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ANTIBACTERIAL PROPERTIES OF 1,2,4-
TRIAZOLES

Ergiin GULTEKIN?

1. INTRODUCTION

Since Fleming’s discovery of penicillin in 1928,
antibacterial chemotherapy has been shaped by a continuing arms
race between drug development and bacterial resistance. Today,
antimicrobial resistance is a major public-health threat: the WHO
has highlighted priority pathogens with particularly alarming
resistance profiles, including carbapenem-resistant Gram-
negative species (e.g., A. baumannii and P. aeruginosa) and
difficult-to-treat Enterobacteriaceae, as well as high-priority
Gram-positive pathogens such as vancomycin-resistant E.
faecium (VRE) and methicillin-resistant S. aureus (MRSA). The
clinical burden is compounded by the overuse and misuse of
antibiotics in human and veterinary medicine and in agriculture,
which accelerates selection pressure and contributes to
environmental dissemination of resistant strains (Duval et al.,
2019).

Addressing this challenge requires the discovery of new
antibacterial scaffolds with novel mechanisms of action,
alongside the rational optimization of existing agents to enhance
binding affinity and broaden activity while preserving
bioavailability and safety. Both synthetic small molecules and
bioactive natural products-particularly plant-derived essential
oils-remain important sources for lead discovery. In this context,
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nitrogen-containing heterocycles have attracted sustained
attention in medicinal chemistry. Among them, triazoles are
especially valuable due to their versatile chemistry and broad
therapeutic potential. Triazoles are five-membered aromatic rings
(C2HsNs3) that occur as two regioisomers, 1,2,3-triazole and 1,2,4-
triazole. Notably, the 1,2,4-triazole core can exist as 1H and 4H
tautomers, with theoretical studies generally favoring the 1H
form, a feature that may influence reactivity and biological
interactions (Sahu et al., 2013; Holmes et al., 2016; Donadu et al.,
2020; Palma et al., 2020).
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Figure 1. Two isomeric forms of triazoles and tautomeric forms of
1,2,4-triazole.

In this context, the present section delineates and
evaluates studies investigating the antimalarial properties of
1,2,3- and 1,2,4-triazole derivatives.

2. SCOPE OF THE STUDY

The scientific literature consistently demonstrates that
1,2,4-triazoles, as well as their fused heterocyclic derivatives,
constitute a versatile chemotype associated with diverse
pharmacological profiles. This breadth of bioactivity has made
the 1,2,4-triazole ring a highly valued structural motif in
medicinal chemistry, where it is frequently employed as a
privileged scaffold to enhance target affinity, metabolic stability,
and overall drug-like properties. Reflecting this importance, the
1,2,4-triazole nucleus is embedded in numerous clinically
established therapeutics spanning multiple disease areas.
Representative examples include the triazole-based antifungals



itraconazole, posaconazole, and voriconazole, which are widely
used in the management of systemic and opportunistic mycoses;
the antiviral agent ribavirin; the antimigraine drug rizatriptan; the
anxiolytic alprazolam; and the antidepressant trazodone. In
oncology, the same heterocyclic core is also present in the
aromatase inhibitors letrozole and anastrozole, which are key
agents in hormone-dependent breast cancer therapy. Collectively,
these clinically relevant examples underscore the broad
therapeutic relevance of the 1,2,4-triazole framework and justify
continued interest in triazole-centered design strategies (Figure
2).
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Figure 2. Selected 1,2,4-triazole drugs

Over the past several decades, intensive research activity
has focused on the design and synthesis of structurally diverse
1,2,4-triazole derivatives, driven by the recognition that this
heterocyclic core can support a wide spectrum of biologically and
therapeutically relevant functions. In this context, numerous
triazole-containing chemotypes have been reported to display
notable pharmacological potential across distinct therapeutic
areas, including antifungal (Karaca Gencer et al., 2017; Appna et
al., 2019), antitubercular (Rode et al., 2017), antioxidant (Peng et
al., 2021), anticancer (Grytsai et al., 2020), anti-inflammatory (L.i
etal., 2020), analgesic (Khanage et al., 2013), antidiabetic (Hichri
et al., 2019), anticonvulsant (Kapron et al., 2020), and anxiolytic



(Navidpour et al., 2021) activities. This broad activity landscape
has positioned the 1,2,4-triazole ring as a privileged scaffold in
modern medicinal chemistry, enabling systematic modulation of
potency and selectivity through rational substitution patterns and
molecular hybridization strategies.

Notably, the clinical evolution of azole antifungals
provides a clear illustration of the advantages offered by triazole-
based pharmacophores. In many systemically administered azole
agents, triazoles have progressively supplanted the earlier
imidazole motif, primarily because triazole-containing
antifungals tend to exhibit lower toxicity and improved
pharmacokinetic  performance, including enhanced oral
bioavailability. Mechanistically, these benefits are commonly
attributed to greater selectivity toward fungal cytochrome P450—
dependent enzymes (central to ergosterol biosynthesis), together
with a more limited interference with human sterol metabolism,
thereby reducing off-target effects associated with host sterol
biosynthesis pathways (Ostrosky-Zeichner et al., 2010).

3. ANTIBACTERIAL ACTIVITY OF 1,23-
TRIAZOLES

In a representative study, Aggarwal et al. (2011) reported
the preparation of a new set of nalidixic acid—derived 1,2,4-
triazole-3-thione analogues (1 and 2; Figure 3) and examined
their antibacterial potential against a panel comprising both
Gram-positive strains (S. aureus and B. subtilis) and Gram-
negative species (E. coli, K. pneumoniae, and P. aeruginosa).
Biological screening revealed that the azomethine (Schiff base)
series (la—g) was particularly effective toward P. aeruginosa,
producing a minimum inhibitory concentration (MIC) of 16
pg/mL, which highlights the suitability of this structural class for
targeting problematic Gram-negative pathogens. A similar trend



was observed for the triazolothiadiazole derivatives, where
activity was strongly influenced by aromatic substitution. Among
this subset, compound 2, characterized by a chloro group at the 2-
position of the phenyl ring, emerged as the most potent candidate,
displaying broad-spectrum antibacterial efficacy against all tested
microorganisms with an MIC of 16 pg/mL. Importantly, the
potency of this compound was reported to be comparable to that
of streptomycin, used as the reference standard (MIC range: 2-15
pug/mL), underscoring the contribution of appropriate halogen
substitution to enhancing antibacterial performance within
nalidixic acid-triazole hybrids (Aggarwal et al., 2011).
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Figure 3. 1,2,4-triazole analogues of nalidixic acid.

In a subsequent investigation, an Indian research team
reported the rational design and synthesis of a new group of
ofloxacin-based 1,2,4-triazole derivatives (3; Figure 4) and
systematically assessed their antibacterial properties. The
biological evaluation demonstrated that incorporation of the
1,2,4-triazole moiety into the ofloxacin framework resulted in
compounds exhibiting remarkably low minimum inhibitory
concentration (MIC) values, ranging from 0.25 to 1 ug/mL. These
hybrid molecules were active against a broad panel of Gram-
positive bacteria, including S. aureus, S. epidermidis, and B.
subtilis, and also retained inhibitory activity toward a
representative Gram-negative strain, E. coli. Notably, the
antibacterial efficacy of these ofloxacin—triazole conjugates was
found to be essentially equivalent to that of the parent



fluoroquinolone, ofloxacin, which served as the reference
compound and displayed MIC values within the same
concentration range (0.25-1 pg/mL). These findings suggest that
strategic modification of established fluoroquinolone scaffolds
with a 1,2,4-triazole pharmacophore can preserve, and potentially
fine-tune, antimicrobial potency while offering new opportunities
for structural diversification and resistance-mitigating drug
design (Jubie et al., 2012).

Figure 4. 1,2,4-triazole analogues of ofloxacin.

In the same year, Wang et al. (2012) reported the
preparation of a small library of clinafloxacin-triazole hybrid
molecules (4a—c; Figure 5) and investigated their antibacterial
performance against a broad spectrum of microorganisms. The
test panel included Gram-positive strains (S. aureus, B. subtilis,
and M. luteus) and Gram-negative pathogens (E. coli, S.
dysenteriae, P. aeruginosa, and Proteus spp.), and the study
further incorporated a clinically relevant methicillin-resistant S.
aureus (MRSA) isolate to assess activity against a resistant
phenotype. Overall, the majority of the clinafloxacin-derived
1,2,4-triazole analogues demonstrated pronounced growth-
inhibitory effects toward both Gram-positive and Gram-negative
bacteria, with MIC values spanning 0.25-32 pg/mL, indicating
that triazole incorporation is compatible with broad-spectrum
antibacterial activity. Importantly, the most noteworthy outcome
was observed in the MRSA assays: compounds 4a, 4b, and 4c,
functionalized with  4-tolyl, 4-fluorophenyl, and 24-
difluorophenyl groups, respectively, emerged as the top-



performing candidates, each exhibiting an MIC of 0.25 ug/mL
against MRSA. This potency markedly exceeded that of
chloramphenicol (MIC = 16 ng/mL) and also surpassed the parent
fluoroquinolone clinafloxacin (MIC = 1 pg/mL), underscoring
the potential of appropriately substituted aryl-triazole motifs to
enhance anti-MRSA efficacy within fluoroguinolone-based
hybrid designs (Wang et al., 2012).
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Figure 5. 1,2,4-triazole analogues of clinafloxacin.

In an earlier contribution, an Indian research team
described the preparation of a series of 4-amino-5-aryl-4H-1,2,4-
triazole derivatives (5a—f; Figure 6) and assessed their in vitro
antibacterial ~activity using a representative panel of
microorganisms, namely E. coli, B. subtilis, P. aeruginosa, and
recultured P. fluorescens. The screening results pointed to a clear
structure—activity relationship in which aromatic substitution
exerted a decisive influence on potency. Specifically, the
derivative bearing a para-trichloromethyl (4-CCls) substituent on
the phenyl ring linked to the C-3 position of the triazole nucleus
emerged as the most active compound, producing an MIC of 5
pg/mL and inhibition zones of 14-22 mm, values that were
reported to be comparable to ceftriaxone under the tested
conditions. In addition to this lead analogue, compounds
containing para-chloro and para-bromo substituents also
exhibited notable antibacterial effects, supporting the notion that
electron-withdrawing halogenated aryl groups may favorably
modulate the antibacterial profile of this scaffold. By contrast,
certain structural modifications were associated with diminished



efficacy: acetylation of the 4-amino functionality and the
presence of a free thiol (-SH) at the triazole C-3 position
generally correlated with reduced antibacterial activity against
most of the tested strains. Collectively, these findings highlight
the importance of preserving the free 4-amino group and
optimizing aryl substitution patterns when developing 1,2,4-
triazole-based antibacterial candidates (Sahoo et al., 2010).
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Figure 6. Antibacterial derivatives of 4-amino-1,2,4-triazole.

Calisir et al. (2010) reported the preparation of a set of
Schiff base derivatives obtained from 4-amino-5-(1-
phenylethyl)-2,4-dihydro-3H-1,2,4-triazole-3-thione and
investigated their antibacterial performance against a panel of
clinically relevant human pathogens. The screening encompassed
both Gram-positive bacteria (S. aureus and S. epidermidis) and
Gram-negative species (E. coli, K. pneumoniae, P. aeruginosa,
and P. mirabilis), allowing an initial appraisal of spectrum and
strain selectivity. Among the synthesized candidates, compound
6 (Figure 7), characterized by incorporation of a p-nitrophenyl
moiety, emerged as the most promising member of the series. In
particular, it displayed notable potency toward S. epidermidis
with an MIC of 9 pg/mL, which matched the activity of the
reference agent cefuroxime under the same experimental
conditions (Calisir et al., 2010). These findings support the view
that judicious electronic tuning of the aromatic aldehyde



component - here exemplified by an electron-withdrawing nitro
group - can significantly influence antibacterial outcomes in
triazole-3-thione—based Schiff bases. Building on related design
principles, Mange et al. (2013) synthesized Schiff base analogues
of N-[(4-amino-5-sulfanyl-4H-1,2 4-triazol-3-yl)methyl]-4-
substituted benzamides (7a—d; Figure 7) and evaluated their
activity against representative Gram-positive (S. aureus, B.
subtilis) and Gram-negative (E. coli, P. aeruginosa) bacteria. The
authors noted that all newly prepared compounds exerted
inhibition against S. aureus at a level comparable to ceftriaxone,
whereas only moderate effects were observed for the remaining
test organisms (Mange et al., 2013). Taken together, these two
studies highlight the continued value of combining a 1,2,4-
triazole core (including thione/sulfanyl variants) with an imine
(azomethine) linkage as a modular strategy for antibacterial lead
generation, while also emphasizing that potency and breadth of
coverage are highly dependent on substituent patterning and the
intrinsic susceptibility of the target strains.
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Figure 7. Antibacterial Schiff bases of 1,2,4-triazole.

In 2011, an Indian research team examined the in vitro
antibacterial properties of a set of substituted piperazine-



containing 1,2,4-triazole-3-thiones (8; Figure 8) against a panel
comprising S. aureus and B. subtilis (Gram-positive), together
with P. aeruginosa and P. mirabilis (Gram-negative). Their
results highlighted a clear structural requirement for activity: the
presence of a phenylpiperazine fragment appeared to be a key
determinant for achieving consistently strong inhibition across all
tested organisms. In addition, substitution at the N-4 position of
the triazole ring was found to influence potency, with N-4 aryl
(phenyl)—substituted  analogues generally  outperforming
congeners bearing alkyl or alkenyl groups. Despite these
favorable structure—activity trends, the overall antibacterial
performance of the synthesized compounds did not exceed that of
norfloxacin, which was used as the reference standard in the study
(Rajak et al., 2011). These observations collectively suggest that
coupling the 1,2,4-triazole-3-thione core to a properly substituted
piperazine can enhance antibacterial responses, although further
optimization would be required to reach or surpass established
fluoroguinolone efficacy. In a related effort, Barbuceanu et al.
(2012) introduced a new group of 1,24-triazole-3-thione
derivatives (9; Figure 8) specifically engineered to incorporate a
diarylsulfone moiety at C-5 and a substituted phenyl ring at the 4-
position of the triazole scaffold, thereby expanding structural
diversity and introducing additional aromatic and polar
functionalities. The antimicrobial screening was performed
against both Gram-positive (S. aureus and B. cereus) and Gram-
negative strains (E. coli, E. cloacae, A. baumannii, and P.
aeruginosa). Within this series, compound 9d emerged as the
most  promising candidate, featuring a brominated
diphenylsulfone unit together with a 3,4,5-trimethoxyphenyl
fragment attached to the triazole core. This analogue displayed
the highest potency against B. cereus, affording an MIC of 8
pg/mL (Barbuceanu et al., 2012). The superior performance of 9d
underscores how the combined introduction of electronically
tuned aryl substituents and a sulfone-containing pharmacophore
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can strengthen antibacterial activity within the 1,2,4-triazole-3-
thione family, particularly toward susceptible Gram-positive
targets such as B. cereus.
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Figure 8. 1,2,4-triazole-3-thiones as antibacterial agents.

Orek et al. (2012) reported the antibacterial profiling of N-
cyclohexyl-2-[5-(4-pyridyl)-4-(p-tolyl)-4H-1,2,4-triazol-3-
ylsulfanyl]acetamide (10; Figure 9) against a mixed panel of
Gram-negative and Gram-positive pathogens, including E. coli,
P. aeruginosa, and K. pneumoniae, as well as S.aureus. Under the
assay conditions, the compound demonstrated notable growth
inhibition at 6.25 pg/mL, indicating a promising antibacterial
profile for a single, structurally defined triazole-thioacetamide
candidate. Importantly, the activity level was described as
comparable to ciprofloxacin, which was employed as the
reference antibiotic, thereby underscoring the potential of
combining a 1,2,4-triazole core with a thioether-linked acetamide
framework and appropriately chosen aryl/heteroaryl substituents
(Orek et al., 2012). In a subsequent study, a South Korean group
expanded this design space by evaluating N-benzothiazole
derivatives of 2-[4-(naphthalen-1-yl)-5-(quinolin-6-yl)-4H-1,2,4-
triazol-3-ylthio]acetamide (11; Figure 9) for in vitro antibacterial
activity and establishing preliminary  structure-activity
relationships (SAR). Their analysis suggested that substitution on
the benzothiazole ring played a decisive role in tuning both
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potency and strain preference. Specifically, incorporation of an
electron-donating ethoxy group at the C-6 position of the
benzothiazole fragment was identified as a key modification for
improving activity against P. aeruginosa, affording an MIC of 25
pg/mL, which was reported to be comparable to ampicillin under
the same testing conditions. Conversely, derivatives bearing
electron-withdrawing substituents (notably fluoro and bromo
groups) tended to display relatively stronger effects against
Gram-positive organisms, with enhanced inhibition reported for
S. aureus and B. cereus, respectively; however, these analogues
reached only approximately half the potency of the corresponding
reference antibiotics (Patel and Park, 2014). Collectively, these
findings illustrate how strategic electronic modulation of
peripheral aromatic systems - within a triazole-thioacetamide
architecture - can differentially impact antibacterial performance
across Gram-negative and Gram-positive targets, providing
actionable guidance for further lead optimization.
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Figure 9. S-substituted 1,2,4-triazole-3-thioles with antibacterial
activity.

In 2011, Badr et al. described the synthesis of a series of
fused 1,2,4-triazole derivatives (12; Figure 10) obtained via
cyclization of 4-amino-5-(5-nitrofuran-2-yl)-4H-1,2,4-triazole-3-
thiol, and subsequently explored their antimicrobial properties.
The biological evaluation was carried out against representative
Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria,
with efficacy quantified through determination of both the
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minimum inhibitory concentration (MIC) and the minimum
bactericidal concentration (MBC), thereby providing insight into
bacteriostatic versus bactericidal behavior. Within this compound
set, the 3-(5-nitrofuran-2-yl)-N-aryl-1,2,4-triazolo[3,4-
b][1,3,4]thiadiazol-6-amine derivatives (12a—c) emerged as the
most active representatives. These fused heterocyclic systems
were capable of suppressing the growth of S. aureus at an MIC
value of 25 pg/mL, a level of activity that was reported to be
equivalent to that of ampicillin, used as the reference drug under
identical assay conditions (Badr et al., 2011). The results
highlight the potential of triazolo-thiadiazole fused frameworks,
particularly those incorporating a nitrofuran substituent, as
promising antibacterial motifs and support further investigation
of such condensed heterocyclic architectures for the development
of new antimicrobial leads.
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Figure 10. Antibacterial derivatives of 1,2,4-triazolo [3,4-
b][1,3,4]thiadiazoles

In 2020, Stingaci et al. reported the synthesis of a
collection of vinyl-substituted 1,2,4-triazole derivatives and
assessed their potential as antimicrobial candidates. Within this
series, compound 13 (Figure 11) was identified as a standout
analogue, exhibiting pronounced, broad-spectrum antibacterial
efficacy against all tested organisms, namely B. subtilis, P.
fluorescens, E. amylovora, E. carotovora, and X. campestris.
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Quantitative evaluation using MIC and MBC determinations
revealed exceptionally low effective concentrations, with values
spanning 0.0002-0.0033 mM, indicative of strong growth-
inhibitory and bactericidal potential. Notably, the magnitude of
activity was reported to be comparable to standard antibiotics,
specifically ampicillin and chloramphenicol, which served as
reference drugs in the same experimental setting (Stingaci et al.,
2020). These results underscore the potential of vinyl-
functionalized triazole frameworks to deliver potent antibacterial
outcomes across a diverse set of species, including agriculturally
relevant phytopathogens. In a separate contribution from the same
year, a Jordanian research group described the preparation of a
series of 1,2,4-triazole-3-carbohydrazide derivatives (14; Figure
11) and examined their antibacterial activity against both Gram-
positive (Staphylococcus aureus and Bacillus cereus) and Gram-
negative (P. aeruginosa and Shigella sp.) strains. The screening
data indicated a strain-dependent susceptibility pattern, with B.
cereus emerging as the most responsive microorganism in the
tested panel. In particular, compounds 14a—c produced inhibition
of B. cereus growth at a level described as comparable to
penicillin, yielding 10 mm inhibition zones in agar diffusion
assays. Importantly, the MIC values calculated for these
derivatives were reported to align with the inhibition-zone
outcomes, supporting internal consistency between diffusion-
based and dilution-based measurements and reinforcing the
antibacterial relevance of the triazole—carbohydrazide motif in
this context.

14
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Figure 11. Miscellaneous 1,2,4-triazoles with antibacterial activity.

4. CONCLUSION AND FUTURE PERSPECTIVES

In this section, the antibacterial potential of 1,2,4-triazole—
based compounds, including those hybridized with established
pharmacophores such as quinolones, nalidixic acid, ofloxacin,
and clinafloxacin, has been evaluated through representative
literature examples. The surveyed studies clearly demonstrate
that the 1,2,4-triazole scaffold can confer significant antibacterial
activity against both Gram-positive and Gram-negative bacteria,
and that, with appropriate structural modifications, activity levels
comparable to those of reference antibiotics can be achieved, even
against resistant strains such as MRSA. The 1H/4H tautomeric
balance of the triazole ring, the extended conjugation provided by
azomethine (Schiff base) linkages, and the functional diversity
observed in S-substituted triazole-3-thiol/thione derivatives
emerge as critical parameters governing interactions with
bacterial targets and ultimately determining biological
performance.

Analysis of general structure—activity relationship (SAR)
trends indicates that: (i) electron-withdrawing substituents, such
as halogens on aromatic rings, enhance antibacterial potency in
several series; (ii) S-substitution and appropriately tuned
lipophilic side chains can improve cell penetration and overall
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activity; (iii) bulky and basic moieties, including piperazine or
arylpiperazine fragments, often strengthen antibacterial profiles;
and (iv) hybridization with quinolone antibiotics—particularly
clinafloxacin and ofloxacin—yields compounds with broad-
spectrum activity and notably low MIC values. Nevertheless,
because differences in tested bacterial strains, assay protocols,
and reporting units complicate direct cross-study comparisons,
robust SAR conclusions should be drawn within individual series
rather than across unrelated datasets.

Future investigations should therefore prioritize: (1)
elucidation of mechanisms of action for selected lead compounds
(e.g., enzyme inhibition, membrane disruption, or interactions
with DNA gyrase/topoisomerase); (2) evaluation of antibiofilm
activity and long-term resistance development; (3) systematic
assessment of cytotoxicity, selectivity indices, metabolic
stability, and in vivo efficacy as part of ADME-Tox profiling;
and (4) generation of standardized, directly comparable data
using harmonized bacterial panels and MIC methodologies. In
conclusion, owing to their versatile chemical modifiability, the
existence of clinically validated triazole-containing drugs, and the
consistently strong antibacterial activities reported in the
literature, 1,2,4-triazole-based frameworks represent a promising
and rational platform for the development of next-generation
antibacterial agents.
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GREEN CHEMISTRY APPROACHES IN
CHEMICAL SYNTHESIS: PRINCIPLES,
METHODS, AND FUTURE PERSPECTIVES

Gontl BUKULMEZ!
Rahmi KASIMOGULLARI?

1. INTRODUCTION

The concept of green chemistry was developed by Paul
Anastas and offers an approach to designing chemical processes
and products that minimize environmental impacts. This
approach is based on certain principles that aim to reduce or, if
possible, eliminate the formation or use of harmful compounds in
the processes of designing, producing, and using chemical
substances [1]. In general, green chemistry can be defined as a
scientific understanding that focuses on chemical synthesis,
processing, and application methods that reduce risks to human
health and the environment [2-3].

The principles of green chemistry provide a
comprehensive framework of 12 interconnected core principles
designed to make chemical processes more environmentally
sustainable. The framework aims to reduce the use of hazardous
substances in modern research and minimize waste generation,
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improving the ecological sustainability of chemical applications.
[4-5].

The 12 Principles of Green Chemistry
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2. GREEN CHEMISTRY IN CHEMICAL
SYNTHESIS

Chemical synthesis  processes pose  significant
environmental and safety risks in conventional methods, such as
high solvent consumption, long reaction times, high energy
requirements, and the formation of potentially toxic by-products.
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Green chemistry aims to minimize these problems and focuses on
redesigning synthesis processes in a more sustainable way, both
environmentally and industrially. In this context, “green
synthesis” is a broad concept encompassing a variety of
innovative methods, technologies, and strategies. In this chapter,
techniques that reduce or completely eliminate the use of
solvents, efficient use of catalysts, and multicomponent and
multistep reaction strategies will be examined in detail.

2.1. Solvent

One of the principles of green chemistry emphasizes the
need for researchers to use safer solvents and auxiliary materials
[6-8]. Considering that solvent consumption directly affects not
only this principle but also several others, it is understandable that
research into environmentally friendly and alternative solvents
has gained momentum recently. If appropriate conditions can be
provided, solvent use should be eliminated entirely; in
unavoidable situations, substances that do not harm the
environment or human health should be used. Particularly in
large-scale chemical production, it is possible to carry out
synthesis processes without the use of additional solvents, that is,
in solvent-free processes. However, in many cases, especially in
the production of specialty chemicals and active pharmaceutical
ingredients, the use of solvents for processing and transporting
materials has become an almost unavoidable necessity [9-15].

Alternative solvents preferred in the green chemistry
approach stand out due to their low toxicity, ease of recovery,
chemical stability, and lack of impurities in the product. These
sustainable solvents find a wide range of applications in many
fields, from polymer synthesis to biocatalysis, nanotechnological
applications to analytical methods [16-19].
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2.2. Catalysts

Catalysts are substances that affect the rate of a reaction
without being part of the reaction stoichiometry and remain
unchanged throughout the process; while catalysis refers to the
steering of the reaction through this effect [20]. Catalysts, widely
used in the chemical industry from drug synthesis to polymer
production and petroleum processing, are used in a wide variety
of industrial processes, significantly reducing waste generation
thanks to their reusability, providing high yields even in small
amounts [21-30]. Methods developed specifically for the
synthesis of ibuprofen, naproxen, and bisnoraldehyde (BNA)
within the scope of green chemistry clearly demonstrate the role
of catalysis in increasing yield and minimizing waste. For
example, using the bleaching agent—4-hydroxy-TEMPO system
instead of heavy-metal-based oxidants in BNA production has
increased the utilization rate of the starting material and greatly
reduced aqueous and organic waste in the process [31-33].
Similarly, the use of an autocatalytic mechanism for the
conversion of benzoic acid esters in near-critical water eliminates
salt by-products in this environment, where hydroxide and
hydronium ions naturally form, providing a cleaner process and
enabling simple product separation at the end [34].

2.3. Green Chemistry and Multicomponent reactions
(MCRs)

In green chemistry, multicomponent reactions have
gained significant attention recently due to their high atom
economy, low waste generation, and energy-efficient processes.
The combination of multiple components in a single step both
shortens synthesis times and minimizes environmental impacts.
Therefore, MCR-based approaches are becoming increasingly
important in the sustainable synthesis of heterocyclic compounds.
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Yazdani et al. (2025) reported a green chemistry—oriented
study in which they developed practical, catalyst-free, and
environmentally sustainable multicomponent protocols for
accessing various thiazolidine derivatives. Their work
encompasses the efficient synthesis of thiazolidine-2-thiones
from dicyanoepoxides, primary amines, and CS: in water, as well
as a selective route to a dithiocarbamate derivative using a
secondary amine. Additionally, they employ a complementary
ethanol-based method for preparing 2-imino-thiazolidin-4-ones.
Overall, these approaches offer broad substrate scope, excellent
yields, eco-friendly reaction media, and mild conditions,
providing sustainable routes to valuable heterocycles [35].
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Bikulmez et al. (2025) synthesized new quinazoline—
sulfonamide derivatives with inhibitory potential against AChE
and BChE enzymes associated with Alzheimer's disease using an
MCR method employing a methanol-water mixture as a greener
alternative. In the study, 5-amino-1,3,4-thiadiazole-2-
sulfonamide, various benzaldehydes, and cyclohexane-1,3-
diones were rapidly reacted in a single pot under microwave
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conditions with TFA as a catalyst, yielding the target compounds
in moderate to high yields [36].
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Shafaei et al. (2025) synthesized new cyclopentapyrrole
derivatives with high yields using a green chemistry approach and
a multicomponent reaction strategy conducted in an aqueous
medium. The antioxidant activities (assessed by FRAP and DPPH
methods) and antibacterial effects against both Gram-negative
and Gram-positive bacteria of these compounds, obtained by
combining vinylidene Meldrum's acid, ethyl 2-amino-4-dioxo-4-
arylbutanoates, primary amines, and alkyl bromides in a single
vessel, were clearly observed. The study offers a sustainable
synthesis method characterized by short reaction times, high atom
economy, easy product isolation, and the use of environmentally
friendly solvents [37].
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3. ADVANTAGES, LIMITATIONS, AND
CHALLENGES IN GREEN CHEMISTRY

The contribution of green chemistry approaches is evident
in applications that systematically reduce environmental impact
while increasing process efficiency. Simplifying reaction steps,
maximizing atom utilization, and favoring catalyst-based
transformations both reduce raw material consumption and limit
byproduct formation [6, 38]. Conducting processes at lower
temperatures and pressures reduces energy costs and extends
equipment life, while adopting sustainable solvent options
significantly lightens the waste treatment burden. These
integrated improvements enable a more predictable and
economically stable operational structure in industrial production.

4. THE CONTRIBUTION OF GREEN SYNTHESIS
TO THE FUTURE AND ITS APPLICATION
POTENTIAL

The contribution of green synthesis to the future is closely
linked to reducing environmental impacts in chemical processes,
increasing energy efficiency, and promoting the widespread use
of sustainable raw materials. Green synthetic approaches that
enhance atom economy, minimize the use of toxic solvents and
reagents, and rely on renewable resources enable safer and lower-
cost production models, particularly in sectors such as
pharmaceuticals, materials science, and fine chemicals.
Furthermore, when evaluated within the framework of life cycle
assessment (LCA), green synthesis methods show promise for the
future in terms of both economic and environmental sustainability
by enabling significant improvements in waste management [39-
44].

In the coming years, the application potential of green
synthesis is expected to expand further with developments in
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catalysis science, alternative energy sources (microwave,
ultrasound, photoredox, etc.), and solvent-free reaction
technologies. Methods such as biocatalysis and heterogeneous
catalysis, which require low energy and provide high selectivity,
are accelerating the industry's transition to cleaner processes.
Furthermore, global pressures to reduce the carbon footprint of
chemical production, regulatory bodies mandating sustainability
criteria, and the strengthening of circular economy models
indicate that green synthesis will become a fundamental standard
in both academia and industry [45-47].

5. CONCLUSION

This book chapter addresses the integration of green
chemistry principles into chemical synthesis processes,
specifically discussing sustainable synthesis strategies in the
context of solvent selection, catalytic approaches, and
multicomponent reactions (MCRs). The evaluations presented
clearly demonstrate that green chemistry is a fundamental tool for
reducing environmental impacts, increasing energy and resource
efficiency, and developing safer, more effective chemical
processes.

Considering the environmental and toxicological effects
of solvents used in chemical synthesis, the development and
application of alternative and environmentally friendly solvents
play a critical role in achieving green chemistry goals. Similarly,
the efficient use of catalysts is central to sustainable synthesis
approaches in terms of improving reaction conditions, reducing
byproduct formation, and increasing atom economy. In this
context, multi-component reactions offer significant advantages
for green synthesis strategies, as they enable the high-yield
production of complex molecules in a single step, thereby saving
both time and resources.
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However, the limitations and challenges encountered in
the application of green chemistry should not be overlooked. The
limited applicability of alternative solvents, the cost of catalytic
systems, technical problems encountered in scaling-up processes,
and constraints on industrial adaptation are among the main
obstacles to progress in this field. However, these challenges also
present significant opportunities for interdisciplinary research
and innovative approaches.

In conclusion, green chemistry and green synthesis
approaches are considered fundamental strategies that will shape
the chemical production processes of the future, beyond merely
being alternatives that support environmental sustainability.
Intensifying academic and industrial research in this direction
will enable the principles of green chemistry to spread to wider
application areas and make significant contributions to achieving
sustainable development goals.
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CHEMICAL RISK FACTORS IN THE TEXTILE
INDUSTRY
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1. INTRODUCTION

The rapid advancements in today's technology have led to
increased competition, which in turn has heightened the threats to
the safety and health of employees. Consequently, the concept of
occupational health and safety (OHS) has become critically
important to protect workers from potential hazards in the
workplace and to ensure continuity of production. Systematic and
planned efforts must be undertaken in workplaces to address
employee health and safety comprehensively. One of the primary
tasks in planned workplace efforts is to identify existing hazards
and determine the risks they pose. By managing these identified
risks, a significant step will be taken towards ensuring
occupational health and safety. This project focuses on evaluating
the risk impacts of chemicals used in the textile industry, the
health issues that may arise from these risks, and the necessary
measures to mitigate them.
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2. HISTORICAL DEVELOPMENT AND
DEFINITIONS

2.1. Definition of Occupational Health and Safety

With industrialization and technological advancements,
various issues have emerged in workplaces that threaten the
health and safety of workers, which is a matter that requires
attention. Initially, these issues were not given much
consideration, but as they began to endanger work efficiency and
the entire operation of businesses, they gained importance. To
prevent such problems from arising, various rules and laws
covering work organization and conditions were enacted. Over
time, it became evident that these regulations were insufficient,
and the need to develop new approaches to the issue arose. As a
result of studies and research conducted on the subject, the
concept of occupational health and safety emerged, bringing a
scientific approach to the field [1].

In its narrowest definition, occupational health and safety
refers to the protection of a worker's health and safety against
hazards that arise within the workplace boundaries and in relation
to the work itself. However, over time, it became apparent that
this approach was also insufficient [2].

Today, the accepted definition of occupational health and
safety is to protect the mental, physical, and social well-being of
workers in all professions, safeguard them from all hazards
arising from working conditions, place suitable individuals in the
job, protect their health, and ensure the harmony between the
work and the individual™ [2].

2.2. History of Occupational Health and Safety

Throughout history, humans have worked in jobs that put
their health and lives at risk. As conditions changed, they made
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efforts to take protective measures and find preventive solutions
[3].

Since the beginning of humanity, the production process
has evolved, with key steps such as the use of stone tools, the
beginning of agriculture, the development of mining techniques,
the discovery of fire, the use of steam power, and the
advancement of work tools and production instruments playing
significant roles. The solutions to the problems arising in the
workplace due to these advancements laid the foundation for the
development of occupational health and safety. For this reason,
the history of occupational health and safety dates back to ancient
times [4].

Occupational health and safety, after passing through
various stages, has gained its current scientific meaning over a
long historical process. With the contributions of scientists from
various fields of expertise, occupational health and safety is now
recognized as a scientific discipline. It has continuously
developed in parallel with changes in production processes and
societal life. Throughout history, advancements in work life and
technological innovations have also inspired developments in
occupational health and safety [5].

2.3. Definition of Occupational Accident

Various definitions of accidents are found in the literature.
An accident is defined as an unwanted event that causes harm to
a system or individual, or affects the purpose of the system and
the task of the individual. Another definition is "an unforeseen
event that occurs suddenly while the worker is on the way to work
or training, working within the workplace, or performing
maintenance and storage of work equipment, which causes
physical or psychological harm to the worker" [6].

From the perspective of social policy and occupational
safety, "Occupational accidents are events that occur during work
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due to the worker's working conditions, the nature and execution
of the job, or the machines, tools, equipment, and materials used,
which lead to the loss of part or all of the worker's labor" [7].

2.4. Definition of Occupational Injury and
Occupational Disease

Occupational injury refers to any accident, injury, or
illness that occurs during a work or professional activity. An
occupational injury can occur when a worker suffers physical
harm or illness during work-related activities. These types of
injuries are often caused by hazardous conditions or dangerous
behaviors in the workplace [3].

An occupational disease is a disease that is associated with
a work or professional activity and is caused by factors
encountered in the work environment. Environmental factors,
such as chemical substances, toxic gases, dust, radiation, and
noise, or physical factors, such as repetitive movements,
encountered by workers in a specific job or profession, can lead
to occupational diseases [8].

3. PHYSICAL RISK FACTORS IN THE TEXTILE
SECTOR

3.1. Ergonomics

Ergonomics can be defined as "the body of knowledge
required for the optimal design of tools, machines, and equipment
that can provide the greatest comfort, safety, and efficiency for
humans” [9]. Common complaints among those who have
worked in textile product manufacturing for many years include
pain in the hands, arms, and elbows, lower back and spine pain,
shoulder and neck pain, as well as musculoskeletal issues [10].
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3.2. Lighting

Good lighting allows workers to see details clearly,
reducing errors. Additionally, proper lighting is essential for
determining the correct colors and tones. This is particularly
important in the dyeing and quality control processes. As a result,
lighting plays a crucial role in textile factories in terms of both
occupational health and safety and production quality.

3.3. Noise

Sewing machines, weaving looms, and other mechanical
equipment used in production processes can generate high levels
of noise. Prolonged exposure to noise can lead to health issues
such as hearing loss, stress, headaches, and fatigue. Therefore, it
is crucial to regularly measure noise levels, use machines that
operate quietly, and implement personal protective equipment to
control noise effectively.

3.4. Thermal Comfort

In the textile sector, thermal comfort is of great
importance for workers' health, productivity, and job satisfaction.
Machines and equipment used in production processes generate
heat, which can increase the temperature of the work
environment. Measures such as effective ventilation systems,
appropriate work clothing, and regular breaks help maintain
thermal comfort, reducing workplace accidents and improving
the overall work environment.

3.5. Dust

In textile manufacturing, the most polluting type of dust
in the environment comes from airborne fibers in yarn production
and fabric dust in garment factories where fabric is the raw
material. In yarn factories, fibers used as raw materials pass
through various machines before becoming yarn, releasing dust
into the environment. In knitting and weaving fabric production
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factories, where yarn is the raw material, dust formation occurs
as fibers are processed into fabric and pass through different
machines and machine components, dispersing fiber particles into
the air.

3.6. Moving Parts

The moving parts pose risks in terms of occupational
safety and worker health, making them a critical concern. The key
to mitigating these risks is installing protective guards around
areas with moving parts and ensuring that workers use personal
protective equipment [11].

4. CHEMICAL RISK FACTORS INTHE TEXTILE
SECTOR

4.1. Introduction

In textile finishing, which includes pre-treatment (such as
washing, singeing, and bleaching), dyeing, printing, and finishing
processes, a wide range of chemical substances are used
extensively. Therefore, dyeing facilities are the areas with the
highest chemical risk in the textile sector.

Various chemicals used in textile finishing can pose both
health risks and physical and chemical hazards. When used at
high temperatures, these chemicals can lead to fires and
explosions [12]. Despite their complex chemical structures,
textile dyes are widely used in commercial applications. These
products have significant effects on health (such as toxicity and
carcinogenicity) and safety. However, the adverse health effects
of dyes have not been fully determined based on current medical
knowledge.

The dyeing process is carried out according to dyeing
diagrams and formulations. The dyeing solution is prepared by
mixing the appropriate amounts of chemicals and dyes as
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specified in the formulations. The dyes used are generally in
powder form, and they are weighed, transferred into a container,
and then added to the solution. However, it is crucial to avoid
inhaling the dust cloud that forms during this process, as it is
highly harmful [13]. To prevent this risk, granular or liquid dyes
should be preferred instead of powdered dyes whenever possible.
However, due to the short shelf life and larger storage
requirements of liquid dyes, powdered dyes are commonly used.
When using powdered dyes, the following precautions should be
taken into account.

The storage, weighing, and transfer of dyes should be
conducted in a separate area from other chemicals, and these
sections should be fully enclosed. To prevent dust accumulation,
walls should be smooth and non-porous, floors should be easy to
clean and non-slippery. Proper ventilation must be ensured in
these areas to prevent workers from inhaling dye dust. Based on
the dust concentration in the environment, workers should be
provided with appropriate personal protective equipment.
Powdered dyes should not be mixed using agitators until they are
adequately wetted and dispersed in the solution. If possible,
powdered dyes should be added to the solution using water-
soluble paper or bags. Workers should wash their hands properly
before meals and tea breaks, ensuring that any dye residues on
their skin are thoroughly removed. The dyes used should be
properly labeled, and the labeling must be easily readable and
understandable. The safety precautions specified in the dye safety
data sheets should be followed, and workers should be trained on
this matter. Chemicals with similar properties should be stored
together in appropriate storage areas, while explosive and
flammable substances should not be kept in the same storage
facility.
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4.2. Chemicals Used in the Industry

The textile industry employs a wide range of chemicals
for various purposes. Each of these chemicals is specifically
selected for particular processes, and each process plays a crucial
role in determining the final quality of textile products. The main
types of chemicals used are as follows:

4.2.1. Dyes

Reactive dyes: Form chemical bonds with fibers,
providing colors resistant to sunlight and washing. They are
commonly used for natural fibers.

Direct dyes: Absorbed directly by fibers and primarily
used for cellulosic fibers. Acid dyes: Suitable for protein fibers
(such as wool and silk) and some synthetic fibers. They offer high
color vibrancy.

Vat dyes: Used for producing durable and long-lasting
colors, commonly preferred in denim dyeing.

Pigment dyes: Remain on the surface without forming
chemical bonds. They are suitable for a wide variety of fibers and
are typically used in printing processes.

4.2.2. Bleaching Agents

Chlorine-based bleaches: Contain chlorine and chlorine
compounds. They have strong bleaching effects but pose
environmental hazards.

Peroxide-based bleaches: Contain substances like
hydrogen peroxide. They are more environmentally friendly
compared to chlorine-based bleaches and are widely used in
cotton fabrics.
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4.2.3. Softeners and Finishing Chemicals

Cationic Softeners: These chemicals are absorbed onto
textile fibers, providing softness and smoothness. They are
commonly used in cellulosic and protein fibers.

Silicone-Based Softeners: These impart softness and
water-repellent properties while enhancing fabric durability.

Resins: Used to prevent fabric wrinkling and maintain its
shape. = Formaldehyde-based  resins are  particularly
common.Antistatic Agents: Prevent static electricity buildup,
especially in synthetic fibers.

4.2.4. Other Chemicals

Wetting Agents and Penetrants: Improve the fabric's water
absorption capacity and enhance the uniformity of dyeing
processes.

Enzymes: Frequently used in biological finishing
processes. For example, cellulase enzymes are employed in
denim stone washing.

Antimicrobial Agents: Inhibit bacterial and fungal
growth, commonly applied in sportswear and medical textiles.

Flame Retardants: Increase fabric resistance to burning,
often used in safety equipment and home textiles.

Water and Stain-Repellent Chemicals: Enhance surface
resistance, making fabrics resistant to water, oil, and stains. These
are commonly used in outerwear and home textiles.

The correct and safe application of these chemicals, along
with proper waste management and sustainable practices, is of
great importance.
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4.3. Applications of Chemicals

The textile production process consists of various stages,
including raw material processing, dyeing and printing, and
finishing treatments. The chemicals used at each stage ensure that
textile products acquire the desired properties. The main
application areas are as follows:

4.3.1. Raw Material Processing

Fiber Preparation and Cleaning: During the processing of
natural and synthetic fibers, chemicals are used to remove dirt,
oil, and other impurities. Surfactants (detergents) are employed
for fiber cleaning and degreasing, while enzymes are particularly
used for the biological cleaning of cellulosic fibers such as cotton.

Bleaching: Used to whiten raw fibers and remove their
natural colors. Chlorine-based bleaches provide strong whitening
effects but pose high environmental and health risks. In contrast,
peroxide-based bleaches are more environmentally friendly and
widely used.

4.3.2. Dyeing and Printing

Dyeing: Various dyes are used to impart color to textile
fibers. These include reactive, direct, acid, and disperse dyes.

Printing: The process of applying patterns and motifs to
fabric surfaces. Pigment dyes are commonly used in printing and
do not form chemical bonds with fibers.

4.3.3. Finishing Processes

Softeners used to improve the softness and texture of
fabrics are classified into two groups: cationic and silicone-based
softeners. Cationic softeners interact with the amorphous regions
of fibers, imparting softness, while silicone-based softeners
provide additional water-repellent properties and durability.

46



Resins are applied to prevent wrinkling and maintain
fabric shape until the textile products reach the end consumer.
These resins include formaldehyde-based resins, which offer
permanent wrinkle resistance but pose health risks, and
formaldehyde-free resins, which serve as environmentally
friendly and non-toxic alternatives.

In textile finishing processes, phosphorus-based
chemicals and halogenated compounds are commonly used as
flame retardants. Cationic polymers and hydrophobic compounds
act as antistatic agents, while fluorocarbon and silicone-based
compounds are utilized for water- and stain-repellent properties.
Additionally, silver nanoparticles are applied as antimicrobial
agents to inhibit bacterial growth.

These chemicals ensure that textile products achieve the
desired quality, durability, aesthetics, and functional properties.

4.4. Definition and Properties of Chemicals

Chemicals are substances with distinct physical and
chemical properties, employed to achieve a particular function. In
the textile industry, they are used to modify, enhance, or preserve
the characteristics of fibers during different processing stages.
Chemicals are classified based on their specific properties. Some
of these key properties include:

4.4.1. Physical State

Solid: Can be in powder or granular form. Some dyes and
auxiliary chemicals are examples.

Liquid: Chemicals found in solution or liquid form, such
as bleaching agents and softeners.

Gas: Chemicals that typically evaporate during
processing, such as formaldehyde gas.

47



4.4.2. Solubility

Water-Soluble: Chemicals that easily mix with water,
such as reactive dyes and certain bleaching agents.

Water-Insoluble: Chemicals that do not dissolve in water.
Disperse dyes generally fall into this category.

4.4.3. pH Value

Acidic Chemicals: Chemicals with a low pH value.
Example: Acid dyes.

Basic Chemicals: Chemicals with a high pH value.
Example: Caustic soda.

4.4.4. Reactivity

Reactive Chemicals: Chemicals that readily undergo
chemical reactions with other substances. For example, reactive
dyes form chemical bonds with fibers.

Inert Chemicals: Chemicals that do not react or react
minimally with other substances.

4.4.5. Toxicity

Toxic Substances: Chemicals that can be harmful to
human health. Some dyes and solvents serve as examples.

Non-Toxic Substances: Chemicals with little to no
harmful effects on human health.

4.4.6. Volatility

Volatile Chemicals: Chemicals that evaporate easily, such
as solvents and certain solutions.

Non-Volatile Chemicals: Chemicals with low evaporation
tendencies.
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4.4.7. Chemical Structure

Organic Chemicals: Carbon-based compounds, including
organic dyes and softeners.

Inorganic Chemicals: Compounds that do not contain
carbon, such as bleaching agents and certain chemicals.

4.5. Classification of Chemical Risks

Chemical risks can be classified based on the properties of
the chemicals used and their potential effects on human health
and the environment. This classification is crucial for the proper
identification and management of risks. Chemical risks are
generally categorized as follows:

4.5.1. Toxic Substances

Toxic substances are chemicals that have harmful effects
on human health. These substances can enter the body through
inhalation, skin contact, or ingestion, leading to acute or chronic
health problems.

Acute Toxic Effects: Cause sudden and severe health
issues due to short-term exposure. An example is respiratory
distress resulting from exposure to chlorine gas.

Chronic Toxic Effects: Develop over time due to long-
term exposure. For instance, prolonged exposure to lead
compounds may lead to kidney damage.

4.5.2. Carcinogenic Substances

Carcinogenic substances are chemical derivatives that can
cause cancer. These substances generally lead to cancer
development after prolonged and repeated exposure.

Known Carcinogens: Substances that have been proven to
cause cancer in humans.
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Possible Carcinogens: Substances suspected to cause
cancer in humans, though there is insufficient evidence.

4.5.3. Mutagenic Substances

Mutagenic substances are chemicals that can cause
changes in genetic material. These alterations may lead to cancer
or other genetic disorders. Genotoxic substances, in particular,
directly affect DNA and induce mutations.

4.5.4. Allergens

Allergens are chemicals that trigger excessive reactions in
the immune system. These reactions can occur through skin
contact or inhalation, leading to allergic responses.

Skin Allergens: Chemicals that cause dermatitis upon skin
contact.

Respiratory Allergens: Substances that, when inhaled,
may cause asthma or other respiratory allergies.

455. Irritants

Irritants are chemicals that cause irritation to the skin,
eyes, respiratory tract, or digestive system upon contact. Direct
exposure to these substances may result in burning, itching,
redness, or swelling. Prolonged or repeated exposure can lead to
more severe health issues.

Skin Irritants: Chemicals that cause redness, itching, and
a burning sensation upon skin contact.

Eye Irritants: Substances that, when they come into
contact with the eyes, cause burning, watering, and pain.

4.5.6. Environmental Hazards

Environmental hazards refer to chemicals that have
harmful effects on ecosystems. These substances contribute to
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water, air, and soil pollution and can negatively impact plant and
animal life.

4.6. Routes of Exposure

In the textile industry, exposure to chemicals can occur
through various pathways. The primary routes of exposure
include inhalation, skin contact, ingestion, and eye contact.

4.6.1. Inhalation Exposure

Airborne Chemicals: Chemicals that become airborne in
the form of dust, vapor, or fumes can be inhaled and reach the
lungs. Powder dyes used in dyeing processes, solvents, and
bleaching agents are examples of substances that pose inhalation
exposure risks.

4.6.2. Inhalation Exposure

Aerosols and Sprays: Chemicals applied in spray form,
such as water-repellent sprays or anti-static agents, can
accumulate in the lungs when inhaled. Over time, this
accumulation may have adverse effects on workers' health.

Gases and Vapors: Vapors from chemicals such as dyes,
solvents, and bleaching agents can cause respiratory exposure,
particularly in poorly ventilated environments.

4.6.3. Skin Contact

Direct Contact: Workers in textile factories may come into
direct contact with chemicals such as dyes and bleaching agents.
Without proper personal protective equipment (PPE), exposed
skin is at risk of chemical exposure.

Contaminated Clothing and Equipment: Prolonged use of
clothing and equipment contaminated with chemicals may lead to
skin absorption.
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Spills and Splashes: Accidental spills or splashes of
chemicals can result in direct skin contact, posing a risk of
irritation or absorption.

4.6.4. Ingestion Exposure

Hand-to-Mouth Contact: Workers who handle chemicals
and do not adequately wash their hands before eating or drinking
may ingest harmful substances, affecting their health.

Food and Water Contamination:  Accidental
contamination of food and water sources with workplace
chemicals may lead to indirect ingestion of hazardous substances.

4.6.5. Eye Contact

Spills and Splashes: When chemicals used in the textile
industry spill or splash, they can come into contact with workers'
eyes, potentially causing severe eye injuries or irritation.

Airborne Particles: Chemical vapors and aerosols can
reach unprotected eyes, leading to vision impairment or eye
injuries.

To prevent and control exposure to these chemicals,
ventilation systems should be installed to reduce the
concentration of airborne chemicals. Proper use of personal
protective equipment (PPE) such as gloves, masks, goggles, and
protective clothing can prevent direct chemical contact. Workers
should also adopt health practices such as regular handwashing,
wearing clean clothing, and refraining from eating in work
environments to minimize exposure risks. Regular training on
chemical risks and protection methods is crucial. Understanding
exposure routes and implementing appropriate control measures
are essential for ensuring chemical safety in the textile sector.
This approach helps protect workers' health and minimizes
environmental impacts.
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4.7. Health Effects

The health effects of chemicals used in the textile industry
vary depending on the type of chemical, exposure duration,
exposure route, and individual sensitivities. The health effects of
chemicals used in the sector can be explained as follows:

4.7.1. Acute Health Effects

Acute health effects are sudden and typically severe health
issues that arise from short-term exposure. These effects are often
immediately noticeable and may require urgent medical
intervention.

Respiratory Irritation: When inhaled, volatile organic
compounds, solvents, and certain dyes can irritate the nose,
throat, and lungs, leading to symptoms such as coughing,
shortness of breath, and difficulty breathing.

Skin Irritation and Burns: Direct contact with chemicals
can cause redness, itching, burning, and even chemical burns on
the skin. Contact with acidic or basic solutions used during dye
preparation can result in skin damage or burns.

Eye Irritation: Eye contact with chemicals used in the
textile industry can cause redness, tearing, burning sensations,
and visual disturbances. Chemical splashes or vapors can cause
severe damage to the eyes.

Gastrointestinal Problems:

Ingestion of the chemicals used can lead to digestive
system issues such as nausea, vomiting, abdominal pain, and
diarrhea.

4.7.2. Chronic Health Effects

Chronic health effects develop over time due to prolonged
and repeated exposure. These effects tend to be more insidious
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and harder to detect, but they can lead to serious health problems
in the long run.

Cancer: Long-term exposure to carcinogenic chemicals
can increase the risk of developing various types of cancer. For
example, solvents such as benzene are now associated with
leukemia and other cancers.

Respiratory Diseases: Chronic exposure to chemicals can
lead to respiratory diseases such as chronic bronchitis, asthma,
and chronic obstructive pulmonary disease (COPD). Inhalation of
dust, smoke, and vapors further increases the risk of these
conditions.

Dermatitis and Skin Allergies: Continuous exposure to
chemicals can cause chronic skin irritation and allergic reactions,
resulting in redness, itching, and rashes.

Neurological Disorders: Certain chemicals can damage
the central nervous system. Long-term exposure to solvents can
lead to neurological symptoms such as headaches, fatigue,
memory loss, dizziness, and nerve damage.

Reproductive Health Issues: Reproductive toxins can
increase the risk of fertility problems and birth defects, posing a
significant risk, particularly for pregnant women.

4.7.3. Special Sensitivities and Risk Groups

Some individuals are more sensitive to chemical
substances, which increases their risk of developing diseases
compared to others.

Pregnant Women: Pregnant women are particularly
sensitive to reproductive toxins due to their harmful effects on the
developing fetus.

Children: Children are more sensitive to chemical
exposure and are at risk for developmental disorders.
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Elderly People: The elderly are more sensitive to
chemicals due to weakened immune systems and chronic health
issues.

Allergic Individuals: People with allergic tendencies are
at higher risk for allergic reactions to certain chemicals.

4.8. Risk Management and Control Measures

Chemical risk management refers to the process of
identifying potential hazards associated with chemical exposure,
assessing these risks, and taking the necessary measures to
minimize them. An effective risk management process requires a
systematic approach to identifying and controlling chemical
hazards in the workplace.

4.8.1. Risk Assessment

Risk assessment is a process conducted to identify the
potential hazards of chemicals and their possible effects on
workers. This process includes the following steps:

Identification of hazards: Identifying all chemicals used in
the workplace and determining the possible hazards associated
with each chemical.

Assessment of exposure: Determining which chemicals
workers are exposed to, how often, and for how long.

Determination of risk: Assessing the severity and
magnitude of the risk based on the chemical’s hazard potential
and the exposure level.

Prioritization of risks: Classifying identified risks in order
of priority and identifying those that require immediate
intervention.
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4.8.2. Control Measures

A series of measures should be taken to control chemical
risks. These measures should be applied in a hierarchical
structure, ranging from the most effective methods to the least
effective ones:

Elimination or substitution of the hazard: Whenever
possible, replace hazardous chemicals with less hazardous
alternatives.

Chemical substitution: Using a less hazardous chemical in
place of a more dangerous one.

Process change: Developing production processes that
either do not require or reduce the use of chemicals.

5. SAFE CHEMICAL USE AND ALTERNATIVE
SUBSTANCES IN THE TEXTILE INDUSTRY

5.1. Safe Chemical Use

The use of chemical substances is a crucial component of
production processes in the textile industry. However, the safe
management and application of these chemicals are of utmost
importance.

The textile industry requires the use of various chemicals
in processes such as dyeing, printing, finishing, and treatment.
These chemicals have the potential to pose risks to both workers'
health and the environment. Therefore, safe chemical
management has become a priority for textile manufacturing
facilities.

A hazard assessment of the chemicals used in the
workplace should be conducted, and potential risks should be
identified. This requires a detailed examination of which
chemicals are used, how they are stored, and how they are
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processed. Hazard assessments help prioritize risks and determine
appropriate control measures.

Safe chemical management includes selecting less
hazardous alternatives whenever possible. Additionally,
minimizing the quantity of chemicals used in processes and
reducing waste to the lowest possible levels are critical measures.

To prevent workers' exposure to hazardous chemicals,
appropriate personal protective equipment (PPE) must be
utilized. Adequate workplace ventilation should be ensured, and
precautions should be taken to remove chemical vapors and dust
from the environment.

Employees should be trained and informed about the
hazards of chemical substances. Awareness of potential risks and
the correct use of protective equipment significantly enhance
worker safety.

Safe chemical management is essential for protecting both
worker health and the environment in the textile industry.
Practices such as hazard assessment, implementation of control
measures, training, and awareness-raising are fundamental to
ensuring a safe chemical management system in the workplace.
By adopting these measures, businesses in the textile sector can
safeguard employee health and safety while promoting
sustainable industrial practices.

5.2. Use of Alternative Substances

Most of the chemical substances used in the textile
industry pose potential hazards to both worker health and the
environment. Therefore, the use of less hazardous or
environmentally friendly alternatives is of great importance.
Utilizing eco-friendly chemicals contributes to sustainable
production practices and helps preserve the natural environment.
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Several reasons highlight the importance of adopting
alternative substances:

Reduction of Environmental Impact

Many conventional chemicals used in production
processes result in toxic waste. The use of alternative substances
helps minimize both the quantity and harmful effects of these
wastes, leading to a more sustainable and eco-conscious
approach.

Protection of Worker Health

Exposure to chemical substances can have serious adverse
effects on workers’ health. The use of less hazardous or eco-
friendly chemicals ensures worker safety, yielding significant
benefits for employers, governments, and workers alike.

Consumer Health and Safety

Chemical substances can also have harmful effects on
final textile products. The adoption of alternative substances
plays a crucial role in ensuring compliance with safety regulations
and protecting consumer health.

Compliance with Regulatory Requirements

Many countries have implemented regulations to restrict
the use of hazardous chemicals. The adoption of alternative
substances helps companies comply with these regulations and
contributes to reducing environmental pollution.

5.3. Alternative Substances for Use

Dyes are widely used across various industries. However,
synthetic dyes have been found to have adverse effects on both
human health and the environment. In recent years, particularly
in the textile sector, eco-friendly natural dyes have gained
prominence. These dyes can be derived from clay, soil, and plant-
based sources. Natural dyes are not only utilized in the textile
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industry but also find applications in cosmetics, pharmaceuticals,
solar cells, food coloring, and as pH indicators.

In the food industry, dyes are used primarily to enhance
the visual appeal of processed food products. However, as in the
textile industry, there is a growing demand for natural, plant-
based dyes in the food sector as well.

The textile industry is one of the sectors that generate
significant pollution due to chemical processes. The necessity of
ecological and sustainable approaches in textiles is not limited to
replacing harmful chemical products with natural materials; it
also involves ensuring a clean environment for future generations.
Although natural dyeing techniques have historical roots, they
have regained popularity due to rising consumer demand. Certain
natural dyes have been shown to provide health benefits.

Considering the increasing demand for healthier products,
natural dyes emerge as a viable and safer alternative for both
industrial applications and consumer use. Expanding textile
product diversity with ecological materials and natural dyes is a
promising approach. To mitigate the damage caused by synthetic
dyes extensively used in textiles, sustainable strategies should
focus on applying natural dyes to eco-friendly fabrics, fostering a
more environmentally responsible industry.

6. CONCLUSION

This study on Occupational Health and Safety (OHS) in
the textile sector has shown that the effects of production
conditions on workers' health are similar across different
countries. In the textile production process in our country,
particularly small and medium-sized enterprises (SMEs) often
fail to implement occupational health and safety measures and are
reluctant to abandon traditional practices. This situation results in
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occupational disease and workplace accident data failing to fully
reflect the actual conditions. Consequently, workers continue to
work unprotected, unaware of potential hazards, or persist despite
being aware of the risks due to fear of losing their jobs.
Additionally, the low education levels of textile sector employees
present a significant barrier to making informed and conscious
decisions regarding workplace safety.

Efforts to minimize environmental harm in production
processes, develop environmental policies, and raise public
awareness through announcements and advertising campaigns
should be increasingly promoted. As a result of this awareness,
interest in the production of eco-friendly products in various
industries will inevitably grow. To ensure a healthy and livable
world for future generations, it is essential that everyone fulfills
their responsibilities. As in all other areas, consumers should also
prioritize ecological products in textile and ready-to-wear
shopping, contributing to sustainable and responsible
consumption.
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BIiTKISEL SEKONDER METABOLITLER:
FARMAKOLOJIK OZELLIKLERI

Adem DEMIR!

1. GIRIS

Bitkiler, terapétik degere sahip biyoaktif bilesiklerin
temel kaynaklarindan biri olarak uzun zamandir kabul edilmekte
olup, hem geleneksel tip sistemlerinin hem de modern
farmakolojinin ~ 6nemli  bir  bilesenini  olusturmaktadir.
Giliniimiizde kullanilan ilaglarin bUyik bir bolimi dogrudan
bitkilerden elde edilmekte ya da yapisal olarak bitki kokenli
molekiillerden esinlenerek gelistirilmektedir. Bu durum, ilag
kesfi ve gelistirme siireglerinde bitki sekonder metabolitlerinin
oynadig1 kritik rolii agik¢a ortaya koymaktadir. Fenolik bilesikler,
terpenoidler, alkaloidler ve glikozitler basta olmak iizere genis bir
kimyasal ¢esitlilige sahip olan bu metabolitler, antioksidan,
antiinflamatuvar, antimikrobiyal, antikanser ve antidiyabetik
etkiler gibi ¢ok yonlu biyolojik ve farmakolojik aktiviteler
sergilemektedir. Bu bilesiklerin anahtar molekiiler hedeflerle
etkilesime girme ve hiicresel sinyal yolaklarini diizenleme
yetenekleri, onlar1 ¢esitli kronik ve dejeneratif hastaliklarin
onlenmesi ve tedavisinde umut vadeden adaylar haline
getirmistir. Oksidatif stresle iligkili bozukluklarin, enflamatuvar
hastaliklarin, mikrobiyal direncin ve metabolik rahatsizliklarin
giderek artmasi, dogal, etkili ve daha giivenli terapétik ajanlara
yonelik aragtirmalar1 hizlandirmistir. Bu baglamda, bitki kaynakli
ikincil metabolitler, cogu zaman ¢oklu hedeflere etki edebilmeleri
ve daha diislik yan etki profiline sahip olmalari nedeniyle sentetik
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bilesiklere degerli bir alternatif sunmaktadir. Analitik
tekniklerdeki ~ gelismeler, bu  biyoaktif = molekiillerin
tanimlanmasini, karakterizasyonunu ve standardizasyonunu
kolaylastirarak etki mekanizmalarinin daha ayrintili bigimde
anlagilmasina katki saglamistir. Bunun yani sira, yesil
ekstraksiyon teknolojileri, nanoteknoloji temelli tasiyici sistemler
ve in silico yaklasimlar alanindaki ilerlemeler, bitki ikincil
metabolitlerinin arastirilmasini 6nemli dlglide gelistirmistir. Bu
yenilik¢i  stratejiler, s6z konusu bilesiklerin stabilitesini,
biyoyararlanimin1 ve terapdtik etkinligini artirarak farmasotik
potansiyellerini  genisletmistir. Bu bolimde, bitki ikincil
metabolitlerinin baslica smiflari, biyosentetik kokenleri ve
farmakolojik uygulamalar giincel literatiir 15181nda ele alinmakta;
ayrica bu hizla gelisen alandaki mevcut zorluklar ve gelecege
yonelik arastirma perspektifleri tartigilmaktadir.

2. BITKISEL SEKONDER METABOLITLERIN
SINIFLANDIRILMASI

Bitkisel sekonder metabolitler, bitkilerde 6zel metabolik
yolaklar araciligiyla sentezlenen ve primer metabolizmada
dogrudan rol almayan, ancak bitkinin c¢evresel adaptasyonu,
savunmasi ve etkilesimleri agisindan kritik 6neme sahip organik
bilesiklerdir. Yapisal gesitlilikleri ve biyosentetik kokenlerine
bagli olarak bu metabolitler, baslica fenolik bilesikler,
terpenoidler, alkaloidler ve glikozitler olmak (izere birka¢ ana
smifta toplanmaktadir (Modolo, da-Silva, Branddo ve Chaves,
2018). Her bir sinif, kendine 6zgii fizikokimyasal 6zelliklere ve
biyolojik aktivite profillerine sahip genis bir molekiil yelpazesi
icermekte olup, bu 6zellikler farmakolojik potansiyellerini
dogrudan etkilemektedir (Sharma, Sharma ve Sharma, 2022).
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2.1. Fenolik Bilesikler

Fenolik bilesikler, bitki ikincil metabolitleri arasinda en
yaygin bulunan ve biyolojik aktiviteleri en kapsamli sekilde
arastirilan smiflardan biridir. Kimyasal agidan, bir veya daha
fazla aromatik halka tzerinde hidroksil gruplari tasiyan yapilarla
karakterize edilirler. Bu bilesikler esas olarak sikimat ve
fenilpropanoid biyosentetik yolaklar1 aracilifiyla
sentezlenmektedir (ElI-Azaz ve Maeda, 2025). Yapisal
cesitlilikleri ve bitki alemindeki genis dagilimlari sayesinde
fenolik bilesikler, bitki biliylimesi, gelisimi ve savunma
mekanizmalarinda énemli roller iistlenirken, ayn1 zamanda kayda
deger farmakolojik Ozellikler de sergilemektedir (Joshi ve
digerleri, 2024). Fenolik bilesikler kimyasal yapilarina gore;
fenolik asitler, flavonoidler, tanenler, lignanlar, kumarinler ve
stilbenler olmak ftizere ¢esitli alt gruplara ayrilmaktadir (Kumar,
Narwal, Kumar ve Prakash, 2011). Fenolik asitler, temel olarak
hidroksibenzoik asitler ve hidroksisinamik asitler seklinde
simiflandirilir.  Gallik, kafeik, ferulik ve p-kumarik asit bu
gruplarin baglica temsilcileri olup, meyveler, sebzeler ve tibbi
bitkilerde yaygin olarak bulunmaktadir. Bu bilesikler, bitki
kaynakli gidalarin ve ekstraktlarin antioksidan kapasitesine
onemli katkilar saglamaktadir (Guil-Guerrero ve digerleri, 2016).
Flavonoidler, fenolik bilesiklerin en genis alt grubunu olusturur
ve flavonoller, flavonlar, flavanonlar, izoflavonlar, antosiyaninler
ve flavanolleri kapsar. Yapisal olarak flavonoidler, C6-C3-C6
karbon iskeletine sahiptir ve bitkilerde ¢ogunlukla glikozillenmis
formlar halinde bulunurlar. Bu glikozilasyon, bilesiklerin
¢cOziinlirliiglinii, kimyasal stabilitesini ve biyoyararlanimini
onemli olclde etkilemektedir (Masullo ve digerleri, 2023).
Kuercetin, kaempferol, hesperidin, naringenin ve katesinler gibi
flavonoidler; gucli antioksidan, antienflamatuar ve hicre
koruyucu 06zellikleri nedeniyle yogun big¢imde incelenmistir
(Shaikh ve digerleri, 2022). Molekiiler diizeyde fenolik bilesikler;
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reaktif oksijen tiirlerini (ROS) temizleyebilme, gecis metalleriyle
selat olusturma ve g¢esitli enzimlerin aktivitesini ve hiicre igi
sinyal yolaklarin1 modiile etme yetenegine sahiptir. Antioksidan
etkilerinin yani sira, bu bilesiklerin siklooksigenaz, lipoksigenaz
ve hiyaluronidaz gibi enflamasyonla iliskili enzimleri inhibe
ettigi; tiimor nekroz faktorii-o (TNF-a) ve ¢esitli interlokinler gibi
proinflamatuar  sitokinlerin ~ ekspresyonunu  baskiladig1
bildirilmistir. Ayrica fenolik bilesikler, apoptozu indiikleme,
hicre dongusini durdurma ve anjiyogenez ile metastazla iliskili
sinyal yolaklarin1 engelleme mekanizmalar1 araciligiyla umut
verici antikanser aktiviteler gostermektedir (Roleira ve digerleri,
2015). Bunun yami sira fenolik bilesikler, dikkate deger
antimikrobiyal ve antidiyabetik etkilere de sahiptir.
Antimikrobiyal aktiviteleri; mikrobiyal hiicre zarlarinin
biitiinliglinlin bozulmasi, niikleik asit sentezinin inhibisyonu ve
enerji metabolizmasinin engellenmesi gibi mekanizmalarla
iligskilendirilmektedir. Metabolik hastaliklar baglaminda ise bazi
fenolik bilesiklerin, a-glukozidaz ve a-amilaz gibi karbonhidrat
hidrolize edici enzimleri inhibe ederek postprandiyal
hipergliseminin kontroliine katki sagladigi rapor edilmistir
(Masullo ve digerleri, 2023). Tum bu terap6tik potansiyellere
ragmen, fenolik bilesiklerin klinik uygulamalar1 ¢ogunlukla
diisiik biyoyararlanim, hizli metabolizma ve sinirli kimyasal
stabilite gibi faktorlerle kisitlanmaktadir. Bu nedenle giincel
arastirmalar; gelismis ekstraksiyon yontemleri, nano-tasiyici
sistemler ve kombinasyon stratejileri kullanilarak bu bilesiklerin
farmakokinetik 6zelliklerinin iyilestirilmesine odaklanmaktadir.
Sonug olarak fenolik bilesikler, bitki bazli farmakolojinin temel
yap1 taslarindan biri olmaya devam etmekte ve yeni terapotik
ajanlarin gelistirilmesi agisindan dogal ve umut vadeden adaylar
olarak yogun ilgi gérmektedir.
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2.2. Terpenoidler

Terpenoidler (izoprenoidler), bes karbonlu izopren
birimlerinden tlireyen ve bitki ikincil metabolitleri i¢cinde yapisal
acidan en genis cesitlilige sahip gruplardan birini olusturan
bilesiklerdir. Bu sinif, sitozolde isleyen mevalonat (MVA) yolu
ve plastidlerde gerceklesen metileritritol fosfat (MEP) yolu
araciligiyla biyosentezlenir. Icerdikleri izopren birimi sayisina
gore terpenoidler; monoterpenler, seskiterpenler, diterpenler,
triterpenler ve tetraterpenler seklinde siniflandirilmaktadir.
Terpenoidler, bitkilerin karakteristik aroma ve tat profillerinin
onemli bir bélumiinden sorumlu olup, ayni1 zamanda patojenlere
kars1 savunmada, sinyal iletiminde ve ¢evresel stres yanitlarinda
kritik roller iistlenir. Farmakolojik acidan ise terpenoidlerin
antiinflamatuar, antimikrobiyal, antimalaryal ve antikanser
etkiler dahil olmak {izere genis bir biyoaktivite spektrumu
sergiledigi bildirilmektedir (Sorrenti, Burd, Consoli ve Vanella,
2023). Mentol, limonen, pinen ve timol bu grubun terapotik
ajanlar olarak klinik/yari-klinik basariyla gelistirilen iyi bilinen
Ornekleri arasinda yer almaktadr.

Tablo 1. Major fenolik bilesiklerin altsiniflari, bitkisel kaynaklari
ve farmakolojik aktiviteleri

Bilesik Altsimf Kaynak Aktivite
Gallik asit H|dr0k5|_ben20|k Yesil cay Ant|0k5|d_:31n, antibakteriyal,
asit antiinflamatuar
Kafeik  Hidroksisinnamik Kahve, Antioksidan, antikanser,
asit asit Meyveler antiinflamatuar
Limonene Terpenoid Narenciye Antioksidan, antikanser
Kuinin Alkaloid CItE(r:Ir:a ?ina Antimalaryal, antiinflamatuar

Antioksidan, Damar
koruyucu

Katesinler Flavanols Greentea Antikanser, Kardiyoprotektif

Rutin  Flavonoid glikozit ~ Tahillar
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2.3. Alkaloidler

Alkaloidler, diisiik konsantrasyonlarda dahi belirgin
biyolojik aktivite gosterebilen, ¢ogunlukla azot igeren ikincil
metabolitlerdir.  Genellikle amino asitlerden turetilerek
biyosentezlenir; basit heterosiklik yapilardan oldukc¢a karmasik
polisiklik iskeletlere kadar uzanan genis bir yapisal ¢esitlilik
sergiler. Enzimler, reseptorler ve nikleik asitler gibi biyolojik
hedeflerle giiclii etkilesim kurabilmeleri nedeniyle alkaloidler,
farmakolojik aragtirmalarda o6zel bir yer tutar. Morfin, kinin,
vinkristin ve kafein gibi klinik agidan 6nemli pek ¢ok etkin madde
bu smifa dahildir. Alkaloidlerin analjezik, antitiimér,
antimikrobiyal ve noroaktif 6zellikler gosterdigi bildirilmis olup
bu durum, tibbi kimya ve ilag gelistirme agisindan dnemlerini
vurgulamaktadir (Sorrenti ve digerleri, 2023).

2.4. Glikozitler ve Diger Sekonder Metabolitler

Glikozitler, bir seker (glikon) kisminin seker olmayan
aglikon yapiya glikozidik bag ile baglanmasi sonucu olusan
bilesiklerdir ve tibbi bitkilerde yaygin bicimde bulunur.
Aglikonun kimyasal yapisina baglh olarak glikozitler; kardiyak
glikozitler, flavonoid glikozitler, saponin glikozitler ve
siyanogenik glikozitler gibi alt gruplara ayrilabilmektedir.
Glikozilasyon, ¢ogu durumda bilesigin aglikon formuna kiyasla
¢ozliniirligiini, stabilitesini ve baz1 durumlarda farmakokinetik
davranmigini artirabilmektedir (Yan ve digerleri, 2025). Bu ana
simiflara ek olarak bitkiler; kimyasal gesitlilige ve biyolojik
aktivite repertuvarina katki saglayan kiikiirt iceren bilesikler,
poliasetilenler ve betalainler gibi diger ikincil metabolitleri de
tretmektedir. Bu bilesikler fenolikler, terpenoidler veya
alkaloidler kadar yogun calisilmamis olsa da, gesitli biyolojik
etkiler agisindan umut verici bulgular sunmakta ve daha ileri
arastirmalart gerekli kilmaktadir.

68



3. SEKONDER METABOLITLERIN
BiYOSENTEZI

Bitki ikincil metabolitleri, birincil metabolizma ile yakin
iliskili olan ve “Ozellesmis” biyosentetik yolaklar iizerinden
sentezlenir. Bu bilesiklerin {iretimi; genetik altyapi, gelisimsel
evre ve cevresel kosullar tarafindan siki bicimde diizenlenir.
Ikincil metabolitlerin biyosentezinde baslica {ic yol &ne
cikmaktadir: sikimat yolu, mevalonat (MVA) ve metileritritol
fosfat (MEP) yollar ile asetat-malonat yolu. Sikimat yolu,
aromatik amino asitlerin biyosentezinden sorumlu olup fenolik
asitler ve flavonoidler dahil olmak iizere fenolik bilesiklerin
olusumunda temel bir role sahiptir. Bu metabolitler bitki
savunmasinda merkezi konumda bulunmakta ve giiclii
antioksidan ile antienflamatuar etkiler sergilemektedir (Kant,
Pandey, Shekhar ve Srivastava, 2023). Terpenoidler ise
cogunlukla sitozoldeki MVA yolu ve plastidlerdeki MEP yolu
tizerinden {retilen izopren birimlerinin birlestirilmesiyle
sentezlenir; ortaya c¢ikan mono-, seskui-, di- ve triterpenler,
farmakolojik acgidan yiiksek 6nem tasir. Alkaloidler cogunlukla
amino asitlerden tiiretilir ve belirgin yapisal cesitlilikleri, gii¢lii
biyolojik etkilerinin temel belirleyicilerinden biridir. Ikincil
metabolitlerin biyosentetik kokeninin anlagilmasi; iiretimin
artirilmasi, ekstraksiyon stratejilerinin optimize edilmesi ve
terapdtik  etkinligin  yiikseltilmesine  yonelik  metabolik
muhendislik yaklagimlarinin gelistirilmesi agisindan kritik 6neme
sahiptir (Du ve digerleri, 2025).

4. SEKONDER METABOLITLERIN
FARMAKOLOJIK OZELLIKLERI

4.1. Antioksidan Aktivite

Oksidatif stres; kanser, kardiyovaskiiler hastaliklar,
norodejeneratif bozukluklar, diyabet ve kronik enflamatuar
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durumlar gibi pek c¢ok hastalifin patogenezinde rol oynayan
temel bir faktordir. Bu sireg, reaktif oksijen tirlerinin (ROS)
tiretimi ile endojen antioksidan savunma sistemleri arasindaki
dengenin bozulmasi sonucu gelisir. Asirt ROS iiretimi lipitler,
proteinler ve nukleik asitlerde oksidatif hasara yol acarak
hiicresel homeostaz1 bozabilir (Peanparkdee ve lwamoto, 2019).
Bu baglamda bitki ikincil metabolitleri, giiclii antioksidan
Ozellikleri ve oksidatif stres kaynakli hasar1 azaltma
potansiyelleri nedeniyle yogun bigimde aragtirilmaktadir. Fenolik
bilesikler, bitkisel kaynakli antioksidan etkinligin baslica
belirleyicileri arasinda kabul edilir. Ozellikle aromatik halka
tizerine bagli  hidroksil  gruplari, serbest radikallerin
notralizasyonu i¢in hidrojen atomu veya elektron bagisini
miimkiin kilar. Ayrica bir¢ok fenolik bilesik, demir ve bakir gibi
gecis metalleriyle selat olusturarak metal-katalizli radikal
olusumunu simirlayabilmektedir (Panchal ve digerleri, 2025).
Fenoliklerin 6nemli bir alt sinifi olan flavonoidler, hem in vitro
hem in vivo ¢aligmalarda yiiksek radikal temizleme kapasitesi
gostermistir. Kuersetin, katesinler, hesperidin, naringenin ve
epigallokatesin gallate (EGCG) gibi bilesiklerin etkileri yalnizca
dogrudan ROS temizleme ile smirli degildir; ayni zamanda
slperoksit dismutaz, katalaz ve glutatyon peroksidaz gibi
antioksidan enzimlerin ekspresyonunu artirarak endojen savunma
mekanizmalarin gii¢lendirebildikleri gdsterilmistir. Terpenoidler
ve alkaloidler de toplam antioksidan kapasiteye katki sunmakla
birlikte, cogu ¢alismada fenoliklere kiyasla daha diisiik diizeyde
aktivite bildirilmistir. Bazi diterpen ve triterpenlerin lipit
peroksidasyonunu baskiladigi; bazi alkaloidlerin ise radikal
temizleyici veya metal selatlayici olarak islev gorebildigi
belirtilmektedir. Dolayisiyla bitkisel preparatlarin antioksidan
etkisi ¢ogu zaman tek bir bilesenden ziyade, birden fazla ikincil
metabolit arasindaki  sinerjik etkilesimlerin  sonucudur.
Antioksidan kapasite siklikla DPPH, ABTS, FRAP ve ORAC
gibi in vitro yontemlerle degerlendirilir (Zhao ve digerleri, 2019).
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Bununla birlikte bu testler biyolojik sistemlerdeki karmasik
antioksidan davranigi tam olarak yansitmayabileceginden, hiicre
bazli ve in vivo modellerin kullanimi giderek 6nem
kazanmaktadir. Son yillarda ekstraksiyon teknikleri, formiilasyon
stratejileri ve nanoteknoloji tabanli tasiyict sistemlerdeki
ilerlemeler; stabilite ve biyoyararlanimi artirarak antioksidan
etkinligi daha da giiclendirmistir. Genel olarak bitki ikincil
metabolitlerinin antioksidan potansiyeli, bircok farmakolojik
etkinin temel mekanizmalarindan birini olusturmakta ve oksidatif
stresle iligkili hastaliklarin 6nlenmesi/ yonetimi i¢in dogal ajanlar
olarak arastirilmalarini desteklemektedir.

4.2. Antiinflamatuar Aktivite

Enflamasyon; doku hasari, enfeksiyon veya immin
uyarim sonucu gelisen karmagik bir biyolojik yanittir ve artrit,
kardiyovaskiiler hastaliklar, metabolik sendrom ve kanser dahil
birgok kronik hastaligin patogenezinde merkezi rol oynar. Akut
enflamasyon koruyucu bir stire¢ olmakla birlikte, kontrolsuz veya
kroniklesmis  enflamasyon doku hasarma ve hastalik
progresyonuna yol agabilir. Bu nedenle, coklu enflamatuar
yolaklar1 diisiik toksisiteyle modiile edebilen bitkisel kokenli
bilesiklere yonelik ilgi artmaktadir. Fenolik bilesikler 6zellikle
flavonoidler ve fenolik asitler bitkisel kaynakli antiinflamatuar
ajanlar arasinda oOne c¢ikar. Bu bilesikler; COX, LOX ve
hiyalironidaz gibi proinflamatuar enzimleri inhibe ederek,
prostaglandinler ve nitrik oksit gibi mediyatorlerin Gretimini
baskilayabilir; ayrica TNF-a ve c¢esitli interlokinler gibi
sitokinlerin dizeylerini azaltabilir. Ek olarak, NF-xB gibi
transkripsiyon faktorlerinin duzenlenmesi yoluyla enflamatuar
gen ekspresyonu Uzerinde etkili olabilmektedir. Terpenoidler ve
alkaloidler de enflamatuar yanitin baskilanmasina katki saglar;
bazi diterpen/triterpenlerin 16kosit gociinli ve sitokin salinimini
inhibe ettigi, belirli alkaloidlerin ise immiin hiicre reseptorleri ve
enzimlerle etkileserek yaniti modiile ettigi gosterilmistir. Cok
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hedefli etki profili, bitki ikincil metabolitlerinin tek hedefli
sentetik ajanlara kiyasla daha genis ve potansiyel olarak sinerjik

bir antiinflamatuar etki ortaya koyabilmesine olanak tanir (Freitas
ve digerleri, 2024).

4.3. Antikanser Aktivite

Kanser, kiiresel Olcekte baslica mortalite nedenleri
arasinda yer almaktadir. Konvansiyonel kemoterapdtiklerin
toksisite, direng gelisimi ve secicilik sorunlari, alternatif ve
tamamlayict yaklagimlarin arastirilmasii hizlandirmistir. Bitki
ikincil metabolitleri, karsinogenezin farkli evrelerine miidahale
edebilme kapasiteleri nedeniyle kanser dnleme ve tedavisinde
umut vadeden adaylar olarak degerlendirilmektedir. Cesitli
fenolik bilesikler ve terpenoidler; apoptozu indiikleme, hiicre
dongislnu durdurma, anjiyogenezi baskilama ve metastazla
iliskili yolaklar1 inhibe etme gibi mekanizmalarla antikanser etki
gosterebilmektedir. Kuersetin, kaempferol ve katesinler gibi
flavonoidlerin,  mitokondriyal disfonksiyon ve kaspaz
aktivasyonu iizerinden apoptoz yolaklarim1 aktive ettigi
bildirilmistir. Benzer sekilde bazi diterpenler ve alkaloidler, hiicre
sagkalimi ve proliferasyonunda rol oynayan sinyal yolaklarini
hedefleyerek tiimor hiicre biiylimesini baskilayabilmektedir.
Ayrica birgok bitkisel ikincil metabolitin, normal hiicreleri gorece
korurken kanser hiicrelerine kars1 secici toksisite gosterebilmesi,
konvansiyonel kemoterapiye kiyasla potansiyel bir avantaj olarak
degerlendirilmektedir. Oksidatif stres, enflamasyon ve immiin
yanit izerindeki diizenleyici etkileri de, bu bilesiklerin onkolojide
onleyici ajanlar olarak 6nemini guclendirmektedir. (Roleira ve
digerleri, 2015).

4.4. Antibakteriyal ve Antiviral Aktivite

Antimikrobiyal direncteki hizli artis, yeni antimikrobiyal
ajanlara duyulan ihtiyaci kritik diizeye tagimistir. Bitki ikincil
metabolitleri, uzun sdredir bilinen antimikrobiyal &zellikleri
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nedeniyle yeni biyoaktif bilesiklerin 6nemli kaynaklar1 arasinda
yer almaktadir. Fenolik bilesikler; hiicre zar biitiinliigiinii bozma,
niikleik asit sentezini inhibe etme ve enerji metabolizmasina
muidahale etme gibi birden fazla mekanizma (zerinden
antimikrobiyal aktivite gosterebilir. Flavonoidler ve fenolik
asitlerin, Gram-pozitif/Gram-negatif bakteriler ve patojenik
mantarlar iizerinde inhibitdr etkiler sergiledigi rapor edilmistir.
Terpenoidler 06zellikle monoterpenler ve seskiterpenler zar
biitiinliiglinli bozarak hiicre igeriginin sizmasina ve mikrobiyal
6limle sonuglanan hasara yol acabilmektedir. Ayrica bazi bitkisel
ikincil metabolitlerin, viral giris, replikasyon ve protein sentez
basamaklarin1  baskilayarak antiviral etki  gosterebildigi
bildirilmektedir. Bu bulgular, bitkisel bilesiklerin direngli
patojenlerle miicadelede alternatif veya tamamlayici ajanlar
olarak potansiyelini ortaya koymaktadir (Liu, Pan ve Sun, 2025).

4.5. Antidiyabetik ve Metabolik Etkiler

Diyabetes mellitus gibi metabolik bozukluklar, glikoz
homeostazindaki bozulma ile karakterizedir ve siklikla oksidatif
stres ile kronik enflamasyonla iligkilidir. Bu nedenle bitki ikincil
metabolitleri, metabolik hastaliklarin  yonetiminde ¢oklu
mekanizmalar iizerinden etki edebilen dogal adaylar olarak dikkat
cekmektedir. Ozellikle baz1 fenolik bilesiklerin a-glukozidaz ve
a-amilaz gibi sindirim enzimlerini inhibe ederek postprandiyal
glikoz emilimini azalttigi bildirilmistir (Bawazeer, 2024).
Flavonoidler ve fenolik asitler ayrica insiilin duyarliligin
artirabilir ve pankreas p-hiicrelerini oksidatif hasara karsi
koruyabilir. Terpenoidler ve alkaloidler de lipit metabolizmasi ve
inflamatuar sinyal yolaklar1 izerinden glikoz homeostazina katk1
sunabilmektedir. Bu batunctl etki profili, bitki ikincil
metabolitlerini antidiyabetik ajanlar ve fonksiyonel gida
gelistirme agisindan degerli adaylar haline getirmektedir.
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5. BITKi TEMELLI FARMAKOLOJIDE
MODERN YAKLASIMLAR

Ekstraksiyon teknolojileri ve formilasyon
stratejilerindeki  gelismeler, bitki ikincil metabolitlerinin
farmakolojik potansiyelinin daha etkin degerlendirilmesine
olanak saglamistir. Ultrason destekli, mikrodalga destekli ve
subkritik su ekstraksiyonu gibi “yesil” yontemler; ¢oziicii
tilketimini ve cevresel yiikii azaltirken ekstraksiyon verimini
artirabilmektedir. Buna paralel olarak nanoemdiilsiyonlar ve
nanopartikiil tabanli tasiyic1 sistemler, bitkisel bilesiklerin
stabilitesini, biyoyararlanimini ve hedefe yonelik dagilimini
gelistirmek amaciyla yaygin bicimde arastirilmaktadir. Ek olarak
molekiiler kenetlenme ve molekiiler dinamik simiilasyonlar1 gibi
in silico yaklagimlar, ikincil metabolit-hedef etkilesimlerini
ongodrmede ve ilag kesif siireclerini hizlandirmada 6nemli araglar
haline gelmistir (Phogat ve digerleri, 2025).

6. ZORLUKLAR VE SINIRLAMALAR

Bitki ikincil metabolitleri umut verici farmakolojik
ozellikler sergilese de klinik uygulamaya geciste ¢esitli zorluklar
s0z konusudur. Baslica simirliliklar; diisiik biyoyararlanim, hizl
metabolizma, kimyasal stabilitenin = siirli  olmasi  ve
genetik/cevresel faktorlere bagli bilesim degiskenligi seklinde
ozetlenebilir.  Ozellikle kompleks bitkisel —ekstraktlarda
standardizasyon ve kalite kontrol, kritik bir problem alan1 olmaya
devam  etmektedir. Buna ek olarak  toksikolojik
degerlendirmelerin ve kapsamli klinik ¢aligmalarin yetersizligi,
bircok bilesigin laboratuvar bulgularindan klinik kullanima
aktarilmasini sinirlandirmaktadir. Bu engellerin agilmasi, bitkisel
ikincil metabolitlerin modern tedavi stratejilerine glvenli ve etkin
bigimde entegre edilebilmesi agisindan gereklidir (Kirubakaran,
Abomughaid ve Kumar, 2025).
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7. GELECEK PERSPEKTIFLERI

Gelecekteki c¢alismalarin; biyoyararlanimi artirmaya,
terapotik  etkinligi  gliclendirmeye ve  molekiiler etki
mekanizmalarint  daha ayrintili  bigimde ortaya koymaya
odaklanmasi beklenmektedir. Biyoteknoloji, nanotip ve yapay
zekd destekli ila¢ kesfi alanlarindaki gelismelerin bu siirecte
belirleyici rol oynamasi Ongoriilmektedir. Ayrica geleneksel
bilginin modern bilimsel yontemlerle biitiinlestirilmesi, bitkisel
kokenli  bilesiklerin ~ farmasotik — gelistirme  siire¢lerindeki
potansiyelini daha da artiracaktir (Bai ve digerleri, 2025).

8. SONUC

Bitki sekonder metabolitleri, farmakolojik agidan zengin
ve ¢ok cesitli biyolojik aktif bilesiklerin dnemli bir kaynagidir.
Antioksidan, antiinflamatuar, antikanser, antimikrobiyal/antiviral
ve antidiyabetik Ozellikleri; bu bilesiklerin hem geleneksel hem
de modern tiptaki &nemini ortaya koymaktadir. Ileri ekstraksiyon
ve formiilasyon teknolojileri ile disiplinler arasi yaklagimlar
tarafindan desteklenen siirekli aragtirmalar, mevcut sinirliliklarin
asilmas1 ve bitkisel sekonder metabolitlerin terapétik degerinin
daha etkin bi¢cimde kullanilabilmesi agisindan kritik olacaktir.
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EUROPIUM KATKILI BiR POLIMERIN:
TERMAL DAVRANISI VE AKTiVASYON
ENERJISININ ARASTIRILMASI

Guzin PIHTILI YILDIZ?!

1. GIRIS

Bir kimyasal reaksiyonun aktivasyon enerjisi, reaktan
molekiillerini kimyasal doniisiime ugrayabilecekleri bir duruma
getirmek i¢in gereken minimum enerji miktari olarak tanimlanir.
Gegis durumu teorisi agisindan, aktivasyon enerjisi, aktiflesmis
veya gecis durumu konfiglirasyonu ile reaktanlarin baslangic
konfigiirasyonu arasindaki enerji igerigi farkidir. Aktivasyon
enerjisi, potansiyel enerjinin (reaksiyonun reaktanlari ve
tirtinlerinin) iki minimum noktasini ayiran enerji bariyerinin
yiiksekligi olarak diisiiniilebilir. Bir reaksiyonun Olculebilir bir
hizda ilerlemesi igin, reaksiyon kosullarinda, reaktan
molekiillerinin 6nemli bir kismmin enerjisinin aktivasyon
enerjisine esit veya ondan biiyiik olmasi gerekir. Bu kosullar
altinda, reaksiyon hizinin sicakliga bagli olan ve reaktan ve
irlinlerin konsantrasyonuna bagli olmayan faktorii olan hiz sabiti,
bir Arrhenius ifadesiyle gosterilebilir:

k= ko exp (-Ea /RT)

Burada ko 0nel Ussel faktdr, Ea aktivasyon enerjisi (mol basina
enerji), T mutlak 6l¢ekte sicaklik ve R = 8,315 J/K mol evrensel
gaz sabitidir. ko ve Ea parametreleri s6z konusu siirece baglidir,
ancak sicakliktan bagimsizdir. Bu kavramlar, kesin olarak
yalnizca basit tek adimli kimyasal reaksiyonlar i¢in gegerli olsa

L Dog. Dr., Munzur Universitesi, Kimya ve <kimyasal Islemeler Boliimii, ORCID:
0000-0003-2261-6810.
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da, hiz belirleyici adimi1 dikkate alarak karmasik ¢ok adimli
reaksiyonlara ve bircok fiziksel siirece genellestirilebilir.
Polimerik sistemler i¢in aktivasyon enerjisi, kristallesme, ag
olusumu, bozunma, ayrisma vb. bir¢ok kimyasal ve fiziksel

dontisiimii incelemek i¢in kullanilan bir parametredir (Wellen &
Canedo, 2014).

Termal analiz teknikleri, 6zellikle diferansiyel taramali
kalorimetre (DSC), incelenen siire¢ sirasinda emilen veya salinan
zaman, sicaklik ve 1s1 akist verilerini elde etmek i¢in yaygin
olarak kullanilmaktadir. Aktivasyon enerjilerini hesaplamak i¢in
cesitli yontemler gelistirilmistir (Vyazovkin, 2002; Budrugeac &.
Segal, 2007; Elder, 1985). Polimerlerin kullanim alanlarina
uygunlugunun degerlendirilmesinde termal kararlilik 6nemli bir
kriterdir. Bu nedenle polimerlerin termal davranislart siklikla
termogravimetrik analiz (TGA) yontemiyle incelenmekte olup,
TGA sagladig1 giivenilir sonuglar ve tek bir termogramdan
ayrintili ~ bilgi  sunabilmesi nedeniyle yaygin olarak
kullanilmaktadir (Kurt&Koca, 2022). Termogravimetrik analizde
(TGA), kontrollii bir 1sitma programi vardir ve inert bir gaz
ortami altinda malzemelerin sicaklik ve zamana baglh kiitle
degisimleri izlenerek; polimerlerin termal bozunma aktivasyon
enerjilerini belirlenebilir.

Polimerlerin termal bozunma kinetiginin
degerlendirilmesinde izotermik olmayan ydntemler yaygin olarak
kullanilmaktadir. Bu yontemler arasinda Kissinger yaklagimi,
reaksiyon =~ modeline ihtiyag duymamast  nedeniyle
izokonversiyonel ve model icermeyen bir yontem olarak One
¢ikmaktadir (Yao,Wu, Lei, Guo& Xu, 2008). Kissinger yontemi,
reaksiyon derecesi bilinmeden deneysel verilerden aktivasyon
enerjisinin hesaplanmasina olanak saglamaktadir (Cao& Shu,
2018). Bu yontemde aktivasyon enerjileri, farkli 1sitma hizlarinda
elde edilen termogravimetrik (TG) ve diferansiyel
termogravimetrik (DTG) egrileri veya DTA egrileri kullanilarak
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farkli doniisiim derecelerinde belirlenmektedir (Biryan & Pihtil,
2020; Ulutas, 2025). Bu calismada 4-vinilpiridin/Akrilamid
+Eu*® polimer sisteminin, DTA ile kiitle degisimlerine eslik eden
1s1l olaylarin tiirii (endotermik / ekzotermik), polimerin 1sil
gegisleri ve enerji bariyeri Kissinger yontemi ile arastirilmistir

2. CALISMA iCERIiGi
2.1. Materyalin Tanimi

Calismada Eu?* katkili polimerin kimyasal yapist Sekil
1’de sunulmaktadir. Ozellikleri incelenen bu polimer, baska bir
calismada sentezlenmis olup (Pihtili, Tanyol & Birkan, 2022)
yapisal ve fiziksel karakterizasyonu uygun analiz teknikleri
kullanilarak gergeklestirilmistir. S6z konusu ¢alismada polimerin
cesitli 6zellikleri ayrintili olarak raporlanmis, bu ¢alismada ise
mevcut yap1 temel alinarak farkli bir 6zellik incelenmistir.

-
N |
® N
=
W __—CH, HC
oH N P, CHy \CH/
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CH,
CH,
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Sekil 1. P (4-vinilpiridin-ko-Akrilamid)/Eu*® polimeri
2.2. Ornek Hazirlama ve Termal Analiz

Diferansiyel termal analiz (DTA) o6l¢imleri Shimadzu
TA-60 kullanilarak gergeklestirildi. Polimer tozlar1 hassas
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terazide stokiyometrik oranlarda (5-10 mg) olacak sekilde hassas
terazide tartildi ve agat havanda 6giitiildii. Toz 6rnekler azot gazi
atmosferinde yiiksek 1s1ya dayanikli aliimina krozelere konularak,
£ =10, 20, 30 ve 40 °C/dk olacak sekilde 600 °C’ye kadar 1s1tildi.

DTA egrilerinde, malzemenin yapisal 6zelliklerine bagl
olarak 1sitma sirasinda endotermik veya ekzotermik olaylara
karsilik gelen karakteristik pikler gozlenmektedir. Bu piklerin
degerlendirilmesiyle, numunenin kristallesme siirecine ait
sicaklik parametreleri; kristallesmenin basladigir sicaklik (Ts),
maksimum kristallesme hizinin gergeklestigi pik sicakligi (T,) ve
kristallesmenin tamamlandig1 sicaklik (Tf) belirlenebilmektedir
(Cavdar, Bulut, izmirli, Turan & Koralay, 2022).

Polimere ait DTA egrileri;10, 20, 30 ve 40 °C/dk 1sitma
hizlarinda elde edilmis olup Sekil 2’te verilmistir. Burada
endotermik piklerin varligi agik¢a goriilmektedir. Polimer 2
endotermik  tepe gOstermistir. Bu da; kopolimerdeki
monomerlerin  homojen bir dagilim gdstermedigini, her
monomerin kendi termal 6zelligini korudugunu sdyleyebiliriz.
Isitma hizinin artmasiyla birlikte Ts ve Tp degerlerinde artisin
yani sira pik genisligi ve pik yiiksekliginin de yiikseldigi
gozlenmistir (Koralay, Cavdar & Aksan, 2010). Bu durum, birim
zamanda sisteme aktarilan enerjinin artmasiyla numune
icerisindeki atomik hareketliligin hizlanmasina baglanmaktadir.
Ayrica, 1sitma hizindaki artisa paralel olarak DTA piklerinin daha
yiksek sicakliklara dogru kaydigi belirlenmistir. P (4-
vinilpiridin-ko-Akrilamid)/Eu*® polimerin yiiksek sicakliklardaki
degerleri katkilanan Eu*®’den kaynaklandigi diisiiniilmmektedir.
Tablo 1 de polimer igin farkli 1sitma hizlarindaki kristallesmenin
basladigi sicaklik (Ts), maksimum kristallesme hizinin
gerceklestigi pik sicakligr (T,) ve kristallesmenin tamamlandigi
sicaklik (Tf) degerleri goriilmektedir.
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Sekil 2. Farkl 1sitma hizlarindaki DTA egrileri

Tablo 1. Polimerin farkl isitma hizlarindaki T, T, ve Tf degerleri

ety | O | o8y | 6 | 0O | Tl |
10 222 294 312,5 345 393 431
20 238 305 327 355 406 446
30 279 314 339 387 415 454
40 291 323 362 390 431 476

2.3. Kissinger Yontemi ile Aktivasyon Enerji Hesabi

Polimerler, yapilarina, bilesimlerine ve uygulama
ortamlarina bagli olarak cesitli termal davranislar sergileyen kati
malzemeler olarak yaygin olarak kabul edilmektedir.

Bu davranislart degerlendirmek icin, faz gegisleri,
bozunma siiregleri ve degisen sicaklik kosullarinda termal
kararlilik hakkinda ayrintili bilgi saglayan termal analiz teknikleri
esastir (Genieva, Vlaev & Atanassov, 2005; Li, Meng , Toprak,
Kim, Muhammed, 2010). Bu teknikler, kontrollii 1sitma veya
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sogutma dongiileri sirasinda malzeme ile gevresi arasinda degis
tokus edilen 1s1y1 Olger. Bu oOl¢limlerden, 1s1 kapasitesi, erime
entalpisi ve gecis sicakliklar1 gibi degerler elde edilir. Bu termal
parametreler, kristallesme, cam gecisleri ve termal bozunma
davranisi dahil olmak iizere ©Onemli olaylar1 aydinlatmaya
yardime1 olur. Bu tir analizlerden elde edilen énemli bir termal
parametre, polimer veya nanokompozit matris iginde bozunma
veya donilisiim siire¢lerinin meydana gelmesi i¢in gereken
minimum enerjiyi temsil eden termal aktivasyon enerjisidir (Ea).

Ea, termal kararliligin hayati bir gostergesi olarak hizmet
eder ve ¢esitli model tabanli yontemler kullanilarak belirlenebilir.
En yaygin olarak benimsenen yontemler arasinda Kissinger,
Takhor ve Augis-Bennett yontemleri yer almaktadir; bunlarin
tim0 genel Ozawa denkleminden tiretilen izotermal olmayan
kinetik analize dayanmaktadir (Koralay, Yakuphanoglu, Cavdar,
Gunen & Aksu, 2005). Reaksiyon mekanizmasina ve derecesine
bagli degildir. Hazirlanan numunelerin aktivasyon enerjisi
Kissinger yontemi kullanilarak hesaplandi (Kissinger, 1957).

E
RTmax

B )_);, 4R .
hl(-r: ) - ln? +1n [Tl(]_ - a"max) " 1] o

max

1)

Burada n reaksiyon derecesi, Tmax maksimum reaksiyon
hizindaki sicaklik, omax iSe Tmax'daki maksimum dontisiim
yuzdesidir. £ 1sitma hiz1 (°C/dk), A, sicakliktan bagimsiz oldugu
varsayilan bir istel faktor, T mutlak sicaklik ve R (R = 8,314
Jimol K) evrensel gaz sabitidir. Kissinger yontemi i¢in farkli
1sitma hizlarinda elde edilen egriler, In B /T? max ile 1000/Tmax —
Tmax grafiginden DTG ile belirlenir. Aktivasyon enerjisi (Ea)
egimden hesaplanabilir. Gerekli maksimum bozunma hizina
karsilik gelen sicakliklar (Tmax), DTG egrisinden (Sekil 3)
hesaplandi.
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Kissinger metodunda; i1k énce Tmax degerleri okunmustur.
IN(B/T?max) Ve 1000/Tmax degerlerinin grafigi ¢izildi. Sekil 4’ de
cizilen bu grafigi gérmek miimkiindiir. Grafikden bir dogru elde
edilir ve bu dogrunun egiminden aktivasyon enerjisi (Ea)
belirlenir. Kissinger yontemi igin gereken Tmax degerleri DTG
(Derivatif TG) analizi ile 10, 20, 30 ve 40 °C/dak 1sitma
hizlarinda sirasiyla 392.80, 406.50, 412.68, 427.73 °C olarak
olglilmiistiir. Aktivasyon enerjisi, farkli 1sitma hizlarinda In(/T?
max) ile 1000/Tmax arasindaki bir grafikten ve denklem (1)
kullanilarak elde edilen egimden hesaplandi. P (4-vinilpiridin-ko-
Akrilamid)/Eu*® polimeri icin aktivasyon enerjisi degeri,
grafikteki ¢izgilerin egiminin gaz sabiti "R" ile c¢arpilmasiyla
bulundu. Sekil 4 ‘dan Kissinger yontemi kullanilarak elde edilen
Ea'nin 42,98 kJ mol ™ oldugu hesaplandi.

DrTGA
meimin
10 «Chllk INTGA
20 °C/dk DrTGA
20-Cidk DITGA
200 A0 Chlk hTGA
g, §
0.00 = L i
I [Tt
-2.00
~4.00
Ly T
-0.00 100,00 200.00 300.00 400.00 500.00 600.00
Temp [C]

Sekil 3. Farkli isitma hizlarindaki DrTGA egrileri
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Sekil 4. Kissinger model grafigi
3. SONUC

Bu deger mutlak olarak diisiik degil, ancak orta diizey bir
aktivasyon enerjisine karsilik gelir. Polimerin 1s1ya kars1 belirli
bir dirence sahip oldugunu, bozunmanin rastgele ve ¢ok kolay
gerceklesmedigini, ancak ¢ok yliksek enerjili, son derece stabil
bir yapt da olmadigini gosterir. Eu** iyonlarinin,4-vinilpiridin
azotlar1 ve akrilamid karbonil gruplariyla koordinatif baglar
olusturdugu,

e Bu baglarin polimer =zincir hareketliligini kismen
kisitladig

e Dolayistyla bozunma i¢in ek enerji gerektirdigi anlasilir.

Bu nedenle elde edilen Ea degeri: Eu** katkisinin
polimerin termal kararliligini artiric1 yonde etkili oldugunu
gostermektedir. sitma hizi arttikga Tmax degerlerinin yiikselmesi;
Bozunmanin kinetik kontrollii oldugunu, Sistemden sisteme degil,
1sitma hizina bagli bir mekanizmanin hakim oldugunu, Kissinger
yonteminin bu sistem i¢in uygun ve giivenilir oldugunu destekler.
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Bu da Ea hesabiin anlamli ve gegerli oldugunu gosteren dnemli
bir bulgudur.
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BORON CHEMISTRY

Rukiye SAYGILI CANLIDiNCll*
Ferda OZMAL?2

1. INTRODUCTION

Boron (B), an element in group 13 of the periodic table, is
a semi-metal. The chemical characteristics of boron are more
similar to silicon and carbon than other group 13 elements, but
than both carbon and silicon, boron is more electron deficient.
Boron has three valence electrons and a boron atom has the
electronic configuration 1s?2s?2p'. Boron is the second most
prevalent group 13 element in the Earth's crust, with a relative
abundance of about 10 parts per million. Important sources of
boron are the minerals. Tincal and colemanite are the most
abundant boron minerals in Turkey in terms of reserves. Boron
consists of two stable isotopes, B10 and B11, in nature. The B10
isotope’s natural occurrence is 19.1-20.3%, while B11's isotope's
occurrence is 79.7-80.9 (DeFrancesco et al., 2016; Eti Maden,
2019).

Located to the left of carbon and with one fewer electron,
boron is the fifth element in the periodic table. Located to the left
of carbon and with one fewer electron. As a result, boron
compounds and carbon compounds have some similarities while
maintaining significant differences. Boron is unique for a range

1 Assoc. Prof. Dr., Kiitahya Dumlupmar University, Science and Art Faculty,
Department of Chemistry, 43100-Kitahya, Turkey. ORCID: 0000-0002-3942-
3196.
Assoc. Prof. Dr., Kiitahya Dumlupinar University, Science and Art Faculty,
Department of Biochemistry, 43100-Kdtahya, Turkey. ORCID: 0000-0002-8393-
5279.
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of applications due to the combination of those similarities and
differences (Hosmane, 2012). Because of its great hardness, low
density, and high melting point (over 2000°C), boron is a
potential material in many applications, such as lightweight
reinforcing fillers and high-temperature electronics. Because
boron is electron-deficient, it is also a unique substance with
structural complexity; as a result, boron allotropes are composed
of enormous unit cells with many atoms each (Kondo, 2017).
Strong Lewis acids with electrophilic characteristics in chemical
processes, tricoordinate boron compounds lack electrons.
Transformations including migration, transmetalation, and
oxidation can result from the creation of negatively charged
tetracoordinate compounds with tetrahedral geometry and
nucleophilicity by boron. In a range of organic processes, boron
compounds can operate as catalysts, reactants, and synthesizers
(Chen et al., 2025).

Boron, which is never found free in nature, forms
compounds with various metals and nonmetals, resulting in a
wide range of properties. As a result, boron compounds are
widely used in a variety of industries. In its compounds, boron
behaves similarly to nonmetals. Pure boron, like carbon, is an
electrical conductor. Crystallized boron has an appearance and
optical properties similar to diamond, and it is nearly as hard. All
of these properties make boron suitable for a variety of
applications (Eti Maden, 2019; Hosmane, 2012; Kondo, 2017;
Chen et al., 2025). Also, boron is a necessary mineral for plants
and it is typically found in human diets. In addition to
anthropogenic sources like consumer goods, humans may
naturally be exposed to boron through food and drinking water.
A healthy range of 1-13 mg/day for population mean boron
consumption was defined by the World Health Organization
(DeoLeo et al., 2021).
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2. BORON IN TURKEY

Turkey, which holds 73% of the world's boron reserves,
has known boron deposits in Eskisehir, Kirka, Emet, Bigadic,
Balikesir and Bursa Kestelek. In terms of reserves, tincal and
colemanite are the most abundant boron minerals in Turkey. In
Turkey, deposits of tincal are located in Kirka, Eskisehir, while
deposits of colemanite are located in Kltahya, Emet, Bigadic, and
Bursa, Kestelek. Additionally, reserves of ulexite are exist in
Bigadig, Balikesir, and it is occasionally obtained as a by-product
in Kestelek, Bursa. Under Law No. 2840, Eti Maden is
responsible for the processing, production and marketing of boron
and boron products in Turkey. Eti Maden produces primarily
boric acid, borax pentahydrate, borax decahydrate, boron oxide,
Etidot-67, calcined tincal, anhydrous borax, zinc borate, ground
colemanite and ulexite at facilities within its four operations
directorates and supplies these products to domestic and
international markets. In 2017, total refined boron production
capacity of Eti Maden was approximately 2.7 million tons. In
Turkey, boron products are used in 36% of glass, 31% in
ceramics, 9% in detergents and cleaning sectors, 7% in
agriculture, 4% in adhesives, and 14% in other sectors (Eti
Maden, 2019).

3. BORON
3.1. Boron In Simple Compounds

In recent decades, scientists and engineers have been
interested in boron, its compounds and boron-based technologies.
The development of new boron-based materials with production-
critical characteristics depends heavily on boron. Boron is added
to steel and other alloys to improve their hardness, strength, and
resistance to wear and corrosion. Boron carbide is a strategic
substance that finds use in the nuclear industry, rocket propellant,
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armor for personnel and vehicle safety, etc. Because of its high
hardness, it can be used for wire drawing dies, ceramic bearings,
grinding and cutting tools, etc. (Suri et al., 2010). Boron Neutron
Capture Therapy (BNCT) is a radiation technique that is showing
promise as a cancer treatment. By concentrating boron
compounds in tumor cells and then exposing those cells to
epithermal neutron beam radiation. Boron-10 isotope has a high
neutron capture cross-section, making boron an important
material for nuclear shielding and control rods in reactors
(Nedunchezhian et al. 2016). Boron often forms borates, which
are compounds containing boron and oxygen, with general
formula B203.xH20. An example is sodium borate
(Na2B407.10H20), commonly used in soaps and detergents
(DeoLeo et al., 2021). Boric acid (HsBOs) is a weak acid that has
antiseptic, insecticidal, and antifungal properties, making it useful
in various cleaning, medical applications and fertilizers.
Borosilicate glass, which contains boron oxide (B20s), is known
for its thermal stability and resistance to thermal shock. It is used
in laboratory glassware, cookware (e.g., Pyrex), and in electronics
(Hardrup et al., 2021; Lu and Du, 2022). Boron Trifluoride (BF5)
is one of the most well-known boron compounds, it’s a Lewis acid
and commonly used in organic chemistry as a catalyst, especially
in the formation of organoboron compounds. Boranes (B«H,) are
compounds made up of boron and hydrogen. The simplest borane
is diborane (B2Hs), which has a highly reactive nature. Boranes
are interesting because they don’t follow the typical bonding rules
and form complex three-dimensional structures (Avdeeva and
Kuznetsov, 2026; Nori et al., 2022). Boron and nitrogen atoms
are alternately bonded in the molecule known as BN. Boron
nitride compound is known for its remarkable hardness and high
thermal conductivity. Boron nitride can exist in several different
polymorphic forms, including hexagonal boron nitride (which is
similar to graphite) and cubic boron nitride (which is harder than
diamond). A number of possible uses for BN nanomaterials, such
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as luminescence, functional composites, hydrogen accumulators,
and improved insulators have attracted special attention (Jiang et
al., 2015).

3.2. Boron in Medicinal Chemisty

Boron-based compounds have recently emerged as a
novel and exciting area of medicinal chemistry research. Because
of its unique characteristics, boron is a metalloid element that
shows promise for use in medicinal chemistry. At physiological
pH, boron, in its stable, neutral sp2 hybridized form, possesses an
empty p orbital that readily accepts an electron pair. This makes
boron highly electrophilic, allowing it to function like a Lewis
acid and transform into its anionic sp3 hybridized form upon
accepting an electron pair. Because of its ability to create
coordinated covalent bonds by nucleophilic occupation of its
vacant p orbital, boron is a desirable component for inclusion in
therapeutic prospects. Through modification of the molecule, this
property can be tailored to the needs of a drug. Strong hydrogen
bonds are also formed by covalent ligands at the boron core,
which facilitates better coordination of active sites during the
drug delivery process (Messner et al., 2022).

It has been determined that compounds containing boron
are significant pharmacophores. Five boron-containing medicinal
compounds have been authorized by the FDA thus far (including
boronic acids and boroles) for the treatment of infections, cancer
and atopic dermatitis, while some natural boron-containing
compounds are found in nutritional supplements. Boron Lewis
acidity facilitates a mechanism of action by forming reversible
covalent bonds in the active sites of target proteins (Justin Grams
etal., 2024; Ali et al., 2020).

In the past decades, while boron compounds have found
wide applications in medicinal chemistry, many boron-containing
molecules have been developed and approved by FDAf or
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medicinal treatments (Grams et al., 2024). Boron neutron capture
therapy (BNCT) is a tumor-selective particle radiotherapy. It
combines neutron irradiation with preferential boron buildup in
malignancies. Huge attempts have been made to create more
effective boron-carrying agents throughout BNCT's existence
(Monti Hughes and Hu, 2023). The potential of boron neutron
capture therapy for cancer treatment has been hampered by
toxicity, target-tissue specificity, and biological barriers.
Although advances in the synthetic chemistry of polyhedral
boranes have addressed toxicity issues to a large extent,
optimizing the transport and delivery of boronated agents to the
site of action is a challenge that is being addressed by the
development of novel formulation strategies (Calabrese et al.,
2012).

3.3. Boron in Agriculture

In addition to its distinct chemical characteristics, boron
has special biological functions. Since boron was discovered to
be a necessary plant nutrient, its significance as an agricultural
chemical has increased significantly, and its availability in soil
and irrigation water plays a significant role in determining
agricultural output. The most prevalent and pervasive
micronutrient deficiency that hinders plant growth and lowers
yield is boron deficiency. A steady supply of B is necessary for
normal, healthy plant growth because it is not transferred from
old to new tissue once it is absorbed and utilized by the plant. As
a result, the youngest developing tissues are where deficiencies
first appear (Saleem et al., 2011).

Borates are important in agriculture because boron is
necessary for plant health. Boron is an essential micronutrient for
plants, despite its low requirement. Boron is required for the
synthesis and stability of pectin, a polysaccharide that holds plant
cells together. Without enough boron, plant cell walls weaken,
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resulting in poor growth, leaf distortion, and reduced fruit or seed
formation. Boron is essential for the growth of flowers, seeds, and
fruits. Boron deficiency frequently causes poor fruit set and
reduced seed development, which can have a significant impact
on crop yields. Boron facilitates the transport of sugars and other
nutrients throughout the plant. Boron helps to activate certain
enzymes involved in carbohydrate metabolism. Boron deficiency
can produce a variety of symptoms in plants (Brdar-Jokanovic,
2020). One of the most common boron fertilizers is borax
(Na:2B407.10H20), which adds boron to soil. Boric acid is another
source of boron used in fertilizers, particularly where high
solubility is required. Calcium borate, a naturally occurring
mineral, can be used as a slow-release boron source. It is
commonly used in soils where boron leaching is a concern
because it provides a more consistent release over time. These are
usually water-soluble boron compounds that are suitable for
fertigation systems (fertilizer applied via irrigation) or foliar
spraying. While boron is necessary for plant growth, excessive
amounts can be harmful. Certain crops are particularly sensitive
to high boron levels. In conclusion, boron is an essential
micronutrient for plants, and the proper use of borates in
fertilizers helps crops grow strong and healthy (Grams et al.,
2024). However, as with any nutrient, balance is essential; too
little boron causes deficiencies, while too much can be toxic.
Farmers can correct deficiencies and optimize plant health by
carefully applying boron compounds such as borax and boric
acid, which improves yields and quality in a variety of
agricultural sectors (Saleem et al., 2011; Brdar-Jokanovi¢, 2020;
Shireen et al., 2018).
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4. CONCLUSION

Boron plays an essential role for the development of novel
boron-based materials with production-critical properties. Boron,
its compounds, and boron-based technologies have piqued the
interest of scientists and technologists in recent decades. This
increased focus is due to their remarkable properties, which have
the potential to be applied in a variety of fields, including
materials science, medicinal research, agriculture, etc. These
remarkable properties make them ideal candidates for a wide
range of industrial and everyday applications. These applications
include biotechnology, materials science, medicine (drug
delivery systems and technologies and radiation therapy) and
agriculture. However, many parts of boron's properties are still
unknown despite a great deal of research, which creates practical
difficulties.
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BIOCHEMICAL CHARACTERIZATION OF
POLYPHENOL OXIDASE ISOLATED FROM
RED CABBAGE (Brassica oleracea var. capitata f.
rubra)?

Cigdem ULAMAN?
Elif Duygu KAYA3*

1. INTRODUCTION

Plant-derived foods are rich sources of phenolic
compounds that contribute to color, flavor, and nutritional
quality; however, once plant tissues are disrupted during
harvesting, handling, or processing, these compounds become
highly susceptible to enzymatic oxidation, resulting in enzymatic
browning a major post-harvest biochemical phenomenon in fruits
and vegetables that leads to significant quality and nutritional
losses (Tilley et al., 2023). Enzymatic browning in fruits and
vegetables is predominantly driven by the activity of polyphenol
oxidases (PPO). Polyphenol oxidases are metalloenzymes
belonging to the oxidoreductase class that are found in animals,
plants, fungi, and bacteria. PPO catalyzes the oxidation of mono-
and diphenolic compounds using molecular oxygen, leading to
enzymatic browning (Mayer, 2006).
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Based on substrate specificity, polyphenol oxidases are
grouped into tyrosinases (EC 1.14.18.1), catechol oxidases (EC
1.10.3.1), and laccases (EC 1.10.3.2). In the presence of
molecular oxygen, PPOs catalyze the hydroxylation of
monophenols (monophenolase or cresolase activity) and the
oxidation of diphenols (diphenolase or catecholase activity)
(Zhang, 2023). The resulting colorless o-quinones are highly
reactive intermediates that readily undergo non-enzymatic
polymerization through interactions with quinones, amino acids,
or proteins, ultimately leading to the formation of brown melanin
pigments (Mesquita & Queiroz, 2013). The enzyme is widely
distributed among fruits and vegetables, with particularly high
activity observed in phenolic-rich plants (Cantos et al., 2002).

Red cabbage is a nutritionally rich vegetable due to its
high content of minerals, vitamins, oligosaccharides, and diverse
bioactive compounds, including anthocyanins, flavonols, and
glucosinolates (Tan et al., 2023). In addition, its phenolic profile
comprises phenolic acids such as gallic, protocatechuic, p-
hydroxybenzoic, coumaric, syringic, caffeic, and cinnamic acids,
as well as dicaffeoylquinic acid and flavonoids including
epicatechin, epigallocatechin, and gallocatechin (Cruz et al.,
2016). The presence of such a diverse phenolic profile in red
cabbage makes it a suitable substrate for polyphenol oxidase
(PPO) activity, suggesting that oxidation of these compounds
mediated by PPO is likely to be a key contributor to enzymatic
browning and the resulting nutritional value and quality losses.

Therefore, the present study aims to partially purify
polyphenol oxidase from red cabbage and to comprehensively
characterize its biochemical properties, including substrate
specificity, kinetic parameters, and pH and thermal stability, in
order to elucidate its role in enzymatic browning reactions and to
support the development of effective strategies for preserving
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quality and nutritional value during post-harvest handling and
processing.

2. MATERIALS AND METHODS
2.1. Materials

Analytical-grade reagents were used throughout the study.
Buffer solutions, substrates, and inhibitors were supplied by
Sigma-Aldrich, whereas organic solvents, including acetone,
ethanol, and methanol, were sourced from Carlo Erba. Red
cabbage samples were purchased from local markets during
harvest time.

2.2. Extraction of Crude Enzyme

A total of 20 g of red cabbage leaves were rinsed with
distilled water and disrupted by applying a freeze-thaw
procedure. Homogenization of the sample was performed using
50 mM phosphate buffer (pH 7.0) at a ratio of 1:3 (w/v), followed
by centrifugation at 8,000 rpm for 30 min. Cold acetone was
slowly introduced into the supernatant at an equal volume under
constant stirring in an ice bath, after which the suspension was
incubated at 4 °C overnight. The resulting mixture was
subsequently centrifuged at 8,000 rpm for 45 min. The
precipitates were dissolved in 50 mM phosphate buffer solution
(pH 7.0) and used as the enzyme extract (Kolcuoglu, 2012).

2.3. Protein determination

Protein concentration was determined according to the
Bradford assay, using bovine serum albumin (BSA) as the
calibration standard (Bradford, 1976).

2.4. PPO Activity Assay

Polyphenol oxidase (PPO) activity was determined using
the continuous spectrophotometric method described by Espin et
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al.  (1996), with MBTH (3-methyl-2-benzothiazolinone
hydrazone) as the chromogenic coupling agent. The assay was
conducted in 50 mM phosphate buffer (pH 7.0) containing 10 mM
MBTH and 10 mM of the appropriate substrate. The reaction was
started by introducing the enzyme extract into the assay mixture.
and absorbance changes were recorded at 496 nm for 4-
methylcatechol and at 500 nm for the other substrates (Espin et
al., 1996). One unit (EU) of PPO activity was defined as the
amount of enzyme that caused an increase of 0.001 absorbance
units per minute in 1 mL of reaction mixture under the optimum
assay conditions (Galeazzi & Sgarbieri, 1981; Ozen et al., 2004).

2.5. Substrate Specifitiy and Kinetic Characterisation

Substrate specificity was evaluated using a range of
phenolic compounds, among which catechol exhibited the highest
enzymatic activity and was therefore selected for PPO
characterization studies.The maximum reaction velocity (Vmax)
and the Michaelis—Menten constant (Km) were determined from
the Lineweaver—Burk plot generated using reaction data obtained
at catechol substrate concentrations ranging from 1 to 10 mM
(Lineweaver & Burk, 1934).

2.6.0ptimum pH and pH Stability

The effect of pH on enzyme activity was examined
between pH 4.0 and 9.0 using appropriate buffers. The maximum
activity observed at the optimal pH was used as the reference
(100%), against which enzyme activities at different pH values
were compared. The results were presented as relative activity—
pH plots (Kaya and Bagci, 2021).

PH stability was examined across different buffer
systems, including acetate (pH 4.0-5.0), phosphate (pH 6.0-7.0),
and Tris—HCI (pH 8.0-9.0). The enzyme solutions were incubated
at the respective pH values for a total of 96 hours, and residual
activity was monitored every 24 hours. The results were
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presented as relative activity (%) versus time (Kolcuoglu, et.al.,
2012).

2.7. Effect of Temperature on Enzyme Activity and
Stability

PPO activity was assessed over a range of temperatures to
identify the temperature yielding maximum activity in a water
bath across the 10-90 °C range at 10 °C intervals. The
temperature showing the highest activity was taken as the
optimum temperature, and the results were plotted as relative
activity (%) versus temperature (Ozen et al., 2004).

The effect of temperature on enzyme stability was
examined by incubating PPO at selected temperatures (4, 20, 40,
60, and 80 °C) for a total of 90 min. Residual activity was
calculated by comparing the activity at each time point with that
of the non-incubated control enzyme (Ozen et al., 2004).

3. RESULTS
3.1. Partial Purification of PPO

In this study, polyphenol oxidase (PPO) was isolated from
red cabbage by cold acetone precipitation, resulting in a 24.79%
recovery yield and a 4.18-fold purification

Table 1. Summary of purification steps

Purification Volume Activity Total Protein Total Spesific Yield | Fold
Step (mlL.) (U/mL.dak.) | Activity | (mg/mL) | Protein | Activity Yo
(mg)
Homogenate | 50 1912,00 | 95600 | 0.82 | 4077 | 234443 | 100 | 1
Acetone 7 3386 23702 | 034 241 | 980029 | 24.79 | 4.18
Precipitation

To date, polyphenol oxidase has been isolated from
numerous sources and its properties have been extensively
investigated. Polyphenol oxidase enzyme was partially purified

108



from iceberg lettuce with a yield of 14.21, a 14.3-fold reduction,
first by ammonium sulfate precipitation and then by Sephadex G-
75 column chromatography (Sierocka & Swieca 2024). PPO from
rocket salad (Eruca sativa Mill.) was purified by DEAE column
chromatography with a vyield of 28.13% and a 21.23-fold
purification (Dincay, 2021). PPO from Chinese parsley was
partially purified up to 6.52-fold with a yield of 10.89% using gel
filtration chromatography (Lin et.al., 2016).

3.2. Substrate Specificity and Kinetic
Characterization

The substrate specificity of PPO was characterized by
determining the relative catalytic activity across diverse phenolic
substrates. Catechol exhibited the highest activity and was
therefore selected as the reference substrate, with its activity
defined as 100%, against which all other substrates were
evaluated (Table 2).

Table 2. %Relative Activity of Red Cabbage PPO.

Substrates Substrat %Relative activity
Concentration
Catechol 10 mM 100
4-methyl Catechol 10 mM 74.28
DHHPA 10 mM 22.74
Chlorogenic acid 5 mM 12.26
CalTeic acid 5mM 14.65
Epicatechin 5mM 24.49
Syringic acid 5 mM 34.79
p-coumaric acid 5mM 12.14
L-tyrosine 2.5 mM -
Phenol 5 mM

In similar studies, substrate specificity of polyphenol
oxidase purified from broccoli was investigated using catechol,
4-methylcatechol, caffeic acid, ferulic acid, chlorogenic acid,
vanillin, and phloroglucinol at a final concentration of 10 mM.
The most effective substrate was determined as catechol, which
was assigned a relative activity of 100.00% =+ 2.39, followed by
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4-methylcatechol with a relative activity of 62.76% + 3.36
(Gawlik-Dziki et al., 2007). Polyphenol oxidase was extracted
from blackthorn plum (Prunus spinosa L. subsp. dasyphylla)
using an acetone precipitation method, and its substrate affinities
were investigated employing p-coumaric acid, L-tyrosine, p-
hydroxyphenylpropionic  acid  (PHPPA), catechol, 4-
methylcatechol, hydrocaffeic acid, gallic acid, quercetin,
catechin, and epicatechin as substrates. The most effective
substrates were determined to be, in order, 4-methylcatechol
(3795 U/mg protein), catechol (2240 U/mg protein), hydrocaffeic
acid (1840 U/mg protein), catechin (1133 U/mg protein), and
epicatechin (908 U/mg protein) (Baltas et al., 2017).

Kinetic parameters (Km and Vmax) of red cabbage PPO
were estimated using catechol as the model substrate. For this
purpose, enzyme activity was measured under optimal conditions
at ten different catechol concentrations within a final substrate
range of 1-10 mM. Based on the Lineweaver—Burk plots, the Km
and Vmax values were calculated as 8.0 mM and 5000 EU/mL.
min, respectively.

0,002
y = 0,0016x + 0,0002
0,0015 R?=0,98
0,001

0,0005

1/V(EU/mL.min)1

-0,4 -0,2 0 0,2 0,4 0,6 0,8 1 1.2

-0,0005
1/[S] mM

Figure 1. Lineweaver—-Burk analysis of red cabbage PPO with
catechol
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In similar studies, the Km and Vmax values of polyphenol
oxidase isolated from iceberg lettuce (Lactuca sativa L) were
determined to be 2.39 mM and 10.01 mM for catechol and 4-
methylcatechol substrates, respectively (Sierocka & Swieca,
2024). PPO obtained from butter lettuce, the Km and Vmax values
in the presence of catechol and 4-methylcatechol were reported
as 3.20 £ 0.01 mM and 4081 + 8 U mL " min*, and 1.00 &+ 0.09
mM and 5405 = 3 U mL™" min™’, respectively. 4-Methylcatechol
has been reported to be a more effective substrate (Gawlik-Dziki
et.al., 2008).

3.3. Optimum pH and pH Stability

The catalytic behavior of polyphenol oxidases is strongly
influenced by pH and varies according to factors such as the
biological origin of the enzyme, the nature of the substrate, the
extraction method applied, and the assay temperature (Kolcuoglu,
2012). The optimum pH of PPO isolated from red cabbage was
evaluated by performing activity assays in acetate, phosphate and
Tris—HCI buffer and was ultimately determined to be pH 7.0.(Fig
2)
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Figure 2. Optimum pH.
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In similar studies, the optimum pH of broccoli polyphenol
oxidase (PPO) was determined to be 5.7 when catechol and 4-
methylcatechol were used as substrates (Gawlik-Dziki et.al.,
2007). Polyphenol oxidase isolated from lettuce, the optimum pH
values were determined as 6.5, 8.0, and 7.5 when 4-
methylcatechol, catechol, and pyrogallol were used as substrates,
respectively (Dogan and Salman, 2007). The optimum pH for
polyphenol oxidase purified from sarali plum (Prunus domestica)
was reported to be 7.0 when catechol and 4-methylcatechol were
used as substrates (Kaya, 2024).

The activity of PPO was found to be pH-dependent, with
a marked loss of activity under both acidic and alkaline
conditions. pH stability was evaluated by monitoring enzyme
activity at 24-hour intervals over a 96-hour period in acetate,
phosphate and Tris—HCI buffer systems (Fig. 3). The enzyme
remained most stable at pH 7.0.
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Figure 3. pH Stability Profile of Red Cabbage PPO.

In similar studies, polyphenol oxidase (PPO) purified
from potato tubers, including membrane-bound (mPPO) and
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soluble (sPPO), was incubated for 20 hours at different pH values.
It was found that SPPO was relatively stable in the pH range of
5.6-7.1, whereas mPPO exhibited stability over a broader pH
range of 5.6-9.0. (Liu et al., 2023).

3.4. Optimum Temperature and Thermal Stability

Previous studies have shown that the optimum
temperature of polyphenol oxidase varies widely (0-60 °C),
depending on the enzyme source and the substrate. In addition,
PPO generally exhibits higher stability at low temperatures,
whereas its stability decreases at elevated temperatures (Shabnam
and Kahraman, 2023). The optimum temperature of PPO isolated
from red cabbage was determined by assaying enzyme activity
over a temperature range of 10-90 °C at 10 °C intervals in a water
bath (Colak et al., 2005). A temperature—relative activity (%) plot
was constructed (Figure 4). PPO showed maximum activity at 20
°C, which was identified as the optimum temperature.
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Figure 4. Optimum Temperature

In similar studies, the optimum temperature for PPO was
reported as 20 °C for rocket (Eruca sativa) (Shabnam and
Kahraman, 2023). In another study, the optimum temperature for
PPO activity from borage was reported to be substrate-dependent,
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with values of 5 °C for 4-methylcatechol, 10 °C for catechol, 20
°C for caffeic acid, and 30 °C for pyrogallol (Alici and Arabaci,
2016). The optimum temperature of rocket (Eruca sativa Mill.)
polyphenol oxidase (PPO) was determined to be 30 °C when
catechol was used as the substrate (Dincay, 2021).

Thermal inactivation is a commonly used approach to
control enzymatic browning; however, effective inhibition with
minimal sensory and nutritional losses requires careful
optimization of temperature-time conditions (Murtaza et.al.,
2018). The thermal stability of PPO was assessed by incubating
the enzyme at 4, 20, 40, 60, and 80 °C for 90 min. Enzymatic
activity was monitored at 30-min intervals using the standard
assay method. Residual activity was expressed as a percentage
relative to the non-treated enzyme. PPO demonstrated its greatest
stability at 20 °C.
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Figure 5. Thermal Stability Profile of PPO

In similar; the thermal stability of PPO obtained from
Chinese parsley was investigated using catechol as the substrate.
It was reported that PPO retained 50% of its activity after heating
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at 70 °C for 30 min, and additionally exhibited 22% residual
activity after incubation at 90 °C for 40 min (Lin et.al., 2016).

4. CONCLUSION

In this study, PPO was partially purified from red cabbage
(Brassica oleracea var. capitata f. rubra) using the cold acetone
precipitation method, and its biochemical properties were
comprehensively characterized. PPO enzyme was partially
purified 4.18 times with a yield of 24.79%. from red cabbage. The
affinity of PPO toward mono- and diphenolic substrates was
investigated, and catechol was identified as the substrate
exhibiting the highest activity. Therefore, further characterization
studies were conducted using catechol substrate.

Kinetic parameters Km and Vmax for red cabbage PPO with
catechol substrates was determined from Lineweaver—Burk plots
as 8.0 mM and 5000 EU/mL-min, respectively. Evaluation of pH
and temperature profiles showed that the optimum pH of the
enzyme was 7.0, at which it also exhibited maximum stability. In
contrast, significant reductions in enzymatic activity were
observed under both acidic and alkaline conditions. The optimum
temperature of the enzyme was determined to be 20 °C based on
activity assays performed over a temperature range of 10-90 °C.
Thermal stability studies indicated that the enzyme was most
stable at 20 °C, and stability was further evaluated by incubating
the enzyme at 4, 20, 40, 60, and 80 °C for 90 minutes. Thermal
stability results further demonstrated that elevated temperatures
led to rapid enzyme inactivation, highlighting the critical role of
temperature-time combinations in controlling enzymatic
browning reactions. In conclusion, investigating the activity,
Kinetic parameters, substrate affinity, and optimum conditions of
PPO from phenolic-rich red cabbage contributes to improved
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control of enzymatic browning reactions and, consequently, to the
preservation of nutritional value.
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VITAMIN E: CHEMICAL STRUCTURE AND
BIOLOGICAL APPLICATIONS

Ebru COTELI?

1. INTRODUCTION

Unstable clusters of atoms or molecules with unpaired
electrons are known as free radicals. Because of their unpaired
electrons, free radicals are extremely reactive and attack nearby
atoms and molecules. They can, however, react with other
compounds and turn them into free radicals despite their brief
existence. In this way, a sequence of reactions proceeds (Giilgin
et al., 2003; Akkus, 1995). Antioxidants are chemicals that
prevent or slow the oxidation of molecules that can self-oxidize.
Thousands of compounds, both natural and manufactured, have
been shown to have antioxidant effects (Gulcin 2012).

1.1. Antioxidant Substances

Antioxidants are compounds that have the ability to
scavenge free radicals and stop cell damage. Antioxidants are
either ingested as supplements or naturally created by the human
body. Free radicals are scavenged by both endogenous and
exogenous antioxidants. As a result, they lower the risk of illness
and boost the defense system's efficacy (Shinde et al., 2012; Sen
etal., 2010). Many antioxidant systems play a role in metabolism.
Table 1 shows the classification of these antioxidant substances.

L Assoc. Prof. Dr., Ahi Evran University, Vocational School of Health Services,
Kirsehir, Tirkiye. ORCID: 0009-0005-7193-8711.
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Table 1. Classification of antioxidant substances.




1.2. Vitamins

Vitamins are vital nutrients for human growth and
development as well as for life's continuation. Vitamins also have
a number of roles, including producing the energy our bodies
need from food, ensuring the proper functioning of the digestive
and nervous systems, and maintaining growth and overall health.
Recently, vitamin supplements have taken up a large place in the
pharmaceutical industry and are increasingly contributing to
healthcare expenditures. Specifically, vitamins are structurally
divided into two groups: fat-soluble and water-soluble
substances. Vitamins A, D, E, and K are fat-soluble, meaning they
are absorbed from the digestive system by attaching to lipids.
These vitamins are stored in the body. However, excessive
vitamin intake leads to toxic accumulation. The liver and kidneys
are subjected to additional stress during excretion, which
damages the kidneys and ultimately our overall health. Most
water-soluble vitamins are not stored but excreted. Water-soluble
vitamins include B1, B2, Bs, Bs, B12, folic acid, pantothenic acid,
biotin, and ascorbic acid (Gungor, 2003).

1.2.1. Vitamin E (Tocopherols)

The name "vitamin E" refers to eight distinct versions of
the vitamin with identical structures that are exclusively
generated by plants. These are the equivalent tocotrienols for
trimethyl (a), dimethyl (B or ), and monomethyl (8) tocopherols
(Traber & Arai, 1999). Vitamin E (tocopherols) is synthesized in
large quantities, particularly in photosynthetic organisms such as
plants. Significant amounts of this vitamin are also found in all
green tissues, but it is mostly stored in seeds. Following dietary
intake, intestinal cells absorb all forms of vitamin E and release it
into the bloodstream as chylomicrons. Chylomicron fragments
supply vitamins to the liver (Zinger, 2007).
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Vitamins protect cellular components against reactive
oxygen radicals produced during oxidative reactions through
direct or indirect mechanisms. These indirect mechanisms
include many enzyme systems such as glutathione peroxidase and
superoxide dismutase (Ortuno et al., 2001). Studies have shown
that the main vitamin E analogue in olive oil and sunflower oil is
a-tocopherol. Corn oils mainly contain y-tocopheryl, and oils
obtained from soybeans contain relatively high amounts of &-
tocopherol (Zingg, 2007). The chemical structures of vitamin E
homologs are shown in Figure 1.

CHj )
Tocotrienol
o B ¥ d
R4 CHj; CH; H H
Rz CHj; H CH; H
Tocopherols Tocotrienols
Alpha- Alpha- W
tocopherol tocotrienol B
Beta- Beta- W
tocopherol tocotrienol
Gamma-

tocopherol

tocotrienol g

Delta- ' o
tocotrienol

Delta-
tocopherol

Figure 1. Vitamin E homologues’ chemical structures (Jiang,
2014; Abraham et al., 2019)
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One vital vitamin that is fat-soluble is vitamin E. It refers
to the four tocopherols (a-, B-, y-, and 6-tocopherols) and four
tocotrienols (a-, B-, y-, and d-tocotrienols) that are present in food.
These forms serve as antioxidants. However, they do not
transform into one another, and only a-tocopherol fulfills the need
for vitamin E. Whereas tocotrienols have an unsaturated tail and
a chromanol ring, tocopherols have a wick tail and a chromanol
ring. The quantity and location of methyl groups on the
chromanol structure vary among the a-, B-, y-, and 6-forms (Lee
& Han, 2018).

1.2.2. Sources of Vitamin E

The human body is unable to synthesize vitamin E, thus it
must be supplied through diet. Most of the foods we consume
daily meet our vitamin E needs. Vitamin E is primarily found in
fruits and nuts. Another important source of vitamin E is green
leafy vegetables.

Research has shown that only plants and photosynthetic
organisms can synthesize vitamin E (Munné-Bosch, 2007; Méne-
Saffrané, 2017). Vitamin E in nutritional supplements and
fortified foods is usually esterified. Walnuts, almond oil, wheat,
rice, corn, olive oil, sunflower oil, butter, margarine, mayonnaise,
strawberries, red meat, spinach, broccoli, bananas, kiwis, and
mangoes are the most important sources of vitamin E found in the
daily diet (Ozata, 2014). a-tocopherol is abundant in sunflower,
olive, and safflower oils. Cottonseed oil contains equivalent
amounts of both y- and a-tocopherol, while corn and soybean oils
primarily contain y-tocopherol (Lee and Han, 2018; Zingg, 2007).
A study investigated the vitamin E content of palm oil and
reported that 30% consisted of tocopherols and 70% consisted of
tocotrienols (Ahsan et al., 2015). Supplements containing o-
tocopherol can be either synthetic or natural. The primary form of
vitamin E in circulation is o-tocopherol, despite the
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comparatively higher intake from the diet (Demir & Yilmaz,

2014).
-~ almonds mustard gree ”
E e
5 pine nuts

dried apricots

green olives

cooked sminach N red ¢hili powder | paprika

Figure 2. Sources of Vitamin E
1.2.3. Roles of Vitamin E in Metabolism
1.2.3.1. Role of Antioxidant

Oxidative stress results from either the overproduction of
free radicals, an insufficient supply of antioxidants, or a
combination of both (Dimri et al., 2010). When the resulting free
radicals overwhelm the body's antioxidant defense capacity,
oxidative stress occurs (Fang et al., 2002). Oxidative stress, when
reactive oxygen species (ROS) are not eliminated, can negatively
impact health. Furthermore, this oxidative stress also leads to
immune suppression (Dimri et al., 2010). The part most affected
and damaged by free radicals is unsaturated fatty acids. The
oxidation of fatty acids is known as lipid peroxidation. In
particular, lipid peroxidation leads to impaired physiological
functions, including immunity, growth, and reproduction,
resulting in increased susceptibility to infectious diseases
(Gladine et al., 2007). Oxidative stress is one of the most
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important causes of the onset and development of various
diseases and aging (Nimalaratne & Wu, 2015). Oxidative stress
and lipid peroxidation also play a role in the pathogenesis of
diseases such as atherosclerosis and fatty liver disease. Therefore,
the use of antioxidants in the prevention and treatment of chronic
diseases to maintain redox balance is a subject of great interest
(Niki, 2015). It is thought that the overproduction of reactive
0Xygen species can cause apoptosis in metabolism. Vitamin E can
delay these harmful processes by inhibiting reactive oxygen
species (Baldi, 2005). Studies have shown that vitamin E reacts
with various organic peroxy radicals, eliminating peroxidative
chains. At the cellular level, a-tocopherol acts as an antioxidant,
terminating the chain of oxidative processes by donating its
phenolic hydrogen to the chain that emits lipid peroxyl radicals.
This results in an increase in the production of reactive a-
tocopheroxyl radicals (Zhang et al., 2001). Antioxidant vitamins,
such as vitamins E and C, act to eliminate singlet oxygen and
prevent the formation of free radicals (Dimri et al., 2010).
Vitamin E, bound to the cell membrane, plays a vital role in
complex cell-cell interactions that trigger and regulate immune
responses. In addition, vitamin E, along with vitamins A and C,
may also contribute to cancer prevention by strengthening the
immune response against tumors (Tengerdy, 1990). Studies have
shown that vitamin E supplementation reduces the level of DNA
damage in experimental animals (Chin et al., 2008).

1.2.3.2. Vitamin E and the Cardiovascular System

Cardiovascular diseases are among the leading causes of
death worldwide. Diseases such as atherosclerosis, in particular,
are a major cause of morbidity. It has been reported that ROS
(reactive oxygen species) cause excessive oxidative stress,
especially in the progression of atherosclerosis (Libby et al.,
2002; Marchio et al., 2019). It has been determined that the
reason for the reduced risk of CAD (coronary artery disease) in
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particular is the consumption of olive oil in the diet and the
vitamin E content in olive oil (McLaughlin & Weihrauch, 1979).
Olive oil is particularly important for cardiovascular health
because it is high in monounsaturated fatty acids and rich in
natural antioxidants (Mancini et al., 1995; Visioli et al., 1995). In
addition, in vitro studies have shown that olive oil helps reduce
LDL oxidation (Visioli et al., 1995).

1.2.3.3. Vitamin E and Cancer

Oxidative stress plays a role in the pathogenesis of various
cancers, particularly skin and gastrointestinal cancers. In the
human body, under oxidative stress, free radical chain reactions
occur that lead to lipid peroxidation. Vitamin E plays an
important role in breaking the free radical chain reaction,
preventing lipid peroxidation, and protecting the biological
membrane (Abraham et al., 2019). Studies have shown a
relationship between cancer risk and vitamin E. In particular,
vitamin E is a cancer-preventing vitamin due to its antioxidant,
antiangiogenic, anti-inflammatory, and antiproliferative effects
(Meganathan & Fu, 2016).

1.2.4. Vitamin E Deficiency

Vitamin E deficiency is due to decreased fat absorption by
the body. Several diseases, including pancreatitis, celiac disease
(Aktas et al., 2020), irritable bowel syndrome, liver diseases, and
Crohn's disease, inhibit fat absorption. In addition, a deficiency
of this vitamin can cause cracked and dry skin, bruising, anemia,
loss of reflexes and muscles, visual impairment, and infertility
(Yarsan & Aktas, 2017; Aktas et al., 2020).

2. CONCLUSION AND RECOMMENDATIONS

Literature research has shown that vitamin E (tocopherol)
is an antioxidant vitamin and therefore has effects against cancer,
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obesity, diabetes, cardiovascular diseases, non-alcoholic fatty
liver disease, and neurodegenerative diseases. Cancer has been on
the rise, especially recently. Cancer has become one of the most
common illnesses affecting people in society and is a leading
cause of death. Vitamin E has multifaceted effects in the
treatment of cancer. Therefore, it has the potential to be used in
oncological interventions. As more research is conducted on this
topic, vitamin E has the potential to be used in cancer prevention
and treatment in the future. Furthermore, its antioxidant activity
and ability to protect metabolism against oxidative stress make it
a biologically important molecule. In fact, it can be said that the
medicinal effects of vitamin E stem primarily from its antioxidant
properties. More research is needed on the biological activities of
vitamin E. Raising public awareness about this and encouraging
people to regularly include this vitamin in their diets is crucial.
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OLED UYGULAMALARI iCIN BOLUM 1: D-A
VE D-n-A MOLEKULLERININ ELEKTRONIK
VE OPTiK OZELLIKLERININ
KARSILASTIRMALI INCELENMESI

Zeynep Silan TURHAN!

1. GIRIS

OLED, ilk gelistirildiginden beri, goriintiileme
teknolojisindeki olast uygulamalart nedeniyle biiylik ilgi
uyandirmistir. 1987°de Tang ve Vanslyke tesadiifen yesil renk
yayan ince film organik fotavoltaik kesfettiler. Ilerki ¢alismalar
da organik materyal temelli OLED’i getirmistir (Tang ve
VanSlyke, 1987). OLED, ¢esitli organik yar1 iletken
materyallerden faydalanarak elektrik giiciinii 1518a doniistiiren bir
aygittir (Sekil 1) (Jankus vd., 2013).

Sekil 1. Oled yapis1

Organik 151k yayan diyotlarin (OLED) performansi;
molekiiler diizeyde enerji seviyelerinin konumu, uyarilmis durum
karakteri ve yiikk tasima siireclerinin dengesi ile dogrudan
iliskilidir. Ozellikle emisyon katmaninda (EML) kullanilan kiigiik

L Dog. Dr., Igdir Universitesi, Fen Edebiyat Fakiiltesi, Biyokimya Béliimii, ORCID:
0000-0002-3587-2576.
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molekdller veya oligomerler igin, donor—akseptor (D-A) tabanl
tasarim stratejileri, hem optik bant araliginin ayarlanmasinda hem
de yuk-transfer (charge transfer, CT) Kkarakterinin kontrol
edilmesinde etkili bir yaklasim olarak literatiirde yaygin bi¢imde
kullanilmaktadir (Turhan, 2021; Usluer vd., 2014; Liu vd., 2016;
Liu vd., 2018; Park vd., 2007; Sergent vd., 2013; Turhan Irak vd.,
2019; Gumus ve Gumus; 2017). D-A mimarileri sayesinde
HOMO ve LUMO orbitalleri uzaysal olarak ayristirilabilmekte,
bu da molekiiler bant araliginin daraltilmasina ve emisyon dalga
boyunun hassas bi¢imde ayarlanmasina olanak tanimaktadir.

Son yillarda yapilan ¢ok sayida calismada, yalnizca
dogrudan D-A baglanmasinin degil, dondr ile akseptor arasina mt-
kopru birimlerinin eklenmesinin molekiler 6zellikler Uzerinde
daha ince ayar imkani sundugu gosterilmistir. D-n—A mimarileri,
konjugasyon uzunlugunu artirarak HOMO-LUMO ortlismesini
diizenler; bu durum hem uyarilma enerjisini hem de osilator
kuvvetini énemli olgiide etkiler. Ozellikle tiyofen, furan, pirol ve
fenil gibi heteroaromatik n-kopriilerin kullanilmasi, OLED
yayicilarinda mavi-yesil-kirmizi araliginda kontrollii spektral
kaymalar elde edilmesini miimkiin kilmistir (Eicher vd., 2013;
Sainsbury vd., 2001; Skotheim vd., 1998). Literatiirde tiyofen
kopriilerinin genellikle daha gii¢lii m-konjugasyon ve daha yiksek
isinim verimliligi sagladigi, furan koprilerinin ise daha dengeli
polarite ve daha kontrollii CT karakteri sundugu rapor edilmistir
(Dixit vd., 2022; Du vd., 2025; Yao vd., 2025).

Bununla birlikte, n-kdprii eklenmesi her zaman yalnizca
emisyonu kirmiziya kaydirmakla sinirhi kalmaz; ayni zamanda
singlet—triplet enerji farki (AEst), molekiler dipol moment ve
kat1 hal yiik tasinim 6zellikleri {izerinde de belirleyici rol oynar.
Bu parametreler, bir molekiiliin klasik floresan yayic1t mi, TADF
potansiyeline sahip bir sistem mi yoksa host/yardimec1 katman
malzemesi mi olacagini tayin eden temel unsurlardir. Dolayisiyla
modern OLED tasariminda, D-A ve D-n—A sistemlerinin
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yalnizca optik renk agisindan degil, cihaz mimarisiyle uyumlu
katman secimi agisindan da degerlendirilmesi gerekmektedir
(Afrin ve Chinna, 2024; Afrin ve Swamy, 2025; Chouk vd., 2020;
Shuto vd., 2013).

2. MATERYAL VE METOD

Bu ¢alismanin odaklandigi DTP (dithieno[3,2-b:2°,3’-
d]pirol) tabanli donér, n-konjugasyonu kuvvetlendiren ve delik
tasinim1/ICT i¢in sik kullanilan yapi tasidir. Benzer sekilde
benzotriazol temelli akseptor gekirdekleri, elektron cekicilikleri
ve fonksiyonellestirme yapilmasi nedeniyle literatiirde genis bir
yere sahiptir.

Bu calismada, D—A ve D—n—A yaklagiminin etkisini agik
bicimde ortaya koymak amaciyla, dogrudan D-A yapisi ile iki
farkli -kopra (tiyofen ve furan) iceren D—n—A yapilar1 sistematik
olarak incelenmistir. Bu baglamda, ¢calismada DTP-2HBTA (1)
tabanli referans bir D-A yapidan yola ¢ikilarak; 1a yapisi ve 1b
yapisi tasarlanmistir (Sekil 2). Hesaplamali yaklasim sayesinde
n-kopri tiiriiniin elektronik yapi, optik gecisler ve OLED katman
uyumu iizerindeki rolii ayrintili olarak analiz edilmistir.
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Sekil 2. Tasarlanan molekullerin 2D gosterimleri
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Tasarlanan OLED aday molekiiliin yapilart GaussView
5.0 (Dennington vd., 2009) arayiizli yardimiyla ¢izilmistir ve tim
molekdlelrin temel durum (So) geometrileri, Gaussian 09W
(Frisch vd., 2009) paket programi ve hibrit fonksiyonel B3LYP
(Becke, 1988; Becke, 1998; Lee vd., 1988) kullanilarak geometri
optimizasyonuna gerceklestirildi. Tiim atomlar i¢in geometri
optimizasyonlarinda kullanilan temel set 6-311G(d,p) olarak
secildi.

Bilesiklerin diisiik enerjili triplet (T1) ve singlet uyarilmis
durumlart  (S1), TD-DFT kullanilarak minimum enerji
geometrilerini elde etmek icin gevsetildi (Laurent ve Jacquemin,
2013). Dikey uyarim enerjileri ve osilatdr kuvvetleri, optimize
edilmis temel durum denge geometrilerinde en diisiik triplet ve
singlet gegisler igin, ayn1 fonksiyonel ve temel set ile TD-DFT
kullanilarak elde edildi. Optimize edilmis temel durum yapilari,
TD-DFT kullanilarak maksimum absorpsiyon dalga boylari,
osilator kuvvetleri elektronik absorpsiyon spektrumlarini elde
etmek i¢in kullanildi.

3. BULGULAR VE TARTISMA

OLED vyayict aday molekiiler mimarinin elektronik ve
optik ozellikleri karsilagtirmali olarak incelenmistir. Hesaplanan
Exomo, ELumo, Egap, Eex, A, osilator kuvveti (f) ve AEst degerleri
(Tablo 1), dondr giicii ve n-kdprii modifikasyonlarinin molekiiler
elektronik yap1 ve emisyon davranisi lizerindeki etkilerini agik
bicimde ortaya koymaktadir.
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Tablo 1. Tasarlanan molekillerin HOMO/LUMO enerji
seviyeleri, bant arahigi (Egap), uyarilmis hal enerjisi (Eex), emisyon
dalga boyu (1), osilator kuvveti (f) ve singlet-triplet enerji farki

(AEsT) degerleri
Ehomo Eiumo Egap 8% Eex A f AEsT
(eV) (eV) (ev) (D) (ev) | (nm) (eV)

1 | -5,0867 | -1,9677 | 3,1190 | 4,0413 | 2,8825 | 430 | 0,5624 | 1,071
la | -5,0495 | -2,3538 | 2,6957 | 3,6809 | 2,4946 | 497 | 0,8418 | 1,025
1b | -5,0209 | -2,2013 | 2,8197 | 3,2989 | 2,5737 | 481 | 0,6346 | 0,969

3.1. Enerji seviyeleri degerlendirilmesi

Yap1 1’in HOMO enerji seviyesi —5,0867 eV olup, bu
deger OLED’de delik (hole) enjeksiyonuna uygun bir araliktadir.
HOMO’nun —5,0 eV civarinda olmas: genellikle yaygin HTL
malzemeleriyle (6r. arilamin tiirevleri) enerji uyumu saglar; bu da
delik enjeksiyon bariyerinin asir1 bilylimemesine yardime1 olur.
LUMO enerji seviyesi ise —1,9677 eV olup la ve 1b’ye kiyasla
daha “yukarida” yani daha az stabilize kalmistir. Bu durum,
elektron enjeksiyonu/tasinmasi tarafinda n-koprii iceren yapilara
gore daha sinirli bir avantaj sunar. Sonug olarak yap1 1, enerji
seviyeleri bakimindan delik tarafi nispeten daha giiclii, elektron
tarafi ise daha “orta” bir karakter tasir.

la’nin EHomo’su —5,0495 eV ile 1’e gore biraz daha
yiikselmis (daha az negatif) durumdadir; bu genellikle delik
enjeksiyonunu bir miktar kolaylastirabilir. En kritik degisim
ELumo’da gorilmektedir: —2,3538 eV. Bu, ii¢ tsarim arasindaki
en diisiik (en stabilize) LUMO enerji degerindedir. LUMO enerji
seviyesinin asagi ¢ekilmesi, OLED’de elektron enjeksiyonu ve
elektron taginmasi agisindan biiyiik avantaj saglayabilir; ayrica
donor—akseptor arasindaki elektronik etkilesimin arttigini
gosterir. Yani 1a, yap1 1’e gore daha belirgin bir “elektron-cekici”
sistem haline gelmistir.

1b’nin Eromo’su —5,0209 eV ile seride en yiiksek HOMO
degerine sahiptir (en az negatif). Bu, delik enjeksiyonu agisindan
olumlu olabilir. ELumo —2,2013 eV olup la yapist kadar
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diismemistir ama 1’den de daha diisiik seviyededir. Yani 1b,
elektron tarafinda yap1 1’e gore daha avantajlidir. Ancak 1a kadar
“elektron cekici” de degildir. Bu yiizden 1b’nin elektronik
karakteri dengeye yakin bir D-n—A profilidir, denilebilir.

3.2.Bant arahigi (Egap) ve renk egilimi
degerlendirilmesi

Yap1 1’in Egap degeri 3,1190 eV ile serideki en yiiksek
bant araligina sahiptir. OLED tasariminda Egap blyldukce
emisyon genellikle daha kisa dalga boyuna yani maviye kayar. Bu
yap1 6zelinde TD-DFT ile bulunan uyarilma enerjisi Eex = 2,8825
eV ve buna karsilik gelen dalga boyu A =430 nm olup, bu agikca
mavi emisyon bolgesine karsilik gelir. Dolayisiyla 1 yapisi,
serinin “referans” yapisi olarak mavi bolgeye en yakin adaydir.

1a’nin Egap’1 2,6957 eV degeriyle serinin en dar aralifina
sahip yapidir. m-kOprunin (tiyofen) eklenmesiyle konjugasyon
uzar; konjugasyon uzadikca HOMO-LUMO ayrimi azalir ve
optik gecis daha diislik enerjiye kayar. Nitekim Eex 2,4946 eV ve
dalga boyu 497 nm bulunmus. Bu deger mavi-yesil/yesil bolgeye
karsilik gelir. Dolayisiyla tiyofen kopriisti ilavesiyle olusan la
yapisi, 1l’e kiyasla emisyonu belirgin bicimde kirmiziya
kaydirmistir.

1b’nin Egap’1 2,8197 eV, Eex’i 2,5737 eV ve dalga boyu
481 nm olarak hesaplanmistir. Bu sonuglar, 1b yapisinin; 1a’dan
daha kisa dalga boyunda (daha mavi), 1’den ise daha uzun dalga
boyunda (daha yesil) olacagi anlamina gelir. Yani 1b, emisyon
rengi agisindan ara bolgede (camgobegi/yesile yakin) yerini alir.
Bu da pratikte, renk ayar1 ve renk saflig1 ¢alismalari igin iyi bir
“orta aday” profili sunmaktadir.
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3.3. Optik siddet ve parlakhk potansiyeli (f)
degerlendirilmesi

Tablo 1’deki sonuclarda 1 yapisinin osilatér kuvveti
0,5624 olarak verilmis. Bu deger orta-yliksek sayilabilir; yani
gecisin optik olarak “izinli” oldugu ve belirli bir 1s1n1m siddeti
olusturabilecegi anlamina gelir. Ancak tasarlanan seri icinde
la’nin f degeri daha yiiksektir; bu nedenle parlaklik/isik ¢ikist
potansiyeli acisindan 1 “iyi” olsa da serinin en giiglii yayicist
degildir.

la’nin osilatér kuvveti 0,8418 ile serinin en yuksek
degerine sahiptir. Bu ¢ok dnemlidir; ¢linkii OLED’de (6zellikle
floresan karakterde) daha yiiksek f genellikle daha gii¢lii 1s1n1m
gecisi ve daha yiiksek foton c¢ikist potansiyeli anlamina gelir.
Yani la, aymi kosullarda degerlendirildiginde en parlak aday
olmaya daha yatkindir. Hesaplanan bu sonug, tiyofen koprusiinin
yalnizca konjugasyonu uzatmadigini, ayni zamanda gegis
dipoliinii de giiclendirdigini diisiindjiriir.

1b’nin osilator kuvveti 0,6346 olarak tablo 1’de
verilmistir. Bu sonug, 1’den biraz daha yuksek, 1a’dan belirgin
sekilde diisiik bir degerdir. Yani parlaklik potansiyeli agisindan
1b “iyi” bir adaydir ama seride en yiiksek 1sinim siddetini la
verir.

3.4. Dipol moment (u) ve yuk-transfer karakteri
degerlendirilmesi

4,0413 debye degeriyle ile serideki en yuksek dipol
moment 1 yapisina aittir. Dipoliin yiliksek olmasi, dondr ve
akseptor arasinda belirgin bir elektron yogunlugu ayrimi
oldugunu ve uyarilma durumunda yiik-transfer (CT) karakterinin
gliclii olabilecegini diisiindiirtir. CT karakteri bazi durumlarda
AEst’yi diisiirmeye yardimcr olabilir; ancak burada AEst hala
yiiksek kaldigi icin CT’nin TADF’e yeterince “ayristirict” etki
olusturmadig1 goriiliir (Tablo 2). Ote yandan yiiksek dipol; kat:
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filmde molekiiller arasi etkilesim, polar ortam duyarliligi ve
spektral kaymalar gibi etkileri artirabilir.

la yapismin dipol momenti 3,6809 debye olup 1 yapisinin
dipol moment degerinden diisiiktiir. Bu genellikle su anlama
gelir: donodr-akseptor arasina koprii eklendiginde yiik ayrimi
tamamen “tek bir uctan diger uca” keskin bi¢cimde olmaktan
cikip, daha delokalize hale gelir. Yani CT karakteri siirer ama
daha genis bir m-sistem iizerine yayilir. Bu, ¢ogu zaman f’yi
yiikseltebilir (¢linkli tamamen ayrismis saf CT gecisleri bazen
zayif f verebilir). Sonug olarak, dipol bir miktar azalirken f ciddi
artmistir.

Tablo 2. Tasarlanan molektllerin HOMO/LUMO diyagramlari
HOMO LUMO
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1b yapisinin dipol momenti 3,2989 debye’dir. Tasarlanan
seri igindeki en disiik dipole sahip yapidir. Donor-akseptor
arasina ilave edilen furan kopriisii (O heteroatomu) sistemin
polaritesini her zaman artirmak zorunda degildir.

3.5. Singlet-triplet enerji farki degerlendirilmesi

Yap1 1’in AEst degeri 1,0710 eV olarak hesaplanmistir ve
bu oldukga blyuktir. Bu biyiklik, ters intersistem gecis (RISC)
tizerinden TADF mekanizmasini desteklemek icin genellikle
uygun degildir. Bu yiizden yap1 1, OLED’de daha c¢ok klasik
floresans yayic1 gibi davranmaya egilimlidir. Sonu¢ olarak 1
yapisinin giiglii tarafi, mavi emisyona sahip olmasidir; zayif tarafi
ise TADF’ye uygun olmamasidir.

la’da singlet—triplet enerji farki 1,0253 eV’dir. 1’e gore
cok biiyiik bir diisiis yoktur, hala istenen oldukca yiksektir. Yani
la yapisida TADF adayi olmaktan uzaktir. Buna ragmen
OLED’de yuksek parlak yesil floresan yayici gibi davranmasi
beklenir. Bu durumda 1a’nin gii¢lii tarafi, yiikksek f ve daha uzun
A\’ya sahip olmasi; zayif tarafi ise AEst’nin yiiksek kalmasidir.

1b’nin  sahip oldugu AEst degeri 0,9689 eV’dir.
Tasarlanan seride en diisiikk degeri vermesi 6nemlidir. Ancak bu
deger hala TADF i¢in yiiksektir. Yine de en diisiik AEst degeri,
triplet ve singlet ayriminin goreceli olarak daha az oldugunu;
dolayistyla eksiton yonetimi agisindan (6zellikle host/yardimci
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katman senaryolarinda) daha dengeli bir davranis gosterebilecegi
anlamima gelebilir. Bu yiizden 1b, OLED tasariminda EML
olarak kullanilabilir ama aynm1 zamanda baska emisyon
sistemlerinde host/yardimci bilesen adayligi da tasiyabilir,

denilebilir.

4. SONUC

OLED uygulamalar1 igin D-A ve D—n—A molekillerinin
elektronik ve optik Ozelliklerinin karsilastirmali incelenmesi
lizerine yapilan ¢aligmada asagidaki sonuglara ulagilmigtir.

1.

n-koprii eklenmesi HOMO enerji degerini hafif
yiikseltmis, LUMO enerji degerini ise belirgin
bi¢imde stabilize etmistir.

Tiyofen koprusi (1a) en gicli LUMO enerji
distisiinii  saglamistir.  Bu  sonug, elektron
enjeksiyonu ve tasimasi agisindan avantaj saglar.

Yapilarin HOMO seviyeleri (= —5,0 eV) klasik
HTL’lerle (TPD, NPB) iyi uyumludur.

la ve 1b yapilarinda n-koprii ile kirmiziya kayma
net bicimde gorilmektedir.

la, en uzun dalga boyu ve en yiksek osilator
kuvvetine sahiptir. Yiksek parlaklik potansiyeli
anlamina gelir.

1 yapist saf mavi OLED yayic1 i¢in uygundur.

Tim yapilarda AEst oldukca yuksektir. 0,5
eV’den biiyilk oldugundan Kklasik TADF
malzemesi olmaya aday degillerdir. Ancak 1b, en
lic yap1 arasinda nispeten daha diisiik AEst’ye
sahiptir. Fosforesan host veya yardimci yayici
olarak kullanimi daha uygun olabilir.
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Elde edilen sonucglar dogrultusunda, D-A tabanli OLED
yayicilarinda 7-koprii ilavesinin  yalnizca emisyon rengini
ayarlamakla sinirli kalmayip, ayn1 zamanda enerji seviyeleri ve
cithaz uyumu iizerinde ¢ok yonlii avantajlar sagladigini net sekilde
gostermektedir.  m-kOpri  eklenmesiyle  HOMO  enerji
seviyelerinin hafifce yiikselmesi, delik enjeksiyonu agisindan
olumsuz bir bariyer olusturmadan korunurken, LUMO enerji
seviyelerinin belirgin bicimde stabilize olmasi1 6zellikle elektron
enjeksiyonu ve tasinimi agisindan 6nemli bilgiler vermistir. Bu
etkinin en guclu bicimde tiyofen koprusi igeren la yapisinda
gorulmesi, n-kopri tiiriiniin  se¢iminin OLED performansini
dogrudan etkileyen bir parametre oldugunu ortaya koymaktadir.

Buna ¢k olarak, n-koprii ilavesiyle 1a ve 1b yapilarinda
gbzlenen belirgin kirmiziya kayma, D-n—A yaklasiminin
emisyon renginin mavi bdlgeden yesil bolgeye dogru dikkatli ve
kontrolli bir bi¢cimde ayarlanmasina olanak saglamaktadir.
Ozellikle 1a yapismin en uzun dalga boyuna ve en yiiksek f’e
sahip olmasi, bu yapiyr yiiksek parlaklik gerektiren OLED
uygulamalari i¢in gii¢lii bir aday haline getirirken; dogrudan D—
A yapisina sahip 1’in saf mavi emisyon karakteri, m-Kopri
icermeyen yapilarin mavi OLED yayicilar1 icin hala 6nemli
oldugunu gostermektedir.

Tiim yapilarda hesaplanan AEst degerleri 0,5 eV’nin
tizerindedir. Bu degerlerle, TADF mekanizmasina uygun
olmasalar da, furan koOprusi igeren 1lb yapisinin tasarlanan
serideki nispeten en diisik AEst degerini sergilemesi, 1b
yapisinin fosforesan OLED’lerde host veya yardimci yayici
olarak  degerlendirilmesi a¢isindan avantajli  bir aday
olabilecegini diisiindiirmektedir. Bu baglamda, n-kopri ilavesiyle
olusan tasarim; floresan OLED yayicilarinda renk ve parlaklik
optimizasyonu, fosforesan sistemlerde ise uygun host/yardimci
malzeme tasarimui igin etkili ve esnek bir strateji olarak 6ne
cikmaktadir, denilebilir.
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Sonu¢ olarak, =-kOpri ilavesi yoluyla molekiler
konjugasyonun ve enerji seviyesi hizalanmasinin kontrol
edilebilmesi, D-A tabanli OLED malzemelerinin hedeflenen
cihaz roliine (mavi veya yesil EML, host ya da yardimc1 katman)
gore rasyonel bigimde tasarlanmasina olanak saglamaktadir; bu
yaklagimin gelecekte farkli n-kopri turleri ve ikame gruplariyla
genigletilmesi, OLED performansinin daha da ileri tasinmasi
acisindan umut vadetmektedir.
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OLED UYGULAMALARI ICIN BOLUM 2: D—n-
A VE D-D-n-A MOLEKULLERININ
ELEKTRONIK VE OPTIK OZELLIKLERININ
KARSILASTIRMALI INCELENMESI

Zeynep Silan TURHAN!

1. GIRIS

Organik Isik Yayan Diyotlar (OLED), iki elektrot arasina
sikistirtlmis bir dizi organik ince filmden olusan cihazlardir. Her
organik katman cihaz i¢inde bir islev gorse de, bu cihazlar harici
bir voltaj uygulandiginda 1sik yayar (Mu vd, 2024).
Elektroliminesans (EL) olarak adlandirilan bu olay,
elektrotlardan pompalanan bosluk ve elektron yiik tasiyicilarinin,
elektrik alan1 altinda hareket eden organik yari iletkenlerde
elektron bosluklar1 (eksitonlar) olusturmasi ve ¢iftin ortaya ¢ikan
eksitonu olarak tanimlanir (Liu vd., 2014; Zhang vd., 2002; Wu
vd., 2014; Demir, 2023) Ilk elektroliiminesansl cihazlarm
aksine, OLED cihazlar1 ¢cok katmanli bir yapiya dayanir ve seffaf
bir anot, bir delik (hole) tasima katmani, bir elektron/yayan
katman ve bir katottan olusur. Calisma sirasinda, elektronlar ve
delikler sirasiyla bir katot ve bir anottan enjekte edilir.
Elektronlarin ve deliklerin yeniden birlesimi verimli 1s1k
uretimine yol acar (Demir, 2023) (Sekil 1).

Organik Molekiiler Isik Yayan Materyaller OLED’de
onemlidir. Bu nedenle molekiiliin OLED davraniglari kuantum
kimyasal parametrelerle incelenebilir. OLED cihazi igin

L Dog. Dr., Igdir Universitesi, Fen Edebiyat Fakiiltesi, Biyokimya Béliimii, ORCID:
0000-0002-3587-2576.
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kullanilacak molekiiliin elektronik, optik ve tasinim o6zelliklerini
anlamak icin oldukga 6nemlidir.

: H
—& o

Sekil 1. Tek katmanh, Cift Katmanh ve Cok Katmanh OLED’ler
(Demir, 2023)

OLED cihaz performanst; enerji seviye hizalanmasi, yiik
tagiyict dengesi, 151k {liretim verimi ve renk saflig1 gibi birbiriyle
iligkili parametreler tarafindan belirlenmekte olup, bu 6zelliklerin
biiyiik boliimii aktif katmanda kullanilan organik yari-iletkenlerin
molekiiler tasarimina dogrudan baghidir (Friend vd., 2021; Wei
vd., 2022).

OLED’lerde bosluklarin ve elektrotlarin  yeniden
birlesmesi, 151k yayici organik tabakayi uyarilmis bir duruma
getirir ve 151k emsiyonu, temel duruma geri dondiigiinde
gerceklesir (Koden 2016). Yayilan 1518 dalgaboyu eksiton
enerjisi ile iligkilidir, bu nedenle molekiiler yapiy1 degistirerek
151810 rengini degistirmek miimkiindiir. Ayrica yayilan fotonlarin
miktar1 olusturulan eksitonlarin miktarina da dogrudan baglhdir.
Bu nedenle, elektron-bosluk yeniden birlesme olasiligini artirarak
yayilan 15181n daha parlak olmasi saglanabilir. OLED'lerde, yiik
akisin1 kontrol etmek ve 151k yayan katman i¢indeki yiikleri
dengelemek i¢in malzemelerin HOMO ve LUMO seviyelerini
dogru bir sekilde hizalamak 6nemlidir. Elektron ve bosluklarin
tasinmasint ve yeniden birlegsmesini kontrol etmek, OLED'in
verimliligini ve performansini etkileyebilir. HOMO ve LUMO
seviyeleri, elektronlarin ve bosluklarin belirli molekiiler
orbitallere yerlestirilebilecegi enerji seviyelerini temsil eder. Isik
yayan katmandaki malzemelerin HOMO ve LUMO seviyelerinin
uygun bir sekilde hizalanmasi, elektron ve bosluklarin etkili bir
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sekilde rekombine olmasini ve daha fazla 15181n yayilmasina katki
saglayabilir (Nisato ve digerleri, 2016).

Bu baglamda, donoér—n-kopri-akseptér (D-n—A)
mimarisi, intramolekiler yik transferini (ICT) etkin bigcimde
kontrol edebilmesi nedeniyle OLED yayict ve fonksiyonel
katman malzemeleri i¢in yaygin olarak kullanilan bir tasarim
yaklagimidir. D—n—A sistemlerinde donér ve akseptor birimleri
arasindaki elektronik etkilesim, HOMO ve LUMO enerji
seviyelerinin konumunu belirleyerek bant araligini, emisyon
dalga boyunu ve osilator kuvvetini ayarlamaya olanak tanir.
Bununla birlikte, klasik D-n—A yapilarinda dondr biriminin
sinirlt elektron verici karakteri, 6zellikle delik enjeksiyonu ve
delik tasimnimi acgisindan cihaz performansini
sinirlandirabilmektedir.

Son yillarda bu siirlamalarin asilmasi amaciyla, dondr
tarafin bilingli olarak giiclendirilmesine dayali molekiiler
mihendislik stratejileri 6n plana ¢ikmigtir. Bu yaklasimda,
mevcut D—n—A iskeletine ek bir dondr birimin baglanmasiyla D—
D—n—A tipi yapilar elde edilmekte ve boylece HOMO seviyesinin
ylukseltilmesi, delik enjeksiyon bariyerinin azaltilmasi ve yik
tastyict dengesinin tyilestirilmesi hedeflenmektedir.
Giiglendirilmis donér yapisi, ayn1 zamanda intramolekiiler yiik
transferinin artmasina ve optik gecislerin daha izinli hale
gelmesine katki saglayarak daha yiiksek osilator kuvvetleri ve
parlak emisyon elde edilmesini miimkin kilmaktadir
(Sivanadanam vd., 2016)

Bu kapsamda trifenilamin (TFA), yuksek elektron verici
guct, delokalize m-elektron yapisi ve iyi bilinen delik tasima
ozellikleri nedeniyle OLED literatiiriinde en sik kullanilan donor
birimlerinden biridir. TFA’nin molekiiler yapiya dahil edilmesi,
HOMO seviyesinin yukart kaymasmma ve yaygmn HTL
malzemeleri (6rnegin TPD, NPB) ile daha iyi enerji seviye
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uyumu saglanmasina olanak tanimaktadir (Braveenth vd., 2017
Turhan Irak, 2019). Ayrica TFA igeren sistemlerde artan ICT
karakteri, emisyon yogunlugunun ve cihaz veriminin
ylikselmesine katki saglamaktadir.

2. MATERYAL VE METOD

Bu ¢alismanin odaklandigi DTP (dithieno[3,2-b:2°,3’-
d]pirol) tabanli donér, n-konjugasyonu kuvvetlendiren ve delik
tasinim1/ICT i¢in sik kullanilan yapir tasidir. Benzer sekilde
benzotriazol temelli akseptor gekirdekleri, elektron cekicilikleri
ve fonksiyonellestirme yapilmasi nedeniyle literatiirde genis bir
yere sahiptir. D-n-A yapisinda kullanilan tiyofen ve furanla
molekiil uzatilmistir.

Bu caligmada, D-n—A ve D—D-n—A yaklagiminin etkisini
acik bicimde ortaya koymak amaciyla, dogrudan D—n—A yapisi
ile dondr tarafa eklenen trifenilamin (TFA) ile elde edilen 2a ve
2b yapilann sistematik olarak incelenmistir (Sekil 2). Bu
baglamda, hesaplamali yaklagim sayesinde donor
guclendirilmesinin elektronik yapi, optik gegisler ve OLED
katman uyumu tizerindeki rolii ayrintili olarak analiz edilmistir.

Sekil 2. Tasarlanan molekillerin 2D gosterimleri
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Tasarlanan OLED aday molekiiliin yapilart GaussView
5.0 (Dennington vd., 2009) arayiizii yardimiyla ¢izilmistir ve tim
molekdlelrin temel durum (So) geometrileri, Gaussian 09W
(Frisch vd., 2009) paket programi ve hibrit fonksiyonel B3LYP
(Becke, 1988; Becke, 1998; Lee vd., 1988) kullanilarak geometri
optimizasyonuna gerceklestirildi. Tiim atomlar i¢in geometri
optimizasyonlarinda kullanilan temel set 6-311G(d,p) olarak
secildi.

Bilesiklerin diisiik enerjili triplet (T1) ve singlet uyarilmis
durumlart  (S1), TD-DFT kullanilarak minimum enerji
geometrilerini elde etmek icin gevsetildi (Laurent ve Jacquemin,
2013). Dikey uyarim enerjileri ve osilatér kuvvetleri, optimize
edilmis temel durum denge geometrilerinde en diisiik triplet ve
singlet gecisler icin, ayn1 fonksiyonel ve temel set ile TD-DFT
kullanilarak elde edildi. Optimize edilmis temel durum yapilari,
TD-DFT kullanilarak maksimum absorpsiyon dalga boylari,
osilator kuvvetleri elektronik absorpsiyon spektrumlarini elde
etmek i¢in kullanildi.

3. BULGULAR VE TARTISMA

Bu ¢alismada ele alinan 1a ve 1b molekiilleri, DTP tabanli
klasik D-m—A mimarisini temsil etmekte olup, w-kOpri
karakterindeki  farkliliklar  nedeniyle farkli  diizeylerde
intramolekuler yik transferi sergilemektedir. Ancak bu
sistemlerde donor tarafin tek bir birimle smirli olmasi, delik
enjeksiyonu ve tasima kapasitesinin daha da iyilestirilmesi i¢in ek
bir tasarim alani sunmaktadir. Bu dogrultuda, mevcut DTP
dondrine gucli  bir dondr olan trifenilamin  biriminin
eklenmesiyle, molekiiler yapt D-D-n—-A  Kkarakterine
dontistiiriilmiis ve dondr giicliniin artirilmasinin elektronik yapi,
optik oOzellikler ve OLED performans: {tzerindeki etkileri
tartisilmistir. Boylece, dondr tarafin giiclendirilmesine dayali bu
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yaklagimin, la ve 1b benzeri D-n—A sistemlerinde performans
artirici rasyonel bir strateji olup olmadigi ortaya konulmustur.

Tasarlanan molekullerin HOMO/LUMO enerji seviyeleri,
bant araligi (Egap), uyarilmis hal enerjisi (Eex), emisyon dalga

boyu (), osilator kuvveti (f) ve singlet-triplet enerji farki (AEst)
degerleri Tablo 1’de, HOMO-LUMO diyagramlar1 Tablo 2’de

verilmigtir.

Tablo 1. Tasarlanan molekillerin HOMO/LUMO enerji

seviyeleri, bant arahgi (Egap), uyarilmis hal enerjisi (Ecx), emisyon
dalga boyu (1), osilator kuvveti (f) ve singlet-triplet enerji farki
(AEsT) degerleri

Ehomo Eiumo Egap 8% Eex A f AEsT
(eV) (eV) (eV) (D) (ev) | (nm) (eV)
la | -5,0495 | -2,3538 | 2,6957 | 3,6809 | 2,4946 | 497 | 0,8418 | 1,025
2a | -4,7983 | -2,3484 | 2,4499 | 3,9069 | 2,2352 | 554 | 1,3180 | 0,842
1b | -5,0209 | -2,2013 | 2,8197 | 3,2989 | 2,5737 | 481 | 0,6346 | 0,969
2b | -4,7798 | -2,2017 | 2,5787 | 3,3631 | 2,3281 | 532 | 1,1066 | 0,800

Tablo 2. Tasarlanan molekiillerin HOMO/LUMO diyagramlari
LUMO

HOMO
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3.1. 1a yapisina trifenilamin (TFA) ilavesiyle modifiye
edilen 2a yapisinin degerlendirilmesi

1a molekilinde HOMO enerji seviyesi —5,0495 eV iken,
2a molekiiliinde bu deger —4,7983 eV’e ylikselmistir. Bu belirgin
yukselme, TFA eklenmesiyle dondr giiciiniin arttigii ve delik
enjeksiyonunun kolaylastigini gostermektedir. Buna karsin
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LUMO enerji seviyeleri (—2,3538 eV’den, —2,3484 eV’e)
neredeyse sabit kalmistir. Yapilan modifikasyonun akseptor
karakteri korudugu anlasilmistir.

HOMO enerji seviyesindeki yikselmeye paralel olarak
bant aralig1 1a i¢in 2,6957 eV iken 2a’da 2,4499 eV’e diismiistlir.
Yaklasik 0,25 eV’lik bu daralma, intramolekiiler yiik transferinin
giiclendigine isaret etmektedir.

Dipol moment degeri 1a’da 3,6809 D iken 2a’da 3,9069
D’ye yiikselmistir. Bu artig, molekiil i¢i ylik ayriminin arttigini ve
daha belirgin bir D—A karakteri olustugunu gostermektedir.

Eex degeri 2,4946 eV’den 2,2352 eV’e diiserken, emisyon
dalga boyu 497 nm’den 554 nm’ye kaymistir. Bu sonuglar, bant
araligindaki daralma ile uyumlu olup belirgin bir kirmiziya
kaymay1 ortaya koymaktadir.

Osilator kuvveti la’da 0,8418 iken 2a’da 1,3180°e
yiikselmistir. Bu giiclii artis, gegisin daha izinli hale geldigini ve
2a molekiiliiniin daha yiliksek parlaklik potansiyeline sahip
oldugunu gostermektedir.

AEst degeri la’da 1,025 eV iken 2a’da 0,842 eV’e
diismiistlir. Bu azalma, singlet—triplet enerji farkinin daraldigini
ve uyarilmis hal dinamiginin iyilestigini gostermektedir; ancak
degerler halen klasik TADF sinirlarinin tizerindedir.

3.2. 1b yapisina trifenilamin (TFA) ilavesiyle modifiye
edilen 2b yapisinin degerlendirilmesi

1b molekuliinde HOMO enerji seviyesi —5,0209 eV iken,
2b’de —4,7798 eV’e yiikselmistir. Bu sonug, furan kopruli
sistemlerde de TFA eklenmesinin dondr gucinu etkin bigimde
artirdigimi  gostermektedir. LUMO enerji seviyeleri 1b’de
—2,2013 eV, 2b yapisinda —2,2017 eV’dir. Bu tasarimda da
akseptor glicii degismemistir.
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Bant aralig1 degeri 1b’de 2,8197 eV iken 2b’de 2,5787
eV’e diigmiistiir. Bu daralma, tiyofen kopriilii sistemlere kiyasla
biraz daha smirli olmakla birlikte, belirgin bir ICT artisina isaret
etmektedir.

Dipol moment 1b icin 3,2989 D, 2b icin 3,3631 D olarak
hesaplanmistir. Dipoldeki bu artis la yapisindan 2a yapisina
doniistimiine gore daha kii¢iikk olup, furan kopriisiiniin ICT yi
daha kontrollii sekilde diizenledigini gdstermektedir.

Eexdegeri 2,5737 eV’den 2,3281 eV’e diiserken, emisyon
dalga boyu 481 nm’den 532 nm’ye kaymistir. Bu sonuglar, furan
kopriistiniin - emisyonu daha kisa dalga boylarinda tutma
egilimiyle uyumludur.

Osilator kuvveti 1b’de 0,6346 iken 2b’de 1,1066’ya
yiikselmistir. Bu artig, dondr tarafin gili¢lendirilmesinin furan
kopriilii sistemlerde de parlaklik potansiyelini énemli Olclide
artirdigini gostermektedir.

AEst degeri 1b’de 0,969 eV iken 2b’de 0,800 eV’e
diismiistiir. Bu azalma, tiyofen kopriilii sistemlere benzer sekilde,
singlet—triplet ayrimimnin daraldigint ancak halen floresans
agirhikli  bir emisyon mekanizmasimnin baskin  oldugunu
gostermektedir. TADF igin uygun aday degildir.

Tablo 1’deki veriler birlikte degerlendirildiginde, 1a’dan
2a’ya ve 1b’den 2b’ye modifikasyonlar, TFA eklenmesiyle
dondr giiciiniin sistematik olarak arttigini acik¢a gostermektedir.
HOMO enerji seviyesinin yiikselmesi, bant araliginin daralmasi,
dipol moment ve osilatdér kuvvetindeki artiglar, daha giiglii
intramolekiiler ylik transferi ve daha yiiksek OLED parlaklik
potansiyeli ile dogrudan iliskilidir. Tiyofen kopriilii sistemler
daha baskin ICT ve daha yiiksek f degerleri sunarken, furan
kopruli  sistemler daha dengeli bir spektral davranig
sergilemektedir
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4. SONUC

Calismada, DTP tabanli D-n—A sistemlerinin dondr tarafa
trifenilamin eklenerek D-D—n—A mimarisine doniistiriilmesinin,
OLED performansin1 belirleyen temel elektronik ve optik
parametreleri sistematik olarak iyilestirdigi gosterilmistir. Dondr
glicliniin artirilmast HOMO enerji seviyesini yiikseltmis, bant
araligim1  daraltmis  ve intramolekiiler yiikk transferini
giiclendirerek osilator kuvveti ve parlaklik potansiyelini belirgin
bicimde artirmigtir. Tiyofen kopriilii yapilar daha yiiksek
parlaklik sunarken, furan kopriilii yapilar performans artisi ile
birlikte daha dengeli ve kontrolli bir spektral davranig
sergilemistir. Bu sonuglar, dondér miihendisliginin n-kOpri
secimiyle birlikte optimize edilmesinin, yiiksek performanslh
OLED malzemelerinin rasyonel tasarimi igin etkili ve
genellenebilir bir strateji oldugunu ortaya koymaktadir.
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FOTOINDUKLENMIS ELEKTRON TRANSFERI
(PET) TABANLI SCHIFF BAZI
KEMOSENSORLERDE GUNCEL CALISMALAR

Hiilya ELMALI GULBAS!

1. GIRIS

Glinlimiizde, canli yasamini iizerindeki olumsuz etkileri
nedeniyle toksik metal iyonlarina karsi yiiksek segicilige ve
hassasiyete sahip yeni sensorlerin tasarimi ve sentezi onemli bir
akademik c¢alisma alanidir. Ticari olarak kullanilan ¢ok farkli
molekiler yapida metal iyon sensérii bulunmakla beraber bu
molekiilleri sentez yontemlerinin kompleks olmasi kullanimda
zorluk yaratmaktadir. Artan endiistriyel faaliyetler sonucunda
olusan cevresel kirlilik bu metal iyonlarinin dogada yiiksek
konsantrasyonlarda bulunmalari insan ve ¢evre saglig1 agisindan
tehdit olusturmaktadir [1-2]. Bunun sonucunda kemosensorlerin
hassasiyetlerini, segiciliklerini ve gilivenilirliklerini artirmak
bununla beraber aranan Ozelliklere sahip yeni kemosensorler
tasarlama calismalar1 devam etmektedir. Farkli kemosensorler
floresans olciimlerin genellikle ¢ok hassas olmalar1 daha diisiik
maliyetleri, hizli olmalar1 ve ¢ok diisiik konsantrasyonlarda bile
etkili 6l¢lim yapabilmeleri nedeniyle diger kemosensorlere gore
oldukca 6nemli avantajlara sahiptir [3-4]. Kemosensor olarak ¢ok
farkli molekiil yapisinda oOzelikle hetereosiklik grup bulunan
piridin, pirimidin, benzotiyazol, tiyazol ve oksazo tirevi
bilesikler kullanilmaktadir [5-7]. Bu kemosensorler farkli
mekanizmalarla ¢ok ¢esitli anyon ve katyonlara karsi

1 Dr. Ogr. Uyesi, Usak Universitesi, Banaz Meslek Yiiksekokulu, Kimya ve
Kimyasal Isleme Teknolojileri Boliimii, Kimya Teknolojisi Programi, Usak,
Turkiye. ORCID:: 0000-0002-6041-6054
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kalorimetrik, voltametrik veya florimetrik yontemlerle tanima
yapabilmektedir [8-10].

Kemosensorler icerisinde Schiff bazlar1 sahip oldugu
Ozellikler nedeniyle farklt bir yere sahiptir. Schiff bazlar
yapilarinda azometin grubu C=N bag igeren kimyasal
bilesiklerdir. Schiff bazlarinda C=N c¢ift baginin azot atomunun
metal iyonlarina kars1 gii¢lii bir afinite gdstermekte bu durumda
Schiff bazlarin1 metal iyonlar1 i¢in iyi bir ligand olabilecegini
gostermektedir [11-12]. Schiff bazlar1 ve Schiff bazlarinin metal
kompleksleri sahip olduklar ilgi ¢ekici elektronik, foto-fiziksel
Ozellikler, antitimor ozellikleri, antioksidan aktiviteleri,
antikansorejen etki gibi 0Ozellikleri nedeniyle ¢ok sayida
uygulamaya sahiptir [13-15]. Ayrica, molekiiler yapisinda
floresans bir kisim iceren Schiff bazi tiirevleri, metal iyonlarinin
optik olarak algilanmasi i¢in yaygin olarak kullanilabilmektedir.

Schiff  bazlarinin metal iyonlariyla kararl
komplekslerinin olusumu ve bunlarin iyon tasiyict olarak
uygulamalarina dair literatiirde pek ¢ok ¢alisma bulunmaktadir.
Schiff bazlarimin metal iyonlartyla konuk-misafir etkilesimi
belirli bir iyon icin secicilik, hassasiyet ve kararlilik saglayabilir.
Molekiil yapisinda N, O veya S gibi elektron verici atomlar1
iceren Schiff bazlari, iyonfor olarak metal iyonlarini taniyabildigi
icin iyonik baglanma alaninda yaygin olarak kullanilmaktadir.
Literatiirde Schiff bazi ligandlarinin farkli katyonlarin optik
olarak algilanmasi i¢in kullanildigini bildirmistir [13-15].

Floresans molekiiller, yabanci analitlerin varliginda
fotofiziksel olarak yanit verebilen sinyal sistemleri potansiyel
kullanimlar1 nedeniyle buyuk ilgi goérmektedir. Genel olarak,
fotofiziksel kemosensdrler yapilarinda bir sinyal birimi, bir
tanima birimi ve bunlar1 birbirine baglayan bir baglayicinin basit
birlesiminden olusmaktadir. Sinyal birimi bir florofordur ve
tanima kismi genellikle bir aminler/iminler gibi bir iyona
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baglanabilen Lewis bazindan ve florofor ile reseptor arasinda
elektronik iletisimi kurmada kilit rol oynayan ara parca adi
verilen baglayict birimden olusur [16-17].

Fluorophore Spacer Receptor .

Sekil 1. Floresans Kemosensorlerin Molekiil Yapisi

Floresans kemosensorlerin tasarimi igin, selasyonla
gelistirilmis floresans (CHEF) etkisi, uyarilmig durum molekiiller
aras1 proton transferi (ESIPT), fotoindiiklenmis proton transferi
(PPT), metalden ligand yik transferi (MLCT), i¢ yuk transferi
(ICT), C=N izomerizasyonu ve fotoindiiklenmis elektron
transferi (PET) dahil olmak iizere farkli mekanizmalar
Onerilmigtir [18-23].
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Sekil 2. Fotoindiiklenmis elektron transferi (PET)
mekanizmasinda elektron transferinin genel gosterimi [23]

Fotoindiiklenmis elektron transferi (PET), uyarilmis
durumda vericiden alictya elektron transferinin gergeklestigi bir
en sik karsilasilan mekanizmadir Fotoindiiklenmis elektron
transferi (PET) mekanizmasinda elektron transferinin genel
gosterimi Sekil 2.de gosterilmistir. PET tabanli kemosensor
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olarak kullanilabilen bilesiklerde konuk iyonun yoklugunda,
floroforun emisyon yogunlugu genellikle ¢ok digiiktiir. Ancak,
konuk iyonun varliginda, floroforun molekiil yapisinda bulunan
elektron verici amin grubunun serbest elektron ¢ifti devreye girer
ve bu da PET sirecini kapatarak (veya engelleyerek) floroforun
emisyon yogunlugunda onemli bir artisa yol acar. Bu durum
florofor bilesiginin sensor olarak kullanilmasina olanak verir [23-
26]. PET-Floresans Elektron Transfer Mekanizmasi Sekil 3.de
gosterilmistir [23].
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Sekil 3. PET-Floresans Elektron Transfer Mekanizmasi[23]

Schiff bazi kemosensorlerde fotoindiiklenmis elektron
transfer (PET) mekanizmas1 ile floresans degisimleri
gosterebilir. PET mekanizmasi, analit ile Schiff bazinin uyarilmis
hali arasinda elektron transferini igerir. Analitin elektron ¢ekme
veya elektron verme 6zellikleri, floresansi etkileyerek floresansin
sonmesine veya artmasina yol agabilir. Metal iyonlarinin Schiff
bazi kemosensor ile etkilesimim PET islemini destekleyebilir
veya bozabilir ve bu da emisyon degisimine neden olabilir.
Literatlrde bu etkiyi gosteren pek ¢ok ¢aligma bulunmaktadir[25-
28] . Sekil 4.de PET tabanli Schiff bazi metal sensorlerin genel
gosterimi verilmistir.
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Sekil 4. PET Tabanh Floresans Schiff Bazi1 Metal Sensorler [28]

Calismamizda 2015-2025 yillar1 arasinda yapilmis farkli
iyonlar icin fotoindiiklenmis transfer mekanizmasi (PET) tabanli
Schiff bazi1 floresans kemosensorlere ait calismalardan 6rnekler
verilerek literatirde bu alanda boslugun doldurulmasi
amaclanmistir. PET tabanli Schiff bazi kemosensorler alaninda
calisma yapmak isteyecek akademisyen ve arastirmacilar igin
temel bir kaynak olusturulmast amaglanmastir.

2. GUNCEL CALISMALAR

Farkli toksik agir metal iyonlarini segici ve hassas tespit
edebilen kemosensorler ile ilgili ¢alismalar son yillarda artmistir.
Cok farkli kimyasal molekiil yapisina sahip bilesikler kemosensor
olarak kullanilma amaciyla sentezlenmekte ve bunlarin farkli agir
metal iyonlarma kars1 duyarlilik ¢aligmalar1 yapilmaktadir. Bu
kimyasal bilesikler i¢inde Schiff Bazlar1 ayr bir yere sahiptir.

Calismamizda 2015-2025 yillar1 arasinda yapilmis farkli
iyonlar i¢in fotoindiiklenmis transfer mekanizmasi (PET) tabanl
Schiff baz1 floresans kemosensorlere ait ¢alismalardan 6rnekler
verilmigtir.

Ganguly ve arkadaslariin 2015 yilinda yaptiklari
calismada yeni bir naftalen tlirevi olan 2-

((sikloheksilmetilimino)-metil)-naftalen-1-ol (2CMIMNL10)
sentezlenmis, molekiil yapisi karakterize edilmis ve fotofiziksel
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ozellikleri belirlenmistir. Bilesigin 6nemli dl¢iide diisiikk emisyon
verimini, imin molekiil yapisinda yer alan naftalinin florofor
yapisinin neden oldugu foto-indiiklenmis elektron transferi
(PET) ile aciklanmistir. Sonug olarak, s6z konusu (2CMIMNI10)
bilesigin, dikkat cekici floresans artis1 ve renk degisiklikleri
yoluyla, Cu2+ ve Zn2+ iyonlar1 i¢in seg¢ici bir kemoreseptor
oabilecegi belirlenmistir. Bilesigin kemoreseptor olarak Cu2+ ve
Zn2+ iyonlarin1 mikromolar konsantrasyon seviyesine kadar
(swrastyla 2,74 ve 2,27 ppm algilama limiti) tespit edebilme
yetenegi ve kemosensor bilesiginin sentezinin basit ve verimli bir
reaksiyon olmasidir. [29].

Zwitterionic form

Sekil 5. 2CMIMN10 kemosensoriiniin konformerleri ve Zwittler
iyon hali [29].
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Sekil 6. 2CMIMN10 Bilesiginin Cu*?ve Zn*2igin floresans sensor
ozeliginin grafiksel ozeti [29].

Li ve arkadaslarinin 2016 yilinda yaptiklar1 c¢alismada
yeni bir Schiff bazi tirevi olan bis(6-hidroksikromon-3-
metiliden)-o-fenilendiimin (1) tasarlanmig, sentezlenmistir.
Sentezlenen bilesigin AI** iyonlarina kars1 hizl, secici ve yiiksek
hassasiyetle "turn on " floresans 6zellik gosterdigi belirlenmistir.
fotoindiiklenmis  elektron  transferi  (PET)  siirecinin
engellenmesinden kaynaklandigi 6n goriilmiistiir.

Sentezlenen Bilesik 1'in AI®*

tepkisini 10 dakika gibi hizli bir siirede tamamlandigi
belirtilmistir. Bu nedenle, sentezlenen floresans kemosensoriin 1
cevresel ve biyolojik sistemlerde AIP* iyonlarmin gercek zamanl
tespiti i¢in kullanilabilecegi bildirilmistir [30]. ].Sekil 7.’de
Kemosensor 1 igin sentez yontemi gosterilmistir. Sekil 8.’de
Al*%iyonlar1 icin floresans emisyon spektrumu ve grafigi
verilmistir.

iyonlarina kars1 floresans
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Sekil 8. (a) Bilesik 1’in Etanol icersinde 375 nm’de Al ve diger

metal iyonlar1 eklendiginde Floresans emisyon spektrumundaki

degisim (b) Bilesik 1’in 459 nm’de Al*®ve diger metal iyonlari

ilave edildiginde olusan floresans yogunluk [30]
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Sekil 9. Bilesik 1’in AI** iyonlar icin onerilen PET mekanizmasi
[30].

Chalmardi ve arkadaglarinin 2017 yilinda  yaptiklar
calismada N,N’-bis(salisiliden)-2-(6-(2-aminofenil)-4-
fenilpiridin-2-il) (3) sentezlenmis ve karakterize edilmistir.
Sentezlenen kemosensor 3’Un 537 nm’de CH3CN/H20 (%95/5)
cozeltisi icersinde Cr* iyonlarina karst ‘turn on’ floresans aktif
secicilik gosterdigi belirlenmistir. Bu durumun fotoindiiklenmis
elektron transferi (PET) siirecini engelleyen 1:1 stokiyometrik
oraninda Bilesik 3 ile Cr** iyonlar1 arasinda kompleksi olusumu
nedeniyle meydana geldigi belirtilmistir [31]. Sekil 10.’da
Bilesik 3’iin sentezi gosterilmistir.Sekil 11.’de Bilesik 3’iin 537
nm’de Cr¥* ve farkli metal iyonalarina kars: floresans spekturumu
ve bar diyagrami gosterilmistir.

CHO

@,"“ EtOH

P - .

U0
_ ) Hc

NH; HyN f OH HO

3

Sekil 10. Bilesik 3’iin Sentezi [31]
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Sekil 11. (a) Bilesik 3’iin 537 nm’de Cr®* ve farkh metal
iyonalarina karsi floresans spekturumu (b) Bilesik 3’iin cesitli
metal iyonlar1 varhg@inda 537 nm'deki bagil emisyon
yogunlugundaki degisimini gésteren bar diyagram [31].

Saravanan ve arkadaslarinin 2018 yilinda yapmis oldugu
calismada Piren tiirevi Schiff bazi kemosensor 1 sentezlenmis ve
karakterize edilmstir. Yapilan ¢alismalar sonucunda Piren tiirevi
kemosensor 1’in Cu?* iyonlarina kars1 pH 5-9 araliginda oldukga
yiksek ‘turn on’ floresans secicilik gosterdigi belirlenmis bu
durumun fotoindiiklenmis elektron transferi (PET) siirecinin
engellenmesinden kaynaklandigi 6n goriilmiistiir. Ayrica,
calismada piridin bazli kemosensér 1, canli hiicrelerde Cu?*
iyonlarini tespit etmek i¢in bir floresans probu olarak kullanilmis
ve baglanma o6zelligi biyolojik goriintiileme ve spektroskopik
yontemlerle dogrulanmustir [32]. Sekil 12.°da Piren Bazli
Kemosensor 1’in sentezi gosterilmistir.Sekil 13.’de Piren Bazl
Kemosensor 1’in Cu?* ve farkli metal iyonalarina karsi floresans
spekturumu ve bar diyagrami gosterilmistir.
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Sekil 12. Piren Bazli Kemosensor 1’in Sentezi [32]
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Sekil 13. Piren Bazh Kemosensor 1’in Cu?* ve diger metal iyonlar
varhginda Floresans Spekturumu [32].

Rout ve arkadaglarmin 2019 yilinda yaptig1 calismada
kolorimetrik ve floresans kemosensor Triazol turevi yeni bir
Schiff baz1 (L) tasarlanmig, sentezlenmis ve karakterize
edilmistir. Triazol tlirevi Schiff bazi kemosensor L’nin, sirastyla
renksizden sariya ve agik sartya doniiserek Cu?* ve Pb?* iyonlar
icin secici ve hassas kolorimetrik algilama 6zelliginin oldugu
belirtilmistir.

Bunun yaninda hem Cu?* hem de Pb?" iyonlarinin
eklenmesiyle giiclii bir floresans artis1 gosterdigi belirlendi olugan
bu durumun Bu durumun foto-indiiklenmis elektron transferinin
(PET) bloke edilmesine bagli oldugu 6n goriilmiistiir [33]. Sekil
14.’de Schiff Baz1 L’nin sentezi gdsterilmistir. Sekil 15.’de Schiff
Bazi L’nin UV-Vis spektrumu ve giin 1s1ginda Cu?* ve Pb?*
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varhiginda renk degisimi ve Schiff Bazi L’nin Floresans
spekturumu ve floresans lamba altinda goriintiisii gosterilmistir.

N H H,CO OCH;
~NH 1drop gl. ACOH
HN—¢ Lt Pg HO WM OH
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\
N
N
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triazole (1mmol) Syringaldehyde (2mmol)
Schiff base L

Sekil 14. Schiff Bazi1 L’nin Sentezi [33]

a) b)
other metal ions 250
__ 2004 cu®
El 3
- &
3 = 150-
z z
"a w Pbio
c 5 100
;E = Other metal ions|
- 1 504
o
.0 0 T T T
200 300 400 500 600 400 450 500 550 600
Wavelength (nm) Wavelenathinm)

Sekil 15. a) Schiff Baz1 L’nin UV-Vis spektrumu ve giin 15181nda
Cu?*ve Pb?* varhginda renk degisimi

b) Schiff Baz1 L’nin Floresans spekturumu ve floresans lamba
altinda goriintiisii [33].

Sahu ve arkadaglarinin 2020 yilinda yapmis oldugu
calismada, tiyosemikarbazit bazli mono Schiff bazli bir
kemosensor L'yi (Prob L), basari ile sentezlenmis ve yapist X-
1511 tek kristal analizi, *H-NMR, ESI-MS, UV-vis spektrumlari
ve element analizi ile karakterize edilmistir. Prob L, diger agir
metal katyonlarin (Fe3*, Co?*, Ni?*, Zn?*, Cd?*, Hg?*, Pb%*, Cr3*,
A" ve Fe?* iyonlari) varliginda 1:1 metanol-su (h/h) ¢ozeltisinde
onemli metal iyonlar1 Cu?* ve Ag™yi tespit etmek igin Gift iyon
sensorii olarak islev gordiigii belirlenmistir. Prob L i¢in Cu?* ve
Ag" iyonlari i¢in kolorimetrik tespit limitleri, sirasiyla 1,7 ve 2,2
uM'ye, florometrik tespit limitleri ise Ag* iyonlar1 i¢in 1,6 pM
olarak belirlenmistir. Prob L, ger¢ek su 6rneklerinde Cu?* ve Ag*
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iyonlarinin tayini i¢in basariyla uygulanmigtir. Y apilan analizler
sonucun Prob L’nin genis bir pH arahginda Cu?* ve Ag*
iyonlarim1  ger¢cek  ¢evresel  Orneklerdede  basar1  ile
uygulanabilecegi belirlenmistir [34]. Sekil 16°da Prob L nin Cu*?
ve Ag*iyonlari i¢in PET mekenizmasi gosterilmistir.

Sekil 16. Prob L’nin Cu*?ve Ag*iyonlari i¢in PET
mekenizmasi[34].

Xing ve arkadaslarinin 2021 yilinda yaptig1 calismada,
Ga* iyonlarina kars1 floresans sensér olarak kullanilabilecek olan
iki tiyofen tiirevi simetrik Schiff bazilar1 (N'2,N'5-bis((E)-2-
hidroksibenziliden)tiyofen-2,5-dikarbohidrazit) (R) ve (N'5,N'7-
bis((E)-2-hidroksibenziliden)-2,3-dihidrotieno[3,4-
b][1,4]dioksin-5,7-dikarbohidrazit) (E) sentezlenmis ve molekiil
yapisi karakterize edilmistir. Bilesik R ve E’nin Ga*®iyonlarina
kars1 sirastyla 3,90 x 107° M ve 3,97 x 10° M'lik ultra diisiik
tespit konsantrasyonuna sahip oldugu belirlenmistir. Bununla
beraber kemosensér E’nin In®, Zn?* ve Cu?* gibi diger metal
katyonlarin varliginda Ga®" katyonunun tespiti i¢in R'ye kiyasla
cok daha yiiksek se¢icilik ve hassasiyet gosterdigi belirlenmistir.
Calisgmada R ve E sensor arasindaki algilama performansi
farkliliklarin1  daha 1iyi agiklamak ig¢in teorik arastirmalar
molekiiler konfigiirasyon, yik dagilimi, molekiiler orbitaller,
elektronik  gecisler ve  enerji  deg8isimi  {izerinden
gerceklestirilmistir. Ayrica, E sensérii su érneklerinde Ga®*'yi
verimli bir sekilde taniyabildigi belirlenmistir [35]. Sekil 17.’de
Kemosensér E’nin  sentezi gosterilmigtir.  Sekil 18.°de
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Kemosenséor R ve E’nin Ga™ iyonlarma karsi PET
mekanizmasinin gosterilmistir.
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Sekil 17. Kemosensor E’nin sentezi [35]
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Sekil 18. Kemosensor R ve E’nin Ga™ iyonlarina karsi PET
mekanizmasinin gosterimi [35]

Huang ve arkadaslariin 2022 yilinda yapmis oldugu
calismada, organik sentezler i¢in 6nemli fakat tehlikeli bir reaktif
olan Hidrazin icin floresans sensorii literatiirde yer almasina
ragmen hidrazin iyonu i¢in simdiye kadar literatiirde hic floresan
sensOr galismasinin yer almadigini bu ¢alismada, hidrazin iyonu
icin ilk floresan sensor(, tiyofen-siyanodistiren Schiff bazi (TCS)
yiiksek verimle sentezlediklerini belirmiglerdir. Kemosensor
TCS’nin PET mekanizmas1 Hg?* ve N2He?" igin milkkemmel segici
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algilama yetenegi gosterdigi belirlenmistir. CI” iyonlarinin
varliginda Hg?"'ye kars1 floresans tepkisi kaybolmus yalnizca
N2Hs?* iyonlar1 igin yiiksek secici oldugu tespit edilmistir. N2He?*
iyonlar: icin tespit limiti 1,05 x 10—’ M olarak belirlenmistir.
Musluk suyu ve Minjiang Nehri suyunda N2He?* iyonlar1 yapilan
tespit deneyleri, gercek su ortamlarinda N2He?* iyonlarmin
algilanmast i¢in iyi bir uygulama potansiyeli oldugunu gosterdi
ortaya konmustur [36]. Sekil. 19.’da Kemosensoér TCS’nin
sentezi gOsterilmistir. Sekil 20.’de TCS'min THF-H20'daki
floresans spektrumlart  Sekil 21°de TCS’nin  PET etki
mekanizmasi gosterilmistir.

8, - iperidi b
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U—CHD + o TR o i 8,y NO;
THF /
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Sekil. 19. Kemosensor TCS’nin Sentezi [36]
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Sekil 20. TCS'nin THF-H,O'daki floresans spektrumlar: [36].

00

Sekil 21. TCS’nin PET etki mekanizmasi [36].
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Suguna ve arkadaglarinin 2023 yilinda yapmis oldugu
calismada, antrasen bazli kemosensér ABC sentezlenmis ve
karakterize edilmistir. Kemosensor ABC'nin fotofiizksel
Ozelliklerinibelirlemek icin UV absorpsiyon ve emisyon
calismalar1 yapilmigtir. Kemosensor ABC’nin, Ag* iyonuna kars1
floresans olarak secici oldugu belirlenmistir.  Kemosensor
ABC’nin Ag" iyonlarmi tespit limitinin 1,4 nM oldugu
hesaplanmistir. Calismada floresans kemosensér ABC probunun
pratik kullanimi, ger¢ek su ve toprak numunesi analizi ile
incelenmistir. Ayrica kat1 silika jelinin glimiis iyonlariyla ve
giimiis iyonsuz UV 15181 altinda renk degisimleri incelenmis ve
parmak izi tepiti i¢in gelistirici madde olarak potansiyel kullanimi
da incelenmistir. Ekip ABC reseptoriiniin yeni tiirevleri ile ilgili
ileri c¢alismalar ve diger uygulama caligmalar1 devam ettigi
bildirmistir[37]. Sekil 22. Kemosensér ABC’nin sentez yontemi
gosterilmistir.  Sekil 23.°de Kemosensér ABC’nin PET

mekanizmas1 gosterilmistir.
; “NH,

CHO =N

[:[NHZ OOO — OOO
"
RT, Stirring, 6 h

NH,
ABC

Sekil 22. Kemosensdr ABC’nin Sentez Yontemi [37]

Sekil 23. Kemosensor ABC’nin PET mekanizmasi[37]
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Shivashankar ve Hiremath’in 2024 yilinda yapmis oldugu
calismada, yeni bir Schiff bazli kolorimetrik ve florometrik
kemosensoér N-((E)-2-hidroksi-3-metoksibenziliden)-4-(((Z)-2-
hidroksi-3-metoksibenziliden)amino)benzensilfonamit  (SOV)
sentezlenmis ve karakterize edilmistir. Kemosensér SOV un,
THF:H20 (9:1, v/v) ¢dziicii karisiminda Sn?* metal iyonu igin
secici ve hassas kolorimetrik algilama yetenegi gosterdigi, ¢ozelti
renginin renksizden agik sariya doniistiigli belirlenmistir.
Kemosensor SOV’un, THF:H20 (9:1, v/v) ¢oziicii karisiminda
Sn?* iyonu eklendiginde, fotoindiiklenmis elektron transferi
(PET) engellendigi i¢in 6nemli bir floresans artis1 gosterdigi
belirlenmistir. Yapilan spektroskopik c¢alismalarda kemosensor
SOV'nin hizl1 tepki veren, en diisiik tespit limitli (3.034 x 107°M)
oldugu belirlenmistir. Bu deger Diinya Saglik Orgiitiiniin (WHO)
igme suyunda onayladig1 Sn*?iyon konsantrasyonundan ¢ok daha
diisiiktiir. Ayrica, kemosensér SOV’un EDTA varliginda Sn?*
iyonlarina karst geri doniisiimlii bir floresans probu olarak islev
gordiigii kesfedilmistir. Ayrica ¢alismada kemosensér SOV nin
canli MCF 7 hiicrelerinde Sn?*'nin floresans gorintiileme
deneylerinin ~ sonuglari,  biyolojik  sistemlerde  pratik
uygulanabilirligini gosterdigi belirtilmistir  [38]. Sekil 24.
Kemosensor SOV’nin sentez reaksiyonu gosterilmistir. Sekil
25.’de Kemosensor SOV'un Sn?* metal iyonuyla olas: etkilesim
mekanizmas1 gosterilmistir.

1 HyCO,
0

o]
0 OH  CH3;COOH/CH;0H HO HO  OCH,
= - _—
- S. "y Reflux Shrs at 65-70°C o
NH, OCHj \ 0o
N SN
(o]

SOV

Sekil 24. Kemosensor SOV’nin sentez reaksiyonu [38].
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Sekil 25. Kemosensér SOV'un Sn?* metal iyonuyla olas: etkilesim
mekanizmasi [38].

Rajagopal ve arkadaglarinin 2025 yilinda yapmis oldugu
calismada, yeni bir Schiff baz tiirevi 7-(dietilamino)-2-okso-2 H-
kromon-3-karbohidrazit sentezlenmis ve molekiiler yapisi
karakterize edilmistir. Sentezlenen molekiillerin (prob L)
fotofiziksel Ozellikleri, gesitli ¢oziicti sistemlerinde ve ¢oziici
bakimindan zayif ¢oziicii deneylerinde incelenmistir. Floresans
aktif Schiff bazi tiirevi Prob L’nin In*® iyonlarina karsi segici
oldugu belirlenmistir [39]. Sekil. 26.’de Prob L’nin sentez
yontemi gosterilmistir.

Prob L'nin In®* iyonlariyla etkilesim mekanizmasi, farkli
yontemler kullanilarak incelenmis ve PET etkilesim mekanizmasi
belirlenmistir. Sekil 27.’da In®* iyonlar1 ile prob L'nin PET
etkilesim mekanizmas1 gosterilmistir.

NHZ \/E\/@ = M m
| | [ CH;COOH
/\N 3 N

Sekil. 26. Prob L’nin sentez mekanizmasi [39]
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Sekil 27.1n% iyonlari ile prob L'nin PET etkilesim mekanizmasi
[39]

Calismamizda, literatiirde yer alan PET tabanli floresans
aktif kemosensorler olan Schiff baz tiirevi bilesikler ve bunlarin
cesitli metal iyonlarina karst davraniglart arastirilmistir. Schiff
bazi tiirevi bilesikler, 6zellikle biyolojik aktiviteleri nedeniyle
literatiirde oldukca incelenen bir grup olmasina ragmen, PET
tabanli Schiff bazi tiirevi floresans aktif bilesiklerin sentezi
konusunda genis bir ¢alisma alan1 bulunmaktadir. Schiff bazi
molekiil yapisina farkli floresans aktif gruplarin eklenmesi ile
molekiil yapisinin tiirevlendirilmesiyle, farkli iyonlar ig¢in hassas
secicilik gostrebilecek yeni floresans aktif kemosnsorlerin sentezi
oldukca miimkiindiir. Bu durum, farkli iyonlar i¢in aktivite
gosteren Schiff bazi tiirevi floresans aktif kemosensorlerin sentezi
konusunu oniimiizdeki yillarda bilim diinyas1 i¢in cazip kilmaya
devam edecektir.
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