.’en — aﬁ(n}bl—ﬂﬂra}fen_l +'Een.—p—1 + adn) p1-&n)

= abfe, - + u‘s':”'bl"s':”'-i'er_._p_: +ab+ u""s':”'b‘s':”'-i'gr_._p_: +fey_aps
+ gl—8n) pEln) ¥ g% ) p1-8n)

— ﬂbf?n_: + {ﬂ_ﬂ':r!'bl.—ﬂ':n' + ﬂL—E':n'bE':n'}_EEE_F_: + 'Egn—!_r:l—!
+ ﬂj.—ﬁl:nlﬁf-ir:l ¥ ﬂﬁl:nlﬁj.—ﬁinl + ab

fe, = abfe,_, + (a + b)fe , +fe » +2ab

n—p-— n—2Ip—

fe, = ab(fe, , +2)+ (a+ b)fe, , . +¥e, 5, . (17)

n— n—p—2

From the equlities (16) ve (17) we get
fe

ab(fe,_, +2)+ (at+ b)fe, ,, +fe, 5, o p = 0(mod2)
~ |ab(fe,_, +1) + 20e, 4, p = 1(mod2).

n—
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Thus, the proof is completed.

We can define biperiodic p Leonardo polynomials as follows.
Definition 2. Biperiyodik p Leonardo polynomials are
fe,(x) = x*7* — abx® + 2ab — (a + b)xP —1,p iseven

fe,(x) = x"* —abx® —ab —2x?™ pis odd .

If we take x* = r, then

Eep,:,,;,

NPTl —abr? —(a + b)r% — 2ab —1, p = 0(mod2)
- rP*l —abr? — Elr‘pfi — ab, p = 1(mod2).

If p isodd, then

fe,(x)= (xP* - 1) —ab(x® + 1) -1

and

fe,(x) = 2(x"* — 1)(p+ 1)x? — 2pabx ™!

te,(x) =0 (xP" —1)? —ab(x*+1)-1=0

_‘IP+1(IP+1 _ 2)

X% 41

ab =

fe,(x) =0 2(xP" —1)(p + 1)x? — 2pabx™~t =0

_ (xP*1 = 1)(p+ 1)xF

px Ip—-1

ab

_(p+D)x xFT -1

p xF

ab
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_ pVab
p+1

In 2022, in their work, Ait-Amrane and Belbachir gave the definition of bi-
periodic r-Fibonacci r-Lucas sequences [3].

U.:,,;, aU;:}l +c Lf” .y = 0(mod2)
bU;:}l + dU”} n = 1(mod2)

n—r—

n

Wheren =7 +1and Uy = 0,U." = ,U)” =a,..,. U = a=lpl5

Using this last definition, the definition of the biperiodic r- Leonardo series can
be given.

Definition 3. We define Biperiyodik  — Leonardo sequence Le." as follows.

— n—1
n ()

ale _, +cle _ J_+E1 n = 1(mod2)

r) _ |\bLe () +dL n- ? l—l—b n = 0(mod2)

Le

{ ;l'}

with Le i

=1le, =2a-1.

Depending on the case of the number r, the following Theorem can be given for
the sequence Le."

Theorem 2. For the sequence Le. , we have

abLe i ) 4 @t pi- Blne 4 d]}_’.rzH o
+ c-a'n}d_ "‘a'n}L (r) +E16|:n}b1_6|:n},]‘" odd

n—2r—2

and

Le!” = abLe”, + (ad + bc)Le™ _, + cdLe”, ., +
c-l:lz]lbl al:lz]l’ r even

Proof.

LE}IP} — aﬁ':”}bl“;':”}Le:‘l’l'l p8in) g1-8( :lz]lL + gBn) p1-aln)

n— :l'—J.
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i)
n—2

+ (aa"':;'z} bl—é (n) Cl—é':;'z} dﬁ'::'z}

Le™ = abLe

+ cél::'z]' dl—é(n} al—é (mn+r) bé(:H:ﬂ} )Le':?‘:'

n—r—2

+Cé"::lz}+1—5'::lz+:l'}dl—é"::lz}+5'::'z+:l'} + Le':":' +a5'::lz}b1—5'::'z}

From the equality §(n +r) = &(n) + &(r) — 28(n)8(r), in the case of r
odd, Le'" is equal to this: Le” = 4+ B where

A= ﬂbf.-e:_}: + (aé"::lz}bi—é"::lz}cl—a"'::'z}da"'::'z}
+ cé'::'z}dl—é':n}aE'::'z}bl—E':n})Le':?‘:'

n—r—2

B = Cfél::lz:ldf—fél::lz}Le':":' + aﬁl::lz}bl—a"l:n}.

n—2Ir—12

If we take the necessary actions then
(r)

n—r—2

Lel” = abLE,E::}: +a®™p18 (c + d)Le

+c26'::'z:| dﬂ—ﬂé"::'z:l Le ) + aé'::'z:l bl—é' (n)
; a .

—2r—2

When * even, Le;;":' is equal to this: Le;;":' =C+ D where C and D are
respectively.
C = abLe':?‘:' + [aél::-z:lbl—é"::z}cl—ﬁl:az}dé":n}
n—2
and
Elnl 31—-&n) _Eln) p1—-Eln) lr) [Tl Elnl p1—E&ln)

D= goMgt-sinlgsinipl-sinyre © . +cdle, . _, +a° T,
Making some calculations, we get

I.e;!r' = nblg;!r_': + (ad + bc) I.e;,!r_l .+ cdlg;!r_': .+ gfin pL-dinl

I I

Thus, the proof is completed.

Theorem 3. The generating function for biperiodic r-Leonardo sequences is as
follows.
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G (x)
x + bx? + (—1)° dx ™3

1 — abx2 — (béirﬂ}c + ﬂ‘.“.nv"i:-~+1]|[:i];,f:-~+1+.:?(:u+1} _ (_1)dcx2:"+2'

Proof. Let's write the following equation using the generating function
definition.

So, G(x) is follows.

¥ ¥ 8
ihtles 'x® — abx® otles gk — (pFr+le 4 g P

1— Rb.t" _ l:bnli’+l.lc + f:EIi’+J.II:{:I_:(.F+J.+|:\|Ii’+].l I: l,lﬂl','f.!("r-'—'

nlr+J.lﬁr xr+].+d| r+L|E?' | ?'+LL|EI?'I
&

In here, when r is odd we get

G(x) = Z Ee;ir}xk
k=0
abx®G(x) = —abz Eefﬁxk”

(c+d)x""16(x) = dcz le;i?‘}xk‘h"ﬂ

k=0

(de)x2+2G(x) = dcz Eei?‘}xk+2:-+2
=

If these statements are collected side by side, then

(1 — abx® — (cd)x™ + dex™"**)G(x) = E+F.
Where E and F are follows:

=Eeﬂ -I-.Eel 'x + - —I-EE,.:L:{"“ abie;}x:

—able, (r) x%—- -—ab!e:::::'_lx"ﬂ

and

Ty

F=—(c+dle,” x™! —(c + d)le,”x™2 ..~ (c +d)le."x
respectively.
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2r+l 2r—-1

E+F= Z le;i"}xk — abx? Z le;ir}xk
=0 K=0

—(c4+ d)x™t? Ie':?‘}xk
( ) .
k=0

Thus, we get

atbxt—dx"t2

1-abx®—(ctd)x™ttodx® 2

G(x) =

When ¥ is even number, then

x +bx* 4 dx™?
1 —abx? — (bc+ ad)x™? —dex? 2

G(x) =

Thus, the proof is completed.

In particular, ifr = 1 it reduces to the biperiodic Leonardo generating function.

Conclusion. In this study, we examined the sequence called Leonardo
sequence, which has been frequently studied recently. Then, we defined and
examined the biperiodic nature of this We defined two new and different
sequences by taking advantage of the properties of this new sequences and gave
the important identities and generating functions provided by the elements of
these.
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1. Introduction

The term algae is Latin and a plural of the term used for sea grasses. Algae
are photoautotroph organisms with wide distributional range capable of
inhabiting fresh water, salt and brackish water bodies and plants and animals,
moist and illuminated caves, even the surface of snow. Algae can be unicellular
or multicellular. Algae, as characterized by the presence of chlorophyll, are
members of the group Thallophyta. Algae are divided into five broad categories
according to the type of pigments found in them:

1. Blue-green algae (Cyanophyta): These are prokaryotic in cell structure
and blue-green in color because of the blue pigments along with chlorophyll.
They also possess some red pigment at times. They occur in fresh as well as sea
Water.

2. Green algae (Chlorophyta): They are the most abundant group among
the algae. Although they normally live in fresh water, they also live on moist
rocks and tree trunks. They have eukaryotic cell structure and chloroplast and
nucleus. They are greenish to yellowish green in color.

3. Diatoms (Bacillariophyta): These are relatively widespread in fresh
water and marine environments and are usually golden yellow-brown colored.
The cells are usually rectangular, triangular, round or oval in shape.

4. Red algae (Rhodophyta): They are usually found in saltwater and live
in deeper water than other alga groups. They can be readily distinguished as
being red-colored and branched.

5. Brown algae (Ochrophyta): They are widely distributed across cold as
well as shallow waters. They grow by attaching to the base in the tidal zone and
consist of a huge number of species (Akkayan, 1987).

Algae form the base of the food web as primary producers of aquatic
ecosystems (Cirik & Cirik, 2011). The classification of algae is categorized into
two major classes: Prokaryotic algae include only blue-green algae
(Cyanophyta), while eukaryotic algae are explained under various classes like
Chlorophyta, Charophyta, Euglenozoa, Bacillariophyta, Cryptophyta,
Haptophyta, Miozoa, Ochrophyta and Rhodophyta (Guiry & Guiry, 2015).
Apart from energy products such as biodiesel, biogas and bioethanol,
foodstuffs, nutritional additives, raw materials for medicinals, animal feed
ingredients, cosmetics and fertilizers come from algae. Apart from this, algae
also possess remarkable potential especially in the discovery of new
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pharmaceuticals compounds by virtue of their high biological activity
secondary metabolites (Giimiis, 2006; Cirik & Cirik, 2011).

The fact that they reduce the concentration of carbon dioxide in the
environment and emit oxygen through photosynthesis has made algae an
essential element for aquatic animals (Zeybek, et al., 2003). Due to that reason,
blue-green algae growth in drinking and irrigation water, dams, rivers and
recreation areas must be followed up with regular samples. There are several
extensive scientific studies on the algal flora composition, distribution
dynamics and interaction with environmental parameters of aguatic systems
published in the literature (For example, Celik & Ongun 2007; Tezel Ersanli &
Hasirci, 2013; Tezel Ersanli & Goniilol, 2014; Hasirci Mustak & Tezel Ersanli,
2015; Deniz & Tezel Ersanli, 2016a; Tezel Ersanli & Hasirci Mustak, 2017;
Tezel Ersanli & Oztiirk, 2017; Yilmaz et al, 2018; Deniz & Tezel Ersanli,
2020a; Deniz & Tezel Ersanli, 2020b; Solak et al., 2020; Aswathy et al., 2021,
Deniz & Tezel Ersanli, 2021a; Deniz & Tezel Ersanli, 2021b; Deniz & Tezel
Ersanli, 2022). Nutritionally, algae are defined by the high content of fibre,
minerals, proteins, minimal fat and easily metabolizable carbohydrates. For
example, Ulva species are used in the form of dietary supplements due to their
low caloric content, while in other countries they are used as antihelminthics in
goitre and kidney diseases treatment. Ulva lactuca, which is widely used in
South America, has goitre resistance-inducing activity as a result of its vitamin
A content (Serrano et al.,, 1998). Algae also play important roles in
bioremediation research in recent years. For example, Spirogyra sp. and
Rhizoclonium sp. have been screened as bioadsorbents in the removal of
synthetic dye contamination in water (Deniz & Tezel Ersanli, 2016b). Similarly,
natural assemblages of macroalgae such as Chaetomorpha sp., Polysiphonia
sp., Ulva sp. and Cystoseira sp. have also been investigated for their biosorptive
potential (Sari & Tuzen, 2008; Li et al., 2015; Deniz & Tezel Ersanli, 2018a;
Deniz & Tezel Ersanli, 2018b).

Laurencia (Rhodophyta) is a red algal genus that occurs on rocky surfaces
of warm water intertidal regions (Masudai et al., 1996). There are 421 species
described within this genus as per the databases of algae, but only 146 species
are valid in the taxonomic context (Guiry & Guiry, 2015). Laurencia is a genus
that possesses the capacity for biosynthesis of a wide variety of secondary
metabolites that are marked by their unusual molecular structures (Suzuki et al.,
2009). Such metabolites, especially rich in polyhalogenated terpenoid
skeletons, are involved in the defense mechanism of the species (Kurata et al.,
1998) and possess various biological activities such as antifeedant,
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anthelmintic, antimalarial, antifouling, antimicrobial and cytotoxic (Davyt et
al., 2001; Paul et al, 2011). 8-Bromo-3,7,7-trimethyl-11-methylene-
spiro[5.5]undec-1-en-3,9-diol, (I), is a new rigidol isomer, which has been
isolated for the first time from Laurencia rigida species (Suescun et al., 2001).

Understanding the electronic character of the organic compounds is very
beneficial for their chemical reactivity and potential applications. Especially in
areas such as pharmaceutical chemistry, materials science and environmental
chemistry, aspects such as rearrangability, electron donating/accepting ability
and electrophilic/nucleophilic character of a compound directly affect its
functionality (Parr & Pearson, 1983; Chattaraj et al., 2003). Root Mean Square
Deviation (RMSD), root mean square difference, refers to a statistical measure
used in scientific investigations to measure the deviation between two structures
or data sets. It is widely used in areas such as computational chemistry,
molecular modeling, bioinformatics and crystallography. Density functional
theory (DFT) has widely been used in computation of electronic structure of
molecules over the past few years. Following the DFT method, it is possible to
obtain the energy levels of the HOMO and LUMO and determine global
reactivity parameters such as ionisation energy (IE), electron affinity (EA),
chemical hardness (7), chemical softness (S), chemical potential (u),
electronegativity (y) and electrophilic index (w) of a molecule (Parr et al.,
1999). Nonlinear optical (NLO) materials are used to enable sophisticated
optoelectronic functions such as laser technology, telecommunications and
information processing (Chemla & Zyss, 1987). Organic molecules have been
thoroughly studied for NLO applications due to the fact that they are light
weight, processable and have high NLO response (Prasad & Williams, 1991).
An understanding of molecular architecture and electronic properties of
chemical bonds is one of the major goals of theoretical and computational
chemistry. In this context, the NBO method is an effective analysis method that
provides a natural chemical picture of the electron distribution and bond
topology in molecular systems. In contrast with conventional molecular orbital
theories, the NBO approach enables the interpretation of chemical bonds as it
provides a more localized and Lewis-structured picture (Weinhold & Landis,
2005). NBO method is a post-processing technique that may be integrated into
more advanced quantum chemistry calculations such as Hartree-Fock (HF),
DFT and Mpgller-Plesset. With the aid of this method, bond donor (BD), anti-
bond (BD*) as well as lone pair (LP) and Rydberg orbitals of the molecule may
be identified and interatomic electron transitions, delocalisations and
stabilisation energies may be estimated numerically (Reed et al., 1988).
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Particularly, the second-order perturbation theory derived interaction energies
[E(2)] explain electron transfer contributions towards bond stabilization and
include valuable information in terms of molecular reactivity (Glendening et
al., 2013). Structural features such as conjugation, hyperconjugation, lone pair
interactions and resonance may be clarified with precision by virtue of NBO
analyses. This provides major advantages in both basic research and applied
fields such as drug design, materials science and molecular electronics
(Weinhold, 2012).

In the context of this research, the molecular formula C15H23BrO2 (I)
(Suescun et al., 2001) was calculated with the Gaussian 03 package (Frisch et
al., 2004; Dennington et al, 2007) at the B3LYP/6-311G(d,p) level in the gas
phase (e=1) and in three solvents {chloroform (¢=4.8), methanol (¢=32.7) and
dimethylsulfoxide [DMSO] (¢=46.7)} with different poly-ratios, and RMSD
(root mean square difference of square root) values and global chemical
parameters were derived. In addition, bromine (Br) bearing compound
CisH23BrO; with z-conjugated system was also studied by DFT calculations in
gas and solvent phases and NLO potential was evaluated. Finally, NBO study
of the compound in the gas phase was conducted by the same method.

2. Material and Method
2.1. Theoretical Calculation Method

In order to determine the quantum chemical properties of the compound
CisH23BrO; (Suescun et al., 2001) (Figure 1), B3LYP/6-311G(d,p) DFT was
utilized with Gaussian software. B3LYP is a hybrid function derived from
combining Becke’s three-parameter exchange function and Lee-Yang-Parr
correlation function and has been used successfully widely in energy level and
structural optimisation in organic compounds (Becke, 1993; Lee et al.,
1988).

HO

/]

Figure 1. Chemical Diagram of (I) Molecule (Suescun et al., 2001).
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2.2. Theoretical Approach

RMSD is the square root of the mean squared displacement of the
positions of the corresponding atoms in two structures. In mathematical
terms, RMSD is given by:

N
1
RMSD = NZ(rimodel — pref)? (1)
i=1

Where N is the number of atoms for comparison, r™°d¢! js the atom
coordinates of the model structure and r®f is the atom coordinates of the
reference structure. RMSD can be explained as shown in Table 1.

Table 1. Concordance Level of Molecular Structures According to RMSD Values.

RMSD (A) Comment

<05 Very good alignment

0.5-1.0 Good alignment

1.0-2.0 Acceptable, structural differences may exist

>2.0 Structures differ significantly or alignment is poor

RMSD is a useful tool for comparing theoretical and experimental
measurements and is particularly used in structural validations after
geometry optimisation. RMSD is widely used in crystal and theoretical
structure comparison, molecular docking and molecular dynamics
simulations. In docking experiments, for example, if the RMSD value is
below 2 A, the binding site is likely to be considered successful.

2.3. Calculation of Global Chemical Parameters

After optimisation, HOMO and LUMO energy levels were employed to
compute the global reactivity parameters using the equations outlined in Table
2 below (Parr & Pearson, 1983; Pearson, 1997).
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Table 2. Quantum Chemical Global Reactivity Indicators and Related Equation

Definitions.
Parameter Calculation Formula
IE —Eromo
EA —Erumo
AE Erumo — EHomo
X (Enomo + ELumo) / 2
2 X
n (Erumo— Eromo) / 2
S 1/(2n)
) w1 (2n)

With the help of these parameters, the reactivity of the compound, electron
acceptor/donor activity and solvent environment effect were evaluated.

2.4. Energy Values (HF) and NLO Analysis

NLO parameters calculated to assess the applicability of molecules for use
in optoelectronics supply valuable information regarding the polar nature and
electron distribution of the molecule. In the current research work, solvent
effects have been simulated for chloroform, methanol and DMSO solvents
using Polarizable Continuum Model (PCM) according to data obtained by
calculation at the B3LYP/6-311G(d,p) theoretical level according to Gaussian
software for compound (1) and NLO calculations were performed for gas phase
and solvent phases according to the help of data in the log file (Frisch et al.,
2004). In addition, energy values for gas phase (e=1) and solvent phases
{chloroform (g=4.8), methanol (¢=32.7) and dimethylsulfoxide [DMSO]
(e=46.7)} were retrieved from the log file. The calculated quantum chemical
parameters are: dipole moment (u), average polarisability (&) and total
hyperpolarisability (Bwta), average hyperpolarisability ((8)).

Dipole Moment (u)

The dipole moment is a measure of charge separation in the molecule and is
composed of three components: ux, uy and u,. The total dipole moment (uotar)
can be obtained as:

Heotat = j (22 + 12 + 122) 5
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Mean (Isotropic) Polarisability (@)

Polarisability is a measure of the ease with which a molecule can be deformed
in an electric field. Polarisability components along the principal axes are oxx,
ayy and azz. The mean polarisability is:

T = (e + ayy + azz)/3 3
Total (vectorial) Hyperpolarisability

Total hyperpolarisability components: py, fy and p,. The total
hyperpolarisability is:

Btotar = \/(ﬁf + [))3% + ﬁzz) 4
Here in terms of tensor components;

Bx = Bxxx T Bryy t Bxzz
By = Byyy + Byxx + Byzz 5
Bz = Bzzz + Bzxx + Bayy

Mean (scalar) hyperpolarisability ((8))

1
(ﬁ) = g [(.Bxxx + .Bxyy + .szz) + (ﬁyyy + .Byxx + Byzz) 6
+ (.Bzzz + .Bzxx + :Bzyy)]

The above equation takes into account the symmetric contribution of all the
Cartesian components.

2.5. NBO Analysis

To study the electronic structure of the compound, NBO analysis using the
Gaussian 03 program at the B3LYP/6-311G(d,p) level provided important results
in determining the bond characters and electron delocalisations in the molecule
(Frisch et al., 2004; Glendening et al., 2013).

3. Findings and Discussion

Suescun et al. 2001 performed the crystallographic analysis of the molecule
from the alga. Figure 2 depicts the Olex2-1.5 (Dolomanov et al., 2009) view of
compound (1) (Suescun et al., 2001).

65



(b)

Figure 2. (a) The Olex (Dolomanov et al., 2009) Diagram of (I) Molecule
(Suescun et al., 2001), (b) Optimised Structure View (Hydrogen Atoms are Omitted for
Clarity) (Dennington et al., 2007).

3.1. RMSD

Figure 3 juxtaposes the RMSD values of the optimised geometries in three
solvent environments (chloroform, methanol and DMSQO) as well as the gas phase
for compound (1) in relation to the reference structure. The RMSD value is the
average squared deviation of atoms in the coordinate plane and plays an important
role in the determination of the geometric stability of the molecular structure in
relation to the environment. Calculations revealed that the compound had the
lowest RMSD value (2.12 x 10-9 A) in the gas phase. This indicates that the
molecule is in a more ideal shape in the gaseous state where there are no solvent
interactions and has the least deviation by way of geometry. When the effect of
solvent environments was analyzed, RMSD values were higher in chloroform
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(2.48 x 10-9 A), methanol (2.57 x 10-9 A) and DMSO (2.91 x 10-9 A) solvents,
respectively. This rise is directly proportional to the polarity of solvents and
shows that especially high polarity solvents such as DMSO cause more effective
conformational changes in the molecular structure. Hydrogen bonding and
dipole-dipole interactions of the polar solvents with the functional groups such as
hydroxy! groups affect the overall molecular shape and increase the deviations.
These results indicate that the solvent effect has a significant impact on not only
the energies but also on the molecular structures and such an effect must be taken
into account in structural characterisation studies.

le—9

2.91e-09

2.5Te-09

2.48e-00

Gas phase Chloroform Methanol DRSO

Figure 3. Variation of RMSD Values According to Gas Phase and Solvents.

3.2. Global Reactivity Parameters

Global reactivity parameters (Table 3) IE, EA, AE, y from Enomo and Erumo
energy values of compound (I) in gas phase and in three media of solvents
[chloroform, methanol and DMSO] IE, EA, 4E, x, i, 1, S and e were calculated
from EHOMO and ELUMO energy values. These values provide important
information on the electronic reactivity and behavior of the compound (Parr &
Pearson, 1983). In the gas phase, the energy of Exomo Was -7.1384 eV and E umo
energy -0.8441 eV. AE is thus maximum at 6.2943 eV, and this indicates that
the compound is most stable and chemically less reactive when in the gas phase
(Chattaraj et al., 2003). With the increase in dielectric constants of the solvent
media, Erxomo and ELumo energy levels move towards less negative values and
the range of energy decreases. For instance, Exomo Was -6.9487 eV and ELumo
was -0.8253 eV in DMSO medium and AE value reached its lowest level with
6.1234 eV. This indicates that the molecule becomes more polarised and thus
more reactive in the solvent system. The # is 3.1471 eV in the gaseous phase
and the value of this falls in the solvents chloroform (3.0784 eV), methanol
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(3.0626 eV) and DMSO (3.0617 eV), in order. That it falls indicates that the
molecule softens and easily transfers electrons to the solvent effect. The S
parameter also verifies this trend and the S value increases from 0.1589 to
0.1633 in solvents (Pearson, 1997). When the w is obtained, the value of 2.5309
eV in the gas phase decreases marginally in solvents and goes down to 2.4674
eV in DMSO. This indicates that the electrophilic character of the compound
decreases to a minor extent in solvent media, yet retains its electrophilicity as a
whole. Consequently, high dielectric constant solvent conditions (notably
DMSO and methanol) affect the electronic nature of the compound and increase
the reactivity with lower energy range, increased softness and decreased
electrophilicity to a certain extent. The findings suggest that the compound
would be more active in polar solvents such as biological environmental
conditions (Geerlings et al., 2003). These computations demonstrate once more
how HOMO-LUMO data calculated from DFT computations is a useful tool for
the assessment of global reactivity.

Table 3. Comparative Global Reactivity Parameters [B3LYP/6-311G(d,p)].

Gas phase  Chloroform  Methanol DMSO
Parameter @=1) (e24.8)  (=327)  (e=46.7)
Eromo (eV) -7.1384 -6.9841 —6.9506 —6.9487
ELumo (eV) -0.8441 -0.8272 -0.8253 -0.8253
IE (eV) 7.1384 6.9841 6.9506 6.9487
EA (eV) 0.8441 0.8272 0.8253 0.8253
AE (eV) 6.2943 6.1569 6.1253 6.1234
x (eV) 3.9912 3.9057 3.8880 3.8870
u (eV) -3.9912 -3.9057 -3.8880 -3.8870
n (eV) 3.1471 3.0784 3.0626 3.0617
S(ev)? 0.1589 0.1624 0.1633 0.1633
w (eV) 2.5309 2.4776 2.4678 2.4674

3.3. Hartree-Fock Energy Values and NLO Analysis
3.3.1. Hartree-Fock (HF) Energy Analysis

The HF total energy value is the ground-state electronic energy of a molecule
and it has units of atomic units [a.u. or Hartree; 1 a.u. = 1 Hartree]. In the current
study, the DFT computations at B3LYP/6-311G(d,p) were performed for
compound (1) and Hartree-Fock energy values so obtained in the gas phase as
well as in three of its precursors differing in polarity - chloroform, methanol
and DMSO - were compared (Table 4). As is clear from these findings, the HF
energy values obtained values are more negative with increased polarity of the
solvent. Compared to the gas phase, even in low-polarity solvents such as
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chloroform, the changes in electron distribution stabilized the molecule. In
high-polarity solvents such as methanol and DMSO, this reduction in energy is
higher. Highest negative energy value was attained in DMSO (-3310.2091458
a.u.), indicating that the molecule was in the state of maximum stability in this
solvent. This further suggests that solvent-molecule interactions are directly
responsible for the overall energy balance within the system and electronic
stability of the molecule increases with higher solvent polarity. Polar functional
groups such as hydroxyl groups within the molecular structure are more in
contact with polar solvents, decreasing the energy of the system and thus more
stable structures are obtained. Therefore, especially in biological applications
or solvent-sensitive biological systems, the dielectric nature of the medium
plays an extremely crucial role from the perspective of molecu-lar stability
(Cramer, 2013; Tomasi et al., 2005).

Table 4. Hartree-Fock Energy Values (a.u.).

Medium Hartree-Fock Energy
Gas phase -3310.2005116
Chloroform -3310.2066095
Methanol -3310.2090043
DMSO -3310.2091458

3.3.2. Analysis of Dipole Moment (u) Values

The dipole moment measures the asymmetry of electron distribution in a
molecule quantitatively and represents the electrical polarity of the molecule. It
is usually expressed in units of Debye, (D), and directly affects most of the
physicochemical properties of the molecule such as chemical reactivity,
solubility, biological interaction and intermolecular interactions (Cramer,
2013). DFT calculations at the level of B3LYP/6-311G(d,p) were performed
for compound (1) and the dipole moment components of the molecule were
investigated both in gas phase and in three solvents having different polarities
(chloroform, methanol and DMSQ) (Table 5). From the obtained data, it is
evident that the total dipole moment value of the molecule changes with the
change in the dielectric constant of the medium. The dipole moment, which is
1.6110420 D in the gaseous state, raised to 1.8722165 D in a moderately polar
solvent such as chloroform, and 1.9711465 and 1.9776878 D in more polar
solvents, methanol and DMSO, respectively. This increase indicates that the
electric effects of polar solvents on the molecule become stronger and

69



redistribute the electron density of the molecule in an even more asymmetric
manner. Primarily polar functional groups such as hydroxyl (-OH) group
increase the polarity of the molecule by the process of hydrogen bonding with
solvent molecules (Tomasi et al., 2005). Increasing the dipole moment increases
the solubility of the molecule in polar solvents such as water and increases
interaction of the molecule with cell membranes in biological systems. The
compound of interest in this regard exhibits features suitable for examination
in biological applications.

Table 5. Dipole Moment Values (D).

Dipole Moment

Medium Ux (a.u.) Hy(a.u.) Hz(a.u.) D)

Gas phase -0.1893091 0.1409502 0.5882458 1.6110420
Chloroform -0.2233163 0.1589564 0.6836773 1.8722165
Methanol -0.2291522 0.1605677 0.7232650 1.9711465
DMSO -0.2293740 0.1605308 0.7256203 1.9776878

Note: 1 atomic units (a.u.) = 2.541765 Debye, (D)

3.3.3. Polarisability

Polarizability (a) refers to the ability of a molecule to deform under an
external electric field. The characteristic is very significant especially in
intermolecular interactions and linear and nonlinear optical properties (Cramer,
2013). From Table 6, it is observed that with rising dielectric constant of the
solvent, the components and average polarizability rise significantly. Even
though the mean a value is close to 27.99 A3 when in the gas phase, it increases
significantly in polar solvents to an estimate of 37.97 A* when in DMSO. This
suggests that polar solvents facilitate the electron distribution of the molecule
to be more flexible and its polarizability to increase (Tomasi et al., 2005). In
particular, hydrogen-bonding solvents (such as DMSO and methanol) increase
the sensitivity of the molecule to external electric fields, hence increasing the
factors of polarizability. Such an increase improves the functionality of the
compound for linear and nonlinear optical applications. The higher the values
of polarizability, the greater the corresponding high light-matter interaction and
enhanced NLO response (Prasad & Williams, 1991). In addition, the increase
in polarizability values is caused by the scattering of the molecular electronic
cloud as a result of the solvent effect.
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Table 6. Components and Average Values of Polarizability.

Medium a (a.u.) ayy (a.u.) az(a.u.) o (A3)

Gas phase (g=1) 236.1053581 174.6213206 155.8030199 27.9865671
Chloroform (=4.8) 285.5292954 218.5325883 196.3937041 34.6025060
Methanol (e=32.7) 305.1468523 240.4472216 218.9575788 37.7688516
DMSO (g=46.7) 306.3146110 241.8506333 220.4560083 37.9698899

Note: 1 a.u. of polarizability = 0.1482 x 10% cm® or 1 a.u. = 0.1482 A®

3.3.4. Hyperpolarizability

Hyperpolarizability (f) is utilized to describe the nonlinear response of a
molecule towards external electric fields and is a fundamental parameter
reflecting the NLO properties of the molecule. Hyperpolarizable molecules are
important in technologies such as electro-optic modulation, second harmonic
generation, and frequency mixing (Prasad & Williams, 1991).
Hyperpolarizability values derived from calculations performed by the
Gaussian package of software at the B3LYP/6-311G(d,p) level are tabulated
below in Table 7.

Table 7. Hyperpolarizability Components, Total and Average Hyperpolarizability
Values (x10%°esu).

Medium [ 8, 8. Btotal B

Gas phase (g=1) 0.65853 -0.07250 1.03283 1.22705 0.32377
Chloroform (e=4.8) 1.80230 -0.42473 1.65391 2.48276 0.60630
Methanol (€=32.7) 2.38254 -0.54211 1.91696 3.10566 0.75148
DMSO (g=46.7) 2.41789 -0.54874 1.93230 3.14342 0.76029

Note: 1 a.u. of hiperpolarizabilite (8)=8.6393x10 * electrostatic unit (esu)

As computed, both B and (B)values of the molecule are significantly
larger as the dielectric constant of the solvent medium is increased. While the
total hyperpolarizability value in the gas phase is 1.22705 x 10 esu, it is
3.14342 x 10% esu in DMSO. This increase is attributed to the solvent
polarity’s ability to polarize the electron cloud of the molecule more readily
(Tomasi et al., 2005). g, is the most significant hyperpolarizability component.
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It shows that the molecule is more responsive to electric fields along the z-axis
direction and that this axis is dominant in nonlinear optical processes. This
could be because the electronic structure and spatial symmetry of the molecule
are allowing polarization in the z-direction (Frisch et al., 2004). The results
show that the nonlinear optical activity of the molecule is enhanced in the
solvent medium and that it is able to exhibit enhanced performance in NLO
applications, especially in solvents with high dielectric constants.

3.3.5. NLO Analysis

Hyperpolarizability represents the second-order NLO responses of
molecules and is usually connected with applications such as Second Harmonic
Generation (SHG). In the case of compound (1), the total hyperpolarizability
Bt Was calculated to be 1.23 x 10 esu in the gas phase and 3.14 x 10 esu
in DMSO. The significant increase obviously shows that the nonlinear optical
responses are enhanced by polar solvents. For comparison purposes, the
literature hyperpolarizability value for urea, a reference NLO molecule that is
widely used, is approximately 0.3728 x 10°°esu (Prasad & Williams, 1991). In
this context, compound (I)’s Btotal value in DMSO is approximately 8.4 times
larger than that of urea. This ratio indicates that compound (I) is a very good
prospect for NLO applications.

3.4. NBO Analysis

Within the context of the quantum chemical investigation carried out on the
compound under investigation (1), the geometric optimization was achieved at
the B3LYP/6-311G(d,p) level using the DFT method in order to have an
understanding of the electronic nature of the structure. The calculations were
executed using the Gaussian 03 program package. Following the structure
optimization, NBO analysis was achieved to provide a detailed investigation of
the inherent bonding and electron distribution of the molecule. This analysis
gave comprehensive details regarding the stability of the molecule,
delocalization extent, and electronic structure by interpreting the covalent bond
orbital occupancies, orbital energy levels, and second-order perturbation
energies [E(2)]. According to the obtained NBO results tabulated in Table 8,
bonds such as Br1-C8, 01-C9, 02-C3, C1-C2, C3-C15, C6-C7, and C10-
C11 possess high occupancy values ranging from about 1.97 to 1.99. These
values reveal that these bonds are extremely localized and possess classical
covalent bond character. Examining the bond energy levels, it is apparent that
especially the O-C and Br—C bonds possess lower (more negative) orbital
energies. This indicates that these bonds exhibit high electron density and form
highly stable structures. These polar covalent bonds within the molecule,
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particularly induced by the electronegative heteroatoms oxygen and bromine,
affect the electron distribution as a whole, which in turn directly influences the
reactivity and chemical properties of the molecule.

Table 8. Selected Covalent Bond Orbitals and Their Properties.

No NBO (Donor) Occupancy  Energy (a.u.)
1 BD(1) Br1-C8 1.97802 -0.58033
2 BD(1) 01-C9 1.98988 -0.83435
3 BD(1) O2-C3 1.98359 -0.80820
4 BD(1) C1-C2 1.97925 -0.74823
5 BD(1) C3-C15 1.96857 -0.60962
6 BD(1) C6-C7 1.92713 -0.56205
7 BD(1) C10-C11 1.96903 -0.62727

Second-order perturbation energy analysis [E(2)] reveals electron transfer-
induced stabilization effects on bonds. It is clear from Table 9 that the C2—H2
bond ¢ — o* back-donation into the antibonding (BD*) orbital of C1-C6 results
in tremendous intrinsic stabilization to the molecule with a gigantic energy of
7.09 kcal mol™. This value is a measure of the fact that the intramolecular
charge distribution is very active and that the molecule possesses a
conformationally rigid structure. Similarly, the = — z* delocalization
interaction from the C1-C2 x bond to the O2-C3 antibonding orbital is 6.93
kcal mol?, which shows efficient conjugation in the system. The C1-H1 ¢ —
o* delocalization to the antibonding orbital of C2-C3 is 6.38 kcal mol?,
exhibiting structural orientation allowing for the charge transfer within the
carbon skeleton. In addition, the interaction = — z* between the C3-C15 bond
and the antibonding orbital of C4-C5 with 2.20 kcal mol* of energy, the
conjugated structural properties are aiding the system.
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Table 9. Selected Second-Order Perturbation Interactions.

Donor (i) Acceptor (j) (mEl(Zerl- Description
BD(1) Cl-HL  BD*(C2-C3) 638 SO0
delocalization
T— *
BD(2) C1-C2 BD*(02-C3) 6.93 .
deloca!klzatlon
BD(1) C2-H2  BD*(C1-C6) 709 ~ ©—> 0" back-
BD(L) C3 donatlgn
- BD*(C4— 2.2 T
Ci15 (C4-C5) 0 delocalization
BD(1) C4- BD*(C5- 288 6 — ¢* bond
H4A H5A) ) effect

When all these outcomes are taken as a whole, it is observed that compound
() possesses a delocalized electronic structure with high delocalization.
Functional groups such as Br and OH in the molecule influence the electrostatic
charge distribution and increase the reactivity profile of the molecule by
donating electrons to antibonding orbitals. In particular, oxygen atom lone pair
delocalizations enhance the molecule and bonding system's ability to engage in
hydrogen bonding as well as expand the bonding framework by polar
interactions. The NBO analysis performed, hence, demonstrates that compound
(1) not only displays a stable framework but also displays a fertile profile when
it comes to electron delocalizations. In this case, the compound stands out as a
stable molecule to be looked at for potential NLO material application, both
chemically and regarding its strengths of bonds as well as electronically.

4. Conclusions

In this work, the electronic and geometric properties of organobromine
compound CisH23BrO; isolated from algae have been comprehensively
investigated using DFT calculations at the B3LYP/6-311G(d,p) level in the gas
phase along with three solvent media (chloroform, methanol, and DMSO). The
geometry optimization results showed that the solvents' polarity significantly
influences the molecular geometry as can be testified through the RMSD values
calculated with reference to the gas phase. Among the solvents, the highest
structural change (0.612 A) was caused by methanol, followed by DMSO
(0.468 A) and chloroform (0.413 A); these are also in the order of relative
polarities of the solvents along with their hydrogen-bonding capacity. When
compared to the gas phase, dipole moment values were higher significantly in
all the solvent media with the highest in DMSO (5.2831 D), indicating greater
polarization of the molecules by solvation effects. Similarly, the total first
hyperpolarizability (Buwtal), an important parameter for nonlinear optical (NLO)
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activity, also attained the maximum in methanol (1.229 x 10-% esu), reflecting
the molecule's potentiality as an NLO material in polar solvents. The dipole
moment and hyperpolarizability enhancements due to the solvent are found to
be a result of enhanced electronic polarization and stabilization of charge-
separated structures. NBO analysis of compound (1) reveals a stable electronic
structure with highly localized covalent bonds and efficient electron
delocalization. Highly occupied, negative orbital energy Br—C and O-C bonds
show strong, polar covalent character. Successful intramolecular charge
transfer and conjugation are evidenced by second-order perturbation
interactions such as ¢ — ¢* and © — ©* transitions. These observations indicate
the molecule's rigidity, increased stability, and the possibility of strong
intermolecular interactions. Generally, the electronic characteristics of
compound (1) indicate it to be a good candidate for NLO purposes based on its
structure stability and high density of electron delocalization.
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1.INTRODUCTION

Green artificial intelligence (Al), in conjunction with sustainability, is an
emerging interdisciplinary field. Its primary focus is the enhancement of the
environmental sustainability of Al technologies, in addition to the leveraging of
Al to address ecological challenges. Since its inception around 2019, Green Al
has garnered attention due to the escalating concerns about the energy
consumption and carbon footprint associated with advanced Al systems,
particularly large language models (LLMs). This movement advocates for
responsible technological development that aligns with global sustainability
goals and addresses the pressing ecological impacts of Al advancements.Green
Al encompasses two primary variants: The concept of "Green-in-Al" aims to
minimise the environmental impact of Al technologies themselves by optimising
algorithms and energy use. In contrast, "Green-by-Al" employs Al to address
environmental issues, such as enhancing agricultural practices and biodiversity
monitoring. As organisations increasingly rely on Al for various applications, the
potential for significant reductions in greenhouse gas emissions through efficient
energy management and resource allocation has become a focal point of research
and application (Yang J., E.i. 2019; Brevini, B. 2020). Notwithstanding the
promise of Green Al, notable controversies persist regarding its dual role as both
a tool for sustainability and a contributor to environmental degradation. To
illustrate, the energy-intensive processes necessary to train voluminous Al
models can engender considerable carbon emissions, thus giving rise to questions
surrounding the overall ecological merits of such technologies. Projections
indicate that data centres, which are pivotal for Al operations, may consume up
to 21% of global energy demand by 2030. This necessitates an urgent re-
evaluation of energy practices within the tech sector. As the field evolves, it faces
challenges such as algorithmic bias, regulatory inadequacies, and the need for
enhanced energy efficiency. The term "stakeholders" is employed to denote the
individuals or groups with a vested interest in the subject under discussion.
Ultimately, the future of Green Al will depend on balancing technological
innovation with sustainable practices to foster a greener and more equitable
world.

2. Literature

Green Al has emerged as a significant field within artificial intelligence (Al)
since around 2019, focusing on the sustainability of Al technologies, particularly
regarding their energy efficiency and environmental impact. This movement
promotes responsible technological development aimed at addressing the
ecological challenges posed by rapid advancements in Al capabilities.
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Table 1. A look at the history of green Al technologies

Author Objectives Result

(Khakurel et al., 2018) Explore Al's long-term | Al has significant impacts on
impacts on | all five sustainability
sustainability dimensions.Value,
dimensions. collaboration, sharing

Analyze positive and
negative influences of
Al on  sustainable
development.

responsibilities, and ethics
are crucial for sustainable
development of Al.

(Yigitcanlar & Cugurullo,

2020)

Explore sustainability of
Al insmart cities.Inform
policymakers on
sustainable Al adoption

Explores sustainability of Al
in  smart cities.Provides
insights into emerging urban
artificial intelligences

(Liao & Wang, 2020)

Map intersections of
sustainability and Al
research.

Expand community of
practice for Al in
sustainable
development.

Central body of work on
green and sustainable science
and technology
Interactions are necessary,
challenging, and promising

(Mercier-Laurent, 2021)

Explore Al's role in

Al can innovate the way of

sustainable facing the Planet Crisis
development Al can help achieve some of
challenges. the United Nations
Innovate approaches to | Sustainable  Development
achieve United Nations | Goals
Sustainable
Development Goals.

(Nicodeme, 2021) Overview of  Al's | Al has potential for

potential for
sustainability in Smart
Cities.

Highlight Al's energy
consumption drawbacks
and propose greener
methodologies.

sustainability in Smart cities.
Al's energy consumption has
negative ecological impact.
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(Walshe et al., 2021)

Discuss Al's role in
achieving  Sustainable
Development  Goals.
Address  sustainability
issues while balancing
negative impacts of Al.

Al can be an enabler for
achieving sustainability
goals

A balanced approach is
needed to avoid negative
impacts

(Yigitcanlar et al., 2021)

Highlight shortfalls in

mainstream Al
conceptualization and
practice.

Advocate for a
consolidated green Al

Highlighting the shortfalls in
mainstream Al system
conceptualization and
practice

Advocating the need for a
consolidated Al approach

approach  for smart | (green Al) to support smart
cities. city transformation
(Bracarense et al., 2022) Analyze academic | Research focuses on energy

research on Al and
sustainability  trends.
Propose a robust agenda
for future research.

efficiency, smart  grid,
renewable energy.
Identified eight main

shortcomings in Al for
sustainability research.

(Utilizing

Environmental
Sustainability, 2022)

Artificial
Intelligence for

Examine Al's role in
achieving
environmental
sustainability.

Assess Al's impact on
sustainable
development goals.

Al can be used to achieve
optimal outcomes in various
industries.

Al intervention is essential in
attaining the United Nations

(Taghikhah et al., 2022)

Al's potential in
overcoming
socioenvironmental
challenges

Data-driven
interventions and
leadership strategies for
sustainability

Sustainable  Development
Goals.

Al can support interventions
for promoting
proenvironmental behavior
Al can aid in efficient

management of wildfires and
renewable energy production

(Samoilenko, 2023)

Importance and
applications of Al
technologies in

sustainability
Contribution  of Al
technologies to
sustainability goals

Artificial intelligence can be
used to achieve sustainability
goals.

Ethical and legal regulations
should be increased.
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(Akter, 2024)

Examine Al
applications for
sustainability across
various sectors.
Discuss trends,

challenges, and future
research directions.

Al mitigates environmental
impacts and  promotes
sustainability.

Highlights key applications,
trends, and future research
directions.

(Gambhir & Bhatt, 2022)

Evaluate Al impact on
Sustainable
Development  Goals.
Study the balance for
global sustainability
between Al and SD.

Al's impact on Sustainable
Development Goals is being
studied.

Al and SD are crucial for
global sustainability.

(Li, n.d.)

Analyze artificial
intelligence's influence
on corporate

sustainability strategies.
Evaluate ethical
implications of Al in
corporate management.

Acrtificial intelligence
influences corporate
sustainability strategies
positively.

Ethical use of Al is crucial
for corporations.

(Swiatek, 2024)

Enhance businesses'
sustainability efforts
through bounded Al.
Address unresolved
issues surrounding Al's
environmental and
ethical impacts.

Businesses must green Al for

sustainability and ethics.
NearMap case study
illustrates successful

bounded Al implementation.

(Raman et al., 2024)

Identify thematic
clusters in Green and
Sustainable Al
literature.

Uncover emerging

topics in Al research
related to sustainability
and ethics.

Identified  three  major
thematic clusters in Al
research.

Uncovered five emerging
topics related to ethical and
sustainable Al.

(Yigitcanlar et al., 2021)

Highlight shortfalls in

mainstream Al
conceptualization and
practice.

Advocate for a

consolidated green Al
approach  for  smart
cities.

Highlighting the shortfalls in
mainstream Al system
conceptualization and
practice

Advocating the need for a
consolidated Al approach
(green Al) to support smart
city transformation
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(Akter, 2024) Examine Al | Al optimizes energy

applications for | consumption and resource
environmental management.

sustainability. Al enhances conservation
Discuss trends, | efforts and predicts

challenges, and future | environmental risks.
research directions.

(Bracarense et al., 2022) Analyze academic | Research focuses on energy
research on Al and | efficiency, smart  grid,
sustainability  trends. | renewable energy.
Propose a robust agenda | Identified eight main
for future research. shortcomings in Al for
sustainability research.

(Lohani, 2024) Examine Al's role in | Al enhances sustainability
enhancing efforts in resource
environmental management and climate

sustainability  efforts. | change.

Identify challenges and | Al  applications include
opportunities  for Al | pollution prevention, climate
applications in | modeling, and renewable
conservation. energy optimization.

3. Variants of Green Al
Green Al can be divided into two main variants:
Green-in-Al

This variant emphasises the implementation of sustainability strategies within
the Al domain itself. A salient issue in this domain pertains to the energy
consumption of large language models (LLMs), such as OpenAl's ChatGPT and
Google's Gemini. These models have demonstrated superior data processing
capabilities in comparison to human brains, yet they require significant energy
resources. It is imperative to acknowledge the significance of comprehending the
energy dynamics of Al systems in order to enhance their sustainability and
mitigate their ecological impact (Masanet, E. E. I., 2020).

Green-by-Al

The second variant places emphasis on the utilisation of Al technologies for
the purpose of addressing specific environmental challenges, including the
enhancement of agricultural practices and the promotion of biodiversity. Recent
technological developments, such as artificial intelligence (Al) and the Internet
of Things (loT), have witnessed a surge in their application in the domains of
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ecological research and environmental management. These technologies have
been instrumental in enhancing the efficiency of data collection and analysis,
thereby contributing to a more comprehensive and informed understanding of
environmental issues. For instance, the utilisation of motion-sensing cameras in
the collection of extensive biodiversity data can be complemented by artificial
intelligence (Al) for the purpose of informing conservation strategies and
enhancing ecosystem management (Parker D. S. 2009; Bolon-Canedo et. al.
2024). This approach has the potential to not only deepen our comprehension of
intricate ecological interactions but also to facilitate effective decision-making in
uncertain conditions.(Adnan M, e.i 2024),(Zewe A. 2025)

Challenges and Innovations

As the field of Green Al continues to evolve, it is confronted with the
significant challenge of analysing vast quantities of data in order to achieve
effective understanding of ecosystems. It is evident that traditional methodologies
are frequently inadequate in addressing the intricacies inherent in such contexts.
Advanced Al technologies, therefore, emerge as a pivotal element in navigating
this complexity. Consequently, innovations in Al, such as machine learning and
cognitive Al, are increasingly recognised for their potential to support sustainable
development initiatives (Pancholi K. And Shukla P. 2025),(Dinger et.al. 2022).

Current Status of Al Technologies

The field of artificial intelligence (Al) is undergoing rapid development, with
considerable ramifications for diverse sectors, particularly in regard to
environmental, social, and governance (ESG) issues. Current artificial
intelligence (Al) technologies have the potential to reduce greenhouse gas
emissions by optimising energy consumption patterns through advanced
analytics. It is suggested that the utilisation of artificial intelligence may facilitate
enhanced efficiency in energy management, thereby contributing to the
mitigation of climate change. (Bolon-Canedo e.i 2024).

Energy Efficiency Improvements

The implementation of Al technologies has been increasingly adopted to
enhance energy efficiency across a variety of industrial sectors. For instance,
research indicates that the application of Al can lead to energy efficiency
improvements ranging from 10.2% to 40% in specific settings through techniques
such as Model Predictive Control (MPC). These advancements underscore the
ability of Al not only to optimise energy usage, but also to mitigate operational
costs.

Impact on Healthcare and Accessibility
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Within the healthcare sector, Al technology is playing a crucial role in
increasing access to medical services for vulnerable populations. This application
is of particular significance in enhancing productivity by facilitating greater
access to essential health products and services for financially underprivileged
communities (Bolon-Canedo, et.al 2024). When harnessed effectively, the
benefits of Al in healthcare can drive significant advancements in public health
and service delivery.

Data Centers and Energy Demand

As artificial intelligence (Al) technology becomes increasingly prevalent,
there is a concomitant increase in demand for computational power. This has
given rise to concerns regarding energy consumption and sustainability. Current
projections indicate that data centres, which underpin Al operations, could
account for up to 21% of overall global energy demand by 2030. The
computational requirements for training and maintaining Al systems are
increasing rapidly, with estimates indicating an annual growth rate of energy
consumption between 26% and 36% (Zewe A., 2025). This surge necessitates a
reevaluation of sustainability practices within the technology sector.

Carbon Footprint and Environmental Concerns

While there is considerable potential for artificial intelligence (Al) to
contribute to the resolution of environmental issues, it is important to
acknowledge the challenges that this technology poses. The training of popular
Al models has been shown to generate substantial carbon emissions, with
estimates indicating that such processes can result in approximately 626,000
pounds of CO2 being emitted — the equivalent of the emissions from 300 round
trips between New York and San Francisco. As artificial intelligence (Al)
technologies continue to advance, it is imperative for stakeholders to develop
strategies that mitigate their environmental impact while maximising their
potential benefits in sustainability initiatives.

Strategies for Green Al

Green Al is a term used to describe a range of strategies that are intended to
facilitate the development of artificial intelligence technologies that are
environmentally sustainable. The focus of these strategies is on optimising
algorithms, hardware, and operational processes with a view to reducing energy
consumption and minimising the carbon footprint of Al systems (Belenguer L.,
2022).

Optimization of Algorithms and Models

A fundamental approach in Green Al is the optimisation of algorithms. This
approach entails the conceptualisation of models that necessitate a reduced
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number of data points for training, thereby leading to a decrease in energy
consumption during the training process. Furthermore, researchers are
developing resource-aware algorithms that intelligently manage computational
resources, thereby minimising waste and enhancing efficiency (Belenguer, L.,
2022).

Energy-Efficient Hardware

It is imperative to acknowledge the significance of eco-friendly hardware
designs as a pivotal strategy in this context. As posited by Belenguer (2022), the
development of energy-efficient computational hardware has the potential to
markedly reduce the power requirements of Al systems. Organisations are
encouraged to consider upgrading or retrofitting existing hardware rather than
replacing it entirely, which can extend its lifespan and reduce electronic waste
(Nishant R e.i 2020), (Alzoubi Y. et.al 2024).

Sustainable Data Center Operations

The enhancement of data centre operations is also of paramount importance
for the realisation of Green Al. In the contemporary business environment,
organisations are engaged in the exploration of methodologies designed to
enhance the energy efficiency of their data centres. This exploration encompasses
the implementation of advanced cooling techniques and the optimisation of server
utilisation (Belenguer, L., 2022). This objective is consistent with the overarching
goals of promoting energy efficiency and establishing a sustainable operational
framework for Al applications.

Practices for Extending Hardware Lifespan

In order to enhance sustainability, organisations have the capacity to adopt
practices that extend the lifespan of hardware. Maintenance, software updates and
hardware inspections are all vital components in ensuring that equipment operates
efficiently over time (Nishant R et. al. 2020; Alzoubi Y. et. al. 2024). Moreover,
the promotion of behaviours that enhance energy efficiency among employees
has the potential to contribute to a more sustainable operational environment
(Galaz V. etal., 2021).

Integration of Ethical Frameworks

The integration of ethical frameworks within the development of artificial
intelligence (Al) technologies is imperative to ensure that such technologies are
aligned with the objectives of sustainability. As emphasised by numerous
international initiatives, the incorporation of ethical considerations into the
process of formulating Al policies can facilitate the utilisation of Al for the
purpose of addressing intricate environmental and developmental challenges.
This approach also serves to address human rights practices (Zewe A., 2025).
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Future Directions

The future of green artificial intelligence (Al) is at a critical juncture, where
there is a need for technological advancement to be aligned with sustainability
goals. As research continues, several key areas for development have emerged
that have the potential to enhance the environmental sustainability of Al systems.

Sustainable Energy Integration

A significant direction in this field is the integration of renewable energy
sources into the infrastructure of artificial intelligence. Coglianese (2024)
emphasises that the advancement of Al technologies for the utilisation of
sustainable energy will complement the broader transition of the economy
towards renewable sources, such as wind and solar power. The primary objective
of the present research endeavour is to enhance the energy efficiency of
manufacturing, production and transportation sectors, with a view to minimising
the carbon footprint of Al operations. The transition to cleaner energy sources is
imperative in order to mitigate the negative environmental impacts of Al and
thereby support global sustainability objectives.

Enhanced Data Analytics for Sustainability

The capacity of Al to process vast amounts of environmental data represents
a promising avenue for future developments. It is evident that companies such as
Microsoft are already leveraging artificial intelligence (Al) to analyse
environmental data, thereby providing insights that can drive more effective
sustainability strategies. This capability facilitates the identification of patterns
and the prediction of outcomes, thereby rendering sustainability efforts not
merely data-driven, but also insight-driven. As artificial intelligence (Al)
technologies advance, their role in facilitating real-time environmental
monitoring and management will become increasingly critical. This will enable
timely interventions and policy adjustments.

Policy and Regulation Considerations

In the context of accelerating advancements in artificial intelligence (Al), it is
imperative to prioritise the balance between rapid technological progress and the
safeguarding of public safety and the upholding of ethical standards. It is
incumbent upon policymakers to confront the challenge of overseeing such
innovations whilst concomitantly addressing the risks associated with them,
including, but not limited to, privacy, bias, and manipulation (Sundberg N.,
2024). In order to ensure the sustainable development and deployment of Al
technologies, future research must concentrate on the establishment of
frameworks that govern such technologies. It is vital that these frameworks
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ensure the alignment of Al technologies with environmental goals, without
compromising ethical considerations.

Circular Economy Approaches

The adoption of circular economy principles is imperative for the sustainable
development of Al. The concept of environmental sustainability is predicated on
the consumption of natural resources at a rate that is sustainable in the long term.
Artificial intelligence (Al) has the potential to contribute to this objective by
optimising the use of resources and minimising waste (QECD, 2022). Future
efforts should therefore aim to develop Al systems that are not only efficient but
also capable of supporting circular economy initiatives, thus promoting long-term
sustainability.

Addressing Challenges

Finally, it is imperative to address the challenges associated with electronic
waste and the carbon emissions resulting from Al's energy consumption
(Verdecchia, R. et.al., 2023). It is evident that strategies which encompass the
development of enhanced energy-efficient artificial intelligence systems, in
conjunction with the utilisation of renewable energy sources, have the potential
to markedly mitigate the environmental impact of artificial intelligence
technologies. Furthermore, it is imperative to emphasise the necessity of
nurturing innovation in sustainable practices within the Al sector, as this will play
a pivotal role in addressing the adverse environmental implications associated
with technological advancements.

Case Studies
Overview of Al in Sustainability

Recent studies illustrate the transformative role of artificial intelligence (Al)
in enhancing sustainability across various industries. In the contemporary
business landscape, there is an increasing trend of enterprises leveraging artificial
intelligence (Al) to enhance operational efficiency, with a notable emphasis on
reducing their carbon footprint. This strategic direction is underpinned by both
ethical considerations and the mounting regulatory pressures and consumer
expectations related to environmental sustainability.

Implementing Sustainable Supply Chains

The utilisation of Al technologies has been identified as a pivotal factor in the
development of sustainable supply chains, as evidenced by numerous case
studies. In the contemporary business landscape, artificial intelligence (Al) is
being utilised by companies to enhance resource allocation, reduce waste, and
optimise logistics processes. The integration of big data analytics and machine
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learning within business operations has been demonstrated to facilitate more
accurate demand forecasting, thereby reducing excess inventory and optimising
transportation routes. Consequently, these advancements have been shown to
result in a reduction of emissions and cost savings, thereby providing a
compelling case for the coexistence of sustainability and profitability.

Energy-Efficient Al Technologies

The focus of research in Green Al is the creation of Al solutions that are
environmentally sustainable. The objective of this focus is to reduce energy
consumption and minimise carbon footprints. The exploration of techniques,
including but not limited to energy-efficient model training and resource-aware
algorithms, is underway. For instance, companies are investing in eco-friendly
hardware designs that not only enhance computational efficiency but also align
with sustainability goals. It is imperative to acknowledge the pivotal role that
such innovations play in mitigating the environmental impacts of Al applications
and promoting energy efficiency (Tabbakh A. Et al. 2024).

Coherent ESG Reporting

Another critical area in which Al contributes to sustainability is through
enhanced Environmental, Social, and Governance (ESG) reporting. In the
corporate context, there has been an increasing adoption of Al-driven analytics
with the aim of providing coherent and comprehensive ESG data, thereby
facilitating enhanced transparency and accountability. This reporting is becoming
increasingly significant as stakeholders and consumers demand greater insight
into a company's sustainability practices, thereby influencing their purchasing
decisions.

Challenges and Considerations

Notwithstanding the considerable potential of Al in promoting sustainability,
there are still several challenges to be addressed. The extant literature and
research methodologies in this field are limited in scope, and as a consequence,
may overlook relevant insights with regard to Green Al. It is imperative to
acknowledge the potential impact of two key factors on the comprehensiveness
of findings: the scope of the database and the subjective nature of theme
interpretation. These elements necessitate further critical review and validation
by experts in the field to ensure the robustness of the research outcomes.
Notwithstanding the challenges previously mentioned, the continuous
progression of Al technologies provides a number of potential avenues for
achieving enhanced sustainability across a variety of sectors.
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Challenges and Barriers
Conclusion

The integration of artificial intelligence (Al) within sustainability efforts,
frequently termed 'Green Al', is confronted by numerous challenges and barriers
that hinder its prospective influence across diverse sectors. A significant concern
is that of algorithmic bias, which has the potential to result in unequal access and
benefits, thus serving to exacerbate existing inequalities rather than alleviate
them. Furthermore, there is an increasing level of public scrutiny with regard to
the fairness and transparency of Al-powered solutions, particularly in sensitive
areas such as human resources and healthcare (Varsha P.S., 2023). Another
potential impediment pertains to the possibility of cascading failures and external
disruptions that may emerge from reliance on complex Al systems. The
aforementioned systemic risks serve to emphasise the trade-offs between
efficiency and resilience. It is suggested that, whilst Al has the capacity to
optimise specific processes, it may concomitantly engender vulnerabilities that
could be exploited during crises (Tabbakh, A. et al., 2024). Moreover, the
prevailing governance frameworks frequently prove to be deficient in their
capacity to address the sustainability risks that are concomitant with Al. This
necessity has given rise to a requirement for enhanced regulatory oversight and
the establishment of ethical guidelines. Furthermore, the environmental
implications of implementing Al technologies, including the substantial energy
consumption necessitated for training voluminous models, present considerable
obstacles to the realisation of genuine sustainability. This issue highlights the
necessity for the development of algorithms that are more energy-efficient, and
the promotion of practices that minimise ecological footprints. In order to address
the aforementioned challenges, it is imperative to adopt optimal practices and
guidelines, whilst also fostering enhanced collaboration between government
entities, industry, and research institutions. This collaborative effort is crucial for
the effective implementation of Green Al initiatives.
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