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Abstract: This study provides insights into the stabilization effects of certain oxides (CeO2,
Cr2O3, Cd2O3, In2O3, MnO2, MgO, Nd2O3, and Pr2O3) in styrene–isoprene–styrene triblock
copolymers with respect to neat materials. This study was performed via chemilumines-
cence (CL), which allowed for the determination of the main parameters characterizing
the interphase coexistence: the oxidation induction times, oxidation rates, and onset oxi-
dation temperatures. The improvement in the thermal performances of the pristine and
γ-ray-processed samples at a moderate dose was highlighted differently due to the elec-
tronic interactions on the particle surface. While the non-isothermal CL measurements
pointed to a weaker evolution of oxidation in the studied composites at a higher temper-
ature range over 160 ◦C, the isothermal CL determinations revealed a delayed start of
oxidation, slower oxidation rates, and greater activation energies in the nanocomposite
aging patterns. The different individual behaviors of the investigated formulations were
ascribed to the dissimilar electronic interactions between the particles and the surrounding
matrix, where the oxidation initiators were formed by the molecular fragmentation of the
polymer macromolecules. The kinetic features illustrate the influence of the peculiarities
due to the electronic interactions. The higher resistance shown by the irradiated samples
compared with the non-processed compositions demonstrates the stabilization efficiency
of the fillers studied.

Keywords: styrene–isoprene–styrene; metallic oxides; irradiation; degradation;
chemiluminescence

1. Introduction
Metallic oxide–polymer composites are receiving significant attention due to their

diverse industrial applications. Due to the contributions of fillers, nanocomposites, whose
expanding application ranges are tightly related to their improved properties, are becoming
more competitive alternative sources for several purposes. The structural modifications
that occur in polymers via the addition of inorganic compounds, such as metallic oxides,
have been intensively studied [1–3]. The envisaged goals cover various achievements in
several areas, including medicine, pharmacy, electronics, sensors, environmental applica-
tions, space and aircraft engines, nuclear engineering, and many others concerning smart
products, based on their structural configurations. Polymer nanocomposites developed via
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the inclusion of metallic oxides into the engineering process of thermoplastics and biomate-
rials are considered the products most capable of addressing the degradation stress that
occurs during operative life. Despite the numerous studies analyzing the characterization
of the functional properties of this large class of compounds, durability has scarcely been in-
vestigated as an essential life requirement. The contributions of inorganic fillers in polymer
substrates must be addressed, such as assistance factors, including compatibilizers [4,5]
or oxidation protectors [6,7]. The prediction of the evolution of polymer nanocomposite
degradation can be based on a cylindrical model [8], migration into the broken lattice [9], or
the superficial scavenging [7] of primary fragments that appear due to molecular scission
before their reaction with diffused oxygen.

Despite the inevitable progress of polymer degradation [10,11], additives or fillers take
the degradation mechanism via different routes, either due to the retention of degradation
initiators, delaying the start of the oxidation process [12], or the orientation of radical decay
into their recombination, as occurs during crosslinking [13]. Many factors affect the stability
of nanocomposites. However, due to the thermal strength of the pristine materials [14],
filler nature [7,15], loading polymer blends [16], and diffusibility of fluids [17], the chal-
lenge of the contribution of the minor phase in nanomaterials concerns the limitation of
filler amounts that restrict properties, such as mechanical features or morphology, within
a certain concentration range [18]. Though this limitation can be corrected by narrowing
the particle size distribution or particle surface functionalization, the most meaningful
approach to determining a material’s lifespan is predicting its durability under hazardous
aging conditions [19]. In the application of any nanomaterial, anti-aging protection, avoid-
ing continuous use under certain warranties, and resource conservation are crucial. A
pertinent composition that includes nanofillers as protective agents against oxidation can
preserve the functionality of vulnerable products subjected to permanent degradation [20].
The application areas of nanocomposites can be expanded by comprehensively undertak-
ing quality inspections to characterize their long-term employment, such as in radiation
processing [21]. This polymer nanocomposite qualification procedure initiates oxidative
degradation by contributing free radicals generated at a high local density via the fast and
nonselective fragmentation of macromolecules along the incidental particle tracks. The
initiation of oxidation achieved by this high-energy exposure followed by the propagation
step may be efficiently delayed by adding oxide particles as nanopowders, hindering the
material’s degradation via their scavenging capacity [22].

This class of nanomaterials has several advantages, including improved properties,
easy preparation and simplicity, extended application ranges, adaptability to various new
goals, and availability for smart recycling [23,24]. The preparation and characterization of
compounds consisting of a polymer phase and an inorganic component can be achieved by
applying high-energy irradiation [25,26] to generate appropriate concentrations to initiate
and feed the studied process, i.e., preparation, crosslinking, and degradation.

This study characterized the contributions of several metallic oxides added to a poly-
mer matrix to understand their roles in the nanocompounds. This investigation of isother-
mal and non-isothermal chemiluminescence—a sensitive analytical procedure for the decay
of free radicals—provides interconnected results to elucidate the superficial interactions
between the blended phases and evaluate their stabilization efficiency without any classical
antioxidant. The involved protection activity of each oxide has been presented in previous
studies [7,26]. This subject sprung from the necessity to characterize material composites
that include inorganic oxides as functional fillers. Considering that most manufacturing
technologies are based on oxide catalysts, the present results provide useful information on
the lifespans of polymers.
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2. Materials and Methods
2.1. Materials

The polymer material, styrene–isoprene–styrene (SIS), was purchased from KRATON
Corporation, Jacksonville, FL, USA as a D1119 PT-grade polymer. Its molecular structure
is shown in Figure 1. The component proportion for styrene–isoprene was initially 1:2. It
has been observed that the unsaturation remains after the copolymerization stage, and it
becomes the most vulnerable spot for molecular fragmentation via the energetic transfer
from γ-rays or via heat treatment. The nanoparticles of oxides were prepared starting with
raw compounds (CeO2, Cr2O3, Cd2O3, In2O3, MnO2, MgO, Nd2O3, and Pr2O3) provided
by Sigma Aldrich, Louis, MT (USA), whose purities exceeded 99%. The nanopowders
were obtained by separate milling in a Fritsch planetary unit for 16 h under a permanent
humid atmosphere. After drying at 80 ◦C for 5 h, the powders were heated for 8 h at
1200 ◦C, aiming to achieve morphological homogeneity and stabilization. The fresh oxides
were stored in a desiccator from where the required amounts were used for the sample
preparation. The average particle size was centered around 200 µm.
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Figure 1. The molecular structure of the studied styrene–isoprene–styrene triblock copolymer.

2.2. Sample Preparation

A primary solution of SIS in chloroform (10−2 g mL−1) was prepared via simple
dissolution. Aliquots of 10 mL were separately transferred from this primary solution to
glass flasks, where the appropriate amounts of the oxide powders were added to prepare
polymeric solutions containing 1 wt% of the nanocomponent. To prepare the specimens,
50 µL of each second-round solution was poured into aluminum caps. The obtained
samples were gently dried at room temperature.

2.3. γ-Irradiation and Measurements

The dried samples underwent γ-exposure in an irradiation unit (Ob Servo Sanguis,
Budapest, Hungary) provided with a 60Co source at a dose rate of 0.5 kGy h−1. The
irradiation at 0, 25, 50, and 100 kGy was accomplished via the permanent rotation of
the irradiation room for a homogenous γ-treatment. The stability measurements via
chemiluminescence were achieved immediately after the irradiation treatment, avoiding
the alteration of the results that may occur due to the decay of short-life radicals.

2.4. Chemiluminescence Measurements

The chemiluminescence measurements were carried out with a specialized spectrome-
ter, LUMIPOL 3, produced by the Institute of Polymers, the Slovak Academy of Sciences,
Bratislava (Slovak Republic). The basic principle for detecting the oxidation intermediates
that may have occurred involved recording the quantum numbers using a photomultiplier.
This emission arose from the de-excitation of carbonyl units, which described the oxidation
state of the studied sample (Figure 2). Our measurements were achieved under the follow-
ing conditions: for non-isothermal measurements, the heating rate option was 10 ◦C min−1;
for isothermal measurements, the selected testing temperatures were 140 ◦C, 150 ◦C, and
160 ◦C. These three isothermal parameters were appropriate to evaluate the activation
energy (Ea) values required for the oxidation of the inspected samples with either pristine
or irradiated patterns. The Ea values were calculated based on the Arrhenius method using
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the oxidation induction time (OIT), which indicated the time when any variation in the CL
intensity values could not be measured. For the modification in the oxidation states of the
samples via non-isothermal measurements, the onset oxidation temperatures (OOTs) were
compared. This kinetic parameter indicated the temperature value that determined a signif-
icant increase in the CL emission intensity. It was obtained by crossing the tangent drawn
on the CL curve, where the increase in the CL intensity was evident. The description of the
principles for the CL procedures, the detailed presentation of the degradation mechanism,
and the correlation between the significance of the CL variations and the aging process
have been published in [27]. Due to the errors in the temperature readings (±0.5 ◦C) and
CL intensity recordings (±2%) and the multiplier’s high sensitivity, chemiluminescence
was chosen as a highly sensitive thermal analysis technique with which a researcher can
identify the structural modifications that occurred during the processing and measurement
of a polymer sample.
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3. Results
The progress of the oxidation of polymers can be efficiently slowed down by adding

organic antioxidants [28] or inorganic compounds [29], crosslinking [30,31], or compound-
ing with nanofillers [32]. All these methods are justified by the interaction between the free
molecular fragments of the polymeric substrate and the additive or filler particles before
oxidation begins. The improvement in thermal stability is regularly assisted by adding
various nanoparticles such as carbonaceous powders [33], clays [34], or oxides [7].

Any polymer composition can be characterized using γ-treatment, a versatile version
of degradation assay that provides a convenient accelerated process [35]. The action of
energy transfer onto polymer molecules causes scissions according to the bond tightness.
The vulnerable places where the free radicals initiate oxidation are indicated in Figure 1.
Primarily, the double bonds are broken, in addition to the bonds linking methyl. Besides
the fragmentation of the substrate molecules, the particles can turn the forming radicals
onto the particle surface (Figure 2), where they are attached by hydrogen bonds [36]. The
oxide structures that may be grafted by several compounds [37] can initiate linkages on the
surfaces of the nanoparticles containing oxygen atoms that are available for connections
with protons belonging to the hosting polymer substrate.

A previous investigation demonstrated the radiation stability of styrene–isoprene–
styrene triblock copolymer (SIS) to be unsatisfactory, assessing its compatibilization with
poly(lactic acid) using radiation processing [38]. This strength grade demanded composi-
tional modifications that could be obtained by adding oxide nanoparticles (Figure 3). The
protective action sustained by these oxide nanoparticles was modeled by the chemical
nature of the metal. The addition of the studied powders in the composition of SIS-based
nanomaterials is challenging due to the unexpected effects on the progress of oxidative
degradation in the polymer matrices. The aspects of the CL curves (Figure 3) and the
comparison of the differences between the OIT values of each composition with respect
to the analogous characteristics of the pristine polymer (Figure 4) indicate the importance
of these additives in the formulations of the various plastic products. They did not play a
harmful role.
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Figure 3. The  isothermal CL spectra records for the un‐irradiated SIS nanocomposites. Composi‐

tions:  (a)  pristine  SIS,  (b)  SIS/CeO2,  (c)  SIS/Cr2O3,  (d)  SIS/Gd2O3,  (e)  SIS/In2O3,  (f)  SIS/MgO,  (g) 

SIS/MnO2, (h) SIS/Nd2O3, and (i) SIS/Pr2O3. Testing temperatures: (1) 140 °C, (2) 150 °C, and (3) 160 
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Conversely, they amplify polymers’ thermal resistances, potentially delaying the
propagation rate of the oxidation of polymers that are degraded by the radical-based
mechanism, such as SIS. The extended interface boundary obtained in the preparation of
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nanocomposites enables the advanced scavenging attraction of free radicals on the particle
surface. This study revealed the oxidation prevention of the abundant distribution of
radiolysis products due to the contribution of superficial defects attracting the oxidation
promoters. The large-scale suitability of polymer-based nanomaterials starts with energetic
considerations, which enables the improvement in a product’s durability without alter-
ing its mechanical properties [39]; however, its electrical characteristics are significantly
improved [40]. The formation of oxygenated products is conditioned by the chemistry
of a metal, whose electron density influences the bridging strength. This characteristic
behavior is demonstrated in Figure 4, where the variation in OIT values depended on
the nature of the oxide. This characteristic maintained generally smaller values at 140 ◦C
and very high values at 150 ◦C and 160 ◦C. Hence, the SIS–metallic oxide nanocomposites
became high-performance materials when the higher loading percentage reached 5 wt%, as
occurred with SIS modified with silica nanoparticles [26]. The degradation mechanism was
similar to that with the pristine polymers [41]. If ionic metals are added to the polymeric
matrix, they will act as oxidation promoters [42], and the present oxides will inhibit the
degradation chain. The styrene moieties are very stable because of the conjugation of π
bonds contributed by the benzene rings. The other unit, isoprene, provides radicals, which
support the progress of oxidation without an inhibitor.

Several issues concerning the improvement in material properties in the presence of
nanophases occur; however, in a few cases, the assays cover the evolution of the oxidation
state. Because the understanding of the evaluation of the oxidation degree is correlated
with the variation in the material’s behavior, including its durability, the energetic approach
may define its wearability and availability for certain applications. A detailed investigation
based on isothermal chemiluminescence (Figure 3) allows the calculation of the activation
energies involved in the development of oxidative degradation (Table 1). If the OIT input
values describe the extension of controlling the delay of degradation, the stabilization
involvement of the metallic oxide nanoparticles can be depicted by the activation energy
values (Table 1).

Table 1. Activation energies and their correlation factors.

Composition
Oxidation Induction Time (OIT) (min) Correlation

Factor
Activation Energy,

Ea (kJ mol−1)140 ◦C 150 ◦C 160 ◦C

SIS 75 42 15 0.97584 135

SIS/CeO2 155 73 21 0.98800 148

SIS/Cr2O3 112 44 15 0.99769 150

SIS/Gd2O3 180 56 25 0.99581 147

SIS/In2O3 151 62 32 0.99804 155

SIS/MgO 149 78 35 0.99071 139

SIS/MnO2 182 49 34 0.99938 148

SIS/Nd2O3 115 38 17 0.99749 140

SIS/Pr2O3 142 61 28 0.99956 143

Because all the involved factors, including the molecular susceptibility to scission (the
availability of the particle surface to scavenge and link radicals, the mobility of intermedi-
ates, and the diffusion rate of oxygen), act simultaneously on the advancement of aging, the
listed Ea values reflect the cumulative effect. However, the chemical properties of metals
related to their electronic distributions are essential for certain applications that require
appropriate nanofillers. The Ea figure highlights the limitation of operation conditions to
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the end user. The augmentation in Ea values for the studied nanocomposites with more
than 5 kJ mol−1 indicates the improvement in stability based on the interaction between
the two blended phases.

The γ-exposure of SIS–metal oxide nanomaterials affects only the organic substrate
via the fragmentation of molecular chains. The crystalline lattices of oxides preserve
their stabilization activities. Figure 5 displays all the CL curves recorded at a moderate
temperature (140 ◦C). This conformation reveals the availability of the oxides for their usage
in radiation processing technologies, γ-sterilization, or hazardous conditions wherein the
received energy exceeds the activation energy. The irradiation effects are smoother at
lower doses because the amplitudes of the modifications are less acute as the irradiation is
carried out more rapidly on the investigated nanosystems placed under the spectrum of
the pristine polymer. The lower the position in the CL curve family, the more stable the
product. Although all the oxidation induction times are placed around 10 min, the oxidation
rates mark the differences between the presences of the studied oxides, illustrating the
importance of electronic interactions that reveal the delaying effects during irradiation. In
addition, the height of each curve suggests the quality improvement trend. The integrity
of the powder particles reveals a great advantage of the inorganic structure of protectors
against the hindered phenols or amines, the classical antioxidants, which are consumed by
either degradation or migration onto the outer part of the polymer products.
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Figure 5. The isothermal CL spectra recorded for the SIS-based nanocomposites γ-irradiated at a dose
of 100 kGy. (a) Samples 1–5, with 1 as reference; (b) samples 6–9, with 1 as reference. Compositions:
(1) neat SIS, (2) SIS/CeO2, (3) SIS/Cr2O3, (4) SIS/Nd2O3, (5) SIS/Gd2O3, (6) SIS/Pr2O3, (7) SIS/MnO2,
(8) SIS/MgO, and (9) SIS/In2O3. Testing temperature: 140 ◦C.

Oxides occupy a privileged place within the class of inorganic oxidative degradation
inhibitors, which is disputed by other compounds, such as clays. However, their diversity,
hygroscopic nature, compatibility with polymers, easy preparation of nano-sized particles,
and conveniently low price are serious arguments for their selection in the manufacture of
high-performance and durable items.

The non-isothermal measurements, which provide the theoretical temperatures for
the start of oxidation (Figure 6), show the capacity of metallic oxides to prevent oxidation.
The onset oxidation temperature values vary to a small extent; nevertheless, the evolutions
of the CL intensities present various slopes. The higher positions of CL curves recorded
for the control (neat polymer) samples demonstrate that the pristine SIS was oxidized
faster at higher temperatures than for any other investigated SIS-based composites with
metallic oxides.
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Their contributions led to an improvement in thermal strength in the high temperature
range. This behavior is the main characteristic of the strong interaction between the
two phases: the polymer and filler particles. The protection offered by the metallic oxides
consists of a decreased oxidation rate when the nanocomposites are added for other benefits,
e.g., the modification of the composite’s electrical properties. In Figure 6g,h, the distances
between the curves for the pristine polymer are further from those for the composites,
proving the protective action of the oxides during advanced exposure (100 kGy). It is easy
to extrapolate this influence for thermal conditions, where overheating can destroy the
integrity of the products. All the oxides have a specific influence on the preservation of
the oxidation state, which depends on the superficial electronic density and specificity
in the adsorption of oxygen. Regarding technological conditions, the requirement of an
antioxidant may be disregarded when a higher thermal regime must be applied.

The connection between the soft-loaded metallic oxides in the composite compositions
allows the qualification of the protection on the metallic surfaces where the items are placed
for their sealing purposes. Due to the large interaction surface inside the polymer bulk, the
oxide content plays a double-protection role with respect to the hosting polymer and the
contact surface.

4. Discussion
A detailed analysis that emphasized the stabilization character of inorganic fillers

was reported in [43]. Most of the articles on the beneficial effects of oxides on materials’
functional properties did not characterize the lifespans of the resulting materials [44–46].
The contribution of the surface activity in the interaction between the polymer phase
and the oxide loading, such as the propagation of polymerization [47], the preservation
of compositional integrity [48], the health care of medical wear [49], the manufacture of
high-performance electrical materials [50], and the preservation of the environment [51],
have been reported. However, other published studies have addressed the materials’ stabil-
ity based on the phase interactions [52,53]. These studies present a common feature; the
improvement in material properties is based on the progress of the association processing
on the surfaces of the inorganic particles. The stabilization of various composite candi-
dates belonging to the category of high-performance composites depends on the strategic
availability of filler particles to form joining bridges [54]. These bonds are promoted by the
creation of penetration holes in the particle structure, which allow the diffusion of radicals
into the inorganic lattice [55]. The most illustrative examples of the interaction between the
surfaces of oxide particles and various chemical structures are catalytic processes, where
the feeding material is different from the outlet products [56].

The survey results presented in the previous section are the consequence of the superfi-
cial coupling of polymer fragments before their oxidation. The general view in Figure 3 and
Table 1 highlights the contribution of the oxide particle surfaces to lowering the oxidation
rates in the degradation initiation stage. A stabilization feature of these inorganic oxide
fillers is their behavior at high irradiation doses. Two processes simultaneously occur at an
exposure at 100 kGy: the radiolysis of the polymer phase, which is characterized by the
fragmentation of macromolecular chains, and the formation of several lattice defects that
act as radical scavengers. Figure 6 demonstrates that the progress of these separate effects
leads to the efficient retention of free radicals, whereby the relatively high-temperature
assay (140 ◦C) provides all the isothermal chemiluminescence spectra of the composites
under the spectrum recorded for the pristine polymer. The analogous proofs for the thermal
stability of the studied composites are provided due to the attraction of divided moieties by
superficial traps, which place the non-isothermal spectra of all the γ-irradiated composites
under the similar curve of the neat polymer (Figure 6). Hence, the reactivity of the radicals
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with respect to diffused oxygen is efficiently restricted. This statement recommends the
pre-irradiation of the filler before its addition into composite formulations, avoiding the
early aging of the polymer phase. This advantage of the radiation treatment would increase
the lifespan of the composites.

The essential criterion for selecting a functional filler is its contribution to strength-
ening the material structure when the inorganic component ensures its durability [57].
According to the progress in radiation technology, the suggested improvement in high-
energy irradiation increases the stabilization activity, which is provided by the inorganic
loadings of composites [58]. The reported results demonstrate the composites’ remarkable
thermal resistance, which may be a challenge, as demonstrated by the transformations.
This innovative procedure that extends the composites’ lifetimes provides promising new
competitive products with unforeseen applications.

Some researchers, for example [59], who studied the consequence of conjugation
involving electron-rich nitrogen atoms in polar solvents, have found an association between
various entities existing in the environment and the added electrolytes. Degrading polymers
may demonstrate a similar situation, where the competition between the oxidation of the
studied structure and the scavenging of fragments characterizes the material’s stability. In
these cases, such as in the aging of polymers via various processes (thermolysis, photolysis,
and radiolysis), the interaction within a denser electronic space is attracted by free orbitals.
However, an unpaired electron belonging to a free radical (a fragment born via molecular
scission) is scavenged by scanty electron zones. In polymers, these kinds of spots may
concern an atom with free inner orbitals and lattice defects.

Another similar interaction between a degrading polymer and filler consisting of
inorganic complexes promotes real stabilization activity [60]. The attraction of free radicals
is assisted by the central metal, which has unfilled inner electron orbitals. This contribution
extends the lifespan of the polymer, which is directly related to the nature of the ligands.
Their influence may be altered by the duration of the oxidation induction time, which
characterizes the material’s stability. The stabilization efficiency depends on the electric
field surrounding the central metal, which is created by the ligands. Though the ligands
form a spatial barrier, the jointed fragments are drawn out from the degradation chain.
Consequently, the inorganic complexes act as efficient oxidation-resistant protectors.

The stabilization activities of the studied oxides are similar to those of chain-breaking
antioxidants, but the substitution of protons is replaced by the scavenging of polymer frag-
ments produced by molecular scissions. The most illustrative examples are fire-retardant
polymer composites [61]. The additional stability reached in the presence of certain inor-
ganic oxides measures the attained safety. The propagation of heat damage associated with
the oxidation and burning of the polymer is assured with the intervention activity of the
oxide fillers, which pull out the free radicals resulting from the energy deposited on the
macromolecules. The material integrity is conditioned by the filler particles’ ability to catch
the oxidation initiators. The size of particles is the main characteristic because the extension
of the total interface surface determines the degree of stabilization [62].

The presence of metal oxides in the formulations of the studied composites indicates a
solution for improving stability to recycle medium-aged polymeric wastes. The extension of
polymer recycling would reduce the consumption of new products by substituting primary
products by 80% in reformulated materials [63], which would be possible due to the circular
economy and appropriate technologies using classical or irradiation procedures.
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5. Conclusions
This study discussed the protective effects of metallic oxide (CeO2, Cr2O3, Cd2O3,

In2O3, MnO2, MgO, Nd2O3, and Pr2O3) particles on a hydrocarbon polymer subjected to
accelerated degradation initiated by γ-irradiation. The main study findings are as follows:

The isothermal chemiluminescence measurements illustrate the antioxidative protec-
tion activities with longer oxidation induction times and lower oxidation rates; meanwhile,
the non-isothermal chemiluminescence determinations provide proof of the stabilization
effects with higher onset oxidation temperatures and slower oxidation degrees at tempera-
tures exceeding 150 ◦C.

The specific contribution to the amplitude of oxidation retardation in hydrocarbon
polymers such as SIS is related to the electronic density of the metal and the attachment
strength of the degradation intermediates.

The values of the activation energy required for the passivation of the polymer prove
the presence of interphase interactions, which determines the potential activity of metallic
oxides for the abstraction of free radicals from the chain of oxidative degradation.

The advanced degradation induced by γ-exposure does not alter the capacity of the
studied oxides, even at 100 kGy, which is the technological dose for the radiation processing
of polymers.

This study’s results may be considered for any hydrocarbon polymer that is degraded
via the radical mechanism.

The advantages of using metallic oxides instead of classical antioxidants include their
stability under degradation, their inertness with respect to their consumption via diffusion,
their long-life operation, and their contributions to the functional characteristics of the
polymer substrate.

This research opens a new direction for improving polymers’ durability, illustrating
the optimization of anti-aging protection.
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58. Żenkiewicz, M.; Rauchfleisz, M.; Czupryńska, J.; Polański, J.; Karasiewicz, T.; Engelgard, W. Effects of electron-beam irradiation
on surface oxidation of polymer composites. Appl. Surf. Sci. 2007, 253, 8992–8999. [CrossRef]

59. Shi, Y.; Shao, J.; Wang, J.; Guo, R.; Li, Z.; Li, N.; Zhang, Q.; Chu, L. Solvent-induced polyelectrolyte conjugation for fluorescence-
dependence solvent detection. Adv. Funct. Mater, 2024; Early View. [CrossRef]
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