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1. Introduction

1.1. Polymers
Synthetic polymers are essential to the life of modern man, as they are used in industrial and
agricultural fields, and despite their numerous advantages, most are not environmentally
friendly, as they cannot integrate into natural recycling processes [1]. These polymers have
a great effect on human life, because they are involved in many areas, including air, and
water supply [2, 3], and medical devices which enhance the quality of life [4, 5]. Energy
generation and storage [6], communications and electronic devices [7], and other
applications of synthetic polymers are also important. Natural polymers are macromolecular
materials which are essential for living organisms. Hermann Staudinger, who won the Nobel
Prize in 1953 years, came to the conclusion that natural polymers follow the same scheme
in terms of production: where monomers of small molecular weight are joined with each
other and this will led to large macromolecules with high molecular weight [8]. Green
polymers have been first mentioned in 1998 [2, 3], and in the next year, it was extended to
some special polymer technology as well [4]. From that time, many green chemistry paths
included into modern polymer technology. Green chemistry is the process of producing
environmentally friendly materials using specific chemical processes [9]. Thus, green
polymer technology is established, where the word “green” is not just refer to something
similar to biomaterials and biotechnology. The production of green polymers has become
inevitable, because of environmental concerns and not only the final materials, but their
preparation needs to be environmentally friendly including all the applied chemicals such as
solvents and additives as well. Therefore, organic solvents has to be replaced by water or
other suitable nontoxic alternatives [10]. Green technology initiated dramatic change in
various areas of polymer chemistry, including the use of catalysts, degradability of polymers,

waste minimization, energy generation, application of benign solvents, etc. (Table 1) [9].
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Table 1. Major changes initiated by the involvement of green technology in polymer
chemistry [9].

Major Changes Examples
Greener Catalysts e.g. Biocatalysts such as, enzymes and whole
cells.
Diverse feedstock base Bio-based building blocks and agricultural

feedstock (sugars, peptides, triglycerides, and

lignin). Natural fillers in composites. CO> as

monomer.
Degradable polymers and waste Natural renewable materials. Some polyesters
minimization and amides.
Recycling of polymer Many degradable polymers can potentially be
products and catalysts recycled. Immobilized enzymes can be reused.
Energy generation or Biofuels. Reactive extrusion method.
minimization of use Microwave-assisted synthesis.
Optimal molecular design and Improved enzymes. Metabolic engineering.
activity Protein synthesis.
Benign solvents Water. Ionic liquids, or reactions without
solvents
Improved syntheses and Atom economy, reaction efficiency, toxicity
processes reduction

There is a wide variety of polymers and several polymerization routes to satisfy the criteria
of green chemistry and keep up with the demands of the society. Some of these green

approaches will be mentioned and partially discussed in the following sections.

1.2. Green monomers

A monomer is the smallest basic unit of polymer synthesis. The monomers linked together
by covalent bonds during the polymerization process to form a macromolecule which
includes a series of repeating units. Monomers can be natural or synthetic according to their
source [11]. Green monomers have become of great importance and are used daily in our
life due to their many desirable qualities such as cheap, nontoxic, renewable, and sustainable.

They can be converted into green polymers and as such used in many fields [12]. Among the

14



DOI: 10.14750/ME.2025.027

Computational and Experimental Study of Antioxidant Polymer Additives - Dalal Karad

green monomers, which have been used in the multicomponent polymerization (MCP)
processes to produce the functional materials, oxygen (O2), water (H20O), and carbon dioxide
(COy) are especially important [13]. They can also be used to produce polycarbonates,
polyesters, and polyurethanes, and other polymers as well even by using facile MCP
processes [14, 15]. There are countless MCPs take place in living organisms to synthesize
biomacromolecules such as DNA, RNA, and proteins. To mimic nature, various efficient
organic reactions like Mannich, Passerini, Ugi, efc. have been developed and later
transformed to MCPs [16]. By using multicomponent polymerization of green monomers,
different polymers can be produced, similarly like it occurs in plants, and some bacteria

which could easily transform CO; and H>O into polysaccharides by photosynthesis.

1.3. Applications and a Little Bit of History of Plastics

The term of plastic is derived from the Greek word mlaoctkdg (plastikos) which mean
"capable of being shaped or moulded" and originates from mAactog (plastos), "moulded"
[17]. In 1909, Dr. Leo Hendrick Baekeland developed the first phenol-formaldehyde resin
(phenolics), which was the first man-made polymer or plastic [18]. It gained countless
applications and expedited the development of synthetic polymer chemistry. The

manufacturing of plastics have been developed significantly over time (7able 2) [11].

Table 2. Plastic materials along with the date of their invention, and applications [1].

Materials Date Application
Cellulose nitrate 1868 Eyeglass frames
Phenol-formaldehyde 1909 Telephone handsets, knobs, handles
Casein 1919 Knitting needles
Alkyds 1926 Electrical insulators
Poly(vinyl chloride) 1927 Raincoats, flooring
Urea—formaldehyde 1929 Lighting fixtures, electrical switches
Polyethylene(low density) 1932 Squeezable bottles
Ethyl cellulose 1935 Flashlight cases
Polyacrylonitrile 1936 Brush backs, displays.
Poly(vinyl acetate) 1936 Flashbulb lining, adhesives
Polyurethane 1937 Foam cushions
Cellulose acetate butyrate 1938 Irrigation pipe
Polystyrene 1938 Kitchen wares, toys
Nylon (polyamide) 1938 Gears, fibers, films
Poly (vinyl acetal) 1938 Safety glass interlayer
Poly (vinylidene chloride) 1939 Auto seat covers, films, paper.
Melamine—formaldehyde 1939 Tableware
Silicone 1943 Rubber goods
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Cellulose propionate 1945 Automatic pens and pencils
Epoxies 1947 Tools and Adhesives
Allylic 1949 Electrical connectors
Acetal resin 1956 Automotive parts
Polypropylene 1957 Safety helmets, carpet fiber
Chlorinated polyether 1959 Valves and fittings
Phenoxy resin 1962 Adhesives, coatings
lonomer resins 1964 Skin packages, moldings
Polyphenylene oxide 1964 Battery cases, high temperature moldings
Ethylene—vinyl acetate 1964 Wire and Cable Insulation, flexible sheeting
Polybutene 1965 Films
Polysulfone 1965 Electrical/electronic parts
Thermoplastic polyester 1970 Electrical/electronic parts
Hydroxy acrylates 1971 Contact lenses.
Polybutylene 1973 Piping
Aromatic polyamides 1974 High-strength tire cord, Bulletproof vest
Nitrile barrier resins 1975 Containers

These materials were originally produced by using natural compounds, but now there are
thousands of plastics formulated from a wide range of bio- and synthetic chemicals [19].
Recent developments focus on to make the production of plastics greener by improving
recyclability [20]. Plastics can also be synthesized based on organic polymers such as lignin,
which is an important material and the final products can be applied in agriculture or as dye
dispersants, emulsifiers, cement additives, pelleting aids, battery expanders, binder, efc. [21].
However, lignin has to be purified before applications, because it contains large amounts of

sulfur, which causes unpleasant odors and dark colour [22].

Regardless of their features green or not so, synthetic polymers are everywhere, in buildings,
vehicles, sport equipment, and medical devices [11]. Biocompatible materials are especially
important in medical applications as those are designed for interfacing with biological
systems for the evaluation, treatment, enlargement, or substitution of one of the tissues or
any other functions of the body [23]. Various polymers are used in this field such as
polyvinylidene fluoride (PVDF), polyethylene (PE), polypropylene (PP), and poly(methyl
methacrylate) (PMMA), etc. [24]. Moreover, there is a wide range of polymer properties that
make them preferred for medical applications such as their mechanical, electrical, chemical,
and thermal behaviour. If these can be combined with ease of synthesis, flexibility of

packaging, and green properties almost ideal polymeric materials are established [25].
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1.4. Green Composites

Composite materials have been classified into several types, such as (1) fiber-reinforced
composites, (2) particle reinforced composites, and (3) structural composites [26]. Green
composites are composite materials comprising of one or multiple-phase materials which
could consist of both fibers and polymers originating from natural resources or from recycled
materials [27]. The process used in the preparation of green composites is responsible for

many of the properties of the resulting product (Figure 1) [28].

Fabrication of
composite products

l }

Open mould Closed mould

— ! lili

Spray Hand Filament Compression Pultrusion Resin Vacuum Injection
layup layup winding moulding transfer bagging moulding
moulding
Centrifugal Continuous
casting lamination

Figure 1. The classifications of fabrication processes of green composite products [28].

In order to pick the most appropriate biofiber or biopolymer for the composite, precise
material design process has to be carried out. There are several factors which are essential to
be fulfilled by the composite, such as its ability to withstand working conditions (e.g.,
radiation, thermal stability, humidity, tensile stiffness, strength, fiber treatments), as well as
to not increase processing costs [29-31]. Recently, several applications of natural fiber-

reinforced polymer composites have appeared in various fields (
Table 3) [28] .

Table 3. Common applications of natural fiber-reinforced polymer composites in various
industrial fields [28].

Field Applications

Sports Ball, snowboard, bicycle frame, seat post, and boats
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Transportation

Door panel, engine rubber insulation, engine cover,
floor mat, dashboard, car spoiler, handbrake,
steering, pedal components, parcel shelves, interior

carpet, and body panels

Building and construction

Bridge, railing, false ceiling, partition boards,
windows, doorframes, mobile structure, wall, and

floor

Household

Mug pad, chairs, coffee table, shoe rack, suitcases,
food tray, safety helmet, ropes, fencing elements,

showers, and bath units, pipes

Materials handling and storage

Post-boxes, biogas containers, fuel container, and

storage silos

1.5. Bio-based polymers

Polymers can also be classified according to the respective sources of their base materials,

and the ones prepared from petroleum are called fossil-based, while the ones which are based

on renewable materials are called bio-based polymers (Figure 2) [28].

Nonbiodegradable

Bio-based

Biodegradable

Fossil-based

Figure 2. Classification of polymers based on the respective sources of their base materials
with examples. PE - polyethylene, PET — poly (ethylene terephthalate), PA - polyamide, PTT
- polytrimethylene terephthalate, PLA - polylactic acid, PHA - polyhydroxyalkanoates, PBS
- polybutylene succinate, PP - polypropylene, PBAT - polybutylene adipate terephthalate,

and PCL - polycaprolactone.
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Another special group of bio-based polymers are biopolymers which are the main
components of living organisms. Three different classes can be identified based on their
monomers and their structure. There are polynucleotides (RNA or DNA), polypeptides
(which are shorter or longer polymers of amino acids), and polysaccharides, which are often
linear polymeric carbohydrate structures. Bio-based polymers have received a lot of
attention in various fields [32]. Especially due to the increase in environmental pollution
resulting from the excessive use of fossil fuel resources. Great efforts have been made to
replace the traditional petroleum-based polymers with bio-based materials  [33].
Biopolymers are used as raw materials for several applications, because of their safety, non-
toxicity, low cost, high efficiency, biodegradability, biocompatibility, and reproducibility.
These properties have led to the widespread use of biopolymers as thickeners, emulsifiers,
suspending agents, and moisturizers in the food, cosmetics, pharmaceuticals, and paint
industries [34]. Furthermore, bio-based packaging is considered one of the best candidate

for replacing millions of tons of petrochemical-derived materials [35].

According to an additional classification of bio-based polymers there are 'bio-replacement’

polymers, and 'bio-advantaged' polymers.

'Bio-replacement’ polymers, where the applied monomers are produced from petroleum, but
their structure is identical to bio-based compounds, but free of contamination. The
'replacement' technique improves quality of sugar, lignin, and cellulose present in trees,
plants, and also in animals by using synthetic biology methods and catalysis to synthesize
the monomers from fossil fuels [36]. 'Bio-advantaged' polymers, where the used monomers
are coming from bio-sources (vegetable oils, cellulose, proteins, sugar, starch chitosan,

alginates, efc.) and they are not or only minimally modified [37].

Bio-based polymers or bio-based plastics are synthesized by using renewable and natural
resources and can be prepared through a two-step process from biomass (e.g., lignin,
cellulose, starch, plant oils) [38-40]. Bioplastics, such as bio-polyethylene (bio-PE), bio-poly
(ethylene terephthalate) (bio-PET), poly (lactic acid) (PLA), and poly (ethylene 2,5-
furandicarboxylate) (PEF), are produced by polymerizing various types of monomers such
as ethylene, 1,2-ethanediol, terephthalic acid, or novel monomers like lactide, 2,5-furan
dicarboxylic acid, 1,4-cyclohexane dicarboxylic acid, furfuryl alcohol, or isosorbide which

is obtained by chemical or biochemical conversion of the biomass [8, 36].
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1.6. Polyvinyl chloride (PVC)

Polyvinyl chloride (PVC) was first discovered in 1912 (Scheme I). It is a white powder that
results from the polymerization of vinyl chloride monomer (VCM). Its commercial
production began in the late 1920s, following the addition of additives to generate novel
polymeric materials [41]. There are two types of PVC: unplasticized (rigid PVC or PVC-U)
and plasticized (flexible PVC or PVC-P) [42, 43].

H H
\N__ n
AN

cl ct CcI ¢l I

H

Scheme 1. 2D chemical structure of polyvinyl chloride (PVC).

In terms of production volume, it ranks as the third most-produced plastic, following
polyethylene and polypropylene [44]. There are numerous cost-effective and versatile
materials and products made from rigid and semi-flexible PVC (plasticized). These are
extensively utilized in various construction applications, including water and sewer pipes,
piping and siding, wire and cable insulation, windshield system components, and more [45].
It 1s established that PVC undergoes degradation at higher temperatures, resulting in the
release of hydrogen chloride (HCI), which further speeds up the degradation process. The
essential processes involved in PVC thermal degradation consist of two main stages. In the
first stage, the primary reaction is dehydrochlorination, which results in the release of HCI
and the formation of conjugated polyene (Scheme 2) [46]. In the second stage, the
conjugated polyene undergoes cyclization reactions that produce aromatic hydrocarbons and
small-molecule hydrocarbons [46, 47]. The colour of the substance varies according to the
quantity of conjugated double bonds present, ranging from yellow, orange, and red to brown,
and ultimately black [44, 48]. Although there is some debate in the literature on the precise
mechanism, it is widely acknowledged that the heat induced breakdown of PVC occurs by
the release of HCI using a chain mechanism known as "zipper elimination" or "unzipping"

[49].
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Scheme 2. Thermal decomposition path for the removal of HCI from PVC.

Thus, one of the main challenges is to prevent the deterioration of PVC caused by the release
of HCI Pure PVC incorporates additives to prevent dehydrochlorination, enhance its
stability, and modify its final characteristics and product performance. These additives play
a significant role in processing and improving the properties of polymers used in many
applications, including automotive, medical, packaging, construction, and electronics. The
biggest markets are window profiles and pipes, followed by rigid films and cables

(Figure 3) [48, 49][47].
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Applications of PVC

Power tools, Window frames and doors, Office supplies (folders,
Electrical cords, pipes, Cables, Flooring; Wall rulers), Computer cases,
Phone systems, coverings, Sheets and panels, Computer keyboards,
Cellular phones. Sports stadium seats Printing applications

Medical Construction | Packaging

Blood bags,

Food packaging,
Plasma bags, Mineral water
Tubing, bottles, Cling films,
Bottle caps

Infusion kits.

Figure 3. Overview of the applications of PVC.

There is a wide variety of additives available, such as plasticizers, lubricants, fillers, flame
retardants, lubricants, stabilizers, colourants, and antimicrobial agents. Each of them

improves the properties of the polymeric materials in some way [50].

1.7. Additives

Polymer products are competing with metal and ceramic based materials and their properties
have to be satisfactory compared to the competition. There are several factors that impact
the shelf life of polymers which has to be handled. The resistance of the polymeric materials
to surrounding atmospheric conditions such as, exposure to sunlight, day/night, UV light,
the seasonal change in the temperature, humidity, and air pollution by highly corrosive
elements is a fundamental issue which have to be taken into consideration during
applications [50]. These factors do not only cause aesthetic degradation in the product like
discoloration, but also leads to potential deterioration of mechanical properties [51]. To
overcome many of the problems facing polymeric materials, including stability and
durability, additives have been used [50]. Pure polymeric materials are frequently found to
have inferior properties, which would lead to their commercial failure. In the absence of
additives, polypropylene (PP) and other polyolefins most probably would not be one of the
most used polymers [52]. Due to its weak thermal oxidative stability, PP would decay in just
a few weeks [53]. Additives are chemicals added to the base polymer to enhance
processability, prolong lifespan, and enhance physical and chemical behaviour of the final
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product. An excellent example of the use of additives is rubber, which is in its natural state,
despite of many good properties such as flexibility, strength, durability, lack of electrical
conductivity, and good resistance to water, also possess many undesirable qualities,
including hardening in winter and increased adhesion in summer as well as its bad smell.
Additives are used to improve all these disadvantages and thus, rubber became the versatile
material it is known for today [54]. There are many types of additives that are used to
improve specific characteristics of the final polymeric product. Polymer additives have been
used as plasticizers (e.g., dioctylphthalate (DOP) and tricresyl phosphate (TCP)) [55], flame
retardants (e.g., polybrominated diphenylethers (PBDES) and tris(chloropropyl) phosphate
(TCPP)) [52], colorants (e.g., anthraquinone and carbon blacks) [56], stabilizers (e.g.,
barium-zinc and calcium-zinc) [57], antimicrobial agents (e.g., 5-chloro-2-(2,4-
dichlorophenoxy) phenol and 4,5-dichloro-2-noctylisothiazolinone) [56], antioxidants (e.g.,
butylated hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ), ascorbic acid (Asc) [58],
curcumin [59, 60], vitamin E, and santowhite) [61]. Although, additives are typically just a
small portion of the final product, their impact on the polymer properties and stability is
considerable. In addition to alter physical-chemical properties, additives (plasticizers,
lubricants, impact modifiers, antistatic agents, pigments, dyes, etc.) employed to decrease
costs, and get better aesthetic qualities [11]. The additives can also be made from renewable
resources (bio-based additives) which provide a good alternative to their synthetic
counterparts [56]. There are many polymer additives that are commonly used in different
forms, such as in solid-state (powders, flakes, beads, granulate, spheres, emulsions) or, in
liquid state. The use of liquid additives is less common, because they require special methods
of treatment, especially the ones that are of high concentrations, sticky, or sensitive to
temperature [62]. The final form of the additive depends on the method of preparation
(extrusion, pelletizing, grinding, spraying, or flaking) [52]. Once additives are added, the

polymer mixture is referred to as a master blend and is processed accordingly [63].

1.7.1. Types of Polymer Additives
There are several options when it comes to additives and each one offers a specific
improvement to the polymer’s functionality, stability or improves its properties. The most

common categories of polymer additives are the following:

a) Plasticizers
b) Colorants

¢) Biocides/antimicrobial agents
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d) Antistatic agents and antifogging agents
e) Lubricants

f) Flame-retardants/smoke suppressants
g) Antioxidants

h) Reinforcing agents

1) Heat stabilizers

1.7.1.1. Antioxidants

Antioxidants (AO) are compounds which are used to shield polymers and plastics from the
thermal and photo-oxidative effects of aging [54]. Oxidative stress effects living organisms
along with food and other commodities' [64] and thus, the importance of antioxidants
exceeds the range of polymers. Oxidative stress is a process which involves the attack of
free radicals, which are characterized by having an unpaired electron in their outer shell,
making them unstable and highly reactive [8]. Free radicals in the body have the capability
to damage DNA, cells, and tissues through the oxidative stress, because they can react
swiftly with non-radical species to produce new radicals and propagate free-radical chain
reactions [65]. Similar processes can occur in the case of polymeric materials. These harmful
reactions can be prevented by antioxidant species which can donate an electron to free
radicals and consequently, stabilize and detoxify them. There are various factors that must
be considered to choose the best possible antioxidant compounds for a given system. The
most important factors are the following: (1) radicals - the antioxidant should be capable of
scavenging the appropriate radicals, (2) timing - the radical scavenging should occur at a
specific location during the most suitable time, (3) activity - the antioxidants must remain
active and not degrade as long as possible [66]. Chain-breaking (chain terminators, chain
scavengers) and preventive antioxidants have also existed. In the first case, an alkyl peroxyl
radical is stopped (acceptor or donor process). In the second one, hydroperoxides are either
broken down more slowly (metal deactivators, UV absorbers) [66] or in a way that doesn't

involve radicals (Figure 4) [67].
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Chain-
breaking

RH
PD
Heat, CB.A  Chain-breaking acceptor
light, CB.D Chain-breaking donor
metal ions PD Peroxide decomposer
UVA UV absorber
MD Metal deactivator

Figure 4. Types of antioxidants and their mode of action.

Significant environmental concerns have pushed manufacturers to investigate natural
alternatives alongside regularly used synthetic materials. Thus, in terms of their origin, there
are two main types of antioxidants, synthetic and natural species [68]. Several synthetic
antioxidants are used in the chemical and food industry including butylated hydroxytoluene
(BHT), octyl gallate (OG), butylated hydroxyanisole (BHA), propyl gallate (PG), tert-
butylhydroquinone (TBHQ), and others (Figure 5) [69].
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Figure 5. Schematic structures of some natural (a — i) and synthetic phenolic (j — n)
antioxidant additives. a — a-tocopherol, b — myricetin, ¢ — curcumin, d — sappanchalcone, e
—resveratrol, f— caffeic acid, g — gallic acid, h — esculetin, i — purpurin, j — trolox, k — propyl
gallate, 1 — butylated hydroxytoluene (BHT), m — butylated hydroxyanisole (m1 — 2-BHA
and m2 — 3-BHA), n — tert-butylhydroquinone (TBHQ).

1.7.1.2. Stabilizers

Stabilizers are compounds incorporated into materials to inhibit or significantly reduce the
rate of degradation the material experiences over time. They can be employed for a variety
of reasons, including thermal and UV stabilization [70] . Heat stabilizers inhibit the
degradation of plastics caused by high temperatures, particularly during the manufacturing
process and in many other applications. One of the most popular polymers used stabilizer is
PVC. PVC uses stabilizers as the most prominent class of additives to prevent degradation
from heat, light, or oxygen. The classification includes lead-based stabilizers (lead stearate,
lead phosphite, and lead sulfate), mixed metal stabilizers (such as Ca/Zn, Ba/Zn, and so on)
[41], tin-based stabilizers (dibutyltin maleate, dioctyltin mercaptide, and tin maleates and tin
thioglycolates), and organic stabilizers (organophosphites, beta-diketones, and organic tin
mercaptides) [70]. Due to its composition, PVC is highly susceptible to heat. Heat stabilizers

function by inhibiting thermal oxidation or focusing on decomposed oxidation products [48].
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1.8. The common definitions of antioxidants and stabilizers

Antioxidant additives and stabilizers are chemical substances frequently employed in many
industries, such as food and polymer processing. Despite their distinct goals, we can identify
some convergence in their functions, particularly in the realm of polymers and specific
materials [56]. Polymers and plastics frequently add antioxidants to prevent or slow down
polymer degradation due to oxidation processes. This aids in the preservation of the
material's physical and mechanical qualities throughout time [52]. One of the degradation
processes that stabilizers try to combat is oxidation, which is why antioxidants might be
considered a subgroup of stabilizers [70]. One thing they all have in common is that
antioxidants can act as stabilizers, particularly when preventing oxidation-induced
degradation. In this sense, antioxidants are a type of stabilizer that specifically addresses the
oxidative degradation of materials. Some stabilizers may have antioxidant properties, and
some antioxidants may offer stability against factors beyond oxidation [70]. The specific
requirements of the material and the conditions it will encounter determine the choice of
additives. For instance, heat, oxidative conditions, and ultraviolet radiation may require
stabilizers and antioxidants for a plastic material like PVC to ensure long-term stability [71].
So, we can see that the antioxidants and stabilizers serve distinct purposes, but they do
similar work, particularly in the context of protecting materials like polymers from
degradation. The choice of additives depends on the types of degradation the material is

likely to experience during its use and storage.

1.9. Studied antioxidant additives
1.9.1. Natural antioxidant additives

Environmental issues significantly becoming more prevalent due to the increasing number
of synthetic materials, and the replacement of synthetic additives with environmentally
friendly (e.g., natural) substances is desired. Thus, finding ecologically safe and effective
alternatives to commonly used additives is a top priority for the major players of the chemical
industry, on the other hand, it is difficult and may lead to a significant increase in production
costs [71]. Natural antioxidants can be found in a wide variety of natural products such as
plant components (fruits, leaves, and flowers) [72], as well as in cow milk and honey [73,

74].
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1.9.1.1. Curcumin

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione] (Figure 6) is a
widespread natural antioxidant and a commonly used spice with a yellow color, and it has
two isomers, curcumin A (enol) and D (diketone) [59, 60, 75]. Curcumin has several
functional groups which plays a critical role in its beneficial characteristics [76]. It is a
phenolic compound, extracted from the dried rhizomes of turmeric (curcuma longa) [77],
and it has been utilized in various cosmetics and drugs as well. Besides its antioxidant effect
[78, 79], it has good influence on various biological and cellular conditions, and thus, used
as an anti-inflammatory [80, 81], anticancer and antimutagenic [82], wound healing, and

hypocholesterolemic agent [59].

| O OH |
HO OH
Curcumin A (enol)

| O O |

O A C = O

He H; o-H
Curcumin D (diketone)

Figure 6. 2D structure of curcumin isomers.

1.9.1.2. Vitamin C, or L-ascorbic acid (Asc)

Vitamin C or L-ascorbic acid (Asc) is one of the most well-known natural antioxidants of all
time. Asc has gained widespread recognition as a powerful antioxidant and free-radical
scavenger since its discovery by Albert Szent-Gyorgyi and Walter Norman Haworth(
Figure 7) [83, 84]. It can be oxidized via losing two protons and two electrons, but it usually
only loses one electron at a time [85]. Asc is present mainly in fresh fruits including, citrus
fruits, kiwifruit, strawberries, papaya, blackcurrant, and vegetables such as tomato, carrot,

coriander, broccoli, cauliflower, cabbage, and others [58] [86].
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HO OH
OH

Figure 7. 2D structure of L-ascorbic acid (Asc).

1.9.1.3. Vitamin E (a-tocopherol)

Tocopherols are considered one of the most important, safe, and harmless groups of additives
[87]. Vitamin E is a mixture of four tocopherols (alpha, beta, gamma, and delta) and four
corresponding tocotrienols. Vitamin E activity is required for life because it protects human
cells from oxidation and assists in the absorption of vitamin K. These compounds are
naturally found in many foodstuffs, mainly fruits, oils, fats, and vegetables [88]. Tocopherols
are classified into several categories based on the number and location of methyl groups
bound to their cyclic unit. a-Tocopherol has three methyl groups bound to the aromatic ring,

while in - and y-tocopherol there are two, while d-tocopherol has only one (

Figure 8) [87, 89].

R1

R3
a-Tocopherol: R1 = R2 =R3 =CHj;
B-Tocopherol: R1=R3=CH; ;R2=H
v-Tocopherol: R1 = H; R2=R3 =CH;4
o-Tocopherol: R1 = R2=H ; R3 =CH;,

Figure 8. 2D structures of tocopherols.
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1.9.1.4. Trolox
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) is a water-soluble

tocopherol derivative that has numerous medicinal and industrial applications (Figure 9).
Trolox is also capable of decreasing oxidation; therefore, it would be worth considering
using it as an antioxidant additive to prevent oxidation and free radical intracellular
formation [58, 90]. Trolox is well known for its antioxidant action in a variety of systems
and under varied circumstances, and it works well as a food preservative. It has the ability
to prevent the loss of serotonin and dopamine receptor binding sites in animal brain
membranes, as well as the radical chain oxidation of proteins and enzymes [91]. Trolox has
a chromanol structure that contributes to its antioxidant activity, as well as a carboxyl group,
which influences water solubility [90, 91]. Although trolox and oa-tocopherol are both
important antioxidants and have been extensively studied with polymers, there is still a need
for further understanding of their modes of action and their applicability in polymeric

formulations [92, 93].

HO OH

O o

Figure 9. 2D structure of trolox.

1.9.2. Synthetic antioxidant additives

Several synthetic antioxidants are used in the chemical and food industry including butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), tert-butylhydroquinone (TBHQ)
[94], santowhite (SW) [95], ethylenediaminetetraacetic acid (EDTA) [96], Irganox 1010,
Irganox 1035, Irganox 1076 [96], and others [71]. The antioxidant potential of all of these

compounds has been investigated.

1.9.2.1. Butylated hydroxyanisole (BHA), Butylated hydroxytoluene (BHT), and Tert-
butylhydroquinone (TBHQ)

Butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and tert-
butylhydroquinone (TBHQ) are extensively used as additives in the food industry and have

been utilized in a variety of food applications [58]. BHT is commonly used as a positive
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control in the measurement of antioxidant activity due to its AO capabilities and simple
structure [97, 98]. Thus, these additives are a good starting point for AO design and can
serve as model compounds for many studies. From a structural point of view, many of these

species are phenolic compounds (Figure 10).

iOH L >L§O§J< E L
OH 0
TBHQ BHT BHA

Figure 10. 2D structures of common synthetic antioxidants, fert-butylhydroquinone
(TBHQ), butylated hydroxytoluene (BHT), and butylated hydroxyanisole (BHA).

1.9.2.2. Santowhite (SW)
Santowhite is a hindered phenolic antioxidant with two phenolic groups per molecule

(Figure 11). Santowhite has the ability to inhibit the oxidation of polymers through donating
a labile hydrogen atom to the radical (ROO" or R"), resulting in the formation of a stable
phenoxy radical [61]. SW is considered a highly effective antioxidant due to its stable
phenoxy radical forms and its ability to end multiple chains [99]. Whilst the raw polymer is
easily oxidized, efficient antioxidants like SW have proved that they are well suited to
improving durability when employed in the polymer formulation. The molecular structure
for the antioxidant and the dose of exposure have a considerable influence on the efficacy of

stabilization [100].

HO OH

Figure 11. 2D structure of santowhite (SW).
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1.9.2.3. Ethylenediaminetetraacetic acid (EDTA)
Ethylenediaminetetraacetic acid (EDTA) is an efficient metal chelating compound (Figure

12). 1t is also considered an efficient antioxidant and it can improve the oxidative stability,
and some studies indicate that EDTA has the ability to protect against oxidation during
storage [101]. Preservatives and packaging are both applied in food preservation. EDTA as
synthetic antioxidant compound [96] is important in both areas because it is applied as

additive for various pre-processed food products and for polymeric packaging materials [70,

102].
o)
HO
O Hj\OH
N/\/N
o 1
OH

O
O

Figure 12. 2D structure of ethylenediaminetetraacetic acid (EDTA).
1.9.2.4. Irganox
Irganox is a family of compounds that are commercially available phenolic antioxidant
additives (Figure 13). There are many types, such as 1330, 1010, 1035, 1076, MD1024,
3114, E201, PS 800, 1081, and PS 802 [94, 102, 103]. These synthetic additives used in
many applications, including pre-processed food products and polymeric packaging

materials [104, 105].
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Figure 13. 2D structures of various Irganox types which have the same base unit
(highlighted in green frame) studied in the present work.
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1.10. The aim of this work

The goals of the current dissertation have been determined by considering the importance

of additives, particularly the antioxidant and stabilizer additives in polymers, which affect

the physical and chemical characteristics of the final polymeric products. The following

goals were pursued:

1.

The main aim was to achieve polymeric formulations that are more environmentally
friendly by selecting the best antioxidant additives and using natural alternatives if

it is possible. There were several steps involved in achieving this goal, as outlined

below:

1.1. Selection of Eco-friendly Antioxidant Additives:

First and foremost, investigating the use of natural antioxidants to replace
synthetic ones in polymeric formulations.
Evaluating the capability of different natural and synthetic antioxidants in

preserving polymer stability and prolonging product lifespan.

1.2. Understand the Mechanism of the Antioxidant Additives.

It is necessary to understand the mechanism of the antioxidant additives and
calculate the molecules' antioxidant potential.

To compare the antioxidant potential of different groups (X-H, where X = O and C),
three major free radical scavenging (RS) mechanisms (HAT, SETPT, and SPLET)
have been considered, and the corresponding bond dissociation enthalpy (BDE),
ionization potential (IP), proton dissociation enthalpy (PDE), proton affinity (PA),
and electron transfer enthalpy (ETE) values have been calculated for each potential
hydrogen donor site of the studied species.

The antioxidant properties of natural and synthetic antioxidant additives have been

compared.

1.3. Incorporation of the antioxidant additives with polymers.

Investigating the incorporation of antioxidant additives into polymers has been
studied to improve the sustainability of the formulation and the chemical and
physical properties of the final product, aiming to produce environmentally friendly
polymers.

We have tested our additives with PVC as stabilizers because they can act as
antioxidants by studying their antioxidant properties and can also act as stabilizers
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where the stabilizers serve distinct purposes; they perform similar functions,
particularly in protecting materials like polymers from degradation. The choice of
additives depends on the types of degradation the material is likely to experience

during its use and storage.
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2. Methods

2.1. Overview of Computational Chemistry

Computational chemistry is a field of study in chemistry that uses computer simulation to
solve chemical problems. The field employs theoretical chemistry methodologies in
conjunction with computational tools to determine the structures and characteristics of
molecules and materials. Improvements in algorithms, software, and hardware, together with
a deeper integration of computational methods with experimental methodologies, ensure that
computational chemistry is ever evolving. Thus, more and more chemists will use theoretical
methods as an indispensable tool for a deeper understanding of the molecular world [103].
Theoretical chemistry tries to determine the structure of stable and unstable species, their
relative energies, dipole moment, polarizability, NMR coupling constants, and others.
Reaction properties, such as how fast one stable molecule can change into another, how
molecular structures and properties change over time, and how different molecules interact
with each other also studied by using theoretical chemistry methods [104].

There are many advantages and disadvantages to computational chemistry. The first
advantage is its predictive power, which allows computational chemistry to predict the
structure, stability, reactivity, and properties of molecules and materials, often prior to their
synthesis. Additionally, it can elucidate complex reaction mechanisms and offer insights into
transition states and intermediates. The second benefit is cost: computational studies can
reduce the need for extensive experimental trials, saving both time and resources. The third
advantage is safety, where the computational methods allow the study of hazardous or
unstable systems without the risk associated with physical experiments. Another primary
benefit is speed, as computational methods swiftly test hypotheses and generate data, thereby
accelerating the research process. Despite all these advantages, there are still some
disadvantages inherent to any system. The first disadvantage is the high computational cost;
high-accuracy methods require significant computational resources, including powerful
hardware and extensive processing time. As system size increases, the computational cost
often increases exponentially, limiting the study of larger systems. The second is the level
of complexity and expertise involved; Master of Computational Chemistry necessitates
significant expertise in both theoretical chemistry and computational techniques, and the use
of advanced software tools can be complex, requiring detailed understanding to prevent

misinterpretation of results. The third is validation and verification. Computational results

36



DOI: 10.14750/ME.2025.027

Computational and Experimental Study of Antioxidant Polymer Additives - Dalal Karad

frequently require validation with experimental data, which can reveal discrepancies, and
small changes in computational parameters can sometimes lead to significantly different
results, complicating interpretation [104, 105].

The Born-Oppenheimer approximation, which separates electronic and nuclear movements,
is a fundamental concept in computational chemistry. By solving the electronic Schrodinger
equation, one can determine the potential energy surface (PES) for various geometries. The
potential energy surface (PES) has a dimension of 3N, where N is the number of nuclei. This
implies that the system's geometry is defined by 3N nuclear coordinates. Out of these
coordinates, three represent the overall displacement of the molecule, while the other three
represent the total rotation of the molecule in relation to the three axes. Only two coordinates
can fully describe the rotation of a linear molecule. For tiny displacements, we might select
3N-6 remaining coordinates as "vibrational normal coordinates" to describe the internal
movement of the nuclei [106]. By employing the PES concept, it becomes possible to
introduce the fundamental notion of a molecule's spatial arrangement. This refers to the
specific nuclei placements that guarantee a minimal PES value. Hund's work in 1927 might
be the origin of this concept. It also matches a certain ground-state electron density
distribution that shows atomic cores, atom-atom bonds, and atomic lone pairs [103].

A computational chemistry calculation commences with the process of geometry
optimization, wherein the initial molecule geometry is selected as the first step. Various
software programs can accomplish this work by utilizing established molecular structure
properties, such as bond length, dihedral angles, and other properties [107]. Optimization
algorithms are commonly employed to locate stationary points on a potential energy surface,
namely local and global minima as well as saddle points. Prior to commencing a calculation,
it is frequently advantageous to perform a geometry optimization, especially if the initial
coordinates are expected to deviate significantly from their realistic values [103, 108].

In this investigation, we utilised the Gaussian 09 software package [109]. Gaussian 09
provides a variety of theoretical approaches for calculating the researched systems, which
can accurately model chemical environments and molecular states. Once the optimization is
complete, we can perform a frequency calculation using the optimized geometry of the
projected structure. The analysis will consider the nuclear vibrations occurring in molecular
systems when they are in a state of balance. The frequency calculation verifies that the
structure is a true stationary point (either a minimum or a saddle point) and conforms to the

investigated reaction pathway [110].
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2.2. Thermodynamic Parameters
Calculating the antioxidant mechanisms of antioxidant additives involves determining the

most important thermodynamic properties of the optimized molecules.

Thermodynamic functions relate to quantities that define the state and behaviour of a system
in thermodynamics, including internal energy (E), entropy (S), Gibbs free energy (G), and
enthalpy (H). These functions give vital information about the system's energy, work, and
overall equilibrium conditions.

In our work, the most crucial parameter used to calculate the antioxidant potential is
Enthalpy (H) which is a fundamental and highly valuable notion in the field of
thermodynamics, especially when studying chemical processes and phase transitions. The
term refers to a system's total energy, which includes both its internal energy (E) and the

result of multiplying its pressure (p) and volume (V) (Eq. 1) [111, 112].

H(T) = E(T) +pV Eq. 1
And the enthalpy can be determined using the partition functions via the following (Eq. 2):

__(9lnq ding
H-H(0) = (=22 : )V +kTV (221 )T Eq.2
where q is the molecular partition function and B is the most likely population of the states

of the system, strongly implying that it is temperature related.

The partition functions [q(V,T)] illustrates the distribution of probabilities among various
microstates such as transition, rotation, vibration, and electronic state. We can then use the
partition functions to find the thermodynamic state functions [ G(T,p), S(T,p), H(T)] for each
molecule involved in the mechanism. This lets us to get the thermodynamic properties of all

species [113].

Entropy (S) is a fundamental concept in thermodynamics and statistical mechanics that
quantifies the level of disorder or unpredictability in a system. Scientists devised this state
function to elucidate why a fraction of the overall energy remains non-utilizable for
productive work. The value is obtained by multiplying Boltzmann's constant (kg = 1.38 X
102 J/K) by the natural logarithm of the total number of quantum states (W), as in the
following (Eq. 3):

S=kglnW Eq. 3
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The entropy contribution can be determined using partition functions (Egq. 4).

q(V.,T)
N

s = Nk + Nkg In (102) + NipT (220) v Eq. 4

aT

where N represents the particle number of molecules as a dimensionless quantity.

Gibbs free energy (G) is a thermodynamic quantity that quantifies the greatest amount of
reversible work that a system can perform under constant temperature (T) and pressure (P)
conditions [114] (Eq. 5):

G(T,p) =H(T) —TS(T,p) Eq. 5

Where H represents the enthalpy of the system (total heat content), and S is the entropy of
the system. We obtain the Gibbs free energy by expressing the partition function as follows

(Eq. 6):
G- G(0) = —nRTIny Eq. 6

R represents the gas constant with a value equal to 8.314 J/K.mol, and N is the particle

number of molecules as a dimensionless quantity.

After determining them the corresponding relative thermodynamic quantities were also
computed such as the reaction enthalpy (A:H°), Gibbs free energy (A:G°), entropy (A.S), and

other parameters.

2.3. Specific Computational Chemistry Methods
We employ a wide variety of theoretical and computational tools in computational chemistry
methods to understand chemical structures, characteristics, and reactions. We frequently
synergistically integrate and utilise these methodologies to address diverse chemical issues,
ranging from predicting molecule structures to simulating intricate biochemical processes.
The specific system under examination, the desired precision level, and the available
computational resources all influence the methodology selection. Quantum chemistry and
molecular mechanics are two of the main methodologies used in computational chemistry.
Quantum chemistry entails explicitly considering electrons and uses the Born-Oppenheimer
approximation to solve the time-independent electronic Schrodinger equation and determine
the nature of the interactions between electrons and nuclei. Quantum chemistry methods can
be classified into two significant categories: wavefunction and density functional theory

(DFT) methods [115]. Computational chemistry uses these potent tools to provide detailed
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and accurate descriptions of molecular systems based on first principles. Although they need
significant processing power, they are indispensable for comprehending and forecasting
chemical phenomena at the quantum level. The coupled-cluster (CC) methodology is widely
regarded as the theoretical gold standard among wavefunction-based methods; nonetheless,
the main drawback of this technique is that its computational cost escalates dramatically with
system size. Even the largest computers and most effective algorithms in the world struggle
to compute even a few tens of electrons at this level [116, 117]. Density Functional Theory
(DFT) is a widely used quantum mechanical method employed in computational chemistry
and physics to investigate the electronic structure of atoms, molecules, and solids. DFT,
unlike methods that depend on wavefunctions, explicitly focusses on the electron density.
This enables efficient computer calculations and is particularly suitable for analysing
massive systems [118]. Although density functional theory is a potent and adaptable tool in
computational chemistry, its limitations, such as convergence issues, must be carefully
considered. DFT calculations during geometry optimizations can stuck in local minima,
particularly for large and complex systems. This can lead to the wrong structures and
energies. Additionally, the time required for simulation, particularly for large systems, can

exceed available resources, limiting the effectiveness of computational studies.

We used four different DFT methods (B3LYP, M06, M05-2X, and M06-2X) in the current
work to calculate the antioxidant potential of the studied additives. For all properties, there
i1s no universally optimal function. Instead, the problem at hand determines the specific
methodological approach to use. Nevertheless, many functionals are robust enough to give
relatively reasonable results in a wide range of chemical properties [103]. However, all these
methods performed exceptionally well in our tests. Occasionally, errors such as time
limitations or configuration errors occur, especially in large structures, but overall, DFT

proved to be an excellent choice for our application.

2.3.1. Density Functional Theory
The Hohenberg-Kohn theorem encapsulates the fundamental principle of Density Functional
Theory, asserting that we can express the external potential as a mathematical function of
the density of the system's ground state. The application of DFT in chemistry has had an
exceptional influence on the use of quantum mechanics to solve complex and fascinating
problems related to electronic structure. Each year, the number of applications experiences
a rapid increase. Some notable recent studies include understanding and creating catalytic

processes in enzymes and zeolites, electron transport, harnessing and converting solar
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energy, drug design in medicine, and various other scientific and technological challenges

[119].

There are two main theorems for DFT [120]: The first theorem represents that the electron
density of a system with multiple electrons can exclusively determine the characteristics of
its lowest energy state. Consequently, the electron density contains all the pertinent
information regarding the system. According to the Second Theorem, there is a universal
function that depends on the electron density. Minimizing these functions yields the system's
precise ground-state energy. Functionality is the sum of the kinetic energy of a system of
non-interacting electrons with the same density, as well as the energy generated by electron-
electron interactions. In DFT, the coulomb attraction between electrons and nuclei is the
external potential. The Born-Oppenheimer approximation treats the nuclei as stationary
entities that exert their Coulomb potential on the electrons [121]. Thus, the electronic

Hamiltonian of the system can be written as follows (Eq. 7):
He = vk(n) + ?ee(n) + ?ext(n) Eq.7

where Vi represents the kinetic interaction operators, V., is the electron-electron
interaction operators, and the external potential represented by V.. External potential is a

functional of the ground-state density (Eq. §).
Vext(n) = [ (1) " ¥ (r)dr Eq. 8

The electron density uniquely determines the Hamiltonian operator, suggesting that the total
energy is a function of the electron density, leading to the following equation for energy (Eq

.9)
E = [ Ve (m) n(r) + Fln(r)] Eq.9
where F is the functional relation and consists of two terms including Vi (n) and V,(n)

The Kohn-Sham equations use the energy of an idealized system with noninteracting
electrons and a deviation parameter to determine the energy of a system. This theorem
demonstrates that a set of equations involving a single electron can describe the electron
density. They created a virtual non-interacting system, presuming that its ground state is the

same as the density of the genuine interacting system [122].

41



DOI: 10.14750/ME.2025.027

Computational and Experimental Study of Antioxidant Polymer Additives - Dalal Karad

The following expression defines the ground-state electron density at a location (Eq. 10):
2
n(r) = ZiL|ei* ()| Eq.10

where @¥5(r) represent the Kohn-Sham orbitals. As a result, the ground state of the system

can be defined as (Egq. 11):
RS (i) = eSS Eq.11

where h¥S(i) is the Kohn-Sham Hamiltonian, and £X5 represents the corresponding energy

of the Kohn-Sham orbital.

The sum of the kinetic energy term V;[n(r)], electron-electron repulsion term V., [n(1)],
external potential term V. [n(1)], and exchange-correlation term Vy¢[n(r)] represents the

Kohn-Sham Hamiltonian (A%S(i)) of the real interacting system (Eq. 12):
RS (@) = Vi [n(1)] + Ve [n(1)] + Veye[n(1)] + Vyc[n(r)] Eq.12

Where the exchange-correlation functional Vyc[n(r)] represents the difference between the

virtual and real system (Eq. 13):
Vicn(m] = AP [n()] + Ag [n(r)] Eq.13

The exchange-correlation functional is incorrectly named as it is not the same as exchange
and correlation defined within wavefunction theory. However, this name serves as a weak
analogy to the classic quantum mechanical concepts. Generally, we define the exchange-
correlation functional as the sum of two parts: exchange and correlation. This is an
assumption—an assumption that we have no way of knowing whether is true or not. Usually,
we write these component functionals in terms of energy density [123]. Vxc[n(r)] is
corresponds to the exchange (EX[n(r)], where EX is the interactions between electrons of
the same spin), and correlation energy terms (E¢[n(r)], where E¢ is associated with the

electron-electron interactions with opposite spin)[124].

Perdew has characterised "Jacob's Ladder"[125] as a hierarchical structure consisting of
successive approximations of the exchange-correlation term. The ladder, firmly rooted in HF
theory on Earth, extends to heaven, where the precise functional is located (Figure 14).
During the process, there are five levels, each establishing a set of assumptions that are

established while formulating an exchange-correlation expression [123, 126].
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Heaven
Chemical Accuracy Jacob’s ladder of DFT

DHF ® Double Hybrid Functionals
H PWPB9Y95, B2P-LYP, DSD-BLYP
Hybird ® Hybrid Meta-GGA &Hybrid GGA
H BH&LYP, B3LYP, M06-2X
Mata ® Meta- Generalized Gradient Approximation
GGA

MIPWIK, TPSS

PBE, P88, BLYB

GGA ® Generalized Gradient Approximation

® Local Spin Density Approximation
SPWL, PZ, SVMNS, PW

Hartree World

Figure 14. Jacob's ladder of density functional approximations.

Jacob’s ladder consists of many functions; the first rung is the local spin density
approximation (LSDA), and one must assume that the density is not uniform. The approach
that has been taken is to develop functionals that are dependent on not only the electron
density but also derivatives of the density. The most typical LSDA functionals are the SPWL
(Slater Perdew-Wang local), PZ (Perdew-Zunger), VWN (Vosko-Wilk-Nusair), and the PW
(Perdew-Wang) functionals [127]. The second rung on Jacob's ladder is the generalized
gradient approximation (GGA), and it may lead to better results for the geometries and
ground state energies than the first one, especially for weak and covalent systems. The PBE
(Perdew-Burke-Ernzerhof), B88 (Becke88), and BLYP (Becke, Lee-Yang-Parr) are the most
common gradient-corrected correlation functionals [128-131] (Figure 14). The third rung
represents the meta-GGA functionals, which includes a dependence on the Laplacian of the
density or on the orbital kinetic energy density. Some well-known meta-GGA functions are
TPSS (Tao-Perdew-Staroverov-Scuseria) and MPW1K (a modified version of the Perdew-
Wang gradient-corrected exchange functional, with one parameter optimised to give the best
fit to the kinetic data) [117, 125, 132, 133]. The fourth row, the hybrid methods, combine the

exchange-correlation functionals with some admixture of the HF exchange term. The most
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well-known methods for this functionals are B3LYP, M06-L, and M06-2X. Several studies
have used the B3LYP; B3 stands for Becke's 3 parameter exchange-correlation functional,
and LYP is the Lee-Yang-Parr correlation functional [ 130, 134]. Many researchers in applied
density functional theory have adopted this functional as a standard due to its versatility in
various situations [135]. The most often used functionals are M06-L and M06-2X, with 0%
and 54% HF exchange, respectively [136-139]. The last one includes the unoccupied Kohn-
Sham orbitals. This is mostly achieved within the so-called double hybrid functionals. The
most widely used methods for this function are: B2PLYP combines Becke's B88 exchange
functional with the LYP correlation functionals; PWPB95 combines the Perdew-Wang
exchange functional with Becke's 95 correlation functional, along with an MP2-like
correction; and DSD-BLYP is a spin-component-scaled double hybrid functional combining
Becke's B88 exchange with Lee-Yang-Parr correlation and including MP2 correction [123]

(Figure 14).

2.3.2. Basis Sets

A basis set in chemistry is a set of functions used to estimate the molecular orbitals in
quantum chemistry computations. Often, these functions centre on the atomic nuclei of the
molecules under investigation, forming atomic orbitals. In computational chemistry, if we
need to do some calculations using the previously mentioned methods, we must have a basis
set. The term "levels of theory" refers to the combination of the method and basis set [123,
140].

For molecular systems, the nuclear-centred Slater (STO-nG) or Gaussian Type Orbital
(GTO) functions have dominated [141]. Researchers prefer Gaussian functions due to their
superior computational efficiency and analytical integrability, which makes them efficient
and numerically stable. Many common basis sets use GTOs, such as STO-nG, a minimal
basis set and part of the STO-nG family. In this case, STO represents a slater-type orbital,
and n denotes the number of primitive Gaussian functions that make up one basis function.
For instance, in STO-3G and STO-6G, the minimal basis set STO-3G treats each atomic
orbital as a single slater type orbital (STO), approximating it with a linear combination of 3
Gaussian functions (3G) [142, 143]. The second one is split-valence basis sets, where the
valence orbitals are split into multiple components to provide more flexibility and are
typically used in calculations requiring a balance between accuracy and computational cost.
The most common example basis sets of this type are 3-21G, 6-311G, and 6-31G. Split-

valence double-zeta basis set (6-31G) where the core orbitals are created by using 6 primitive
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Gaussian functions, and two basis functions (double-zeta) are used to describe the valence
orbitals, each of them made from three Gaussians and one Gaussian. Adding polarization (*)
to the basis sets, such as 6-31G*, and diffuse functions (+) to 6-31+G*, enhances their
sensitivity in describing weak interactions or anionic systems [144-147]. The third type,
known as polarized basis sets, includes additional functions to accommodate orbital
polarization. This has the advantage of improving the description of molecular geometries
and electronic distributions. The two most common examples are 6-31G(d) and 6-31G(d,p).
The fourth type is called correlation consistent basis sets. Their goal is to improve electron
correlation descriptions in a planned way and provide higher precision, especially in
correlated wavefunction methods. Examples of this type are cc-pVDZ (correlation-
consistent valence double zeta), cc-pVQZ (correlation-consistent valence quadruple zeta),
and cc-pVTZ (correlation-consistent valence triple zeta)[142].

The goal of the basis set is to provide the most accurate representation of the unknown
molecular orbitals (or electron density) while minimizing processing expenses. Due to
variations in theoretical methods, molecular characterization, computer architectures,
algorithms, efficiency requirements, and desired precision, it is not feasible to create a single

"optimum" basis set [141].

2.4. Applied Levels of Theory

All calculations have been carried out by using the Gaussian 09 software package [109]. The
studied additives and the corresponding radicals, radical cations, and anions were optimized
by employing different global hybrid functionals including, B3LYP [129, 130, 148, 149] in
combination with the 6-31G(d) basis set, M06 and M06-2X [150] in combination with the
6-311+G(d,p) basis set, and M05-2X [151], M06-2X [150] in combination with the 6-
311++G(2d,2p) basis set applied to optimize all the molecules in gas phase and water (7able
4). Solvent effect of water was approximated by using the Solvation Model based on Density
(SMD) method. All the applied methods have been effectively utilized before to study the
thermochemistry, kinetics, and non-covalent interactions, particularly of free radical
processes [152-155] and other similar systems [94, 152, 153, 156, 157]. Thus, the methods
have been chosen to calculate the antioxidant potential of the studied species. Frequency

calculations have also been carried out by using the previously optimized geometries.
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Table 4. The applied level of theories to calculate the antioxidant potential of natural and
synthetic antioxidant additives.

Molecules B3LYP/ MO6/ M06-2X/ M05-2X/ M06-2X/
6-31G(d) | 6-311+G(d,p) | 6-311+G(d,p) | 6-311++G(2d,2p) | 6-311++G(2d,2p)
Natural Antioxidant Additives

Curcumin v v v

L-ascorbic

acid

a-Tocopherol

Trolox v v
BHA v v v
BHT v v v
TBHQ v v v
Santowhite v v
EDTA v v
Irganox v v

2.5. Antioxidant mechanisms
Three major free radical scavenging (RS) mechanisms were considered to examine H’
transfers from all unique X-H (X = C, or O) positions of the studied molecules: hydrogen
atom transfer (HAT), single electron transfer-proton transfer (SET-PT), and sequential

proton loss electron transfer (SPLET) [49, 107, 110-115] (Figure 15).
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o+
A-OH

A-O

Figure 15. Schematic representation of the studied radical scavenging mechanisms through
a hydroxyl group: hydrogen atom transfer (HAT), single electron transfer-proton transfer
(SET-PT), and sequential proton loss electron transfer (SPLET). A — antioxidant, OH -
hydroxyl group. BDE: bond dissociation enthalpy, IP: ionization potential, PDE: proton
dissociation enthalpy, PA: proton affinity, and ETE: electron transfer enthalpy.
2.5.1. Hydrogen atom transfer (HAT) mechanism

The HAT mechanism involves a hydrogen atom (H") transfer from hydrogen donor sites,
such as methyl group, hydroxyl group and others, of the antioxidant compound to the free
radical. From a thermodynamic point of view, the antioxidant potential can be measured by
the bond dissociation enthalpy (BDE) of the corresponding X-H bond, where the lower the
BDE the greater the antioxidant capacity of the compound [94, 95, 158-160]. The BDE

values for all unique X-H bonds of antioxidant additives have been calculated and compared.
BDE = H(A") + HH') — H(A) Eq. 14
Where H(A) is the enthalpy of antioxidant, while H(A") and H(H") are the enthalpies of the

corresponding antioxidant radical and hydrogen atom, respectively, which are the free

radicals formed after the dissociation of an X-H (X = C, or O) bond.

47



DOI: 10.14750/ME.2025.027

Computational and Experimental Study of Antioxidant Polymer Additives - Dalal Karad

2.5.2. Single electron transfer proton transfer (SET-PT)
The second studied mechanism was SET-PT which includes two steps. First an electron is
donated from the antioxidant to the radical which is followed by proton transfer [94, 95]. In
this case, the antioxidant potential is determined by the ionization potential (IP), and proton
dissociation enthalpy (PDE) values. The lower IP and PDE values are associated with higher
antioxidant capability of the additives [58, 94, 95, 160, 161].

IP=H(A™) + H(e) — H(A) Eq. 15
PDE = H(A") + H(H+) — H(A™) Eq. 16
where H(A"") is the enthalpy of the radical cation formed after an electron transferred from

the antioxidant, H(e—) and H(H") in gas phase are 3.1351 kJ/mol and 6.1398 kJ/mol,
respectively [94, 162-164].

In this part, the solvent (water) was used in the calculation, and then the enthalpy of the
proton AHy,o(H™) and electron AHp,,(e™) in the solvent phase had to be calculated to
get the other parameters. This will create a charged particle H (S-H) *sol or H (S-¢)"sol
[111, 114-116].

S = water
H (S'H) +s()l = H:SOJr
H (S'e)- sol =H2O"*

H*gas + H,0 & H;0% Eq. 17
e gas + H,0 & H,0™ Eq. 18
After that, we can calculate the electron AHmo (e—) and proton AHmo (H") enthalpies:
AHp,o(HY) = H(H;0) — H(H,0) — H(H* gas) Eq. 19
AHy,0(e”) = H(H,07) — H(H,0) — H(e"gas) Eq. 20
The electron and proton enthalpies have been calculated using M05-2X and M06-2X, as well
as the 6-311++G(2d,2p) basis set in the water phase (Eq. 19, and Eq. 20) [111]. In the MO5-
2X, AH(e") and AH(H") are -66.46 kJ/mol and -1053.32 kJ/mol, respectively, while in the
MO06-2X, the values are equal to -80.16 kJ/mol (AH(e")) and -1056.57 kJ/mol (AH(H")).

These values are in good agreement with the literature for the same method, just different in

the basis set [111].
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2.5.3. Sequential proton loss electron transfer (SPLET)
The last antioxidant mechanism to consider is SPLET. It also includes two steps, a proton
transfer followed by an electron transfer from the antioxidant to the radical [165]. The values
of proton affinity (PA) and electron transfer enthalpy (ETE) define the antioxidant potential
for the studied compounds, the lower PA and ETE the better antioxidant.

PA = H(A) + HH") - H(A) Eq. 21
ETE = H(A") + H(e) - H(A") Eq. 22
where H(A") is the enthalpy of the anion which is formed after a proton loss has been

occurred.
2.6. Experimental Details (Additives as stabilizer with PVC)

In the previous section, the theoretical aspects of the calculations of antioxidant properties
of common synthetic additives like BHT, BHA, TBHQ, santowhite, Irganox, and EDTA, as
well as natural antioxidants like curcumin, Asc, Trolox, and a-tocopherol have been
described. Antioxidants selected based on the theoretical calculations have also been tested
in the laboratory to enhance polyvinyl chloride's (PVC) properties, especially heat stability.
Thus, the following section encompasses the materials utilized and their specifications, the
methods employed to prepare the samples, the tests conducted on them, and the standards

applied during the preparation and testing of these samples.

2.6.1. Materials
Polyvinyl chloride type S-5070 (under the trademark Ongrovil®) is produced and supplied
by Wanhua-BorsodChem Zrt., Hungary [144]. S-5070 is a suspension-type homopolymer of
medium molecular mass. It is a white powder with a porous particle structure, a narrow
particle size range, a relatively high apparent density, and excellent pourability. As additives,
Butylated hydroxyanisole (BHA), tert-butylhydroquinone (TBHQ), ascorbic acid, and
curcumin from Sigma-Aldrich Company, ethylenediaminetetraacetic acid (EDTA) from
Merck, and ascorbyl palmitate purchased from Thermo Scientific Company were used. All
experiments were carried out at the Process Technology Support Laboratory of Wanhua-
BorsodChem and further support was provided by the FIEK and the Institute of Chemistry,
University of Miskolc.
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2.6.2. Sample preparation for thermal stability tests using conductivity
measurements

PVC samples for heat degradation were prepared by thoroughly mixing 0.5 g of PVC powder
and different ratios of BHA, TBHQ, EDTA, Asc, ascorbyl palmitate, and curcumin (0.0, 0.1,
0.3, 0.5, 1.0, 3.0, 5.0, 10, 20) wt% (Table 5) as stabilizer in the reaction test tube for each
experiment and transferring it into a degradation tube. All samples have been prepared
according to ISO standards, and all preparation steps have been completed at Wanhua-

BorsodChem Zrt., Hungary.

Table 5. Components of the prepared samples

Sample No. Ratios wt% Content (PVC +Additives)

Sample 1 0.0 Pure PVC

Sample 2 0.1 PVC + 0.1wt.% Add.
Sample 3 0.3 PVC + 0.3 wt.% Add.
Sample 4 0.5 PVC + 0.5 wt.% Add.
Sample 5 1.0 PVC + 1.0 wt.% Add.
Sample 6 3.0 PVC + 3.0 wt.% Add.
Sample 7 5.0 PVC + 5.0 wt.% Add.
Sample 8 10.0 PVC + 10 wt.% Add.
Sample 9 20.0 PVC + 20 wt.% Add.

2.6.3. Dehydrochlorination Test

The dehydrochlorination rates were calculated by using two different methods.

2.6.3.1. Standard Method

The dehydrochlorination rates were measured by using the 895 Professional PVC
Thermomat in conjunction with StabNet software, a modern analytical system for automatic
determination of the thermal stability (dehydrochlorination method) of PVC and other
chlorine-containing polymers (Figure 16) located at Wanhua-BorsodChem Zrt., Hungary.
Preparation of the reaction tube, weighing out of the sample and closing of the reaction tube
are very simple and safe. The tube was connected to a source of nitrogen maintained at a
flow rate of 7.0 L/h. The degradation tube was then immersed in electric heating unit, and
the temperature was set to 180 °C [166-168]. Thereafter, the reaction test tube was connected

to the measuring cell and ventilated with nitrogen gas for 1-2 minutes, during which the
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connection and the gas flow was checked. After that, when the temperature and gas flow
have stabilized, the test tube was inserted into the heating blocks. The measurement can be
started individually in the software by clicking on the start button next to the information
fields or by pressing the buttons next to the individual measurement positions. Using this
method, the stability time (Figure 16C) that is, the amount of time until poly(vinyl chloride)
starts to release HCl—is measured by subjecting the samples of poly(vinyl chloride) inside
the device to high temperatures [169]. The stability time was defined as the duration required
to reach a conductivity of 50 pS/cm, indicating approximately 0.9% conversion of

dehydrochlorination. The point at which the time axis intersects is referred to as the induction

time.

pShern

1050 4
100,0 4
450 4
50,0 4
85,0 4
80,0
75,0 4
70,0 4
65,0 4
60,0 4
55,0 4
£0,0 4
45,0 1
40,0 4
35,0 1
30,0
25,0 5
20,0 4
15,0 4
10,0 1
5.0 4

Conductivity(us/cm)

0,0

Figure 16. Preparation of PVC samples for conductivity and thermal stability measurements
by using the 895 Professional PVC Thermomat: a) preparation of the samples; b) starting
the measurement; c) the conductivity diagram of PVC from StabNet software.
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2.6.3.2.  Novel Evaluation Method
This method was employed to graphically represent the dehydrochlorination data. After each

examination, the data was recorded in the device's database. Subsequently, a thorough

analysis of the data was conducted in order to extract kinetic information.

e To determine the concentration of HCI, the measured conductivity was used. We can then
convert the conductivity to HCI concentration. We determined the conversion function
using the following (Eq. 23) [170, 171]:

lgc = —1.05788 + 0.9882 x lgk+ 0.003988 x (lgk)? Egq.23

where c is HCI concentration in mg/l, while £ is specific conductivity in uS/cm.

Furthermore, the HCI concentration can be calculated from the absorbent water quantity,

where the instrument is using 60 ml of water.

e The second piece of information that can be calculated is the conversion of degradation.
We can convert the dehydrochlorination curve to the conversion of degradation if we
know the exact mass of PVC in the sample. The total degradation process produces

58.4% HCI from pure PVC (Eq. 24) [170].

k = mHCL/0.584 x mPVC Eq. 24

where mHCl is the mass of HCI in mg, mPVC is the exact mass of PVC in the sample in mg.

2.7. Experimental Details (o-Tocopherol as an Effective Natural
Antioxidant for Polyurethane Foams)

2.7.1. Preparation of Flexible Polyurethane Foam and a-tocopherol as additives (FPUF/
a-tocopherol)

Polyurethane flexible foam samples were produced using Ongronat TR4040 (a mixture of
methylene-diphenyl-diisocyanate isomers from Wanhua-BorsodChem in Kazincbarcika,
Hungary) and Ongropur FFP-303 (a polyether type polyol premix also from Wanhua-
BorsodChem in Kazincbarcika, Hungary). In order to produce the applied polyol, catalysts
and supplementary additives, including blowing agents and surfactants, have been combined
into a base polyol (Alcupol F2831, Repsol, Madrid, Spain). FPUF foam samples with
different raw material ratios and, thus, different hardness was prepared. The raw material
ratios (isocyanate index, NCO) were 1.0 and 1.1 isocyanate to 1.0 polyol (Table 6). The
1socyanate index is the ratio of the total number of NCO groups to the sum of the OH groups

of the polyol premix, which includes additives (e.g., water) within the reaction mixture. The
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hardness of the samples increased with increasing isocyanate index due to the greater
proportion of hard segments. Different ratios (0.0, 0.25, 0.5, 0.75, 1.0) % wt from a-
tocopherol as an additive were added to the polyol (Table 7). a-tocopherol was used as an
additive to evaluate the mechanical properties of the final product of the prepared samples.
The FPUF samples were cut out into a cylinder shape with a diameter of 30 mm and a total
sample height of approximately 35 mm, and this FPUF foam was used for the mechanical

tests.

Table 6. Formulation of Flexible Polyurethane Foam

Polyol Premix Ongropur FFP-303 Ratio pphb
Wanol F3160 100
Water 3.6
Alcupol F3231 1
Tegostab B4113 0.5
Tegoamin DEOA 85 0.5
DABCO 33LV 0.15
Jaffcat ZF-22 0.1
NCO-index Polyol Premix Ongropur Isocyanate Ongronat
FFP-303 (%m/m) TR4040 (%m/m)
1.0 63.61% 36.39%
1.1 59.98% 40.02%
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Table 7. Formulation of Flexible Polyurethane Foam and a-tocopherol as additives (FPUF/

a-tocopherol)

NCO- index-1.0

Polyol premix Isocyanate
Percentage Weight of
of a-tocopherol Ongro;y Olgr Ll Ongronat TR4040
a-tocopherol lg] gl
(% Wt) [g]
0 0 38.16 21.83
0.25 0.15 38.16 21.83
0.5 0.3 38.16 21.83
0.75 0.45 38.16 21.83
1 0.6 38.16 21.83
NCO- index-1.1
Percentage Weight of Polyol premix Isocyanate
of a-tocopherol Ongropur FFP- Ongronat TR4040
a-tocopherol lg] 303
(% wi) 2] el
0 0 35.98 24.01
0.25 0.15 35.98 24.01
0.5 0.3 35.98 24.01
0.75 0.45 35.98 24.01
1 0.6 35.98 24.01

2.7.2. Mechanical Measurements

The mechanical properties of the prepared samples (FPUF/ a-tocopherol) have been carried

out using the mechanical testing method C of ASTM D3574 (complex test standard for

flexible polyurethanes) [161]. Samples were cut out into a cylinder shape with a diameter of

30 mm and the total sample height approximately 35 mm. To test and know the value of the

compression force deflection (CFD), samples were pressured on their entire surface up to

50% of their height, held them for 1 min, and then measured the change in force.
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3. Results and Discussion

3.1. Antioxidant potential of BHA, BHT, TBHQ, and Curcumin as
synthetic and natural polymer additives '

The antioxidant potential of commonly wused synthetic and natural antioxidant
additives, including butylated hydroxytoluene (BHT), butylated hydroxyanisole
(BHA), tert-butylhydroquinone (TBHQ), and natural additive, curcumin have been studied.
The geometries of all the molecules and the corresponding ionic and radical species were
calculated by using the Gaussian 09 program package [109]. Three different density
functional theory (DFT) methods have been used, the B3LYP functional [129, 130, 148, 149]
in combination with the 6-31G(d) basis set, and the M06 and M06-2X [150] in combination
with the 6-311+G(d,p) basis set applied to optimize all the molecules in gas phase. These
methods have been chosen to calculate the antioxidant potential of the studied species,
because they have been successfully applied for similar systems [152, 153, 156, 157].
Frequency calculations have also been carried out by using the previously optimized
geometries. To explore the antioxidant activity of the studied species three different free
radical scavenging (RS) mechanisms have been considered: hydrogen atom transfer (HAT),
single electron transfer proton transfer (SETPT), and sequential proton loss electron transfer

(SPLET) [58, 161, 172-176] (Figure 15).

To compare the antioxidant activity of the compounds, the bond dissociation enthalpy
(BDE), ionization potential (IP), proton dissociation enthalpy (PDE), proton affinity (PA),
and electron transfer enthalpy (ETE) have been computed for each structure as in the

questions (Eq. 14, Eq. 15, Eq. 16, Eq. 21, Eq. 22).

3.1.1. Validation of the selected methods
The antioxidant potential of BHA, BHT, TBHQ and curcumin (enol and diketone forms)
have been studied by using three different levels of theory. Experimental O-H bond
dissociation enthalpy values for BHA and BHT were used to validate the calculations and to
select the best combination of method and basis set for the discussion. In each case, gas

phase data were used in the comparison, and the computed values underestimated the

measured BDEs (Table §8).

'The following subchapter is based on: Dalal K. Thbayh, Béla Fiser, Polymer Degradation and Stability, 201,
p-109979, 2022. https://doi.org/10.1016/j.polymdegradstab.2022.109979
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Table 8. Bond dissociation enthalpy (BDE) values (in kJ/mol) of O-H bonds in butylated
hydroxytoluene (BHT), and butylated hydroxyanisole (BHA) in gas phase calculated at
the B3LYP/6-31G(d), M06//6-311+G(d,p), and M06-2X/6-311+G(d,p) levels of theory.

BDE(O-H) (kJ/mol)
C d
ORI o L YP/6-31G(d) | M06/6-311+G(d,p) | M06-2X/6-311+G(d,p) E"Fl‘;;‘]l“e
BHA
0y
Hji?ﬁ< 298.0 319.3 3359 3434
H H
/O
BHT
vt
290.3 307.9 327.0 333.0
H H

The least favourable choice of method would be B3LYP in combination with the 6-
31G(d) basis set, as the computed BDEs are lower by >40 kJ/mol than the experimental
values. By using the M06/6-311+G(d,p) level of theory, the computed BDEs improved,
but the differences were still >20 kJ/mol compared to the measured values. The best
method — basis set combination is the M06-2X/6-311+G(d,p) level of theory which is
able to predict the BDEs with good accuracy as the difference between the calculated
and experimentally measured values were only 7.5 kJ/mol and 6.0 kJ/mol for the O-H
bond in BHA and BHT, respectively (7Table 8). Therefore, M06-2X/6-311+G(d,p) is
selected and used in the discussion to study the antioxidants. All calculations were

carried out in gas phase as the validation is based on gas phase data.

3.1.2. Theoretical evaluation of the antioxidant potential

3.1.2.1. Structural considerations

The geometries of the antioxidant additives have been optimized and it was found that
the longest and shortest C-H bonds are located in BHA (C7-H) and curcumin A (C11-H),
respectively (Figure 17 and Figure 18). As for O-H bonds, the longest one is 0.999 A
for all structures and can be found in curcumin A (O3-H). The longest bond in BHA is
C7-H with a bond length equal to 1.095 A and it is located on the methyl group in the
para position, while the shortest is a benzylic hydrogen C5-H (1.081A). For BHT the
situation is similar, and the longest C-H bond is C7-H with a bond length equal to 1.093

A and it is located on the methyl group while the shortest bond belongs to a benzylic
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hydrogen C5-H (1.082A). In case of TBHQ, the longest C-H bond is C7-H again with a
bond length equal to 1.093 A and it is located on the methyl group, while the shortest is
a benzylic hydrogen C5-H (1.085A) again. All in all, the bond length in each studied
synthetic species follow similar trend (Figure 17). As for the natural additive, the longest
C-H bonds are located on the o-methoxy phenolic group on both sides of curcumin A,
C1-H and C21-H, and these are equal to 1.094 A, while the shortest bond is C11-H (1.080
A). As for the diketone form, the longest C-H bonds are the same, C1-H and C21-H
(1.094 A), while the shortest C-H bond is located on the aromatic ring (1.083 A).

Figure 17. Optimized structures of the studied synthetic antioxidant additives: butylated
hydroxytoluene — BHT, butylated hydroxyanisole — BHA, and tert-butylhydroquinone —
TBHQ. The optimization have been carried out at the M06-2X/6-311+G(d,p) level of theory
in gas phase. The corresponding bond lengths (in A) are also shown.
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‘& Curcumin D (diketone)

0.965

Figure 18. Optimized geometries of the studied natural antioxidant additive structures:
curcumin A and D, enol and diketone forms, respectively. The optimization have been carried
out at the M06-2X/6-311+G(d,p) level of theory in gas phase. The corresponding bond
lengths (in A) are also shown.

3.1.2.2.  Antioxidant mechanisms
In the hydrogen atom transfer (HAT) mechanism, a hydrogen atom (H") will be directly
transferred to the free radical in a one-step process. To study the effectiveness of this process,
and thus, to compare the antioxidant potential of the molecules, the bond dissociation
enthalpies of each unique C-H and O-H bonds in BHA, BHT, TBHQ, curcumin A, and
curcumin D have been computed (Table 9, Table 10, Figure 19).
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Table 9. Bond dissociation enthalpy (BDE) values (in kJ/mol) of all unique C-H and O-H
bonds in butylated hydroxytoluene - BHT, butylated hydroxyanisole - BHA, and tert-
butylhydroquinone — TBHQ calculated at the M06-2X/6-311+G(d,p) level of theory in gas

phase.
BHA |B.L(A) | BDE | BHT |B.L(A)| BDE | TBHQ | B.L(A) | BDE
O-H 0.961 | 335.9 | O-H 0.957 | 327.0 | OI-H 0.960 | 335.5
C3-H | 1.081 | 4544 | C3-H | 1.083 | 450.2 | 02-H 0.960 | 345.5
C5-H | 1.081 | 4652 | C5-H | 1.082 | 450.1 | C3-H 1.081 | 463.9
C6-H | 1.086 | 464.6 | C7-H | 1.093 | 3744 | C5-H 1.085 | 469.3
C7-H | 1.095 | 403.0 | C8-H | 1.093 | 417.2 | C6-H 1.086 | 465.5
C8-H | 1.093 | 4213 | CI13-H| 1.093 | 4172 | C7-H 1.093 | 420.9

Table 10. Bond dissociation enthalpy (BDE) values (in kJ/mol) of all unique C-H and O-H
bonds in curcumin A and D calculated at the M06-2X/6-311+G(d,p) level of theory in gas

phase.

Curcumin A | B.L () BDE Curcumin D | B.L (A) BDE
Ol-H 0.965 355.9 Ol-H 0.965 359.1
02-H 0.965 357.5 02-H 0.965 359.1
03-H 0.999 461.9 - -
Cl-H 1.094 408.0 Cl-H 1.094 405.9
C4-H 1.083 474.5 C4-H 1.083 475.4
C5-H 1.083 464.0 C5-H 1.083 465.2
C7-H 1.083 466.8 C7-H 1.083 467.1
C8-H 1.088 438.3 C8-H 1.089 439.1
C9-H 1.084 458.8 C9-H 1.085 452.4
Cl1-H 1.080 482.2 Cl1-H 1.091 376.4
C13-H 1.083 460.2 C13-H 1.083 427.3
Cl14-H 1.087 439.3 Cl4-H 1.089 436.1
Cl6-H 1.083 463.4 Cl6-H 1.083 465.2
C17-H 1.083 474.7 Cl17-H 1.083 475.4
C20-H 1.083 466.6 C20-H 1.083 467.1
C21-H 1.094 407.9 C21-H 1.094 405.9

59




DOI: 10.14750/ME.2025.027

Computational and Experimental Study of Antioxidant Polymer Additives - Dalal Karad

335.5

327.0 335.9

H\‘/ H, H\/

0 B 5
H\‘/O OMe
TBHQ BHT BHA

461.9
H\
O O

MeO i NN N ‘ OMe

Curcumin A (enol)

357.5 355.9
O O
MeO AN C = OMe
Hy
H/MO 0/\H
359 1 Curcumin D (diketone) 359 |

Figure 19. Bond dissociation enthalpies (BDEs, in kJ/mol) of the weakest X-H bonds within
butylated hydroxytoluene — BHT, butylated hydroxyanisole — BHA, and tert-
butylhydroquinone — TBHQ, and curcumin A and D calculated at the M062-X/6-311+G(d,p)
level of theory in gas phase.

The lower the BDE value, the higher the antioxidant potential as it is easier to donate the
corresponding hydrogen atom to free radicals [178]. The BDEs of the O-H bonds for
synthetic additives are lower compared to the C-H bonds and cover a narrow range starting
from 327.0 kJ/mol for BHT and reaching 345.5 kJ/mol in case of TBHQ (Figure 20). The
C-H bonds are generally stronger as the corresponding BDEs are higher than their O-H
counterparts. In case of BHA, BDEc.n values are in a range between 403.0 and 465.2 kJ/mol.
The weakest C-H bond in BHA is C7-H (1.095 A) and it is located on the methyl group,
which is in the para position, while the benzylic hydrogen C5-H (1.081 A) is the strongest
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bond with a BDE = 465.2 kJ/mol (Figure 20 and Figure 15). The BDE values of the C-H
bonds in BHT covers a range between 374.4 to 450.2 kJ/mol. C7-H (1.092 A) has the lowest
BDEc.1 (374.4 kJ/mol) and it is located on the methyl group in the para position while the
strongest one not surprisingly is a benzylic hydrogen, C3-H (1.083 A) with BDEc.u = 450.2
kJ/mol. For TBHQ, the BDEc.u values cover a range between 420.9 to 469.3 kJ/mol. The
smallest BDEc.i (420.9 kJ/mol) belongs to C7-H (1.093 A) which is located on the methyl
in the meta position, while a benzylic hydrogen (C5-H, 1.085 A) is attached to its respective

carbon via the strongest bond.

All in all, the BDE values indicate that the O-H bonds are weaker than the C-H bonds for all
synthetic species and thus, the most potent functional groups within them are the hydroxyl
groups (Figure 19). Furthermore, it is not surprisingly easier to remove hydrogen atoms
which are part of methyl groups than their benzylic counterparts. Based on the computed
BDE values of the C-H and O-H bonds of the synthetic additives, BHT has the highest
antioxidant potential. The studied natural antioxidant, curcumin has two isomers, the enol
(curcumin A) and diketone (curcumin D) forms, where B-diketones are used in the PVC
industry as co-stabilizer, namely Rhodiastab 50. (Stearoylbenzoylmethane). There are three
O-H bonds in curcumin A and only two in curcumin D. Four of these are very similar in
terms of the computed BDEO-H values as these are around 355.9 and 359.1 kJ/mol.
However, in the case of the enol form, O3-H has an exceptionally high BDE value (461.9
kJ/mol) as it is participating in a hydrogen bond (Figure 18 and Figure 20). For C-H bonds,
the BDE values in the case of the enol form start from 407.9 kJ/mol and reach up to 482.2
kJ/mol. The weakest C-H bond within curcumin A is C21-H and it is located on the o-
methoxy phenolic group while the strongest one is C11-H, and it has a quite high BDE value
0f 482.2 kJ/mol. As for the diketone form, the BDEC-H values cover a similar range starting
from 405.9 to 475.4 kJ/mol. The weakest C-H bond in curcumin D is at the same position,
C21-H whereas the strongest bond is C4-H. All in all, with one exception the O-H bonds in
curcumin are weaker than the C-H bonds which follows the trend of the synthetic structures
(Figure 19). By comparing the computed BDE values of curcumin, A and D, and the other
studied species, the molecules can be ranked based on their antioxidant potential as follows:

BHT > BHA = TBHQ > curcumin A > curcumin D.
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Figure 20. Bond dissociation enthalpies (BDEs) vs bond length in case of butylated
hydroxytoluene - BHT, butylated hydroxyanisole - BHA, tert-butylhydroquinone — TBHQ
(left panel), and curcumin A and D (right panel) antioxidant additives. All compounds have
been computed at the M06-2X/6-311+G(d,p) level of theory in gas phase.

The experimental BDEs of a few commonly used polymers were collected from the literature
(Table 11) and it was found that they are in a range of 393.7 and 406.2 kJ/mol [179]. In each
studied antioxidant additive, there is at least one X-H bond which has a lower BDE than the
polymers. Thus, the additives can be applied to protect the polymers and prevent the

oxidative stress induced deterioration of the materials.

Table 11. Lowest bond dissociation enthalpy (BDE) values (in kJ/mol) of the studied
antioxidants, butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), tert-
butylhydroquinone (TBHQ) calculated at the M06-2X/6-311+G(d,p) level of theory in gas
phase along with experimental BDEs of commonly used polymers such as polyethylene
(PE), polysulfone (PS), polycarbonate (PC), and polypropylene (PP).

Compound | BDE (kJ/mol)
Synthetic additives
BHA 335.9
BHT 327.0
TBHQ 3355

Natural additives

Curcumin A 355.9

Curcumin D 359.1

Polymers[179]
PE 393.7
PP 403.7

62



DOI: 10.14750/ME.2025.027

Computational and Experimental Study of Antioxidant Polymer Additives - Dalal Karad

PC 405.0
PS 406.2

The second studied antioxidant mechanism is the single electron transfer proton transfer
(SETPT), which involves two steps, an electron transfer which is followed by a proton
transfer (Figure 15). To describe the process, the ionization potential (IP) of the antioxidants
was calculated (first step — electron transfer to a free radical), which resulted in the formation
of a radical cation, and then, the proton dissociation enthalpy (PDE) was calculated (second
step — proton transfer from the radical cation). The value of IP relates to the energy necessary
to remove an electron from the neutral antioxidant compound, whereas the PDE value shows
the enthalpy of deprotonation of the antioxidant radical cation. The lower the IP and PDE
values, the greater the antioxidant potential of the molecule [180]. The computed ionization
potentials (7able 12) indicate that curcumin A requires the lowest energy (699.2 kJ/mol) to
donate an electron, so it has the highest potential to participate in such reaction among all

additives followed by BHA, BHT, curcumin D, and TBHQ.

Table 12. Tonization potential (IP) and lowest proton dissociation enthalpy (PDE) values (in
kJ/mol) of butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), tert-
butylhydroquinone (TBHQ), curcumin A, and D calculated at the M06-2X/6-311+G(d,p)
level of theory in gas phase.

Compound 1P PDE IP+PDE
BHA 726.0
O-H 920.9 1646.9
C7-H 988.0 1714.0
BHT 728.9
O-H 909.0 1637.9
C7-H 956.5 1685.4
TBHQ 741.3
Ol1-H 905.1 1646.4
02-H 915.1 1656.4
C7-H 990.5 1731.8
Curcumin A | 699.2
Ol1-H 967.5 1666.7
02-H 969.2 1668.4
03-H 1033.7 1732.9
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C21-H 1019.6 1718.8
Curcumin D | 7384

O1-H 931.6 1670.0

0O2-H 931.6 1670.0

Cl1-H 948.9 1687.3

The computed PDE values show that the O-H bonds are preferred over the C-H bonds for
deprotonation in all additives, which means that proton donation is preferable from an O-H
of the antioxidant radical cation than from a C-H. The PDE values of O-H bonds for the
compounds range from 905.1 to 1033.7 kJ/mol. The lowest value is 905.1 kJ/mol for TBHQ
and the highest is 1033.7 kJ/mol for curcumin A and located at the center of the structure
(O3-H). The molecules can be ranked based on their PDEs of O-H bonds as follows:
curcumin A > curcumin D > BHA> BHT> TBHQ.

The third studied mechanism is the sequential proton loss electron transfer (SPLET), which
also includes two steps (Figure 15).First, a proton from the antioxidant molecules
transferred and thus, an anion is formed, then, the electron transfer occurs from the
antioxidant anion to the free radical. The antioxidant potential of the species in this
mechanism has been characterized by computing the proton affinities (PAs) and the electron

transfer enthalpy (ETE) values (Table 13).

Table 13. Lowest proton affinities (PA) and electron transfer enthalpy (ETE) values in kJ/mol
for butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), tert-
butylhydroquinone (TBHQ), and curcumin A, and D calculated at the MO06-2X/6-
311+G(d,p) level of theory in gas phase.

Compound PA ETE PA+ETE

BHA

O-H 1447.5 199.3 1646.8

C7-H 1676.7 37.3 1714.0

BHT

O-H 1417.3 220.7 1638.0

C7-H 1594.7 96.2 1690.9
TBHQ

Ol1-H 1446.2 200.3 1646.5

02-H 1458.8 197.7 1656.5
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C7-H 1686.5 54.0 1740.5

Curcumin A (enol)

O1-H 1380.7 286.0 1666.7
02-H 1384.4 284.1 1668.5
O3-H 1436.8 296.2 1733.0
C21-H 1609.5 109.3 1718.8

Curcumin D (diketone)

O1-H 1382.6 287.4 1670.0
02-H 1383.1 287.0 1670.1
Cl11-H 1413.7 296.2 1709.9

The PA values for the natural compounds are smaller than for the synthetic antioxidant
additives for each of the studied O-H and C-H bonds. The PA values of O-H bonds for the
studied compounds range from 1380.7 to 1458.8 kJ/mol. The lowest value is 1380.7 kJ/mol
belongs to curcumin A (O1-H) and the largest one is 1458.8 kJ/mol and the corresponding
hydrogen can be found in TBHQ (O2-H). While for C-H bonds, the results indicated that the
lowest value is associated with C11-H (1413.7 kJ/mol) in curcumin D and the strongest one
is C7-H (1686.5 kJ/mol) and located in TBHQ. Based on their proton affinities the molecules
can be ranked as follows curcumin < BHT< BHA< TBHQ. Thus, curcumin requires less
energy for proton dissociation compared to the other species studied. As for the results of
the ETE values, the synthetic antioxidant additives require less energy to donate an electron
than curcumin. The ETE values are smaller than the IP values for all studied compounds,
because the single electron transfer from the anionic structure is more favored than from the
neutral molecule, which is in good agreement with previous findings [58, 174, 180-183].
The IP and PA values are much larger than the corresponding BDE values. Thus, the HAT
can be considered as the predominant mechanism, which is in good agreement with previous
theoretical studies about BHA and BHT [58] and also with experimental result [177]. All in
all, BHT is a great choice as radical scavenger additive in case of the HAT, and SPLET

mechanisms, but SETPT curcumin could also be suitable.
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3.2. Antioxidant potential of santowhite as synthetic and ascorbic acid
as natural polymer additives?

A wide variety of additives are used to improve specific characteristics of the final polymeric
product. Antioxidant additives (AAs) can prevent oxidative stress and thus, the damage of
polymeric materials. In this work, the antioxidant potential and thus, the applicability of
santowhite (SW) as a synthetic and ascorbic acid (Asc) as a natural AA were explored using
computational tools. All calculations have been carried out by using the Gaussian 09
software package [109]. The studied species, SW, Asc, and the corresponding radicals,
radical cations, and anions were optimized by employing two global hybrid functionals M05-
2X [151], and M06-2X [150] in combination with the 6-311++G(2d,2p) basis set in the gas
phase. Both applied methods have been effectively utilized before to study the
thermochemistry, kinetics, and non-covalent interactions, particularly of free radical
processes [152-155]. However, the M06-2X/6-311++G(2d,2p) level of theory has been
chosen to use during the discussion as it was successfully utilized in the study of similar
systems and processes before [94]. Three antioxidant mechanisms have been considered as

presented in the previous chapter.

3.2.1. Structural properties
The structure of santowhite has been optimized by employing two global hybrid functionals
MO05-2X and M06-2X (Figure 21). The X-H bonds of SW optimized at the M05-2X//6-
311++G(2d,2p) level of theory is shorter compared to the M06-2X results, but the trends are
the same. O1-H and O2-H are equal to 0.960 A at the M06-2X//6-311++G(2d,2p) level of
theory. As for C-H bonds, the longest is C3-H (1.093 A) whilst the shortest is a benzylic
carbon — hydrogen bond, C4-H with 1.077 A (Figure 21).

2 The following subchapter is based on: Dalal K. Thbayh et al. Polymers, 14(17), 3518, 2022
https://doi.org/10.3390/polym14173518
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Figure 21. 2D and 3D structures of the studied synthetic antioxidant additive, santowhite. A
and B have the same 3D structure from different points of view. Geometry optimizations
have been carried out at the M05-2X/6-311++G(2d,2p) and M06-2X/6-311++G(2d,2p)
levels of theory in gas phase, and the corresponding bond lengths (in A) are also shown in
black and blue, respectively.

In the case of Asc, the structure includes four hydroxyl groups and three unique C-H
positions (Figure 22).

0.962

0.965 /0.963

0.966

Figure 22. 3D structure of the studied natural antioxidant additive, ascorbic acid (Asc).
Geometry optimizations have been carried out at the M05-2X/6-311++G(2d,2p) and M06-
2X/6-311++G(2d,2p) levels of theory in gas phase, and the corresponding bond lengths (in
A) are also shown in black and blue, respectively.
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The shortest O-H bond is O4-H with a length equal to 0.958 A, while the longest value be-
longs to O2-H with a length equal to 0.966 A at the M06-2X//6-311++G(2d,2p) level of the-
ory (Figure 22). The C-H bonds cover a range from 1.092 to 1.095 A, where the longest is
C3-H with whereas the shortest value belongs to C1-H and C2-H with a length equal to 1.092
A (Figure 4). All in all, the trend is the same, but the bonds are longer compared to the results
obtained at the M05-2X//6-311++G(2d,2p) level of theory (Figure 22).

3.2.2. Antioxidant mechanisms
3.2.2.1.  Hydrogen atom transfer (HAT)

In the case of the HAT mechanism, the most active bonds are those with the lowest BDE
value [184]. The higher the antioxidant potential, the lower the BDE value, since it is easier
to donate the hydrogen atom to free radicals [94, 159, 178]. BDE values of O-H and C-H
bonds for SW have been computed and compared to determine the most potent antioxidant
sites and also verify the applicability of the studied additives in polymer formulations (7able
14 and Figure 23). SW has two O-H bonds, O1-H and O2-H, which have lower BDE values
compare to C-H bonds and their BDE values cover a narrow range of 350.0 to 351.5 kJ/mol
at both theoretical levels M05-2X and M06-2X (Table 14 and Figure 23). The BDE of O2-
H was found to be slightly lower than O1-H, but both are smaller compared to the bond
dissociation enthalpy of the C-H bonds within the structure determined by using both
functionals (7able 14 ).

As for the BDE values of the C-H bonds of SW at M06-2X/6-311++G(2d,2p), these cover a
range between 357.0 to 465.3 kJ/mol (Figure 23). The weakest bond is C3-H with a
BDE=357.0 kJ/mol and it is located between the two phenolic groups while the strongest
one is a benzylic hydrogen (C2-H, BDE=465.3 kJ/mol). Similar results were obtained at the
MO05-2X/6-311++G(2d,2p) level of theory (Table 14). The C-H bonds are mostly stronger
as the corresponding BDE values are higher than their O-H counterparts, but we noticed that
some C-H bonds are close to the O-H bonds in terms of their antioxidant potential, including
C3-H, C6-H, C7-H, C9-H, and C10-H, where C3-H is between the two phenolic groups in
the molecule, whilst C6-H and C7-H are located on the propyl group in the middle, whereas
C9-H and C10-H are located on methyl groups (Figure 23). The BDE values of these C-H
bonds can be arranged in the following order: C3-H < C9-H < C10-H < C6-H < C7-H with
BDE values equal to 357.0 <375.9 <377.9 <395.4 <398.4 kJ/mol. All in all, based on the

results, the O-H bonds are more potent antioxidant sites in SW, and to donate a H atom from
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these to a free radical is easier than from their C-H counterparts. However, there are some

potentially good free radical scavengers within the C-H sites as well.
Table 14. Bond dissociation enthalpy (BDE) (in kJ/mol) for all unique C-H and O-H bonds

in santowhite (SW) calculated at the MO05-2X/6-311++G(2d,2p) and MO06-2X/6-
311++G(2d,2p) level of theory in gas phase.

X-H positions (klj;l)lil)
SW MO05-2X/ M06-2X/
6-311++G(2d,2p) | 6-311++G(2d,2p)
O1-H 351.5 351.3
02-H 351.2 350.0
Cl1-H 461.2 450.7
C2-H 474.8 465.3
C3-H 356.2 357.0
C4-H 456.8 444.3
C5-H 472.2 465.2
Cé6-H 395.7 395.4
C7-H 397.2 398.4
C8-H 418.2 417.6
C9-H 372.0 375.9
C10-H 369.2 377.9
Cl11-H 425.6 421.8
C12-H 420.1 422.7
500 500

450 4 450 -
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(=]
(=]
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Figure 23. Bond dissociation enthalpy (BDE) vs. bond length plot for santowhite (SW).
Calculations have been carried out at (a) M05-2X/6-311++G(2d,2p) and (b) M06-2X/6-
311++G(2d,2p) levels of theory in the gas phase. The numbers represent the X-H (X = C,
H) bonds in the structure.
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In the case of Asc, there are four O-H and three C-H bonds for which the bond dissociation

enthalpies have been computed (7able 15, and Figure 24).

Table 15. Bond dissociation enthalpy (BDE) values (in kJ/mol) for all C-H and O-H bonds
of ascorbic acid (Asc) at the M05-2X/6-311++G(2d,2p) and M06-2X/6-311++G(2d,2p)

level of theory in gas phase.

. BDE
X-H positions (kJ/mol)
. M05-2X/ MO06-2X/
Ascorbic Acid 6-311++G(2d,2p) | 6-311++G(2d,2p)
O1-H 318.7 319.5
02-H 349.1 348.5
03-H 4332 434.7
04-H 433.3 434.8
C1-H 351.2 353.4
C2-H 381.7 383.6
C3-H 387.7 391.0
500 500
H
@ ' v (b)
N o3
450 450 :
0707 Noy
H N 5 Co
3 400 £ 400
o =
a =
m
350 - 350 -
CH CH
300 oH r r r 300 oH T r r
092 096 100 104 108 112 116 092 09 1.00 104 108 142 1.16
Bond Length(4) Bond Length(4)

Figure 24. Bond dissociation enthalpy (BDE) vs bond length plot for L-ascorbic acid (Asc)
as natural antioxidant additive. The calculations have been carried out at (a) M05-2X/6-
311++G(2d,2p) and (b) M06-2X/6-311++G(2d,2p) levels of theory in the gas phase.

The corresponding computed X-H bond dissociation enthalpy values of Asc are similar in
case of both M05-2X and M06-2X functionals (Zable 15). According to the calculations,
O1-H has the highest antioxidant potential within Asc and its BDE is lower by 30 kJ/mol
and 114.5 kJ/mol, than that of O2-H, and O3-H~=0O4-H, respectively in the M05-2X. Whist
for M06-2X, its BDE is lower by 29 kJ/mol and 115.3 kJ/mol, than that of O2-H, and O3-
H~=~04-H, respectively (Table 15 and Figure 24).
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These results are in good agreement with previous studies [58, 184-186]. The BDEs of the
C-H bonds are higher than O1-H and O2-H, but lower than O3-H and O4-H and cover a
range from 353.4 to 391.0 kJ/mol where the weakest bond is C1-H, while the strongest one
is C3-H (Table 15). Thus, it can be concluded that the O1-H followed by O2-H has the

highest contribution to the antioxidant activity of Asc in the case of the HAT mechanism.

By comparing Asc with SW, the natural antioxidant has a higher antioxidant potential than
its synthetic counterpart. To test the applicability of the studied antioxidant additives, BDE
values of commonly used polymers including polyethylene (PE), polysulfone (PS),
polycarbonate (PC), and polypropylene (PP) have been collected from the literature and
compared to the calculated data (7able 16). It was found that the BDE values of commonly
used polymers cover a range between 393.7 and 406.2 kJ/mol [179] (Table 16).

Table 16. Bond dissociation enthalpy (BDE) values of commonly used polymers such as
polyethylene (PE), polysulfone (PS), polycarbonate (PC), and polypropylene (PP) along
with the lowest BDE values (in kJ/mol) of the studied antioxidants, santowhite (SW) and L-
ascorbic acid (Asc) computed at the M06-2X/6-311++G(2d,2p) level of theory in the gas
phase.

Compound BDE Ref.
(kJ/mol)
Synthetic additive
SW | 3500 .
Natural additive
Asc | 3195
Polymers
PE 393.7
PP 403.7
PC 405.0 [1797*
PS 406.2
* This work

** [ iterature value

It can be seen that the lowest BDE value of both studied structures is well below the
corresponding bond dissociation enthalpies of commonly used polymers. This indicates that
the studied molecules are applicable to prevent oxidative stress induced deterioration of
polymeric products.

3.2.2.2. Single electron transfer-proton transfer (SET-PT)
In the SET-PT mechanism, the first step is an electron transfer from an antioxidant (A) to the

radical. The A then becomes a radical cation (A™"), which in turn deprotonates through the
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second step to form a radical (A") [58, 94, 175]. To measure the antioxidant activity of the
corresponding X-H site, first the ionization potential (IP) is calculated and then the proton
dissociation enthalpy (PDE) has to be determined (Figure 15) [58, 94, 180] . The IP for SW
was found to be 717.7 kJ/mol at the M05-2X/6-311++G(2d,2p) and 715.8 kJ/mol at the M06-
2X/6-311++G(2d,2p) levels of theory (ZTable 17). PDEs indicate that O-H bonds are more
prone to deprotonation in the case of the second step of the SET-PT mechanism of SW than
C-H bonds, but C3-H is a close competitor of O-H groups. Similar results were obtained at

the M05-2X/6-311++G(2d,2p) level of theory (Table 17).

Table 17. Calculated ionization potential (IP) and lowest proton dissociation enthalpy (PDE)
values in kJ/mol for santowhite (SW) determined at the M05-2X/6-311++G(2d,2p) and
M06-2X/6-311++G(2d,2p) levels of theory in gas phase.

MO05-2X/6-311++G(2d,2p) M06-2X/6-311++G(2d,2p)
Compound | IP PDE | IP+PDE | IP PDE | IP+PDE
SW 717.7 715.8
01-H 9478 | 1665.5 946.6 | 1662.4
02-H 9475 | 16652 9453 | 1661.1
C3-H 9524 | 1670.1 9523 | 1668.1

In the case of Asc, IP was found to be 818.6 and 816.7 kJ/mol in M05-2X and M06-2X,
respectively (Table 18). The PDEs for all C-H and O-H sites cover a range between 814.0
and 928.6 kJ/mol at M05-2X and 813.9 to 929.2 kJ/mol at M06-2X, where the weakest one
is O1-H and the strongest one is O3-H. The PDEs of these C-H and O-H bonds can be
arranged in the following order: O1-H <O2-H < C1-H < C2-H < (C3-H < 04-H < O3-H with
PDE values equal to 814.0 < 834.2 <836.6 <877.1 <884.8 <921.6 <928.6 kJ/mol at M05-
2X and 813.9 < 833.0 < 838.3 <878.1 <892.0 <921.8 <929.2 kJ/mol, at M06-2X (Table
18). The results corresponding to O-H bonds are in good agreement with previous studies
[58, 186].

Table 18. Calculated ionization potential (IP) and proton dissociation enthalpy (PDE) values

in kJ/mol for ascorbic acid (Asc) determined at the M05-2X/6-311++G(2d,2p) and M06-
2X/6-311++G(2d,2p) levels of theory in gas phase.

M05-2X/6-311++G(2d,2p) M06-2X/6-311++G(2d,2p)
Compound IP | PDE |IP+PDE IP PDE | IP+PDE
Asc 818.6 816.7
O1-H 814.0 | 1632.6 813.9 1630.6
02-H 834.2 | 1652.7 833.0 1649.7
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03-H 928.6 1747.2 929.2 1745.9
04-H 921.6 1740.2 921.8 1738.5
Cl-H 836.6 1655.2 838.3 1655.0
C2-H 877.1 1695.7 878.1 1694.8
C3-H 884.8 1703.4 892.0 1708.7

All in all, the IP+PDE values of both SW and Asc indicate that the antioxidant activity of
ascorbic acid is higher than santowhite which is in agreement with the findings of the HAT
mechanism.

3.2.2.3. Sequential proton loss electron transfer (SPLET)

In the case of the SPLET mechanism, the first step includes the dissociation of a proton from
the antioxidant (A) which led to the formation of an anion (A~). Thereafter, the (A”) anion
transfers an electron to the scavenged radical and became a radical (A") itself. To determine
the antioxidant potential in the case of the SPLET mechanism, PA and ETE values have been

computed for SW (Table 19).

Table 19. Lowest proton affinities (PAs) and electron transfer enthalpies (ETE) in kJ/mol for
santowhite (SW) calculated at the MO05-2X/6-311++G(2d,2p) and MO06-2X/6-
311++G(2d,2p) levels of theory in gas phase.

MO05-2X/6-311++G(2d,2p) M06-2X/6-311++G(2d,2p)

SW PA ETE | PA+ETE| PA ETE PA+ETE
OI-H | 14384 | 2271 | 16655 | 14344 228.0 1662.4
02-H | 14316 | 233.6 | 16652 | 14272 233.9 1661.1
C3-H | 1563.6 | 1066 | 1670.1 | 1554.1 114.0 1668.1

The proton affinities of SW indicates that proton transfer is more probable from the hydroxyl
groups than from the C-H sites. The best proton transfer ability corresponds to the O2-H site
with a PA equal to 1431.6 kJ/mol and it is lower by about 6.8 kJ/mol than O1-H (1438.4
kJ/mol) according to the M05-2X, while for M06-2X it was equal to 1427.2 kJ/mol and it is
lower by about 7.2 kJ/mol than the corresponding value of O1-H (1434.4 kJ/mol). The
antioxidant potential of the different X-H bonds of SW in the case of the SPLET mechanism
was determined by calculating the sum of PA and ETE and the best O-H and C-H sites were
ranked as follows: O2-H > O1-H > C3-H (Table 19). Similar trends were obtained at both
levels of theory (7Table 19).

As for Asc, the values of PA and ETE have been computed only for four sites (O1-H, O2-H,
C1-H, and C3-H) in case of both M05-2X and M06-2X functional (7able 20), nubecause in
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the case of the other three X-H sites (O3-H, O4-H, and C2-H) intramolecular rear-rangement

is occurred after the proton transfer and thus, the SPLET was not comparable (Figure 25).
Table 20. Proton affinities (PAs) and electron transfer enthalpies (ETEs) in kJ/mol for

ascorbic acid (Asc) calculated at the MO05-2X/6-311++G(2d,2p) and MO06-2X/6-
311++G(2d,2p) levels of theory in the gas phase.

M05-2X/6-311++G(2d,2p) M06-2X/6-311++G(2d,2p)
Asc PA ETE [ PA+ETE PA ETE PA+ETE
Ol-H 1329.3 | 304.0 1633.3 1336.1 295.8 1631.9
02-H 13823 | 276.6 1658.9 1388.6 267.2 1655.8
0O3-H % % _* % _* %
O4_H _k _k _k _k _k _k
Cl-H 1450.5 | 199.4 1650.0 1455.6 194.1 1649.7
C2_H _k _k _k _k _k _k
C3-H 1624.9 69.4 1694.3 1624.0 69.7 1693.7

-* intramolecular rearrangement after proton transfer

Similarly, in case of Asc, proton transfer is more probable from the hydroxyl groups com-
pared to the C-H sites. The best proton donor is O1-H with a proton affinity equal to 1336.1
kJ/mol and it is lower by about 52.5 kJ/mol than O2-H (1388.6 kJ/mol) (7Table 20).
Regarding the C-H sites, it can be noticed that the PA of C1-H (1455.6 kJ/mol) is lower by
about 168.4 kJ/mol than that of C3-H (1624.0 kJ/mol). The antioxidant potential was de-
termined as in case of SW and the ranking of the X-H sites within Asc is the following, O1-
H > C1-H > O2-H > C3-H with PA+ETE values of 1631.9 > 1649.7 > 1655.8 > 1693.7
kJ/mol, respectively (Table 20). The order is the same in case of the M05-2X functional with
slight deviations in the values (Table 20). All in all, the antioxidant activity of ascorbic acid

is higher considering the SPLET mechanism as well compared to santowhite.

In case of the above mentioned three X-H sites, O3-H, O4-H, and C2-H, intramolecular re-
arrangement is experienced after the proton transfer step (Figure 25). The O3-H and O4-H
sites are gaining back the proton from nearby positions such as O1-H and O3-H, respectively
(Figure 25). In case of C2-H, the proton loss initiates the opening of the ring and leads to an
acyclic compound. Although the rearrangements prevent us from comparing these sites with
the others in the case of the SPLET mechanism, it does not mean that O3-H, O4-H, and C2-

H do not contribute to the antioxidant activity of ascorbic acid.
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Figure 25. Optimized structures of ascorbic acid (Asc) and the corresponding anionic
species after proton loss in the case of the O3-H, O4-H, and C2-H sites. The species have
been computed at the M06-2X/6-311++G(2d,2p) level of theory in the gas phase and the
corresponding bond lengths and distances (in A) are also shown. Intramolecular proton
transfers are indicated with orange arrows and the transferred protons are highlighted as
yellow spheres.

All in all, the antioxidant potential of Asc and SW have been studied and compared. To the
best of our knowledge santowhite has not been studied before and thus, the current results

are important and novel contributions to the field. Furthermore, there are some C-H sites
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which are almost as important as the O-H sites in terms of antioxidant potential. This

information could also be important in synthetic antioxidant additive design.

3.3. Comparative Study of the Antioxidant Capability of EDTA and

Irganox®
Oxidative stress makes it difficult to preserve food and negatively affect the applicability of
polymeric packaging. It is typically caused by an excess of free radicals, and it is dangerous
to human health, resulting in the onset and development of diseases. The antioxidant ability
and activity of ethylenediaminetetraacetic acid (EDTA) and Irganox (Irg) as synthetic
antioxidant additives were also studied. To calculate the antioxidant potential of these
molecules, three antioxidant mechanisms have been considered as presented before (Figure
15) and used the following equations (Eq. 1-5) [158, 161, 178, 187]. To do all these
calculation, we have been used Gaussian 09 software package for the studied molecules
[109] and two density functionals, M05-2X [151] and M06-2X [150] in combination with
the 6-311++G(2d,2p) basis set in gas phase. The applied methodologies were previously
validated in similar studies including thermochemistry, kinetics, and non-covalent
interactions, especially those involving free radical reactions. Furthermore, because it has
previously been utilized successfully in the study of similar systems and processes, the M06-
2X/6-311++G(2d,2p) level of theory was chosen to be employed throughout the discussion
in this article [94, 95, 152, 153, 155, 187-190].

Both additives can be used to protect pre-processed food products and polymeric packaging
from oxidative stress related material deterioration. By comparing the two studied
compounds, it was found that EDTA has a higher antioxidant potential than Irganox. To the
best of our knowledge several studies have been carried out to understand the antioxidant
potential of various natural and synthetic species, but EDTA and Irganox were not compared
and investigated before. These additives can be used to protect pre-processed food products

and polymeric packaging and prevent material deterioration caused by oxidative stress.

3.3.1. Geometrical considerations

EDTA has four carboxyl groups which have very similar O-H bonds, in terms of their length
which are between 0.965 to 0.970 A where the shortest one is O1-H and the longest one is
02-H while O3-H and O4-H are both equal to 0.966 A (Figure 26). The carbon atoms which

3 The following subchapter is based on: Dalal K. Thbayh, et al, Heliyon 9 (2023) el6064
https://doi.org/10.1016/j.heliyon.2023.e16064
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carry hydrogens in the structure are all directly linked to nitrogen atoms. The lengths of the
bonds cover a narrow range from 1.087 to 1.092 A where the longest is C6-H whilst the
shortest is C2-H (Figure 26). As for the Irganox model, the structure contains only one
hydroxyl group with a bond length equal to 0.956 A while the C-H bonds cover a range from
1.080 to 1.091 A at the M06-2X/6-311++G(2d,2p) level of theory (Figure 26). The shortest
C-H bonds are C1-H and C2-H with 1.080 A and these are located on the benzene ring

whereas the longest one belongs to C6-H.

() Irganox model

Figure 26. Optimized geometries of the studied synthetic antioxidant additives (a)
ethylenediaminetetraacetic acid (EDTA) and (b) Irganox model. Geometry optimizations
have been carried out at the M06-2X/6-311++G(2d,2p) level of theory in gas phase, and the
corresponding bond lengths (in A) are also shown.
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3.3.2. Antioxidant mechanisms

The antioxidant properties of the two synthetic antioxidant additives including EDTA and
the Irganox model have been studied by using two global hybrid functionals M05-2X and
MO06-2X in combination with the 6-311++G(2d,2p) basis set in gas phase. The antioxidant
potential has been measured by comparing the two species in HAT, SET-PT and SPLET
mechanisms.

3.3.2.1. Hydrogen atom transfer (HAT) mechanism

The HAT mechanism involves a hydrogen atom transfer from hydrogen donor sites, such as
methyl group, hydroxyl group and others, of the antioxidant compound to the free radical.
From a thermodynamic point of view, the antioxidant potential can be measured by the bond
dissociation enthalpy of the corresponding X-H bond, where the lower the BDE the greater
the antioxidant capacity of the compound [94, 95, 158-160]. The BDE values for all unique
X-H bonds of EDTA have been calculated and compared (Table 21 and Figure 28).

Table 21. Bond dissociation enthalpy (BDE) (in kJ/mol) for all unique C-H and O-H bonds
in ethylenediaminetetraacetic acid (EDTA) at the M05-2X/6-311++G(2d,2p) and MO6-
2X/6-311++G(2d,2p) levels of theory in gas phase.

EDTA BDE (kJ/mol)
X-H MO05-2X/ M06-2X/
positions 6-311++G(2d,2p) | 6-311++G(2d,2p)

Ol1-H 362.0 354.0
02-H 361.1 351.8
03-H 345.4 340.4
04-H 342.9 338.5
Cl1-H 328.0 330.3
C2-H 321.4 323.6
C3-H 368.4 367.2
C4-H 365.7 364.8
C5-H 317.5 316.7
C6-H 313.1 317.3

BDE values of the C-H bonds of EDTA computed at the M06-2X/6-311++G(2d,2p) level of
theory, which cover a range between 316.7 to 367.2 kJ/mol. The weakest bond is C5-H while
the strongest one is C3-H. In the case of the M05-2X (Table 21), the weakest C-H bond is
C6-H with a BDE equal to 313.1 kJ/mol, whilst the strongest is C3-H.
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As for BDE values of O-H bonds, special situations arise in case of the carboxyl groups of
EDTA. When the hydrogens were removed from the carboxyl groups large structural
changes occurred (Figure 27 and Figure A1) as it induced a homolytic bond dissociation.
The hydrogen atom abstraction from the carboxyl groups of EDTA initiated a successive C-
C bond break, resulting in decarboxylation, a similar situation experienced before in the
literature [191]. However, BDE values can be computed for O-H bonds, and these can be
compared with the corresponding values of C-H bonds, but any conclusion must take into
account the effect of the mentioned structural changes. The BDE of O-H bonds cover a range
between 338.5 to 354.0 kJ/mol where the weakest bond is O4-H whilst the strongest is O1-
H (Table 21) determined at the M06-2X/6-311++G(2d,2p) level of theory. Thus, O4-H has
the highest antioxidant potential within the O-H bonds. The results with the other density
functional are similar with only small deviations. But this is just an artefact of the position
of the released carbon dioxide, as the four O-H groups should have identical bond
dissociation values. As for the BDE values of the C-H bonds of EDTA computed at the M06-
2X/6-311++G(2d,2p) level of theory, these cover a range between 316.7 to 367.2 kJ/mol.
The weakest bond is C5-H while the strongest one is C3-H. In the case of the M05-2X (Table
21), the weakest C-H bond is C6-H with a BDE equal to 313.1 kJ/mol, whilst the strongest
is C3-H.

Therefore, by comparing the X-H bonds within EDTA, the order of antioxidant potential is
the following: C3-H <C4-H <O1-H <02-H < 03-H < 04-H < C1-H < C2-H < C6-H < C5-
H. Thus, C-H bonds have higher antioxidant potential than O-H bonds within EDTA. At the
same time, C3-H and C4-H have lower antioxidant potential and these bonds are located

between two nitrogen atoms.
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Figure 27. Optimized structures of ethylenediaminetetraacetic acid (EDTA) and the
corresponding radical species after H-atom transfer in the hydrogen atom transfer (HAT)
mechanism in case of the (a) O1-H (EDTA-O1), (b) O2-H (EDTA-0O2), (c¢) O3-H (EDTA-
03), and (d) O4-H (EDTA-0O4) sites. The species have been computed at the M06-2X/6-

311++G(2d,2p) level of theory in the gas phase and specific geometrical parameters are also
shown (in A).
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In the case of the Irganox model, the BDE values of the studied X-H bonds have also been

calculated and compared (

Table 22 and Figure 28). There is only one hydroxyl group in this structure and the
corresponding BDE is 331.7 and 333.8 kJ/mol calculated with M05-2X and M06-2X,

respectively. BDEs of the C-H bonds cover a range from 364.8 to 454.0 kJ/mol (

Table 22), and the weakest C-H bond is C5-H whilst the strongest one is C1-H, a benzylic

hydrogen. The O-H and C5-H are the most potent antioxidant sites within the model

compound.

Table 22. Bond dissociation enthalpy (BDE) (in kJ/mol) for all unique C-H and O-H bonds
in the studied Irganox model at the MO05-2X/6-311++G(2d,2p) and MO06-2X/6-
311++G(2d,2p) levels of theory in gas phase.

Irganox BDE
(kJ/mol)
X-H MO05-2X/ Mo06-2X/
positions 6-311++G(2d,2p) | 6-311++G(2d,2p)
O-H 331.7 333.8
Cl-H 458.5 454.0
C2-H 459.9 450.6
C3-H 423.0 423 .4
C4-H 422.2 422.5
C5-H 358.3 364.8
C6-H 383.3 385.2
C7-H 412.3 413.1
380 500
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Figure 28. Bond dissociation enthalpy (BDE) vs bond length plot for two studied synthetic
antioxidant additives (a) ethylenediaminetetraaceticacid (EDTA) and (b) Irganox model. The
calculations have been carried out at the M06-2X/6-311++G(2d,2p) level of theory in gas
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phase. It has to be noted that the hydrogen atom abstraction from the carboxyl groups (O1-
H, O2-H, O3-H, and O4-H) of EDTA initiated a successive C-C bond break, resulting in
decarboxylation.

By comparing the results of the two synthetic antioxidant additives, it can be concluded that
EDTA has a higher antioxidant potential than Irganox. To assess the applicability of these
compounds as antioxidant additives, experimental BDE values of regularly used polymers
(from 393.7 to 406.2 kJ/mol) [94, 95, 179] were compared to the lowest bond dissociation
enthalpies (316.7 and 333.8 kJ/mol) of the studied species. It was found that both species
can be used to protect polymers and prevent material deterioration caused by oxidative stress
[94, 95, 179]. It must be noted somehow that some of the polymers compared applied in
food packaging.

3.3.2.2. Single electron transfer proton transfer (SET-PT)

The second studied mechanism was SET-PT which includes two steps. First an electron is
donated from the antioxidant to the radical which is followed by proton transfer [94, 95]. In
this case, the antioxidant potential is determined by the ionization potential (IP) and proton
dissociation enthalpy (PDE) values. The lower IP and PDE values are associated with higher
antioxidant capability of the additives [58, 94, 95, 160, 161]. The IP for EDTA is slightly
above 700 kJ/mol (Table A1. and Table 23). PDEs indicates that C-H bonds in some positions
in the structure are more prone to deprotonation in the second step of the SET-PT mechanism
than O-H bonds except C3-H and C4-H. Thus, C-H bonds in EDTA have higher antioxidant
potential than O-H bonds according to their [IP+PDE values which is in good agreement with

the results of the HAT mechanism.

The IP of the Irganox model is higher compared to EDTA and it is just above 730 kJ/mol
(Table Al. and Table 23). Furthermore, the PDE values cover a range between 911.7 and
1031.9 kJ/mol (calculated at the M06-2X/6-311++G(2d,2p) level of theory) where the lowest
one belongs to the O-H bond and the strongest one is C1-H which is a benzylic hydrogen
(Table 23). The most potent antioxidant site of the Irganox model is O-H followed by C5-
H, C6-H, C7-H, C4-H, C3-H, C2-H, and C1-H. Thus, the strongest bonds are C1-H and C2-
H which are benzylic hydrogens, while the weakest bonds are the O-H, C5-H, and C6-H. By
comparing the ionization potentials of the compounds, it can be seen that EDTA has stronger
electron donating ability than Irganox. Furthermore, the sum of the IP and PDE values further
strengthen that EDTA has higher antioxidant potential compared to Irganox, and this also is

in good agreement with the HAT results.
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3.3.2.3. Sequential proton loss electron transfer (SPLET)

The last antioxidant mechanism to consider is SPLET. It also includes two steps, a proton
transfer followed by an electron transfer from the antioxidant to the radical. The values of
proton affinity (PA) and electron transfer enthalpy (ETE) define the antioxidant potential for
the studied compounds, the lower PA and ETE the better antioxidant. The computed PA and
ETE values of the X-H (X=0 or C) bonds of EDTA has been collected and compared (7able
Al. and Table 23). In the case of EDTA, during the first step of SPL, in case of the
deprotonation from O2-H and O3-H, the process leads to an interesting situation. Both
deprotonated species rearrange in a way that the nearby proton holding carboxyl group will
stabilize the system by forming a bridge with the group which just lost its proton (Figure 29
and Figure A2) and thus, the remaining proton will be shared between the two groups.
Nevertheless, the corresponding PA and ETA values have also been computed and compared
to C-H bonds, but the conclusions drawn by using these two cases have to consider the
specificity of the mechanism. According to the calculated proton affinities for all, from
highest to lowest the X-H sites within EDTA are ranked in the following order: C4-H, C3-
H, C1-H, C6-H, C2-H, O1-H, C5-H, O4-H, O2-H, and O3-H. Thus, O-H sites are more
prone to deprotonation, but in terms of ETE results, the C-H bonds have lower values

compared to O-H bonds.

Due to the special situation (O2 and O3 in SPL), the order of the antioxidant potential
(PA+ETE) in this mechanism is different compared to the HAT and SET-PT mechanisms.
The antioxidant potential of C3-H and C4-H were the lowest among all bonds in case of
HAT and SET-PT, but in this mechanism O2-H and O3-H are the least potent antioxidant

sites.
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Figure 29. Optimized structures of ethylenediaminetetraacetic acid (EDTA) and the
corresponding anionic species after proton loss in the first step of the SPLET mechanism in
the cases of the (a) O2-H (EDTA-0O2) and (b) O3-H (EDTA-O3) donor sites. The species
have been computed at the M06-2X/6-311++G(2d,2p) level of theory in the gas phase and
the corresponding specific geometric parameters are also shown (in A).

In case of the Irganox model, PA values cover a range between 1406.9 (O-H) and 1701.7
(C4-H) kJ/mol calculated at the M06-2X/6-311++G(2d,2p) level of theory. As for ETE
results of Irganox, the values start from 31.8 to 238.0 kJ/mol (7able 23). From the result, we
can notice that the PA and ETE results indicate that the antioxidant potential of O-H is higher
than C-H bonds which are in good agreement with the results of the HAT and SET-PT

mechanisms.
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Table 23. The ionization potential (IP), proton dissociation enthalpy (PDE), proton affinities
(PAs) and electron transfer enthalpies (ETE) values in kJ/mol for ethylenediaminetetraacetic
acid (EDTA) and Irganox model calculated at the M06-2X/6-311++G(2d,2p) level of theory
in gas phase.

Compound 1P PDE IP+PDE PA ETE PA+ETE
EDTA 700.1
O1-H 956.0 1656.1 1410.0 255.1 1665.1
O2-H 947.5 1647.5 1325.2" 380.1° 1705.3"
03-H 950.9 1651.0 1300.7" 395.5" 1696.3"
0O4-H 953.1 1653.2 1393.2 256.4 1649.6
Cl1-H 9233 1623.3 1497.7 145.6 1643.3
C2-H 921.4 1621.5 1462.6 168.5 1631.1
C3-H 959.0 1659.1 1617.5 60.8 1678.3
C4-H 959.0 1659.1 1618.3 57.6 1675.9
C5-H 921.4 1621.5 1407.2 241.7 1648.9
C6-H 924.7 1624.8 1486.5 141.9 1628.4
Irganox 733.1
O-H 911.7 1644.9 1406.9 238.0 1644.9
Cl1-H 1031.9 1765.0 1632.5 132.6 1765.0
C2-H 1028.5 1761.7 1622.7 140.7 1763.5
C3-H 1001.4 1734.5 1666.2 68.3 1734.5
C4-H 1000.4 1733.6 1701.7 31.8 1733.6
C5-H 942.8 1675.9 1576.0 99.9 1675.9
C6-H 963.1 1696.3 1525.5 170.8 1696.3
C7-H 991.1 1724.2 1668.2 52.4 1720.6

*Rearrangement after deprotonation

All in all, the O-H bond is more prone to deprotonation compared to the C-H sites and both
EDTA and Irganox are more prone to express their antioxidant effect through the HAT than
SET-PT or SPLET mechanisms.

3.4. Potential of a-Tocopherol and Trolox as an Effective Natural
Antioxidant for Polyurethane Foams: A DFT and Experimental Study*

The main source of this type of antioxidant is plants, and they often have substantial phenolic
contents that serve to be used as antioxidants, like tocotrienols, tocopherols, chlorophylls,
polyphenols, ascorbates, and carotenoids. In this work, a-tocopherol and trolox were studied
as compounds that have the highest biological activity. a-tocopherol (Vitamin E) is
considered a food additive because the refining process of vegetable oils causes the depletion
of this vitamin, and thus, its inclusion is required to keep them from oxidizing. The

antioxidant activity of these additives has been determined using computational tools. The

4 The following subchapter is based on: Dalal K. Thbayh, et al, Molecules 29, no. 24 (2024) 6037.
https://doi.org/10.3390/molecules29246037
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Gaussian 09 program was used to do all the calculations [109]. The structures of the studied
species, a-tocopherol, trolox, and their corresponding species (radicals, radical cations, and
anions), were optimized by using two density functional methods, M05-2X [151] and M06-
2X [150], along with the 6-311++G(2d,2p) as the basis set in the gas and water phases. The
applicability of these methods has been verified before [94, 95, 152, 153, 155, 187, 188,
192]. The experimental value of bond dissociation enthalpy (BDE) for a specific O—H bond
determined in the case of a-tocopherol was used to validate the calculations and to select the
most suitable combination of method and basis set for the subsequent analysis and discussion
[177, 193-195]. The antioxidant activity for the examined geometries was calculated using
three alternative mechanisms as mentioned in the previous chapter. To test the applicability
of a-Tocopherol to enhance the mechanical properties of polyurethane (PUR) was studied

with the aim of using a single additive material to achieve multiple effects.

3.4.1. Computational Results
3.4.1.1. Optimized Geometries

In this work, a-tocopherol and trolox have been optimised. The former has three methyl
groups (CH3) bound to the aromatic ring, and optimizations have been calculated by using
MO05-2X (Figure B 1) and M06-2X (Figure 30) in the gas and water phase. There is one
hydroxyl group (OH) in a-tocopherol, and its corresponding bond length is equal to 0.958
A in the gas phase and 0.963 A in the water phase, whereas the C-H bonds start between
1.084 - 1.097 A The shortest is C2-H, which is located in the methyl group, whilst the
longest bonds are C11-H and C16-H, which are located on the isoprenoid side-chain in the
gas phase (Figure 30 and Table 24) and for the solvent phase, there are little differences in
the values for the same position bonds ( Figure 30 and Table 25). Both methods, M05-2X
and M06-2X, provide similar results with minor changes in the values in all of the gas and

water phases (Figure B 1, Table B1, and Table B 2).
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Figure 30. The investigated compound of a natural antioxidant additive (a-tocopherol).
Geometry optimizations were performed in the gas and water phases at the M06-2X/6-
311++G(2d,2p) level of theory, and the appropriate bond lengths (in A) for the strongest and
weakest X-H (X=0, C) bond are also displayed in the black (gas) and blue (water) phases.
Trolox is a smaller tocopherol derivative. As for trolox, the structure has two hydroxyl
groups (OH), with the value of bond length equal to 0.959 A (O1-H) and 0.966 A (02-H) in
the gas phase while equal to 0.963 A (O1-H) and 0.970 A (O2-H) in the water phase, whereas
the C-H bonds cover a range start from 1.084 (C1-H) to 1.095 A (C4-H) as determined at
the M06-2X/6-311++G(2d,2p) level of theory (Figure 23 and Table 26) in the gas phase and
the bond lengths for C-H cover value from 1.085 (C1-H) to 1.095 A (C4-H) in the water
phase (Figure 31 and Table 27). The shortest C-H bond is C1-H, and it’s located on the
methyl group, while the longest one is located on the heterocyclic ring. The behavior is
similar for the M05-2X/6-311++G(2d,2p), with only a few differences in the values
experienced (Figure B2, Table B 3, and Table B4).
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Figure 31. The investigated natural antioxidant additive of the studied tocopherol derivative
trolox. The geometry optimizations were performed in the gas and water phase at the M06-
2X/6-311++G(2d,2p) level of theory, and the appropriate bond lengths (in A) for the
strongest and weakest X-H (X=0, C) bond are also displayed in the black (gas) and blue
(water) phases.

3.4.1.2. Antioxidant capability and scavenging mechanisms

The antioxidant efficacy of a-tocopherol and trolox has been evaluated, and three
mechanisms, including hydrogen atom transfer (HAT), sequential proton loss electron
transfer (SPLET), and single electron transfer proton transfer (SET-PT), in the gas and water
phase have been studied. The most important parameters from these mechanisms have been

calculated to compare the antioxidant ability of the studied molecules.

As for HAT, hydrogen atoms can be transferred from numerous hydrogen donor positions
of the antioxidant additive, like the methyl group (CH3), hydroxyl group (OH), benzene ring,
and others, to the free radicals. Within the HAT mechanism, antioxidant compounds
participate in a one-step process by donating a hydrogen atom, resulting in the formation of
a radical. Simultaneously, the original free radical is neutralized. Thus, BDE values can be
used to measure the antioxidant's ability to donate its hydrogen atom. Although there are
numerous descriptors that can demonstrate antioxidant activity, BDE is currently the most
trustworthy and is often used when taking the HAT mechanism into account [196]. The

lower the value of BDE, that means the better the antioxidant properties of a compound [58,

94, 95, 158, 160, 192].
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The values of BDE for all unique X-H bonds of a-tocopherol were computed in the gas and
water phases by using two methods, including M05-2X and M06-2X (Table 24, Table 25,
Table B1, Table B 2,

Figure 32, and Figure B3). As for M062X in two phases, the a-Tocopherol has one
hydroxyl group, and the corresponding BDE value is equal to 327.0 and 328.6 kJ/mol in the
gas and water phases, respectively, which is in excellent agreement with the previous
experimental values [177, 193-195] and the theoretical study [197, 198]. while the values of
the C-H bonds in the molecule start from 355.0 to 421.3 kJ/mol in the gas phase and from
364.6 to 426.3 kJ/mol in the water phase. In the case of the weakest C-H bond, it was C4-H
and located on the heterocyclic ring, while the strongest one was C6-H and located on the
methyl group ( Figure 23 and Figure B3). The O-H bond has the highest antioxidant
potential, but in some cases, C-H bonds can serve as hydrogen donor sites and contribute to
the antioxidant effect of the compound. The behavior is similar for the M05-2X/6-
311++G(2d,2p), with only a few shifting in the values experienced (Figure S3, Table S1,
and Table S2).
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Figure 32. Bond dissociation enthalpy vs bond length plot of a-tocopherol. The calculations
were performed in the gas and water phases using the M06-2X/6-311++G(2d,2p) level of
theory.

The values of BDE for all possible sites of trolox were also studied (7able 26, Table 27,
Table B 3, Table B4, Figure 33, and Figure B4). Results indicated that in the case of trolox,
the two hydroxyl groups O1-H and O2-H are quite far from each other in terms of their
antioxidant activity because their BDE is equal to 328.2 and 360.2 kJ/mol in the gas phase,
while their values are equal to 332.8 and 363.2 kJ/mol in the water phase. In this case of C-
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H bonds, bond dissociation enthalpies in the M06-2X in gas phase cover a range between
359.4 and 427.5 kJ/mol (Table 26), while they cover a range from 366.6 and 435.2 kJ/mol
(Table 27). The smallest one belongs to C4-H, which is located on the heterocyclic ring, and
the strongest one is C6-H, which is located on a methyl group (Figure 33). It has to be noted
that the same behaviour was experienced in both studied species, which is expected due to
the structural similarities. There is no difference in the values according to M05-2X/6-

311++G(2d,2p) of BDE values (Figure B4, Table B 3,and Table B4).
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Figure 33. Bond dissociation enthalpy vs bond length plot of trolox. The calculations were
performed in the gas and water phases using the M06-2X/6-311++G(2d,2p) level of theory.
The lowest value of BDE belongs to the OH group of the phenol ring of trolox, which is in

good agreement with the previous studies [58, 199].

The experimental values of BDEs for the regularly used polymers were collected from the
previous literature and compared with the smallest BDEs of trolox and a-tocopherol [94,
95]. We have noticed that the BDE values for polymers are in a range of 393.7 and 406.2
kJ/mol [179], and in both studied species, there is at least one X-H bond that has a smaller
BDE than these conventional polymers. Thus, both trolox and a-tocopherol can be applied

as antioxidant additives to protect polymers from free radicals.

Single electron transfer proton transfer (SET-PT) has two steps to neutralize radicals. First
step, an electron from the antioxidant molecule is transferred, which is followed by a proton
transfer. The ionization potential (IP) and proton dissociation enthalpy (PDE) are used in this
process to determine the antioxidant potential of the species. The antioxidant capacity of the

compounds increases with decreasing IPs and PDE values [58, 94, 95, 160, 161, 194].
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IPs and PDE values for a-tocopherol have been computed (7able 24, Table 25, Table B1,
and Table B 2) in two methods and two phases. As for M06-2X, the results indicate that the
IP of tocopherol in the gas phase was higher than the value in the water phase, which is 662.7
kJ/mol in the gas phase and equal to 423.6 kJ/mol in th4e water phase (Table 24, and Table
25). In the gas phase and water phase, the PDE of the O-H bond is equal to 972.9 and 63.7
kJ/mol, respectively. These values are similar to those found in the previous studies [194,
198]. The PDE values of C-H bonds cover a range starting from 1006.1 (C4-H) to 1069.7
kJ/mol (C6-H) in the gas phase while starting from 100.6 to 162.4 kJ/mol in the water phase
at M06-2X (Table 24,and Table 25). In the case of the second method (M05-2X), the
behavior was the same with a slight change in the values (Table B1, and Table B 2). From
the results, we can see that the O-H group is a more potent proton donor in the second step
of the SET-PT mechanism of tocopherol than the C-H bonds, which is expected.
Consequently, O-H has the highest antioxidant activity than C-H bonds depending on their
[P+PDE values. The results corresponding to O-H and C-H bonds for a-tocopherol in both
methods agree with the HAT results.

In the case of trolox, the corresponding IP and PDE values were determined (7able 26, Table
27, Table B 3, and Table B4) in all of M05-2X and M06-2X. In the M06-2X, it was found
that the IP is slightly higher (677.2 kJ/mol) in the gas phase and 436.2 kJ/mol in the water
phase compared to a-tocopherol (7able 26, and Table 27). The PDE values of O-H bonds
are equal to 961.9 and 991.4 kJ/mol in the gas phase, while they are equal to 56.2 and 86.6
kJ/mol in the water phase, where the lowest bond is the O1-H bond, and the strongest one is
O2-H (Table 24, Table 25, and Figure 31). Whereas for C-H bonds, the PDEs are in a range
from 993.3 to 1058.5 kJ/mol in the gas phase, and they are in a range starting from 90.0 to
158.6 kJ/mol in the water phase in the M06-2X, where the weakest one refers to the C4-H
bond located on the heterocyclic ring, while the strongest one is C6-H, which is located on
the methyl group (Table 24, Table 25, and Figure 31), and it is in good agreement with the
previous studies [58]. Moreover, the I[P+ PDE results show that O-H activity is higher than
C-H activity in all of M06-2X and M05-2X (Table B 3, and Table B4). The IP results for a-
tocopherol and trolox indicate that the former donates an electron more easily than the latter.
All in all, by comparing the lowest values of IP+PDE of trolox and a-tocopherol, the latter
has a bit higher antioxidant activity than the former, which is in good agreement with the

HAT mechanism.
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Sequential proton loss electron transfer (SPLET) is the third antioxidant mechanism to
calculate the antioxidant potential of various species. This process is another two-step
mechanism, which includes a proton transfer followed by an electron transfer from the
antioxidant to the radicals. There are two important parameters that determine the
antioxidant ability in this case: proton affinity (PA) and electron transfer enthalpy (ETE).
The smaller the PA and ETE, the better the antioxidant is the studied molecule. The
calculated values of PA and ETE for all possible sites X-H (X=0 or C) bonds of a-tocopherol
were collected and compared in two phases by using two methods (7able 24, Table 25, Table
B1, and Table B 2). The O-H bond has the smallest PA+ETE value within the molecule,
1635.6 and 486.5 kJ/mol in the gas phase and water phase, respectively, and it is in good
agreement with the previous article [194, 198]. The values of PA +ETE of C-H bonds cover
a range between 1668.8 and 1732.7 kJ/mol in the gas phase while in the water phase cover
arange between 521.6 to 586.1 (Table 24, and Table 25). Where, the weakest C-H bond was
located on the heterocyclic ring, while the strongest one was located on the methyl group.
As for trolox, PA and ETE values of O-H and C-H bonds have also been computed (7able
26, Table 27, Table B 3, and Table B4).

There is a special case with trolox, a-tocopherol, and the corresponding anion in the SPL
step of the SPLET mechanism in the case of the C6-H (Trolox) and C5-H (a-tocopherol)
sites in the gas phase (Table 24, and Table 25). Intramolecular rearrangement occurs after
the proton transfer (Figure 34), and thus, the SPLET was not comparable with other cases.
The proton loss from the C5-H of a-tocopherol and C6-H of Trolox initiated a successive

C-O bond break, similar to the situation experienced before [21].
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Trolox-Cé6

A

Figure 34. Optimized structures of Trolox, a-tocopherol, and the corresponding an anion in
the SPL step of the SPLET mechanism in case of the C5-H of a-tocopherol and C6-H of
Trolox site. The species have been computed at the M06-2X/6-311++G(2d,2p) level of
theory in the gas phase and the corresponding bond lengths (in A) are also shown.
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From the results, we can see that the antioxidant capability of O-H is bigger than that of C-
H bonds for all of a-tocopherol and trolox, but at the same time, there are some C-H bonds,
such as C4-H, which may contribute to the antioxidant capability of the species. These results
are in good agreement across all mechanisms. If the antioxidant potential of a-tocopherol
and trolox is compared, they approximately have the same values, but still, a-tocopherol has

higher antioxidant activity.

Table 24. Bond lengths (B.L) (in A), bond dissociation enthalpy (BDE), ionization potential
(IP), proton dissociation enthalpy (PDE), proton affinity (PA) and electron transfer enthalpy
(ETE) values in kJ/mol of a-tocopherol computed using in the gas phase the M06-2X/6-
311++G(2d,2p) level of theory.

Compound B.L BDE 1IP PDE IP+PDE PA ETE PA+ETE
a-Tocopherol 662.7

O-H 0.958 327.0 9729 1635.6 14614 1742  1635.6
CI-H 1.085 371.4 1020.6 1683.3  1564.5 118.0 1682.5
C2-H 1.084 369.1 1019.8 1682.5 15834 99.1 1682.5
C3-H 1.090 370.2 1018.6 1681.3  1585.5 95.8 1681.3
C4-H 1.091 355.0 1006.1 1668.8  1569.1 99.6 1668.8
C5-H* 1.089 414.3

C6-H 1.090 421.3 1069.7 17324 16743 58.1 1732.4
C7-H 1.093 413.6 1059.3 1722.0 16752 49.5 1724.7
C8-H 1.094 402.4 1049.9 1712.6  1668.0 46.3 1714.3
C9-H 1.096 405.6 1054.5 1717.2  1685.7 31.5 1717.2
C10-H 1.093 413.2 1062.6 17253  1686.8 38.4 1725.3
Cl11-H 1.097 398.9 10473 1710.0 1673.0 36.5 1709.5
CI12-H 1.096 409.2 1057.6 17204  1686.5 28.6 1715.1
C13-H 1.096 395.8 1046.2 1709.0 1691.7 15.2 1706.9
Cl4-H 1.096 405.5 1053.3 1716.0  1700.8 20.8 1721.7
C15-H 1.093 415.6 1064.0 1726.7 1694.0 31.5 1725.5
Cl6-H 1.097 402.0 10504 1713.1 1683.8 29.4 1713.2
C17-H 1.096 403.4 1051.8 17145 1693.7 20.2 1713.8
C18-H 1.096 399.6 10479 1710.6  1696.7 13.8 1710.5
C19-H 1.096 409.3 1053.6 1716.3  1700.3 15.9 1716.2
C20-H 1.095 397.7 1046.1 1708.8  1697.7 11.2 1708.9
C21-H 1.092 418.8 1067.1 1729.8 17139 159 1729.9
C22-H 1.093 4194 1068.3 1731.0 1707.0 25.6 1732.7

* Rearrangement after deprotonation
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Table 25. Bond lengths (B.L) (in A), bond dissociation enthalpy (BDE), ionization potential
(IP), proton dissociation enthalpy (PDE), proton affinity (PA) and electron transfer enthalpy

(ETE) values in kJ/mol of a-tocopherol computed using in the solvent phase (water) the
MO06-2X/6-311++G(2d,2p) level of theory.

Compound B.L BDE [IP PDE [IP+PDE PA ETE PA+ETE

a_
Tocopherol 423.6

O-H 0.963 328.6 63.7 487.3 174.1 3125 486.5
Cl-H 1.085 380.4 110.6 5342 310.8  229.0 539.8
C2-H 1.085 378.9 114.6 5382 319.7 2185 538.2
C3-H 1.090 377.1 113.5 537.1 319.8  216.8 536.7
C4-H 1.090 364.6 100.6 5242 323.8 197.8 521.6
C5-H 1.089 418.5 149.5 573.1 383.6 191.7 575.3
C6-H 1.090 426.3 162.2  585.9 380.7  205.1 585.9
C7-H 1.094 4153 151.0 574.6 397.3 177.6 574.9
C8-H 1.093 407.3 140.6  564.3 406.0 160.6 566.6
C9-H 1.096 413.9 149.4  573.1 405.9 167.5 573.4
C10-H 1.094 421.4 157.4  581.0 390.6 187.9 578.5
Cl11-H 1.096 406.3 142.2  565.8 411.7 148.4 560.1
Cl12-H 1.096 412.9 148.7 5723 407.3 165.0 5723
C13-H 1.095 405.5 1414  565.0 409.7 155.3 565.0
Cl14-H 1.096 413.1 149.0  572.6 407.7 164.9 572.6
C15-H 1.094 418.0 156.7  580.3 393.8 183.8 571.5
Cl6-H 1.096 406.1 142.0  565.7 412.3 153.2 565.5
C17-H 1.096 413.0 148.8  572.4 404.5 168.0 572.5
C18-H 1.096 406.0 142.1 565.7 409.9 155.5 565.4
C19-H 1.096 413.7 149.5 573.2 409.0 164.3 573.2
C20-H 1.095 404.5 140.3 564.0 410.2 153.8 564.0
C21-H 1.093 426.5 162.4  586.1 397.3 188.8 586.1
C22-H 1.093 4249 160.8  584.4 394.8 189.4 584.2

Table 26. Bond lengths (B.L) (in A), bond dissociation enthalpy (BDE), ionization potential
(IP), proton dissociation enthalpy (PDE), proton affinity (PA) and electron transfer enthalpy
(ETE) values in kJ/mol of trolox computed using in the gas phase the M06-2X/6-
311++G(2d,2p) level of theory.

Compound BL BDE 1IP PDE IP+PDE PA ETE PA+ETE
Trolox 677.2

O1-H 0.959 328.2 961.9 1639.1 1460.5 178.8 1639.3
O2-H 0.966 360.2 991.4 1668.6 1406.0 2624 16684
Cl1-H 1.084 374.5 1007.4 1684.6 1588.0 97.6 1685.6
C2-H 1.085 372.5 1006.5 1683.7 1564.1 119.5 1683.6
C3-H 1.085 370.1 1003.9 1681.2 1584.6  96.5 1681.2
C4-H 1.095 3594 993.3 1670.5 1566.7 103.8 1670.5
C5-H 1.088 414.3 1048.2 1725.4 1625.2 100.2 17254
*C6-H 1.088 427.5
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* Rearrangement after deprotonation

Table 27. Bond lengths (B.L) (in A), bond dissociation enthalpy (BDE), ionization potential
(IP), proton dissociation enthalpy (PDE), proton affinity (PA) and electron transfer enthalpy
(ETE) values in kJ/mol of trolox computed using in the solvent phase (water) the M06-2X/6-
311++G(2d,2p) level of theory.

Compound B.LL. BDE IP PDE IP+PDE PA ETE PA+ETE
Trolox 436.2

O1-H 0.963 332.8 56.2 492.3 171.8 320.6 4923
02-H 0.970 363.2 86.6 522.8 102.1 420.6  522.8
Cl1-H 1.085 379.4 103.6  539.8 315.8 2229 5388
C2-H 1.085 381.1 104.4 540.5 309.9 230.7  540.6
C3-H 1.086 377.2 100.6  536.8 315.8 221.0 536.8
C4-H 1.095 366.6 90.0 526.2 318.0 208.1  526.2
C5-H 1.088 419.7 143.7 579.8 363.8 2154  579.2
Co6-H 1.088 4352 158.6 594.8 346.1 248.6  594.7

3.4.2. Experimental Results (a-Tocopherol as an Effective Natural
Antioxidant for Polyurethane Foams)

3.4.2.1. Mechanical Tests

A compression force deflection test was carried out according to ASTM D3574 Test C on
the different ratios of antioxidant additives (0.0, 0.25, 0.50, 0.75, and 1.0) wt% FPUF/
a-tocopherol samples for each NCO index (1.0 and 1.1). The force was measured at 50% of

the original sample height compression after 1 min.

Adding antioxidant additives to the FPUF structure can influence its mechanical properties
like the compression force (F). Therefore, this study incorporated a-tocopherol, a natural
antioxidant additive, into the FPUF foam structure. The results show that increasing the
concentration of a-tocopherol in the foams leads to a decrease in compression force, meaning
the foam becomes softer or less resistant to compression. This effect is generally due to the
interaction of a-tocopherol with the polymer matrix and the flexibility it introduces. An
antioxidant additive like o-tocopherol which has a relatively low molecular weight
compound, can act as a plasticizer in the polymer matrix [200]. As a plasticizer, it increases
the flexibility of the polymer chains, leading to greater mobility within the matrix. This
increased molecular mobility reduces the resistance of foam to compressive forces, making

it softer and decreasing its compression force.

As the hardness of the foams with NCO-index 1.1 was higher than 0.1 given that the hard
segments were determined by the amount of isocyanate in the foam, the compressive force
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(F) also gradually increased from 7.84 N for an NCO index of 1.0 to 10.10 N in the case of
the samples with a 1.1 NCO-index (

Table 28). The compressive force (F) of an NCO index of 1.0 with different amounts of
antioxidant ranged from 7.84 N to 5.87 N for 0.0 and 1.0% wt, respectively. As for NCO
index of 1.1, the compressive force (F) value was 10.10 N (0.0 %wt) of a-tocopherol and
9.27 N (1.0 % wt). That means, the foams with high concentration of antioxidant were softer

than the reference.

There are clear differences in the hardness between them, with the F decreasing as the ratio
of antioxidants in the foams increases; therefore, softer foams had a higher tocopherol ratio.
This means that, if the lower compressive force (F) is required for some applications that
need more softer foams, a sample with tocopherol is recommended because it was softer
than the reference (foams without tocopherol) and also a sample. with the higher ratios of
tocopherol is recommended. The change in foam heights was very small, <1% after the
compressive force (F). The compression force was recorded for each NCO-index (Figure
35).

Table 28. Compression force deflection test results for Flexible Polyurethane Foam and

a-tocopherol as additive (FPUF/ a-tocopherol), h is the sample height after the measurement
the F50% (N).

NCO-index-1.0

a-tocopherol

o
(% wt) F50% (N) h (mm)
0.00 7.84 34.33
0.25 9.37 34.14
0.5 6.86 34.66
0.75 7.06 35.69
1.00 5.87 34.67
NCO- index-1.1

0.00 10.10 34.55
0.25 11.45 35.70
0.5 11.05 36.21
0.75 10.86 35.21
1.00 9.27 36.63
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Figure 35. Compression force (F) deflection of composite samples with different ratios (0.0
(Ref), 0.25, 0.50, 0.75, 1.0) FPUF/ a-tocopherol, Ref: foam without a-tocopherol sample.

3.5. Experimental Results (Dehydrochlorination Tests)

3.5.1. Dehydrochlorination Tests for Synthetic Antioxidants (BHA and
TBHQ) Additives with PVC

3.5.1.1. Results of the so-called Standard Method
In the current study, BHA, and TBHQ were selected due to their good properties as

antioxidant additives [94], with the aim of using a single material to achieve multiple effects.
The standard method's dehydrochlorination graphs (Figure 37), which rely on measuring
conductivity were prepared. The main aim of including these figures is to make a practical
comparison according to the thermal stability of PVC before and after mixing it with the
additives and test which antioxidant will do the best to protect the material from degradation.
The effect of these molecules as stabilizer on PVC degradation were studied (Table 29). The
stability of PVC formulations with various BHA, and TBHQ, concentrations (0.0, 0.1, 0.3,
0.5, 1.0, 3.0, 5.0, 10, 20) wt% were examined at high temperatures (Table 29). From the
results, we can see that the thermal stability (TS) values for all compositions start to increase
with increasing antioxidant concentration, but at some point, they start to decrease. For 0.0
to 1.0 wt%, the TS values for BHA range from 19.50 to 22.82 min. From 3.0% to 10.0%, the
values start to drop. At 20.0%, we were unable to measure the material due to the strong
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smell of the sample, which resembled burnt material. For TBHQ, the TS values range from
22.62 min at 0.1% to 33.03 min at 3.0%, and then the values begin to decrease at the
upcoming ratios (5.0, 10.0, and 20.0 wt%) (Error! Reference source not found.). 1t is
because the TBHQ began to separate from PVC during the measurement at higher

concentrations, forming fibers (Figure 36).

Table 29. Thermal stability time for S-5070 PVC with different ratios of BHA, and TBHQ
as stabilizer investigated at 180°C.

Thermal Stability time (min)
Stabilizer BHA TBHO
Ratios %

0.0 19.41 19.41
0.1 20.42 22.62
0.3 20.82 23.62
0.5 21.62 27.82
1.0 22.82 28.42
3.0 21.82 33.03
5.0 21.42 16.61
10.0 21.22 10.21
20.0 * 9.81

*In this ratio, we cannot measure the stability of the system produced with the addition of
BHA (very strong smell).

Figure 36. Sample of blend PVC and TBHQ at 5.0, 10.0, 20.0 wt% ratios
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Figure 37. Conductivity of poly (vinyl chloride) contains different ratios (0.0, 0.1, 0.3, 1.0,
3.0, 5.0, 10.0, 20.0 wt.%) of antioxidant additives including BHA, and TBHQ, measured by
using the standard method at 180°C for conductivity and thermal stability by using the 895
Professional PVC Thermomat.

3.5.1.2. Results of the Novel Evaluation Method

At high temperatures, the stability of the poly (vinyl chloride) structure diminishes, resulting
in a significant release of hydrogen chloride (HCI). As a result, the resistance to polyvinyl
chloride begins to decline. (Figure C1, Figure C2, and Table 30) represent a
dehydrochlorination test (DHC) for PVC at 180 °C with different ratios of BHA, and TBHQ,
respectively.
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Table 30. Dehydrochlorination (DHC) time for poly (vinyl chloride) with different ratios of
BHA, and TBHQ at 180°C.

DHC time (s)

Stabilizer
Ratios % BHA TBHQ
0.0 1861.9 1861.9
0.1 1970.0 2174.2
0.3 2018.0 2270.3
0.5 2090.1 2582.7
1.0 2210.2 2510.5
3.0 2162.2 2894.9
5.0 2126.2 2054.1
10.0 2402.4 1201.2
20.0 * 1129.1

The results show that the dehydrochlorination time for pure PVC and PVC blends with
different concentrations of BHA, and TBHQ starts to increase with the concentration of
antioxidants, but there is a difference in values for each of the additives. For BHA, the
dehydrochlorination time (DHC) ranges from 1861.901 to 2210.256 s between 0.0 to 1.0
wt%, and it begins to decrease at the higher concentrations. As for TBHQ, the DHC time
ranges from 1861.901 s at 0.0% to 2894.996 s at 3.0%, and then, the values begin to decrease
at the upcoming higher ratios (5.0, 10.0, and 20.0 wt%) (Zable 30). After adding BHA, and
TBHQ, the dehydrochlorination behavior changes, and the structure of PVC becomes more
stable with the additives, especially considering TBHQ. All in all, these additives can be

applied to protect the polymers and prevent degradation.

3.5.2. Dehydrochlorination Tests for Natural Antioxidants (Curcumin,
Ascorbic Acid, and Ascorbic Palmitate) Additives with PVC

3.5.2.1. Results of the so-called Standard Method

In the current study, curcumin, ascorbic acid, and ascorbic palmitate were selected due to
their good properties as antioxidant additives [94, 95]. The standard method's
dehydrochlorination graphs (Figure 38), which rely on measuring conductivity were
prepared. The main aim of including these figures is to make a practical comparison
according to the thermal stability of PVC before and after mixing it with the additives and

test which antioxidant will do the best to protect the material from degradation. The effect
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of these molecules as stabilizer on PVC degradation were studied (Table 31). The stability
of PVC formulations with various curcumin, ascorbic acid, and ascorbic palmitate
concentrations (0.0, 0.1, 0.3, 0.5, 1.0, 3.0, 5.0, 10, 20) wt% were examined at high
temperatures (Zable 31).

From the results, we can see that the thermal stability (TS) values for all compositions start
to increase with increasing antioxidant concentration. The results indicate that the thermal
stability values of Asc acid range from 19.5 to 42.4 min, where the lowest value was for pure
PVC and the highest value was for the highest ratio of Asc, respectively. So, we can see that
there are clear effects when we compare the thermal stability of pure PVC with the highest
ratio of Asc. As for ascorbic palmitate, the TS values range from 19.5 to 36.43 min, where
the lowest value was for pure PVC and the highest value was for 1.0 % ratio of Asc. Pal.,
respectively. After this ratio, the values begin to drop and reach to 25.42 at 20% wt.
Regarding curcumin, the TS cover a range from 21.22 to 28.62 minutes, with the lowest
value being 0.1% and the highest being 5.0%. After this ratio, the values begin to decrease.
The final polymeric compositions, including a halogenated polymeric material (e.g., PVC
resin) and a natural antioxidant, exhibit improved thermal stability and, thus, resistance to
environmental degradation and aging. And then, these results are considered a new invention
in the field of using natural antioxidant as stabilizer with PVC.

Table 31. Thermal stability time for S-5070 PVC with different ratios of Ascorbic acid,
ascorbic Palmitate, and curcumin as stabilizer investigated at 180°C.

Thermal Stability time (min)
Stabilizer
Ratios % Asc Asc Pal. | Curcumin
0.0 19.41 19.41 19.41
0.1 22.2 30.03 21.22
0.3 28.3 33.63 22.42
0.5 28.5 34.63 22.22
1.0 33.8 36.43 24.82
3.0 36.2 30.23 26.42
5.0 38.9 29.03 28.62
10.0 40.0 25.62 19.62
20.0 42.4 2542 16.81
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Figure 38. Conductivity of poly (vinyl chloride) contains different ratios (0.0, 0.1, 0.3, 1.0,
3.0, 5.0, 10.0, 20.0 wt.%) of antioxidant additives including Ascorbic acid (Asc), Ascorbyl
palmitate (Asc.Pal.), and curcumin (Cur.) measured by using the standard method at 180°C
for conductivity and thermal stability by using the 895 Professional PVC Thermomat.

103



DOI: 10.14750/ME.2025.027

Computational and Experimental Study of Antioxidant Polymer Additives - Dalal Karad

3.5.2.2. Results of the Novel Evaluation Method

At high temperatures, the stability of the poly (vinyl chloride) structure diminishes, resulting
in a significant release of hydrogen chloride (HCI). As a result, the resistance to polyvinyl
chloride begins to decline. It is demonstrated by Figure C3, Figure C4, Figure CS5, and
Table 32 which represent dehydrochlorination tests (DHC) for PVC at 180 °C with different
ratios of Asc acid, Asc Pal., and curcumin, respectively.

Table 32. Dehydrochlorination (DHC) time for poly (vinyl chloride) with different ratios of
Asc acid, Asc Pal., and curcumin at 180°C.

DHC time (s)
Stabilizer
Ratios % Asc acid | AscPal. | Curcumin
0.0 1861.9 1861.9 1861.9
0.1 22823 2810.8 2066.1
0.3 3123.2 3207.3 2270.3
0.5 3183.3 33394 22343
1.0 3831.9 3483.6 2462.5
3.0 4024.1 3615.7 2786.8
5.0 4540.6 3651.7 2931.0
10.0 4672.8 3123.1 2150.2
20.0 5117.3 2858.9 1849.9

The results show that the dehydrochlorination time for pure PVC and PVC blends with
different concentrations of Asc acid, Asc pal., and curcumin starts to increase with the
concentration of antioxidants, but there is a difference in values for each of the additives. In
terms of curcumin and Asc pal., the DHC of curcumin covers a range from 1861.901 s (0.0%)
t0 2931.035 s (5.0%) and in the case of Asc pal., it covers a range from 1861.901 s (0.0%)
to 3651.738 s (5.0%). Above these ratios, the values begin to decrease. As for Asc acid, the
DHC starts to increase with the concentration of antioxidants, and it covers a range from

1861.901 s (0.0%) to 5117.357 s (20.0%).

After adding Asc acid, Asc pal., and curcumin, the dehydrochlorination behavior changes,
and the structure of PVC becomes more stable with the additives. All in all, these additives

can be applied to protect the polymers and prevent degradation.
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4. Summary

Antioxidants (AO) are compounds that are used to shield polymers and plastics from the
thermal and photo-oxidative effects of aging. Oxidative stress effects living organisms along
with food and other commodities’ and thus, the importance of antioxidants exceeds the range
of polymers. Oxidative stress is a process that involves the attack of free radicals, which are
characterized by having an unpaired electron in their outer shell, making them unstable and
highly reactive. Free radicals in the body have the capability to damage DNA, cells, and
tissues through oxidative stress because they can react swiftly with non-radical species to
produce new radicals and propagate free-radical chain reactions. Similar processes can occur
with polymeric materials. These harmful reactions can be prevented by antioxidant species,
which can donate an electron to free radicals and consequently stabilize and detoxify them.
Antioxidant species are divided into two categories: synthetic and natural compounds.
Significant environmental concerns have pushed manufacturers to investigate natural

alternatives alongside regularly used synthetic materials.

Antioxidant additives and stabilizers are chemical substances frequently employed in many
industries, such as food and polymer processing. Despite their distinct goals, we can identify
some convergence in their functions, particularly in the realm of polymers and specific
materials. One thing they all have in common is that antioxidants can act as stabilizers,
particularly when preventing oxidation-induced degradation. In polymers and plastics
antioxidants are frequently used to prevent or slow down polymer degradation due to
oxidation processes. In this sense, antioxidants are a type of stabilizer that specifically
addresses the oxidative degradation of materials. Thus, they aid in the preservation of the
material's physical and mechanical qualities throughout time. Furthermore, some stabilizers
may have antioxidant properties, and some antioxidants may offer stability against factors
beyond oxidation. The specific requirements of the material and the conditions it will
encounter determine the choice of additives. For instance, heat, oxidative conditions, and
ultraviolet radiation may require stabilizers and antioxidants for a plastic material like PVC

to ensure long-term stability.

This doctoral dissertation employs both theoretical and experimental tools to investigate
various additives. In the first part, the antioxidant potential of synthetic (BHA, BHT, TBHQ,

santowhite, EDTA, and Irganox) and natural (curcumin, L-ascorbic acid, a-tocopherol, and
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trolox) antioxidant additives have been studied by using computational chemical tools to
compare their ability to donate H atoms to free radicals and thus, prevent the degradation of
polymers. The most probable radical scavenging sites have been explored based on DFT
calculations carried out by using the B3LYP, M06, M05-2X, and M06-2X functionals in
combination with different bases sets, including 6-31G(d), 6-311G(d), 6-311+G(d, p), and
6-311++G(2d, p), in the gas and solvent (water) phases. To compare the antioxidant potential
of different groups (X-H, where X = O and C), three major free radical scavenging (RS)
mechanisms (HAT, SETPT, and SPLET) have been considered, and the corresponding bond
dissociation enthalpy (BDE), ionization potential (IP), proton dissociation enthalpy (PDE),
proton affinity (PA), and electron transfer enthalpy (ETE) values have been calculated for
each potential hydrogen donor site of the studied species. All in all, the results indicate that
the O-H bonds are more potent radical scavenging sites for all species, but some C-H bonds
also have significant antioxidant potential depending on their position in the structures.
Furthermore, not surprisingly, the hydrogen atoms, which are located in methyl groups, are
easier to remove than their benzylic counterparts. Based on the computed BDE values of the
C-H and O-H bonds of the additives, BHT has the highest antioxidant potential among
synthetic antioxidants, while Asc has the highest antioxidant potential among the natural

additives.

By comparing the bond dissociation enthalpy values of commonly used polymers (e.g., PE,
PP) from the literature with the lowest BDE values of the studied antioxidant additives, it
was found that there is at least one X-H bond in the investigated species that has a lower
bond dissociation enthalpy value than the polymeric materials. As a result, these additives
can shield polymers and stop material deterioration due to oxidative stress. So, we decided
to test these molecules in the laboratory with polymers including PVC and polyurethane to

enhance their properties.

In the experimental part, we employed BHA, TBHQ, Asc acid, Asc. pal., and curcumin as
heat stabilizers in PVC and a-tocopherol in polyurethane formulation due to their good
characteristics, with the aim of using a single material to achieve multiple effects. The effect
of the employed additives as stabilizers on PVC degradation was explored by measuring the
change of dehydrochlorination. It was found that the structure of PVC becomes more stable
with the additives. The impact of a-tocopherol on the polyurethane foam was also

investigated. It is a fact that a-tocopherol can be considered as a protective, antioxidant
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agent. But other effects have not been considered before. As the ratio of a -tocopherol in the
foams increased, the mechanical properties of the foam sample changed, and the
compressive force decreased. However, a change in foam hardness was observed in all cases.
This was likely caused by the presence of antioxidant in the foam structure. All in all, the
studied species can be applied to protect and prevent the degradation of polymeric materials

and also fine-tune the (e.g. mechanical) properties of the polymeric product.
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5. Limitations and Future Outlook

5.1. Limitations

Computer limitations: The Density Functional Theory (DFT) and other computer methods
used to investigate the antioxidant power of the additives depend on the functionals and basis
sets that are used. The study used several different functionals, including B3LYP, MO06,
MO05-2X, and M06-2X. However, computational issues like the size of the method, basis set

and solvent effects could make the results take long time.

In addition, the size of molecules also affects and is a consideration limitation during the
work because if the size of the molecules is huge, in this case it will take a long time to finish
the calculation and give us results. In some cases, some calculations were resubmitted many

times to complete.

In the experimental part: The laboratory testing of additives on PVC and polyurethane
demonstrated promising results; the long-term effects and environmental conditions under
which the polymers are used could alter the behaviour of antioxidants. The study mostly
looks at conditions in the lab, which might not fully reflect how polymers and additives
interact in the real world, especially when it comes to UV exposure, mechanical stress, and

respect to aging.

5.2. Future Outlook

In the future, research should explore a broader range of antioxidant additives, including
newer natural antioxidants and bio-based alternatives. As the need for environmentally
friendly solutions grows, it is important to investigate the potential of antioxidants that come
from natural sources, like flavonoids, polyphenols, and essential oils. These might work just

as well or better than synthetic antioxidants.

While the laboratory tests show promising results, future studies should focus on real-world
applications and the long-term stability of the polymer-additive systems. For instance, the
effectiveness of antioxidants in protecting against oxidative stress in polymers exposed to
UV radiation, heat, moisture, and mechanical stress over extended periods of time should be

investigated.
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6. New scientific results
My Ph.D. dissertation has been focused on the computational and experimental study of
natural and synthetic antioxidant polymer additives. The following main conclusions are

drawn as new scientific results:

1% Thesis
The antioxidant potential of synthetic additives, including BHA, BHT, TBHQ, Santowhite,
and Irganox, as well as natural antioxidants such as curcumin, ascorbic acid, a-tocopherol,
and Trolox, has been systematically evaluated using both computational modeling and
experimental studies. It was shown that natural antioxidants are just as good, or even better,
at fighting free radicals and preventing the oxidative stress. Based on the bond strength
values of the C-H and O-H bonds in the additives, BHT is the best synthetic antioxidant, and
ascorbic acid is the best natural antioxidant. These findings suggest that natural antioxidants
can serve as viable, environmentally friendly alternatives to synthetic stabilizers for polymer

protection against oxidative stress-induced deterioration.

2" Thesis

The effect of ascorbic acid as stabilizer on PVC degradation was studied (Z7able 2T). The

stability of PVC formulations with various ascorbic acid concentrations (0.0, 0.1, 0.3, 0.5, 1.0,

3.0, 5.0, 10, 20 wt%) was examined (7able 2T). The results indicate that the thermal stability

values of PV(C/ascorbic acid increased with increasing antioxidant content compared to the pure

PVC. The natural antioxidant has a clear effect on the stability of the system (Figure 2T). As a

results, polymeric formulations (PVC and ascorbic acid) with improved thermal stability and

resistance to environmental degradation and aging was achieved.

Table 2T. Thermal stability time (TS) for S-5070 PVC with different ratios of ascorbic acid
as stabilizer investigated at 180°C.

Stabilizer TS (min)

Ratios % Asc
0.0 19.41
0.1 22.20
0.3 28.30
0.5 28.50
1.0 33.80
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Figure 2T. The conductivity of S-5070 PVC type poly (vinyl chloride) samples containing
different ratios (0.0, 0.1, 0.3, 1.0, 3.0, 5.0, 10.0, 20.0 wt.%) of ascorbic acid as stabilizer
measured by using the standard method at 180°C for conductivity and thermal stability by
using the 895 Professional PVC Thermomat.

3rd Thesis
The effect of ascorbyl palmitate (Asc. Pal.), a fat-soluble derivative of ascorbic acid, as stabilizer
on PVC degradation was studied (7able 3T). The stability of PVC formulations with various
Asc. Pal. concentrations (0.0, 0.1, 0.3, 0.5, 1.0, 3.0, 5.0, 10, and 20 wt%) was examined at high
temperatures (7able 3T). The results indicate that the thermal stability values of Asc. Pal. range
from 19.41 to 36.43 min, where the lowest value was for pure PVC and the highest value was
for a 1.0 % ratio of Asc. Pal., respectively. Above 1%, the values start to decrease, reaching a
value of 25.42 at 20% weight (Figure 3T). Thus, a clear comparison of the thermal stability of
pure PVC with samples mixed with Asc. Pal reveals distinct effects, and the thermal stability

has been enhanced by the addition of the antioxidant. This means that the formulation with the
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antioxidant now exhibits improved thermal stability, thereby an enhanced resistance to

environmental degradation and aging was achieved.

Table 3T. Thermal stability time (TS) for S-5070 PVC with different ratios of ascorbyl
palmitate as stabilizer investigated at 180°C.

Stabilizer TS (min)

Ratios % Asc Pal.
0.0 19.41
0.1 30.03
0.3 33.63
0.5 34.63
1.0 36.43
3.0 30.23
5.0 29.03
10.0 25.62
20.0 2542
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Figure 3T. The conductivity of S-5070 PVC poly (vinyl chloride) samples containing
different ratios (0.0, 0.1, 0.3, 1.0, 3.0, 5.0, 10.0, 20.0 wt.%) of ascorbyl palmitate as stabilizer
measured by using the standard method at 180°C for conductivity and thermal stability by
using the 895 Professional PVC Thermomat.
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Appendix A
Comparative Study of the Antioxidant Capability of EDTA and Irganox
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Figure Al. Optimized structures of ethylenediaminetetraacetic acid (EDTA) and the
corresponding radical species after H-atom transfer in the hydrogen atom transfer (HAT)
mechanism in case of the O1-H, O2-H, O3-H, and O4-H sites. The species have been
computed at the M05-2X/6-311++G(2d,2p) level of theory in the gas phase and specific
geometrical parameters are also shown (in A).
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Figure A2. Optimized structures of ethylenediaminetetraacetic acid (EDTA) and the
corresponding anionic species after proton loss in the first step of the SPLET mechanism in
the cases of the O2-H and O3-H donor sites. The species have been computed at the M05-
2X/6-311++G(2d,2p) level of theory in the gas phase and the corresponding specific
geometric parameters are also shown (in A).

Table A1. The ionization potential (IP), proton dissociation enthalpy (PDE), proton affinities
(PAs) and electron transfer enthalpies (ETE) values in kJ/mol for ethylenediaminetetraacetic
acid (EDTA) and Irganox model calculated at the M05-2X/6-311++G(2d,2p) level of theory
in gas phase.

Compound 1P PDE I1P+PDE PA ETE PA+ETE
EDTA 702.1
O1-H 967.7  1669.7  1407.1 268.8 1676.0
02-H 959.7 1661.8  1321.8° 385.7°  1707.4"
03-H 959.9  1662.0 1295.5° 401.5° 1697.0"
04-H 962.7 1664.7  1388.7  271.1 1659.8
C1-H 918.8  1620.9  1504.3 137.8 1642.0
C2-H 9224  1624.5  1466.4 165.7 1632.1
C3-H 975.0  1677.1 16244 58.0 1682.4
C4-H 9603 16623  1624.2 55.5 1679.7
C5-H 9225 1624.5  1402.6 2482 1650.8
C6-H 9220 1624.1  1483.6 143.4 1627.0
Irganox 730.5
O-H 915.2 16457  1409.5  236.2 1645.7

Cl-H 1041.6 1772.1 1639.6 132.5 1772.1
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C2-H 1043.4 1773.9 1626.5 147.4 1773.9
C3-H 1006.5 1737.0 1669.6 67.4 1737.0
C4-H 1005.6  1736.2 1707.7 28.5 1736.2
C5-H 941.8 16723 1578.5 93.3 1671.9
C6-H 966.8 1697.3 1526.3 171.0 1697.3
C7-H 995.7 1726.3 1674.7 51.6 1726.3

* Rearrangement after deprotonation
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Appendix B

Insights into the Antioxidant Potential of a-Tocopherol and Trolox

2%,
AR

J

Figure B 1. Optimized geometries of the studied natural antioxidant additives a-Tocopherol
(vitamin E). Geometry optimizations have been carried out at the M05-2X/6-311++G(2d,2p)
level of theory in gas and water phase, and the appropriate bond lengths (in A) for the
strongest and weakest X-H (X=0, C) bond are also displayed in the black (gas) and blue
(water) phases.

Table B1. Bond lengths (B.L) (in A), Bond dissociation enthalpy (BDE), ionization potential
(IP), proton dissociation enthalpy (PDE), proton affinities (PAs) and electron transfer
enthalpies (ETE) values in kJ/mol for a-Tocopherol (vitamin E) calculated at the M05-2X/6-
311++G(2d,2p) level of theory in gas phase.

Compound B.L BDE 1IP PDE IP+PDE PA ETE PA+ETE
a-Tocopherol 664.5

O-H 0.957 324.7 974.1 1638.7 1460.7 178.0 1638.7
CI1-H 1.082 367.9 1017.5 1682.1 1566.8 115.1 1681.8
C2-H 1.081 367.0 1016.5 1681.0 1591.4 89.8 1681.2
C3-H 1.087 365.6 1017.4 1681.9 1593.1 88.8 1681.9
C4-H 1.087 353.1 1002.5 1667.0 1576.6 90.4 1667.0
C5-H* 1.086 410.6

C6-H 1.087 4229 10723 1736.8 1680.2 58.9 1739.0
C7-H 1.090 411.0 1060.4 1724.9 1685.3 39.6 1724.9
C8-H 1.090 399.6 1048.9 1713.4 1680.4 33.0 1713.4
C9-H 1.092  405.9 10554 1719.9 1695.1 24.8 1719.9
C10-H 1.090 411.1 1060.5 1725.0 1696.8 283 1725.0
Cl11-H 1.093 400.8 1051.9 1716.4 1686.6 254 1712.0
Cl12-H 1.093 405.1 1051.8 1716.3 1697.1 244 1721.5
C13-H 1.092  400.9 1050.4 1714.9 1700.1 15.0 1715.1
Cl14-H 1.092 407.9 10574 17219 1700.8 20.8 1721.7
C15-H 1.090 413.7 1065.5 1730.1 1701.0 26.3 1727.3

iv
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Cl6-H 1.093 399.9 1049.8 1714.4 1697.0 18.1 1715.1
Cl17-H 1.093 408.7 10554 1720.0 1706.1 15.5 1721.6
C18-H 1.092 397.8 1047.3  1711.8 1707.4 52 1712.6
C19-H 1.093 405.6 1058.1 1722.6 1709.5 10.0 1719.6
C20-H 1.092 401.0 1050.1 1714.7 1708.4 6.3 1714.7
C21-H 1.090 4184 1067.9 1732.4 1724.6 7.8 1732.4
C22-H 1.093 416.9 1066.4 1730.9 1711.1 19.8 1730.9

* Rearrangement after deprotonation

Table B 2. Bond lengths (B.L) (in A), Bond dissociation enthalpy (BDE), ionization
potential (IP), proton dissociation enthalpy (PDE), proton affinities (PAs) and electron
transfer enthalpies (ETE) values in kJ/mol for a-Tocopherol (vitamin E) calculated at the
MO05-2X/6-311++G(2d,2p) level of theory in solvent phase (water).

Compound B.L BDE 1P PDE IP+PDE PA ETE PA+ETE
a-Tocopherol 438.7

O-H 0.961 326.6 67.6  506.3 172.1 3352 5073
Cl-H 1.082 373.0 1109 549.6 318.2 2359 554.1
C2-H 1.082 374.1 1147 5534 325.2 227.8 553.1
C3-H 1.087 3725 112.9 551.6 325.0 226.2 551.2
C4-H 1.087 360.2 100.9 539.6 329.8 209.8 539.6
C5-H 1.086 415.3 156.7 595.4 388.1 206.6 594.7
C6-H 1.088 427.6 168.2  606.9 380.5 2239 604.5
C7-H 1.091 415.0 155.8 5945 402.8 189.5 5923
C8-H 1.090 407.8 148.4 587.0 413.0 173.3 586.2
C9-H 1.093 4133 153.9 592.6 417.2 175.4 592.7
C10-H 1.091 4209 159.8 598.5 401.1 199.6 600.7
Cl1-H 1.093 406.6 147.4  586.1 421.8 164.2 5859
Cl12-H 1.093 412.2 152.8 591.5 415.8 175.7 591.5
C13-H 1.092 402.6 143.2 581.9 418.7 163.0 581.7
Cl4-H 1.093 412.8 153.4 5921 415.9 1759 591.9
C15-H 1.091 4224 1589 597.6 401.6 195.9 597.6
Cl6-H 1.093 407.3 147.0 585.7 422.4 160.3 582.8
C17-H 1.093 412.8 153.5 5922 416.0 175.8 591.8
C18-H 1.092 4033 141.0 579.7 418.6 163.8 582.4
C19-H 1.093 4135 1542 592.9 417.9 174.6 592.5
C20-H 1.091 404.8 143.0 581.7 423.1 161.0 584.1
C21-H 1.090 426.7 167.3  606.0 405.2 200.8 606.0
C22-H 1.090 424.9 165.9 604.6 402.2 202.1 604.2
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Figure B2. Optimized geometries of the studied natural antioxidant additives Trolox.
Geometry optimizations have been carried out at the M05-2X/6-311++G(2d,2p) level of
theory in gas and water phase, and the appropriate bond lengths (in A) for the strongest and
weakest X-H (X=0, C) bond are also displayed in the black (gas) and blue (water) phases.

Table B 3. Bond dissociation enthalpy (BDE), ionization potential (IP), proton dissociation
enthalpy (PDE), proton affinities (PAs) and electron transfer enthalpies (ETE) values in
kJ/mol for Trolox calculated at the M05-2X/6-311++G(2d,2p) level of theory in gas phase.

Compound B.L BDE 1P PDE IP+PDE PA ETE PA+ETE
Trolox 674.7

O1-H 0.957 3269 966.9 1641.7 1461.2 179.7 1640.9
02-H 0965 367.5 1029.5 1704.2 1403.1 279.2 1682.3
C1-H 1.081 368.9 1008.1 1682.9 1592.6 90.3 1682.8
C2-H 1.082 367.9 1007.2 1682.0 1567.6 114.2 1681.9
C3-H 1.082 365.5 1004.7 1679.4 1588.7 90.7 1679.4
C4-H 1.091 354.5 993.7 1668.5 1570.6 97.9 1668.5
C5-H 1.085 413.6 1052.8 1727.6 1629.1 98.5 1727.6
C6-H* 1.085 425.1

* Rearrangement after deprotonation

Table B4. Bond dissociation enthalpy (BDE), ionization potential (IP), proton dissociation
enthalpy (PDE), proton affinities (PAs) and electron transfer enthalpies (ETE) values in
kJ/mol for Trolox calculated at the M05-2X/6-311++G(2d,2p) level of theory in solvent
phase (water).

Compound B.L BDE 1P PDE IP+PDE PA ETE PA+ETE
Trolox 450.9

O1-H 0.962 332.7 61.6 512.5 172.4 338.9 5114
02-H 0.969 358.2 86.2 537.1 100.7 436.4 537.1
Cl-H 1.082 374.6 103.6 5545 321.3 232.6 553.9
C2-H 1.082 376.6 105.0 5559 315.8 240.0 555.9
C3-H 1.083 372.4 102.0 5529 319.3 2324 551.7

Vi
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C4-H 1.091 362.3 90.7 541.6 321.7 220.0 5416
C5-H 1.084 420.1 149.0 599.9 369.2 230.2 599.4
Co6-H 1.085 435.8 165.3 616.1 349.5 265.6 615.1
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Figure B3. Bond dissociation enthalpy (BDE) vs bond length plot for studied natural
antioxidant additive a-Tocopherol (vitamin E). The calculations have been carried out at the
MO05-2X/6-311++G(2d,2p) level of theory in the gas and water phases.
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Figure B4. Bond dissociation enthalpy (BDE) vs bond length plot for studied natural
antioxidant additive Trolox. The calculations have been carried out at the M05-2X/6-
311++G(2d,2p) level of theory in the gas and water phases.
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Appendix C

Experimental Results (Dehydrochlorination Tests)
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Figure CI. Dehydrochlorination test of poly (vinyl chloride) mixed with different ratios
(0.0, 0.1, 0.3, 1.0, 3.0, 5.0, 10.0, 20.0 wt.%) of BHA and tested at 180°C by using the 895
Professional PVC Thermomat.
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Figure C2. Dehydrochlorination test of poly (vinyl chloride) mixed with different ratios (0.0,
0.1, 0.3, 1.0, 3.0, 5.0, 10.0, 20.0 wt.%) of TBHQ and tested at 180°C by using the 895

Professional PVC Thermomat.
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Figure C3. Dehydrochlorination test of poly (vinyl chloride) mixed with different ratios (0.0,
0.1, 0.3, 1.0, 3.0, 5.0, 10.0, 20.0 wt.%) of curcumin and tested at 180°C by using the 895
Professional PVC Thermomat.
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Figure C4. Dehydrochlorination test of poly (vinyl chloride) mixed with different ratios (0.0,
0.1, 0.3, 1.0, 3.0, 5.0, 10.0, 20.0 wt.%) of Asc and tested at 180°C by using the 895
Professional PVC Thermomat.
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Figure C5. Dehydrochlorination test of poly (vinyl chloride) mixed with different ratios
(0.0, 0.1, 0.3, 1.0, 3.0, 5.0, 10.0, 20.0 wt.%) of Asc. Pal. and tested at 180°C by using the
895 Professional PVC Thermomat.
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