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Abstract
Carvacrol, a monoterpenoid sourced from sustainable materials like oregano, has been studied for its oxidation into higher
value compounds, such as thymoquinone or low molar mass derivatives, due to their applicability in epoxy resin synthesis. This
oxidation process employs a range of catalysts, solvents and oxidizing agents. Cold plasma oligomerization of carvacrol in an
argon atmosphere presents an alternative to catalytic methods. From 3 mL of carvacrol, 46 mg of solid product (Pcrol) were
obtained, achieving a 35 ±0.5% selectivity. Surface examinations reveal a hydrophobic material with a meshed texture, while
chemical characterization confirms the retention of functional groups, successful plasma oligomerization and provides insights
into the reaction mechanism. The results identify Pcrol as an oligomer, and thermal analysis suggests it decomposes below 300
±2.11 °C, likely due to its shorter oligomer chains.
Keywords: carvacrol; cold plasma; oligomer, sustainable, green chemistry.

Resumen
Carvacrol, un monoterpenoide obtenido de materiales sostenibles como el orégano, ha sido estudiado por su oxidación en
compuestos de mayor valor, como la timoquinona o derivados de baja masa molar, debido a su aplicabilidad en la síntesis
de resinas epoxi. Este proceso de oxidación implica el uso de diversos catalizadores, solventes y agentes oxidantes. Sin embargo,
la oligomerización por plasma frío del carvacrol en una atmósfera de argón se presenta como una alternativa a los métodos
catalíticos convencionales. A partir de 3 mL de carvacrol, se logró obtener 46 mg de un producto sólido (Pcrol), alcanzando
una selectividad del 35 ±0.5%. Los análisis de la superficie revelaron la presencia de un material hidrofóbico con una textura
entrelazada, mientras que la caracterización química confirmó la retención de los grupos funcionales, la exitosa oligomerización
por plasma y proporciono información sobre el posible mecanismo de reacción. Los resultados identifican a Pcrol como un
oligómero, y el análisis térmico sugiere que se descompone por debajo de los 300 ±2.11 °C, probablemente debido a la longitud
de sus cadenas.
Palabras clave: carvacrol; plasma frío; oligómero, sustentabilidad, química verde.
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1 Introduction

In recent years, the development of organic
polymer films has gained significant attention from
the scientific community due to their numerous
advantages (Arrieta-Almario et al., 2019). These
materials are cost-effective, environmentally friendly,
and chemically versatile, making them suitable for a
wide range of applications (Nath & Bhuiyan, 2023).
Carvacrol, a phenolic monoterpene found in plants of
the Lamiaceae family, particularly in the essential oils
of thyme and oregano (Origanum vulgare), exhibits
notable antimicrobial and antioxidant properties (da
Silva et al., 2023; Gaglio et al., 2021; Hajibonabi et
al., 2023; Lopresti et al., 2021). These characteristics
make carvacrol an attractive candidate to produce high
value polymeric films.

Traditionally, the catalytic method has been
the dominant approach for the oligo-polymerization
of naturally derived monomers such as carvacrol,
utilizing catalysts and oxidizing agents (Mohamed et
al., 2023; Tessaro et al., 2022). However, this method
has some drawbacks, including catalyst deactivation
due to poisoning effects and the high costs associated
with rare metal catalysts, which increase the overall
expense of the oligomerization process. Plasma
oligomerization presents an alternative technique
that is efficient, clean, and biocompatible. This
complex process involves free radicals and organic
monomers, producing oligomers or polymers without
the need for additional agents like catalysts or solvents
(Michlíc̆ek et al., 2021). In plasma environments, an
applied electric field generates a highly energetic and
ionized atmosphere, which induces rapid movement of
species, leading to the cleavage of monomer double
bonds and their crosslinking, resulting in the formation
of a polymer film on the substrate(Levien et al.,
2023; Saramolee et al., 2021). The plasma process can
be conducted under various electrode configurations,
typically at low pressure and temperatures (Alba-Perez
et al., 2020). Plasma oligomerization at atmospheric
pressure is particularly suited for homogeneous and
controlled oligomer production (Kopp et al., 2022).

Plasma oligomerization facilitates the
recombination of monomeric units to create a
randomly structured polymer, offering the advantage
of rapid, solvent free deposition, often yielding
branched structures (Alba-Perez et al., 2020). Plasma
treated samples exhibit enhanced adhesion properties
due to the incorporation of oxygen containing
functional groups (Cuellar-Gaona et al., 2023; Levien
et al., 2023). The properties of plasma polymer
films are influenced by several parameters, including
discharge power, monomer flow rate, polymerization
time, substrate temperature, and reactor chamber
pressure (Kabir et al., 2020).

Additionally, the use of noble gas plasma,
especially argon (Ar), is noteworthy due to the
presence of metastable species such as Ar* and Ar+

within the plasma phase. These species can optimize
the oligomerization by modifying reaction dynamics
(Wróbel et al., 2001).14 Argon plasma treatment
can produce highly crosslinked surfaces with good
mechanical properties without altering the chemical
composition (Farr, 2023; Queiroz et al., 2014).

The primary objective of this study is to investigate
the cold plasma oligomerization of carvacrol, a
monoterpenoid derived from sustainable sources
like oregano, as a viable alternative to traditional
catalytic methods. This research aims to conduct
plasma oligomerization of carvacrol in an argon
atmosphere, quantify the selectivity of the resulting
oligomer (Pcrol), and thoroughly characterize its
surface properties, chemical composition, and thermal
behavior. A key focus is to elucidate the structure
of the formed oligomer and propose potential
mechanisms underlying its formation. Furthermore,
this study seeks to assess the thermal stability of
Pcrol, particularly in terms of its crosslinked and
hydrophobic nature.

It is crucial to highlight that plasma polymerization
typically results in highly crosslinked polymers
with good adhesion to the substrate. However,
this study's unique aspect is the generation of
low molecular weight polymers that are completely
soluble and have a more controlled chemical structure
compared to conventional plasma polymer coatings.
In standard plasma polymerization, the high degree
of crosslinking often makes it difficult to control the
polymer's chemical structure, and some functional
groups may be lost due to the plasma energy applied.

2 Experimental section

2.1 Plasma oligomerization of carvacrol

In Figure 1, the experimental setup consisted of
a cylindrical glass vessel (1.65 L) equipped with
stainless steel caps and a copper wire loop located
around the body of the cylindrical vessel, one of
the ends of the copper wire was connected to the
plasma generator. The plasma reactor was linked
to a 13.56 MHz radio frequency (RF) generator
through an impedance-matching device (model AT-
6 Automatic Matching Network). For maintaining a
vacuum environment, a vacuum pump (Maxima C
Plus, Fisher ScientificT M) was employed. To monitor
the vacuum pressure within the reactor, a single
channel ACS 2000 controller indicator by Alcatel
Vacuum Technology was employed. For the plasma
oligomerization process, 3 mL of carvacrol (with
a purity of 98% was used, Sigma Aldrich) was
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Figure 1. Experimental plasma reactor (a)) and plasma reactor scheme (b)). 117 

2.2 Chemical characterization of Pcrol 118 

In this study, we conducted a chemical characterization of a Pcrol, revealing insights about 119 
its structural and compositional attributes. 120 

2.2.1 Nuclear magnetic resonance (NMR) 121 

Proton and carbon 13 nuclear magnetic resonance (1H NMR and 13C) spectra of the Pcrol 122 
and carvacrol were acquired under ambient conditions using a 400 MHz Bruker Avance III 123 
HD 400 NMR spectrometer equipped with a 5 mm multinuclear BBI decoupling probe 124 
featuring Z gradient functionality. Chemical shifts (expressed in ppm) were calibrated 125 
relative to the residual non deuterated chloroform signal (originating from CDCl3) and 126 
employed as an internal reference in NMR spectroscopy. 127 

2.2.2 Matrix assisted laser desorption ionization time of flight mass spectrometry (MALDI-128 
TOF-MS) 129 
The analysis involved mass spectrometry using a Bruker Autoflex SPEED MALDI-TOF-MS 130 
system, featuring a smart beam laser of 200 Hz frequency and a 337 nm wavelength. The 131 
experimental components included 2,5-Dihydroxybenzoic Acid (DHB) as the matrix, silver 132 
trifluoroacetate (Ag-TFA) as the cationizer, and Pcrol as the target sample. These were 133 
combined in a molar ratio of 3:1:0.1, and 1 μL aliquot of this mixture was deposited on a 134 
stainless-steel target plate, which was then air dried before introduction into the ionization 135 
chamber. The MALDI-TOF- MS was operated in positive reflector mode for ion detection, 136 
with the ion source 1 set to 19.67 kV, the ion source 2 to 18.03 kV, and the lens voltage at 137 
7.31 kV. The mass scanning range was between 600 and 4500 m z -1. Data acquisition 138 
involved averaging over 1000 laser pulses, with the laser power meticulously adjusted to 139 
slightly above the ionization threshold. 140 
 141 
2.2.3 Gel permeation chromatography (GPC) 142 

Figure 1. Experimental plasma reactor (a)) and plasma
reactor scheme (b)).

introduced into a petri dish placed inside the plasma
reactor. Plasma oligomerization was carried out in
an argon atmosphere at 20 W for a duration of 40
minutes. Prior to the oligomerization process, the
plasma reactor chamber was evacuated to a base
pressure of 100 Pa. After the plasma oligomerization,
the resulting oligomer (Pcrol) was recovered using
a spatula (to remove it from the coverslip) and
subsequently prepared for further characterization.

2.2 Chemical characterization of Pcrol

In this study, we conducted a chemical
characterization of a Pcrol, revealing insights about
its structural and compositional attributes.

2.2.1 Nuclear magnetic resonance (NMR)

Proton and carbon 13 nuclear magnetic resonance (1H
NMR and 13C) spectra of the Pcrol and carvacrol
were acquired under ambient conditions using a 400
MHz Bruker Avance III HD 400 NMR spectrometer
equipped with a 5 mm multinuclear BBI decoupling
probe featuring Z gradient functionality. Chemical
shifts (expressed in ppm) were calibrated relative
to the residual non deuterated chloroform signal
(originating from CDCl3) and employed as an internal
reference in NMR spectroscopy.

2.2.2 Matrix assisted laser desorption ionization
time of flight mass spectrometry (MALDI-TOF-
MS)

The analysis involved mass spectrometry using a
Bruker Autoflex SPEED MALDI-TOF-MS system,
featuring a smart beam laser of 200 Hz frequency and
a 337 nm wavelength. The experimental components
included 2,5-Dihydroxybenzoic Acid (DHB) as the
matrix, silver trifluoroacetate (Ag-TFA) as the
cationizer, and Pcrol as the target sample. These were
combined in a molar ratio of 3:1:0.1, and 1 µL aliquot

of this mixture was deposited on a stainless-steel target
plate, which was then air dried before introduction into
the ionization chamber. The MALDI-TOF- MS was
operated in positive reflector mode for ion detection,
with the ion source 1 set to 19.67 kV, the ion source 2
to 18.03 kV, and the lens voltage at 7.31 kV. The mass
scanning range was between 600 and 4500 m z -1. Data
acquisition involved averaging over 1000 laser pulses,
with the laser power meticulously adjusted to slightly
above the ionization threshold.

2.2.3 Gel permeation chromatography (GPC)

The determination of molar mass distribution of
Pcrol was carried out through gel permeation
chromatography using an Agilent series 1100 system,
incorporating two sequential PLGel mixed C columns
(5µm, 300 x 7.5mm), suitable for a molecular weight
range of 200 to 3x106 g mol-1. Refractive index
detection was employed at 40 °C. Tetrahydrofuran
(THF) was used as the mobile phase. The Pcrol
samples were prepared at a concentration of 5
mg mL-1 and filtered prior to injection into the
chromatography system. The column temperature was
consistently maintained at 40 °C ± 1 °C. Calibration
for molecular weight assessment was achieved using a
polystyrene standard calibration curve.

2.2.4 Attenuated total Reflectance Fourier transform
infrared (ATR-FTIR)

A Thermo Scientific ATR-FTIR system (Nicolet IS
50 ATR) was used to obtain the Pcrol and carvacrol
infrared spectra. Once the Pcrol was precipitated from
the gas phase and removed with a scalpel from the
plasma reactor, this sample was used for the FTIR
measurement. To obtain the spectra, 100 scans were
performed at a resolution of 4 cm-1.

2.2.5 Thermal gravimetric analysis (TGA)

Thermogravimetric analysis of monomer and Pcrol
was executed with a TGA-Q500-V6.7 instrument,
utilizing open aluminum pans within a controlled dry
nitrogen atmosphere (with a nitrogen flow rate of 100
cm3 min-1). Approximately 5 mg of sample were used
in each case. Temperature profiling involved a gradual
ramp up from room temperature to 500 °C, with a heat
rate of 10 °C min-1.

2.2.6 Differential Scanning Calorimetry (DSC)

The DSC evaluation of monomer and Pcrol was
conducted using a TA Instruments 2500. The heating
protocol involved a rate of 20 °C min-1, ranging from
30 to 175 °C. For this analysis, around 5 mg of the
sample were allocated in an aluminum pan.
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2.3 Morphological characterization of
Pcrol

In this study, it was investigated the morphological
characteristics of a synthesized Pcrol, employing state-
of-the-art microscopic and analytical techniques. The
morphological characterization elucidates the physical
structure of the Pcrol.

2.3.1 Scanning electron microscopy (SEM)

Photographs of Pcrol were obtained utilizing the JEOL
6000 Scanning Electron Microscope (SEM). Before
SEM analysis, the samples with Pcrol were previously
mounted on aluminum stubs and coated with a 10 nm
layer of silver by using a plasma sputtering system.

2.3.2 Static water contact angle (WCA)

The static water contact angle (WCA) of Pcrol
was determined using the sessile drop method.
The measurement was conducted with a ramé-hart
apparatus (model 100-00), and the WCA images were
acquired and analyzed using an Image J software. For
image acquisition, 2 µL of milli-Q water was gently
dispensed onto the sample surface manually.

2.4 Statistical analysis

Every experiment was conducted with at least three
independent repetitions, each using a unique batch
of random samples produced from different plasma
oligomerization runs. The statistical evaluations
were performed in Python (programming language),
utilizing a one way ANOVA coupled with the Tukey-
Kramer test. Results were considered statistically
significant when the p-value fell below the 0.05
threshold.

3 Results and discussion

3.1 Plasma oligomerization process

In the literature, the catalytic method emerges as a
predominant technique for oligomerizing monomers
of natural origin like carvacrol, one alternative to
the catalytic processes is the plasma oligomerization
(Fridman et al., 2004; Özen et al., 2024). This
technique offers an alternative approach for such
natural compound oligomerizations. The exploration
of plasma from noble gases with a focus on argon,
is noteworthy due to the presence of metastable
species within the argon plasma phase, like Ar*

(Fridman, 2008). These species can potentially modify
the reaction dynamics, optimizing the oligomerization
process in certain contexts. When 3 mL of carvacrol
were subjected to the specified conditions in section
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statistical evaluations were performed in Python (programming language), utilizing a one 186 
way ANOVA coupled with the Tukey-Kramer test. Results were considered statistically 187 
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3 RESULTS AND DISCUSSION 190 

3.1 Plasma oligomerization process 191 
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atmosphere. The reaction process schematic is depicted in Figure 2. Notably, the calculated 203 
molar ratio (MR) carvacrol : argon was established at 1.4. 204 
 205 

 206 
Figure 2. Schematic of the migration process of liquid carvacrol to the gas phase. 207 
 208 
The quantification of carvacrol transitioning from the liquid to the gas phase (∆crol) was 209 
achieved by assessing the weight change of the liquid carvacrol, comparing its initial mass 210 
to the residual mass after a 40-minute duration. This calculation yielded a ∆crol value of 211 
132.43 ±7 mg. The selectivity of Pcrol was determined using the eq. (1).  212 
 213 
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obtained in the process, ∆crol is the amount of carvacrol that migrates from the liquid phase 217 
to the gas phase, resulting in a selectivity of 35 ±0.5%. This selectivity value is comparable 218 
to that reported in the literature for carvacrol oligomerization processes by catalysis (Tessaro 219 
et al., 2022). 220 
In the realm of carvacrol polymerization, catalytic systems affiliated with the poly(phenylene 221 
oxide) (PPO) family have been scrutinized. Notably, the employment of manganese 222 
porphyrin catalysts for the oxidation of carvacrol yields polymers characterized by low 223 

Figure 2. Schematic of the migration process of liquid
carvacrol to the gas phase.

2.1 over a 40-minute duration, 46 ±1 mg of a solid
product (plasma oligomer; Pcrol) were obtained. In
the determination of selectivity as outlined in equation
1, the oligomerization reaction was executed within
the gas phase environment of the system, under an
argon atmosphere. The reaction process schematic is
depicted in Figure 2. Notably, the calculated molar
ratio (MR) carvacrol : argon was established at 1.4.

The quantification of carvacrol transitioning from
the liquid to the gas phase (∆crol) was achieved by
assessing the weight change of the liquid carvacrol,
comparing its initial mass to the residual mass after a
40-minute duration. This calculation yielded a ∆crol
value of 132.43 ±7 mg. The selectivity of Pcrol was
determined using the eq. (1).

%S Pcrol =

[
PcrolObtained

(∆crol )

]
∗ 100 (1)

Where %SPcrol is the percent of Pcrol selectivity,
Pcrolobtained is the total amount of Pcrol obtained in
the process, ∆crol is the amount of carvacrol that
migrates from the liquid phase to the gas phase,
resulting in a selectivity of 35 ±0.5%. This selectivity
value is comparable to that reported in the literature
for carvacrol oligomerization processes by catalysis
(Tessaro et al., 2022).

In the realm of carvacrol polymerization, catalytic
systems affiliated with the poly(phenylene oxide)
(PPO) family have been scrutinized. Notably, the
employment of manganese porphyrin catalysts for the
oxidation of carvacrol yields polymers characterized
by low molecular weights. This phenomenon aligns
with the findings presented in several recent studies.
It has been observed that variables such as solvent
choice, oxidant, and catalyst significantly influence
both, the conversion efficiency and the specificity
of product formation (Da Silva et al., 2017;
Meireles et al., 2021; Tessaro et al., 2022).
These factors may introduce economic and safety
considerations, particularly due to solvent use and
potential catalyst poisoning. Moreover, these systems
are inherently complex, necessitating intricate design
and operational strategies for product purification
(Günay et al., 2016; Tessaro et al., 2022). Conversely,
plasma based systems offer a distinct advantage by
obviating the need for solvents and catalysts. This
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molecular weights. This phenomenon aligns with the findings presented in several recent 224 
studies. It has been observed that variables such as solvent choice, oxidant, and catalyst 225 
significantly influence both, the conversion efficiency and the specificity of product 226 
formation (Da Silva et al., 2017; Meireles et al., 2021; Tessaro et al., 2022). These factors 227 
may introduce economic and safety considerations, particularly due to solvent use and 228 
potential catalyst poisoning. Moreover, these systems are inherently complex, necessitating 229 
intricate design and operational strategies for product purification (Günay et al., 2016; 230 
Tessaro et al., 2022). Conversely, plasma based systems offer a distinct advantage by 231 
obviating the need for solvents and catalysts. This approach potentially reduces 232 
environmental impact, energy consumption, and safety hazards. Furthermore, the absence of 233 
solvents simplifies the purification process, eliminating the necessity for extensive separation 234 
protocols. The oligomers produced via plasma technology exhibit promising applications, 235 
particularly in domains requiring materials that are both hydrophobic and thermally stable 236 
(Gazzotti et al., 2020; Günay et al., 2016; Tessaro et al., 2022). 237 

3.2 Scanning electron microscopy 238 

The images obtained by SEM for Pcrol, displayed in Figure 3a, reveal a uniform and 239 
consistent composition, characterized by a net-like texture reminiscent of a mesh, with a 240 
distribution of interspersed pores within the structures, this feature could be ideal for 241 
applications requiring a matrix for the controlled release of active compounds (Kwok et al., 242 
1999). On the other hand, Figure 3b, allows for the distinction that the particle conformation 243 
is granular, with some notable agglomerations. The network texture with pores is maintained, 244 
which exhibits a size range close to 10 µm. SEM images from films fabricated using 245 
atmospheric plasma derived from carvacrol on steel discs are reported. These films exhibited 246 
holes encircled by clusters of particles varying in size. It is hypothesized that these variations 247 
in particle size may be attributed to plasma discharges, which are inherently filamentary in 248 
nature and a distinctive feature of cold plasma (Getnet et al., 2020). The material exhibited a 249 
WCA of 115 ±1.2°, allowing the material to be classified as hydrophobic. Similar polymeric 250 
materials are used in medical applications, as one of the stages in the mechanisms responsible 251 
for antimicrobial activity involves preventing the initial adhesion of bacteria on surfaces. 252 
This is achieved through the development of hydrophobic materials (Chan et al., 2016). 253 
 254 

 255 
Figure 3. SEM images of Pcrol, scale bar of a) 500 μm and b) 10 μm. 256 
Figure 3. SEM images of Pcrol, scale bar of a) 500 µm
and b) 10 µm.

approach potentially reduces environmental impact,
energy consumption, and safety hazards. Furthermore,
the absence of solvents simplifies the purification
process, eliminating the necessity for extensive
separation protocols. The oligomers produced via
plasma technology exhibit promising applications,
particularly in domains requiring materials that are
both hydrophobic and thermally stable (Gazzotti et al.,
2020; Günay et al., 2016; Tessaro et al., 2022).

3.2 Scanning electron microscopy

The images obtained by SEM for Pcrol, displayed
in Figure 3a, reveal a uniform and consistent
composition, characterized by a net-like texture
reminiscent of a mesh, with a distribution of
interspersed pores within the structures, this feature
could be ideal for applications requiring a matrix for
the controlled release of active compounds (Kwok
et al., 1999). On the other hand, Figure 3b, allows
for the distinction that the particle conformation
is granular, with some notable agglomerations. The
network texture with pores is maintained, which
exhibits a size range close to 10 µm. SEM images from
films fabricated using atmospheric plasma derived
from carvacrol on steel discs are reported. These
films exhibited holes encircled by clusters of particles
varying in size. It is hypothesized that these variations
in particle size may be attributed to plasma discharges,
which are inherently filamentary in nature and a
distinctive feature of cold plasma (Getnet et al., 2020).
The material exhibited a WCA of 115 ±1.2°, allowing
the material to be classified as hydrophobic. Similar
polymeric materials are used in medical applications,
as one of the stages in the mechanisms responsible for
antimicrobial activity involves preventing the initial
adhesion of bacteria on surfaces. This is achieved
through the development of hydrophobic materials
(Chan et al., 2016).

3.3 Nuclear magnetic resonance

Figure 4 presents the 1H NMR spectra for both,
the carvacrol monomer and the Pcrol oligomer. In
the monomer spectrum, distinct signals are evident,
representing the protonic entities within the carvacrol
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Figure 4 presents the 1H NMR spectra for both, the carvacrol monomer and the Pcrol 259 
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batches reveal sharp signals, suggesting potential residual carvacrol within the oligomer.  268 

 269 
Figure 4. 1H NMR spectrum of a)carvacrol and b)Pcrol in CDCl3 (400 MHz, TMS) at 25 °C. 270 
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The lack of OH groups in the Pcrol spectrum indicates a potential site for oligomerization 272 
via the removal of H+ from that group (Günay et al., 2016; Tessaro et al., 2022). Due to their 273 
extended lifetimes relative to radiative processes, atoms and molecules in electronically 274 
excited metastable states are capable of accumulating sufficient discharge energy, thereby 275 
playing a significant role in the kinetics of various chemical reactions within plasma 276 
environments. These metastable excited particles may dissipate their energy not solely 277 
through radiative means but also through a range of collisional relaxation mechanisms. The 278 
excitation energies of metastable states, such as Ar*, can be notably low (occasionally less 279 
than 1 eV), resulting in their high concentrations in electric discharges, as observed in the 280 
system studied in this work. The participation of Ar* in the reaction mechanism might 281 
account for this, as illustrated in the reactions shown in Figure 5 (Fridman, 2008; Fridman et 282 
al., 2004). Cold plasmas, even at low temperatures, have the capability to generate energetic 283 
species that can catalyze chemical reactions which are challenging or unattainable using 284 
conventional chemical routes. Among the energetic species produced, the methyl radical 285 
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Figure 4. 1H NMR spectrum of a) carvacrol and b)
Pcrol in CDCl3 (400 MHz, TMS) at 25 °C.

structure. The protons of the methyl groups (H5 and
H6) exhibit signals at 2.25 and 1.22 ppm, respectively.
The signal for the methine proton (H4) appears at
3.3 ppm. The aromatic ring protons of carvacrol,
specifically those represented by H1, H2, and H3,
display signals at 2.17, 6.57, and 6.79 ppm, in
that order. Additionally, a subtle signal at 4.8 ppm,
attributed to the carvacrol OH group is observed. Upon
examining the spectra from the oligomerization of
carvacrol, noticeable broadening with minor shifts in
the protonic signals is apparent, noticeable signal of
the presence of an oligomer. The spectra of the Pcrol
batches reveal sharp signals, suggesting potential
residual carvacrol within the oligomer.

The lack of OH groups in the Pcrol spectrum
indicates a potential site for oligomerization via the
removal of H+ from that group (Günay et al., 2016;
Tessaro et al., 2022). Due to their extended lifetimes
relative to radiative processes, atoms and molecules
in electronically excited metastable states are capable
of accumulating sufficient discharge energy, thereby
playing a significant role in the kinetics of various
chemical reactions within plasma environments. These
metastable excited particles may dissipate their energy
not solely through radiative means but also through
a range of collisional relaxation mechanisms. The
excitation energies of metastable states, such as
Ar*, can be notably low (occasionally less than 1
eV), resulting in their high concentrations in electric
discharges, as observed in the system studied in
this work. The participation of Ar* in the reaction
mechanism might account for this, as illustrated in the
reactions shown in Figure 5 (Fridman, 2008; Fridman
et al., 2004). Cold plasmas, even at low temperatures,
have the capability to generate energetic species that
can catalyze chemical reactions which are challenging
or unattainable using conventional chemical routes.
Among the energetic species produced, the methyl
radical (CH3) serves as a notable example. Upon
formation of the phenolic radical, it can subsequently
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subsequently give rise to the methyl radical (CH3). Methyl radicals are typically formed in 287 
the plasma phase when hydrocarbons are involved, such radicals are known to trigger the 288 
oligomerization processes (Fridman, 2008; Tessaro et al., 2022). 289 

 290 
Figure 5. Potential mechanism pathway involving argon in the cold plasma oligomerization 291 
of carvacrol. 292 
 293 
Figure 6 displays the 13C NMR spectra for the carvacrol monomer (Figure 6a) and the Pcrol 294 
oligomer (Figure 6b). Carbon signals from the aromatic rings of Pcrol (C1 through C6) 295 
appear at 153.7, 148.4, 130.8, 120.9, 118.6, and 113 ppm, respectively. The methyl group 296 
carbons, C8 and C9, which appear at 24 and 15.3 ppm, respectively, and the methine carbon 297 
(C7) is discernible at 33.7 ppm. The Pcrol spectrum shows a notable broadening in its 298 
carbonic signals when juxtaposed with carvacrol, indicative of oligomer characteristics 299 
(Quirk et al., 2004; Swanson et al., 2021). When benchmarked against literature values, 300 
subtle deviations are evident in the Pcrol signals: 150.34, 137.11, 127.20, 119.02, and 116.9 301 
ppm for C1 through C6 carbons; 22.9 and 16.07 ppm for the methyl group carbons (C8 and 302 
C9); and 27.11 ppm for the methine carbon (Tessaro et al., 2022). These deviations likely 303 
stem from the emergence of a branched oligomer structure, typical of plasma oligomerization 304 
processes (Kinmond et al., 2005). 305 
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give rise to the methyl radical (CH3). Methyl radicals
are typically formed in the plasma phase when
hydrocarbons are involved, such radicals are known to
trigger the oligomerization processes (Fridman, 2008;
Tessaro et al., 2022).

Figure 6 displays the 13C NMR spectra for the
carvacrol monomer (Figure 6a) and the Pcrol oligomer
(Figure 6b). Carbon signals from the aromatic rings
of Pcrol (C1 through C6) appear at 153.7, 148.4,
130.8, 120.9, 118.6, and 113 ppm, respectively. The
methyl group carbons, C8 and C9, which appear
at 24 and 15.3 ppm, respectively, and the methine
carbon (C7) is discernible at 33.7 ppm. The Pcrol
spectrum shows a notable broadening in its carbonic
signals when juxtaposed with carvacrol, indicative of
oligomer characteristics (Quirk et al., 2004; Swanson
et al., 2021). When benchmarked against literature
values, subtle deviations are evident in the Pcrol
signals: 150.34, 137.11, 127.20, 119.02, and 116.9
ppm for C1 through C6 carbons; 22.9 and 16.07 ppm
for the methyl group carbons (C8 and C9); and 27.11
ppm for the methine carbon (Tessaro et al., 2022).
These deviations likely stem from the emergence
of a branched oligomer structure, typical of plasma
oligomerization processes (Kinmond et al., 2005).
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3.4 Matrix assisted laser desorption ionization time of flight mass 309 
spectrometry 310 

In Figure 7 is showed MALDI-TOF-MS spectrum of carvacrol, it is possible to observe 311 
regularly spaced peaks in the spectrum indicating the presence of repeating units in the 312 
oligomer chain Pcrol (Kinmond et al., 2005; Quirk et al., 2004). The difference in m z-1 values 313 
between adjacent peaks was close to 107 g mol-1. This could suggest the detachment of the 314 
isopropyl group from the molecule of carvacrol during plasma oligomerization process.  315 
 316 
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Figure 7. MALDI-TOF Spectrum of Pcrol.

3.4 Matrix assisted laser desorption
ionization time of flight mass
spectrometry

In Figure 7 is showed MALDI-TOF-MS spectrum of
carvacrol, it is possible to observe regularly spaced
peaks in the spectrum indicating the presence of
repeating units in the oligomer chain Pcrol (Kinmond
et al., 2005; Quirk et al., 2004). The difference in m
z-1 values between adjacent peaks was close to 107
g mol-1. This could suggest the detachment of the
isopropyl group from the molecule of carvacrol during
plasma oligomerization process.

As in the previously discussed NMR results, there
is no evidence of the detachment of the isopropyl
group from the aromatic ring of the carvacrol
molecule. A possible explanation is the decomposition
of the molecule through electronic impact in a stage
of ionization, followed by fragmentation, and finally,
its regeneration as described in Figure 8 (Fridman,
2008; Fridman et al., 2004; Günay et al., 2016;
Tessaro et al., 2022). A possible explanation for
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As in the previously discussed NMR results, there is no evidence of the detachment of the 320 
isopropyl group from the aromatic ring of the carvacrol molecule. A possible explanation is 321 
the decomposition of the molecule through electronic impact in a stage of ionization, 322 
followed by fragmentation, and finally, its regeneration as described in Figure 8 (Fridman, 323 
2008; Fridman et al., 2004; Günay et al., 2016; Tessaro et al., 2022). A possible explanation 324 
for the regeneration phenomenon lies in the variation of electron concentration as a function 325 
of the electric field within the reactor, which exhibits a non-homogeneous distribution 326 
(Vafeas et al., 2020). This distribution could enhance initiation and fragmentation processes 327 
in regions with more intense electric fields (near the electrodes), while species regeneration 328 
would be favored in areas with weaker electric fields (farther from the electrodes). This 329 
hypothesis is further supported under vacuum conditions, where interference from other 330 
molecules is minimized, allowing for more precise control over the reactive species 331 
generated(Fridman, 2008). However, further studies are needed to validate this hypothesis. 332 

 333 

 334 
Figure 8. Potential mechanism pathway of ionization and regeneration of carvacrol during 335 
the plasma oligomerization process of carvacrol. 336 
 337 
In the spectrum, a dominant peak was evident between 750 and 970 m z-1. This was succeeded 338 
by a moderately intense region from 1400 to 2270 m z-1 and ended with a fainter region 339 
spanning from 2450 to 4000 m z-1. The m z-1 values identified suggest that Pcrol is an 340 
oligomer. These findings align with the average molar mass (Mw) of the oligomer associated 341 
with the main peak deduced from GPC, registering at 1175 g mol-1. With a high value of 342 
polydispersity index (PDI = 1.99±0.1), there was a notable range in chain lengths, reinforcing 343 
the observations made in the MALDI-TOF spectrum, the observations align with previously 344 
reported findings in the literature, highlighting that polydispersity index (PDI) values, in the 345 
absence of thymoquinone production within PPO frameworks, exhibit markedly high 346 
polydispersity (PDI > 1.8) (Gul et al., 2022). In the field of polymer science, it is generally 347 
desirable to achieve polydispersity index values close to 1 to ensure homogeneity in the 348 

Figure 8. Potential mechanism pathway of ionization
and regeneration of carvacrol during the plasma
oligomerization process of carvacrol.

the regeneration phenomenon lies in the variation of
electron concentration as a function of the electric field
within the reactor, which exhibits a non-homogeneous
distribution (Vafeas et al., 2020). This distribution
could enhance initiation and fragmentation processes
in regions with more intense electric fields (near
the electrodes), while species regeneration would
be favored in areas with weaker electric fields
(farther from the electrodes). This hypothesis is
further supported under vacuum conditions, where
interference from other molecules is minimized,
allowing for more precise control over the reactive
species generated (Fridman, 2008). However, further
studies are needed to validate this hypothesis.

In the spectrum, a dominant peak was evident
between 750 and 970 m z-1. This was succeeded by
a moderately intense region from 1400 to 2270 m z-1

and ended with a fainter region spanning from 2450 to
4000 m z-1. The m z-1 values identified suggest that
Pcrol is an oligomer. These findings align with the
average molar mass (Mw) of the oligomer associated
with the main peak deduced from GPC, registering
at 1175 g mol-1. With a high value of polydispersity
index (PDI = 1.99±0.1), there was a notable range
in chain lengths, reinforcing the observations made
in the MALDI-TOF spectrum, the observations align
with previously reported findings in the literature,
highlighting that polydispersity index (PDI) values, in
the absence of thymoquinone production within PPO
frameworks, exhibit markedly high polydispersity
(PDI > 1.8) (Gul et al., 2022). In the field of
polymer science, it is generally desirable to achieve
polydispersity index values close to 1 to ensure
homogeneity in the mechanical properties of the
material. However, in the case of low molecular
weight compounds belonging to the poly(phenylene
oxide) family, such as the synthesized Pcrol, higher

polydispersity is favored for their applicability in the
synthesis of epoxy resins(Galizia et al., 2013; Hwang
et al., 2008). Meanwhile, achieving monodispersity
in polymers, where the polydispersity index is 1 or
very close to 1, poses significant challenges. Typically,
polymers synthesized in the laboratory exhibit a
degree of polydispersity, and plasma synthesized
polymers are not the exception. The inherent nature
of the polymerization process results in the formation
of polymer chains of varying lengths. This variability
arises from the generation of polymer radicals of
different sizes that interact and collide with others,
leading to a diverse array of chain lengths within
the final polymer product. Consequently, the specific
mechanism of polymerization makes it exceedingly
difficult to produce polymer chains of a uniform size.
Therefore, in this study, we obtained polydisperse
oligomers. Furthermore, in plasma driven systems
that incorporate argon and hydrocarbons, a notable
characteristic is the emergence of various reactive
species (Fridman, 2008; Fridman et al., 2004;
Martinez-Ruiz, 2017). These species, including free
radicals such as CH3· and CH3-CH2·, along with other
intermediate entities, may significantly contribute to
the observed elevated polydispersity (PDI = 1.99
±0.1). This phenomenon underscores the intricate
dynamics of chain growth mechanisms within the
polymerization process, suggesting a pivotal role for
these reactive species in influencing the polydispersity
of the resultant polymers. The PDI value appears to
be linked to a mechanism known as chain growth
oligomerization (McGuinness et al., 2008; Quirk
et al., 2004). This correlation is supported by the
suggested pathway and discussion (section 3.3) for
the formation of the carvacrol oligomer. A technique
for fractionating the polymer chains by size would
be necessary to isolate the monomeric fractions of
the material. We would need to employ various
techniques, such as solvent based fractionation, along
with molecular weight measurement methods, such as
Gel Permeation Chromatography (GPC).

3.5 Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-
FTIR)

ATR-FTIR serves as a crucial technique for the
analysis of organic compounds, highlighting the
functional groups present in a molecule (Herrera-
González et al., 2019). By examining the molecular
structure, it is possible to identify key functional
groups, each with specific absorption bands in the
ATR-FTIR spectrum (Figure 9) (Guerrero-Pérez et
al., 2019). The absorption band corresponding to the
hydroxyl (OH) group in phenol is apparent in the
spectrum, positioned at 3375 cm-1 for Pcrol and 3324
cm-1 for carvacrol. The width and strength of this
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ATR-FTIR analysis of the oligomerized carvacrol revealed noteworthy features indicative of 396 
its structural changes post-oligomerization. Remarkably, the principal absorption bands 397 
corresponding to the functional groups inherent to carvacrol remain discernible in the 398 
oligomer's spectrum. This observation underpins the structural retention of key functional 399 
groups during the oligomerization process. One of the salient features in the spectrum of the 400 
oligomerized product is the preservation of the absorption band attributed to the hydroxyl 401 
(OH) group. This conservation suggests the potential presence of residual carvacrol in the 402 
reaction product, indicating that not all the monomers may have been fully incorporated into 403 
the oligomer matrix. Furthermore, a comparative analysis between the monomer and 404 
oligomer spectra unveils subtle but significant changes. The absorption bands in the oligomer 405 
spectrum are slightly broader than those of the monomer. This broadening is a hallmark 406 
characteristic of oligomerization, implying that the carvacrol has indeed undergone a 407 
transformation from its monomeric form to a more complex oligomeric structure (Ravve, 408 
2012). A slight shift in most of the signals can be observed. In conclusion, the ATR-FTIR 409 
spectrum offers insights into the plasma oligomerization process of carvacrol.  410 

 411 
Figure 9. ATR-FTIR spectra of Pcrol and Carvacrol. 412 
 413 
3.6 Differential Scanning Calorimetry and Thermal gravimetric analysis 414 
Figure 10 illustrates the thermal behavior of Pcrol. Initially, a minor weight reduction is 415 
observed below 100 ±2.11 °C, likely due to moisture evaporation (Tessaro et al., 2022; Yang 416 
et al., 2010). A significant weight loss becomes evident around 125 ±2.11 °C, continuing up 417 
to approximately 400 ±2.11 °C. The derivative analysis reveals that the thermal degradation 418 
process of Pcrol occurs via a two-step kinetics, with two prominent peaks at around 419 
210±2.11 °C and 375±2.11 °C. This substantial decrease highlights the thermal degradation 420 
of Pcrol. The thermal degradation profile of Pcrol differs from those typically reported for 421 
poly(phenylene oxide), known for their high thermal stability, usually commencing around 422 
400 ±2.11 °C. Pcrol, characterized as an oligomer with shorter chain lengths, exhibits a 423 
comparatively earlier onset of thermal decomposition (Tessaro et al., 2022; Yang et al., 424 
2010). The primary degradation processes, including chain scission and bond disruption, 425 
predominantly occur within this temperature range. Beyond 300 ±2.11 °C, the weight loss 426 
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band arise from the hydrogen bonding typical of
hydroxyl groups. Its vibration mode is a stretching
motion, defined by the reciprocal movement of oxygen
and hydrogen atoms along the O-H bond (França &
Oliveira, 2022). The aromatic rings of the molecule
present their inherent absorption bands. The stretching
vibrations of the C=C bonds in the aromatic structure
appear in the 1400-1650 cm-1 range. This movement
illustrates the carbon atoms shifting back and forth
along the C=C bond. Additionally, the aromatic C-H
bond stretching results in a band close to 3030 cm-1,
with the hydrogen atoms coordinating with the bound
carbon. Furthermore, the alkyl chain displays various
vibrational modes in the spectrum. The stretching of
the aliphatic C-H bonds, where hydrogen atoms move
back and forth relative to the carbon, is observed
between 2840-2960 cm-1. Also, the bending vibration
of the aliphatic C-H bond, indicating hydrogen
movement at right angles to the bond, is discernible
in the 1350-1470 cm-1 range (Thompson, 2018).

ATR-FTIR analysis of the oligomerized carvacrol
revealed noteworthy features indicative of its
structural changes post-oligomerization. Remarkably,
the principal absorption bands corresponding
to the functional groups inherent to carvacrol
remain discernible in the oligomer's spectrum. This
observation underpins the structural retention of
key functional groups during the oligomerization
process. One of the salient features in the spectrum
of the oligomerized product is the preservation
of the absorption band attributed to the hydroxyl
(OH) group. This conservation suggests the potential
presence of residual carvacrol in the reaction product,
indicating that not all the monomers may have
been fully incorporated into the oligomer matrix.
Furthermore, a comparative analysis between the
monomer and oligomer spectra unveils subtle but
significant changes. The absorption bands in the
oligomer spectrum are slightly broader than those
of the monomer. This broadening is a hallmark
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stabilizes, indicating the completion of the main degradation phase (Chen et al., 2021; I Gi 427 
et al., 2024; Tessaro et al., 2022). 428 
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Figure 10. TGA thermogram and its derivate of Pcrol under N2 atmosphere at a heating rate 431 
of 10 ºC min-1. 432 
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In Figure 11, the DSC thermogram (a representative sample of Pcrol is observed.) exhibits 434 
an endothermic event near 65 ±2.11 °C, which might be interpreted as a glass transition (Tg). 435 
This suggests the presence of an oligomer with rigid characteristics (Tessaro et al., 2022). 436 
Subsequently, a stabilization in the DSC curve is observed, indicating that the sample has 437 
reached a stable thermal state, without showing significant additional phase transitions within 438 
the examined temperature range. 439 
 440 
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Figure 11. DSC curve from the oligomer of carvacrol. 442 

Figure 10. TGA thermogram and its derivate of Pcrol
under N2 atmosphere at a heating rate of 10 ºC min-1.

characteristic of oligomerization, implying that the
carvacrol has indeed undergone a transformation from
its monomeric form to a more complex oligomeric
structure (Ravve, 2012). A slight shift in most of
the signals can be observed. In conclusion, the
ATR-FTIR spectrum offers insights into the plasma
oligomerization process of carvacrol.

3.6 Differential Scanning Calorimetry and
Thermal gravimetric analysis

Figure 10 illustrates the thermal behavior of Pcrol.
Initially, a minor weight reduction is observed below
100 ±2.11 °C, likely due to moisture evaporation
(Tessaro et al., 2022; Yang et al., 2010). A significant
weight loss becomes evident around 125 ±2.11 °C,
continuing up to approximately 400 ±2.11 °C. The
derivative analysis reveals that the thermal degradation
process of Pcrol occurs via a two-step kinetics,
with two prominent peaks at around 210±2.11
°C and 375±2.11 °C. This substantial decrease
highlights the thermal degradation of Pcrol. The
thermal degradation profile of Pcrol differs from those
typically reported for poly(phenylene oxide), known
for their high thermal stability, usually commencing
around 400 ±2.11 °C. Pcrol, characterized as an
oligomer with shorter chain lengths, exhibits a
comparatively earlier onset of thermal decomposition
(Tessaro et al., 2022; Yang et al., 2010). The primary
degradation processes, including chain scission and
bond disruption, predominantly occur within this
temperature range. Beyond 300 ±2.11 °C, the weight
loss stabilizes, indicating the completion of the main
degradation phase (Chen et al., 2021; I Gi et al., 2024;
Tessaro et al., 2022).

In Figure 11, the DSC thermogram (a
representative sample of Pcrol is observed) exhibits
an endothermic event near 65 ±2.11 °C, which might
be interpreted as a glass transition (Tg). This suggests
the presence of an oligomer with rigid characteristics
(Tessaro et al., 2022). Subsequently, a stabilization
in the DSC curve is observed, indicating that the
sample has reached a stable thermal state, without
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Figure 12 illustrates a) the TGA thermogram and its derivative of carvacrol under a nitrogen 444 
atmosphere at a heating rate of 10 °C/min, and b) the DSC curve of carvacrol. Notable 445 
differences are evident when compared to the spectra of Pcrol, highlighting the impact of 446 
polymerization on the thermal properties and stability of the substances. The TGA 447 
thermogram of carvacrol (Figure 12a) demonstrates a gradual weight loss, beginning around 448 
54 ±2.11 °C, indicative of thermal decomposition, whereas the carvacrol oligomer shows 449 
enhanced thermal stability, commencing its degradation at approximately 100±2.11 °C, as 450 
evidenced by higher decomposition temperatures. Furthermore, the DSC curves (Figure 12b) 451 
indicate thermal transitions that vary between the monomer and the oligomer. These 452 
variations include shifts in melting points and the appearance of new transitions, likely due 453 
to crosslinked structures or interactions among polymer chains. 454 
 455 
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CONCLUSION 460 
Cold plasma oligomerization has proven to be an efficient technique for converting carvacrol 461 
into an oligomeric product (Pcrol), with a selectivity of 35 ±0.5%. NMR spectra have shown 462 
changes in protonic and carbonic signals, indicating the formation of an oligomeric structure 463 
in comparison to the carvacrol monomer. The absence of OH groups in the Pcrol spectrum 464 
is indicative of their involvement in the oligomerization site and the formation of phenolic 465 
radicals during the process. MALDI-TOF-MS and GPC analyses show the presence of 466 
repetitive units in the Pcrol chain. The m z-1 values identified for the oligomer chains indicate 467 
that Pcrol is an oligomer (1175 g mol-1) with a polydispersity index of 1.99 ±0.1, which is 468 
consistent with the presence of chains of variable length. ATR-FTIR spectroscopy confirms 469 
the retention of the main functional groups of carvacrol in the oligomer. The appearance of 470 
broad bands in the absorption patterns between the monomer and oligomer reinforces the 471 
evidence of oligomerization. Thermogravimetric analysis (TGA) indicates that Pcrol exhibits 472 
earlier thermal degradation than other comparable polymers (degradation onset at 210 473 
±2.11 °C), suggesting a shorter chain length. These results illustrate that plasma 474 
oligomerization is a viable method for synthesizing oligomers from natural compounds such 475 
as carvacrol. The oligomerization of carvacrol presents a viable pathway for the synthesis of 476 
epoxy resins, capitalizing on the inherent chemical properties of this monoterpene. Carvacrol, 477 

Figure 12. a) TGA thermogram and its derivate of
Carvacrol under N2 atmosphere at a heating rate of 10
ºC min-1, b) DSC curve of carvacrol.

showing significant additional phase transitions within
the examined temperature range.

Figure 12 illustrates a) the TGA thermogram
and its derivative of carvacrol under a nitrogen
atmosphere at a heating rate of 10 °C/min, and
b) the DSC curve of carvacrol. Notable differences
are evident when compared to the spectra of Pcrol,
highlighting the impact of polymerization on the
thermal properties and stability of the substances.
The TGA thermogram of carvacrol (Figure 12a)
demonstrates a gradual weight loss, beginning around
54 ±2.11 °C, indicative of thermal decomposition,
whereas the carvacrol oligomer shows enhanced
thermal stability, commencing its degradation at
approximately 100±2.11 °C, as evidenced by higher
decomposition temperatures. Furthermore, the DSC
curves (Figure 12b) indicate thermal transitions
that vary between the monomer and the oligomer.
These variations include shifts in melting points and
the appearance of new transitions, likely due to
crosslinked structures or interactions among polymer
chains.

Conclusion

Cold plasma oligomerization has proven to be an
efficient technique for converting carvacrol into an

oligomeric product (Pcrol), with a selectivity of 35
±0.5%. NMR spectra have shown changes in protonic
and carbonic signals, indicating the formation of an
oligomeric structure in comparison to the carvacrol
monomer. The absence of OH groups in the Pcrol
spectrum is indicative of their involvement in the
oligomerization site and the formation of phenolic
radicals during the process. MALDI-TOF-MS and
GPC analyses show the presence of repetitive units
in the Pcrol chain. The m z-1 values identified
for the oligomer chains indicate that Pcrol is an
oligomer (1175 g mol-1) with a polydispersity
index of 1.99 ±0.1, which is consistent with the
presence of chains of variable length. ATR-FTIR
spectroscopy confirms the retention of the main
functional groups of carvacrol in the oligomer. The
appearance of broad bands in the absorption patterns
between the monomer and oligomer reinforces
the evidence of oligomerization. Thermogravimetric
analysis (TGA) indicates that Pcrol exhibits earlier
thermal degradation than other comparable polymers
(degradation onset at 210 ±2.11 °C), suggesting a
shorter chain length. These results illustrate that
plasma oligomerization is a viable method for
synthesizing oligomers from natural compounds such
as carvacrol. The oligomerization of carvacrol presents
a viable pathway for the synthesis of epoxy resins,
capitalizing on the inherent chemical properties
of this monoterpene. Carvacrol, which contains a
phenolic hydroxyl group, offers suitable reactivity
for functionalization, allowing the generation of
oligomeric structures capable of crosslinking within
epoxy resin matrices. Furthermore, the oligomeric
characteristics derived from carvacrol can significantly
enhance the mechanical and thermal properties of the
resins, adjusting their flexibility and heat resistance.
In specific applications, epoxy resins enriched with
carvacrol oligomers could exploit the antibacterial and
fungicidal properties of the compound, making them
particularly valuable in sectors like the medical and
food industries, where resistance to microorganisms
is required. This approach not only enhances the
functionality of epoxy resins but also aligns polymer
chemistry with the principles of green chemistry
and environmental responsibility. However, further
research is required to optimize the yield and
efficiency of oligomerization, as well as to explore
practical applications of the developed oligomer.
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