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ABSTRACT

The effect of incorporating a dopant material into a silicone polymer was analyzed when exposed
to low-pressure air plasma. Square composite samples of silicone rubber (Momentive RTV615)
were used. Five undoped samples and five samples doped with fumed silica (Si02) nanoparticles
(Aerosil R812) at a concentration of 1.0% of the total volume were used. The plasma was applied
in a vacuum chamber (20 Torr) and generated (20 mA, 4000 V) using a high-voltage source
(SPELLMAN SL600). Five plasma exposure times were considered (0.0, 1.0, 5.0, 10.0, and 15.0
min). In general, incorporating the dopant modifies the polymer's initial properties. It reduces
changes in response to plasma treatments, attenuates degradation, stabilizes hydrophobicity, and
moderates optical changes. The dopant is an effective option for controlling and optimizing the
response of surface-modified polymers to plasma. The influence of its volume on the variables of
interest remains to be analyzed.

Keywords: Percentage mass loss; hydrophobicity; transmittance; polydimethylsiloxane.

INTRODUCTION

The modification of polymer surfaces is highly relevant today due to its direct impact on key
properties, including hydrophobicity, surface energy, adhesion, and chemical functionality. These
modifications directly affect the advanced applications of these polymers across multiple areas of
knowledge.

Polymers, while possessing attractive intrinsic properties (lightweight, elastic, and easy to process),
are often chemically inert at their surfaces, which limits their performance in applications that
require controlled interaction with liquids or other materials [1]. Among the most studied polymers
is silicone, especially in the form of silicone rubber. This polymer is notable for its natural
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hydrophobicity, making it useful for protective and insulating coatings, but it also poses challenges
when surfaces with greater affinity or surface functionality are desired [2].

One strategy considered for adjusting the functional properties of polymers involves incorporating
dopants into the polymer matrix of interest. The addition of nanoparticles or dopants can
significantly alter the properties of the resulting composite, including hydrophobicity, electrical
conductivity, and mechanical response. In the case of silicon doped with metal oxide nanoparticles
(e.g., TiO2, CeOs, or carbon black), recent studies have observed variations in surface topography
and wetting behavior that can even lead to superhydrophobic states when combined with
appropriate micro- or nanostructural roughness [2-6].

Concurrently, low-pressure plasma treatments have proven effective for modifying the surface
characteristics of polymers without affecting their bulk properties. Non-thermal plasmas generate
reactive species (radicals, ions, electrons) that interact with the polymer surface, causing bond
breakage, the introduction of polar functional groups, and, to some extent, the removal of
contaminants; this leads to measurable changes in surface free energy and contact angle [7-9].
These studies have shown that air plasma treatment can modify the hydrophobicity of polymeric
materials, rendering them more hydrophilic or hydrophobic, depending on the parameters used
(exposure time, power, pressure) and the plasma gas composition.

The combination of polymer doping and plasma treatments opens a field in which not only can
surface properties be adjusted, but also specific effects on the material's internal structure and its
response to the plasma can be explored. Doped polymeric materials can exhibit changes not only
in surface hydrophobicity but also in the distribution of functional groups and in the chemical
response to plasma species, which can influence the stability of the modification and hydrophobic
recovery over time [10]. Plasma functionalization studies indicate that incorporating oxygenated
or fluorinated groups via reactive gases (oxygen, nitrogen, or fluorine-containing gases) can create
highly functional surfaces with improved adhesion or increased water repellency [11].

Doping silicone polymers with low-pressure air plasma suggests a route to modify surface
properties, especially for applications in smart coatings, biomedical devices, and sealing or
encapsulation systems that demand optimized surface properties. Therefore, this study aims to
determine the influence of a dopant on a silicone polymer after low-pressure air plasma treatment.

EXPERIMENTAL METHODOLOGY

Study Polymer. Square composite samples measuring 1.0 cm on each side and 0.05—-0.06 cm thick
were used. These samples were obtained from a larger polymer measuring 6.0 cm on each side and
0.3 cm thick, with a silicone rubber matrix (Momentive RTV615), as shown in Figure 1.
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Figure 1. Figure 1. Doped polymer with dimensions of 6.0 cm per side and 0.3 cm thickness from
which the study material was obtained.

Five undoped samples and five samples doped with fumed silica (Si02) nanoparticles (Aerosil
R812) at a concentration of 1.0% by volume were considered. The initial polymer (doped and
undoped samples) was prepared while the material was still in the liquid phase. For the doped
samples, the dopant material was mixed using high-shear mechanical mixing (HS). Subsequently,
the samples were consolidated by hot pressing (HP). All study samples were cleaned with ethanol
one day before exposure to plasma.

Experimental setup. Figure 2 shows a schematic of the experimental apparatus used. It consists
of a hermetically sealed glass chamber, two aluminum electrodes (a tip and a rectangular base), a
vacuum system (digital vacuum gauge: CPS, vacuum pump: LABCONCO), and a high-voltage
power supply (SPELLMAN SL600).

The negative electrode is located at the bottom of the chamber, while the positive electrode is
located at the top. The composite sample of interest is placed between both electrodes, so that it is
directly exposed to the plasma generated during the treatment. Each sample is exposed to plasma
for a specific time. After this time, the treatment is stopped, and the sample is removed.

PIASME e (¥) High-voltage
power supply
Polymer .
sample é
Vacuum g Reaction
system " e

Figure 2. Schematic of the experimental device for plasma treatment.

Exposure of polymers to air plasma. The plasma treatments of the samples of interest consisted
of exposing each polymer sample to low-pressure air plasma (20 Torr) for a specific time. The
plasma generation parameters were fixed (20 mA, 4000 V), as was the distance between electrodes

40

DI0IS[O) Registro ISSN 2448-8186
BY NG SA DOI:10.19136/Jeeos.al0n3.6695



&

A @ Journal of Fnergy, Enginecring,

TgE%?.@i Optimization and Sustainability Alarcon Hernandez F.B. !
) 2 Vol.3 Num 10 2026 pag. 38-52

(1.0 cm). The variable that determined each treatment was the polymers' exposure time to the
plasma, along with whether the material was doped or undoped. Table 1 presents the values
considered for each treatment.

Table 1. Plasma exposure time values used according to treatment

Sample Exposure time (min)
Control sample 00.0
1 01.0
2 05.0
3 10.0
4 15.0

Measurement of variables of interest. The changes generated in the study samples due to the
dopant and the exposure time to the plasma treatments were determined by measuring the change
in mass (analytical balance: AE-ADAM, model PW254), hydrophobicity (sessile droplet
technique, digital microscope: Black 1600X Microscope), and infrared transmittance (Alpha FITR
spectrometer, Bruker Optics).

Specifically, hydrophobicity was determined by measuring the internal angle between the surface
of interest and a droplet of distilled water (a small angle indicates a hydrophilic surface, a large
angle indicates a hydrophobic surface), as shown in Figure 3.

Figure 3. Measurement of the contact angle (hydrophobicity)

RESULTS

Exposure of the polymers to air plasma produced different effects in the doped and undoped
samples, depending on the exposure time. The results for mass loss, changes in hydrophobicity,
and infrared transmittance spectra for all samples are presented.

Percentage change in mass. Figure 4 shows the behavior of the percentage change in mass of the
doped and undoped samples of the polymer under study. It can be observed that, for both polymers,
there is mass loss as a function of exposure time, regardless of whether the material was doped.
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Figure 4. Percentage change in mass of the polymers of interest as a function of exposure
time and the presence of the doping

In particular, it can be observed that both polymers (doped and undoped) showed greater mass loss
as exposure time increased. However, for the doped material, the mass loss percentage was lower
at all plasma exposure times (01.0, 05.0, 10.0, and 15.0 min). These results show that doping
material inhibits the percentage of mass loss.

Hydrophobicity. The hydrophobicity of the samples (doped and undoped) exposed and unexposed
to plasma was determined by measuring the contact angle formed between the surface of interest
and the water droplet. The larger the measured angle, the greater the hydrophobicity.

Figure 5 shows the measured angle values for the respective materials studied.
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Figure 5. Angle measures as a function of exposure time to air plasma

From the graph, it can be observed that exposure to air plasma decreases the water contact angle
in both polymers at all times, indicating reduced surface hydrophobicity, especially at short
treatment times. The undoped polymer initially exhibits greater hydrophobicity and a more
pronounced response to plasma, reaching a maximum reduction in contact angle after 1.0 minute
of exposure. In contrast, the doped polymer shows a more moderate decrease, suggesting that
doping limits or stabilizes the plasma-induced surface modification. At longer exposure times, a
progressive increase in the contact angle is observed in both materials, approaching the initial
values. Both doping and exposure time significantly influence the polymer's hydrophobicity.
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Infrared Transmittance. Figures 6 and 7 show the total transmittance spectra of the polymers
under study (doped and undoped, respectively) after plasma exposure. Apparently, no difference

is observed between the spectra for the different exposure times of each polymer.
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Figure 6. Infrared transmittance of the doped polymer after exposure to plasma for different times.
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Figure 7. Infrared transmittance of the undoped polymer after exposure to plasma for different times.

An analysis of both figures (Figures 6 and 7) at wavenumbers between approximately 565 and 625
cm™ and 1620 to 1650 cm™ reveals different intensity behaviors, as shown in Figures 8 and 9
(doped polymer) and Figures 10 and 11 (undoped polymer).

When comparing the infrared transmittance intensity of the doped materials across different
exposure times, both figures (Figures 8 and 9) show that the transmittance changes with exposure
time. The highest transmittance is observed for the material exposed to the plasma for the shortest
time (1 min). As the exposure time increases, the transmittance decreases until it approaches the
value of the control sample.

For the undoped material (Figures 10 and 11), the control sample (0.0 min) exhibits the highest

transmittance intensity in both intervals. In this case, transmittance decreases as plasma exposure
time increases.
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Figure 8. Infrared transmittance of the doped polymer after different plasma exposure times.
Range (565 to 625 cm™).
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Figure 9. Infrared transmittance of the doped polymer after different plasma exposure times.
Range (1620 to 1650 cm™).
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Figure 10. Infrared transmittance of the undoped polymer after different plasma exposure times.
Range (565 to 625 cm™).
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Figure 11. Infrared transmittance of the undoped polymer after different plasma exposure times.
Range (1620 to 1650 cm™).

The dopant and plasma exposure times alter the transmittance intensity of the polymers. Figures
12 and 13 show the maximum transmittance values for both polymers (doped and undoped) at
wavenumbers 593.51 cm™ and 1637.78 cm™!, respectively; these figures illustrate the effects of the
dopant and plasma exposure time on transmittance.

In both figures (12 and 13), specific results are observed. The transmittance is always higher for
the undoped material than for the doped material at all plasma exposure times. The transmittance
value decreases as the plasma exposure time increases. The greatest difference in transmittance
value between the two materials is observed for the sample without plasma exposure. The doping
material alters the initial transmittance and mitigates the plasma's effect, making the material more
resistant to modifications induced by the discharge.
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Figure 12. Infrared transmittance values for doped and undoped polymers as a function of plasma exposure
time at a specific wavenumber.
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Figure 13. Infrared transmittance values for doped and undoped polymers as a function of plasma exposure
time at a specific wavenumber.

DISCUSSION

Air plasma treatments generate reactive species (radicals and ions) that trigger physicochemical
processes in the material under study, such as functionalization with oxygenated groups, generation
of free radicals via polymer chain cleavage, and removal of contaminants or additives. These
modifications can alter roughness, induce variations in crosslinking density, and significantly
increase surface energy, thereby enhancing the substrate's wettability [12, 13]. In the specific case
of silicone polymers (polydimethylsiloxane, or PDMS), the substitution of methyl groups with
reactive oxygen results in a passivation layer rich in glassy Si—O—Si bonds, which modifies the
optical transmittance properties [14]. The prevalence of these mechanisms depends on the process
kinetics and ionization density, with primary functionalization often transitioning to degradation
or crosslinking under higher-power regimes or longer exposure times [15, 16]. The hydrophobic
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recovery phenomenon also persists, partially restoring the initial surface characteristics after
treatment [17].

It is observed for both materials (doped and undoped) that the percentage of mass loss increases
with increasing plasma exposure time. For short exposure times (5.0 min), the percentage of mass
loss is low in both cases, indicating that the processes are superficial and gradually increase. This
behavior is explained by the interaction of reactive species in the low-pressure air plasma (ions,
radicals, electrons) with the polymer surface, breaking bonds and generating gradual material
removal (etching). These physical and chemical effects are highly dependent on the exposure time
and the energy supplied to

the ionizing gas (ion bombardment, oxidation, UV radiation) [18]. At the molecular level, the
interaction of plasma with PDMS involves cleavage of the siloxane (Si—O) and methyl (CHs) bonds
in the polymer chain, followed by the formation of volatile oxidation products. Furthermore, the
presence of silica nanoparticles can locally modify the density of reactive species and the energy
distribution on the surface, influencing the surface ablation rate and the etching effect, thus
modulating the mass loss between the doped and undoped material as the treatment duration
increases [19].

Likewise, the bombardment of energetic plasma ions causes sputtering or microetching, processes
that intensify with plasma exposure time and account for the increase in percentage mass loss
observed in both data curves [19]. Chemically, oxygen or nitrogen radicals formed by ionizing the
air used can interact with the organic matrix of PDMS, forming transient bonds that break, releasing
volatile fragments (ethylene glycol, silicon oxides) that are evacuated in the vacuum system,
contributing to surface degradation of the materials [2].

The observed trend (percentage mass loss) can also be attributed to structural modifications in the
PDMS surface layer, including plasma-induced cross-linking and subsequent microcrack
formation and local embrittlement. These processes facilitate the removal of chain segments when
the polysiloxane network is sufficiently damaged, especially in the presence of strain concentrators
associated with silica nanoparticles, which act as fracture initiators under high plasma species
density [2]. Taken together, ionic etching, chemical oxidation, and polymer network modification
explain the progressive mass loss, which intensifies with increasing exposure time to low-pressure
air plasma, but is less pronounced in the doped material. In other words, the incorporation of dopant
particles helps attenuate the material's mass loss.

Regarding the change in hydrophobicity in both materials, it was observed that doping with R812
nanoparticles in the silicone polymer modifies surface hydrophobicity both before and after plasma
treatment. This can be deduced from the measured contact angles (angles greater than or equal to
90° indicate a hydrophobic surface).

When the materials are not exposed to plasma (0.0 min), the undoped sample exhibits a larger angle
(~111.7°) than the doped sample (~100.2°), suggesting that the dopant initially reduces surface
hydrophobicity slightly. This is likely due to the interaction between the dopant nanoparticles and
the silicone matrix, which modifies the surface topography and energy without further treatment.
The above behavior is consistent with research showing that the incorporation of nanoparticles into
a polymer matrix can change surface roughness and energy, varying the contact angle measurement
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depending on the size, dispersion, and surface chemistry of the particles (PDMS with SiO2 showed
angle variation according to nanoparticle content and size) [20].

Plasma treatments generate changes with similar trends, but of varying intensity, in the materials
(doped and undoped). In the undoped samples, the plasma causes a very pronounced drop in the
contact angle in the first few minutes (from 111.7° to 60.3° at 1.0 min), indicating a strong
generation of polar functional groups and an increase in surface energy that makes the surface more
hydrophilic, as often occurs with air or oxygen plasma treatments that introduce oxygenated groups
and temporarily increase the wettability of some polymers, in this case, PDMS [2].

For the doped samples, although there is also an initial reduction in the angle at the beginning of
the treatment (from 100.2° to 83.9° at 1.0 min), this decrease is less extreme than in the undoped
samples, and the contact angles of the doped samples recover more rapidly to hydrophobic values
(~99.7° at 15 min), approaching their initial state. In general, it is observed that the doping material
introduces a certain degree of stability to

the hydrophobicity under plasma treatments.

This behavior can be explained by the fact that silica nanoparticles, especially when dispersed,
generate a rougher, more heterogeneous surface topography that favors the recovery or
preservation of hydrophobicity after post-plasma surface reorganization. This has been observed
in nanocomposites where the nanoparticles increase water repellency by increasing roughness and
creating Cassie-Baxter-type wetting states (air trapped between micro/nanostructures) [20].
Plasma treatment has been observed to activate polymer surfaces by introducing polar groups. At
long exposure times or after surface reorganization of the polymers, these effects (changes in
hydrophobicity) can be mitigated by molecular rearrangement. This effect is favored by the
presence of nanometric particles that stabilize surface roughness and reduce the mobility of
polymer chains at the interface [2]. Taken together, these results suggest that the SiO. dopant
attenuates the transformation induced by plasma treatments and promotes faster recovery to the
initial state, likely due to a combination of physical (roughness) and chemical (particle-polymer
interaction) modifications at the material's surface.

Considering the changes in infrared transmittance of the doped and undoped polymer samples, it
can be observed that the values are modified. In both cases, the transmittance generally decreases
with increasing plasma exposure time, indicating that the material has undergone chemical and/or
structural modifications at its surface or near-surface region, which increase the absorption of
infrared radiation. In particular, plasma treatment often induces the formation of new polar
functional groups such as —OH, C=0, Si—O-Si, or Si—OH, depending on the polymer and the
plasma gas. In the specific case of PDMS, it causes the breaking of Si—~CHs bonds and the formation
of Si—0, Si—OH, or oxidized bonds, increasing infrared absorption and thus reducing the recorded
transmittance. Oxidation, crosslinking, or surface densification processes also occur, all of which
are associated with additional or more intense vibrational modes that absorb energy in the infrared
[21, 22]. Furthermore, the reduction in transmittance may be related to an effective increase in the
absorption coefficient resulting from the thickening of a plasma-modified surface layer, often
described as an oxidized or oxide-like layer. In some cases, the plasma can also generate
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microdefects, roughness, or changes in optical density, thereby increasing scattering and reducing
the amount of transmitted radiation.

On the other hand, when PDMS is doped with silica nanoparticles, these SiO> particles can serve
as additional oxidation and functionalization sites, facilitating surface reactions and generating
additional vibrational states that absorb infrared radiation.

This results in a smaller net change in transmittance than in pure PDMS, due to the effects of solid
packing and possible saturation of reactive sites [22].

Furthermore, the more moderate decreasing trend in the doped samples indicates that the silica
matrix may be promoting a more stable plasma energy distribution and reducing the rate of surface
chemical modification, consistent with studies of polymeric composites with fillers that show lower
sensitivity to plasma effects but with surface changes detectable by FTIR [22].

Overall, it can be inferred that plasma exposure induces surface oxidation and increases the
abundance of polar groups that absorb more efficiently in FTIR, reflected in reductions in
transmittance. Likewise, the dopant moderates these changes by acting as an interaction and
redistribution site for reactive species, leading to a less pronounced spectral evolution over time.

CONCLUSION

Exposure of the polymer (doped and undoped) to plasma generates progressive modifications that
depend on time and the presence of the doping material. The magnitude and kinetics of these
changes differ significantly between the doped and undoped samples.

In both experiments, a percentage mass loss associated with etching, oxidation, and ion
bombardment mechanisms is observed. The doped polymer consistently exhibits less mass loss at
all exposure times. Regarding hydrophobicity, both polymers exhibit an initial decrease in contact
angle after plasma exposure, attributed to the incorporation of polar functional groups and the
resulting increase in surface energy. However, the doped polymer exhibits a weaker response and
a faster recovery to values close to the initial ones as the treatment time increases. Both behaviors
(percentage mass loss and change in hydrophobicity) are evidenced by infrared transmittance
measurements, confirming that the plasma induces detectable structural and chemical changes in
both materials, reflected in a decrease in transmittance with exposure time. Similarly, the doped
polymer exhibits a more moderate attenuation of transmittance intensity.

Taken together, these results demonstrate that incorporating the dopant not only modifies the initial
properties of the polymer but also reduces changes in response to plasma treatments, attenuating
degradation, stabilizing hydrophobicity, and moderating optical changes. From this perspective,
the dopant appears to be an effective option for controlling and optimizing the response of plasma-
modified polymers. Further analysis is needed to determine the influence of the dopant volume in
the polymer on the variables of interest.
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