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Abstract: The plasma polymerization of hexamethyldisiloxane (HMDSO) leads to the environmen-
tally friendly fabrication of water-repellent coatings through a vapor-phase surface functionalization
process using alternatives to the controversial perfluoroacrylate precursors. However, the durability
of these coatings is their Achilles’ heel, which requires an in-depth study of the relationship between
the structure and properties of these thin films in order to propose concrete solutions for the fabrica-
tion of fluorine-free water-repellent textiles. In this context, HMDSO plasma polymers have been
deposited on cotton fabrics in an original reactor that allows easy tuning of temporal and spatial
parameters of the glow discharge. The functionalized fabrics were characterized to gain insights into
the chemical composition of the coatings, their morphology and, above all, their adhesion properties.
Interestingly, the results after washing tests revealed a significant dependence of the durability of
the superhydrophobic property on the elastic modulus of the deposited polymer. The formation of
some radicals at the substrate–thin film interface in the early stages of deposition also correlates with
some results. These relationships between the operating conditions of the plasma polymerization, the
interfacial properties and the performances of the functionalized fabrics, but also the characterization
methodology developed in this work, can undoubtedly serve the engineering of water-repellent
fluorine-free coatings on fabrics with optimal durability.

Keywords: HMDSO; low-pressure plasma polymerization; superhydrophobic coating; cotton fabrics;
thin film; durability; washing resistance

1. Introduction

Inspired by nature [1–3], the development of synthetic superhydrophobic surfaces
is of major concern for the textile industry to achieve water-repellent and self-cleaning
properties of its products [4]. Basically, such superhydrophobic surfaces can be obtained
by considering two major issues: preparing a dual-scale textured surface and lowering
the surface energy via chemical modification. While the inherent structure of the fibers in
textile fabrics already contributes to the desired hierarchical structuring of the material,
especially in the case of nanostructured fibers [5], their chemical surface modification is
a crucial step to achieving superhydrophobic properties. The deposition of a low surface
energy coating can be performed, for instance, by using polymer grafting [6–8], sol−gel
technique [9,10], dip-coating [11], spray-coating [12,13], chemical vapor deposition [14,15],
or plasma treatments [16–19]. Among these techniques, the plasma polymerization process
has been identified as a good candidate to engineer such coatings. Indeed, this chemical
vapor-phase deposition technique basically leads to the formation of polymer thin films,
typically having a thickness of a few nanometers to a few microns, that can be deposited

Coatings 2023, 13, 1827. https://doi.org/10.3390/coatings13111827 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings13111827
https://doi.org/10.3390/coatings13111827
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0009-0001-9895-4958
https://orcid.org/0000-0003-4140-053X
https://doi.org/10.3390/coatings13111827
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13111827?type=check_update&version=1


Coatings 2023, 13, 1827 2 of 14

onto the surface of materials, possibly having relatively complex geometries [20,21]. The
use of cold plasma makes possible the treatment of a wide variety of materials, including
heat-sensitive materials such as synthetic polymers or cotton, which are widely used in
the textile industry [22,23]. Furthermore, this technique is considered to be an environ-
mentally friendly process that does not require the use of solvents. Depending on the
choice of organic precursor and the operating conditions used, the nature of the functional
groups present in the polymer coating can be tailored to achieve the desired surface chem-
istry [24]. For example, by modifying the energy supplied to the precursor, different plasma
chemistries can be generated, resulting in different chemical compositions and physical
properties of the plasma polymer, which ultimately affect the coating performances [25,26].
Pulsed plasma polymerization, consisting of generating pulses of plasma discharge, is
commonly used to reduce the total energy supplied to the precursor. In this way, a temporal
control of plasma polymerization can be achieved [27,28]. In addition, it is well-described
in the literature that the deposition mechanisms of plasma polymers depend on the po-
sition of the sample within the reactor. For instance, it is known that performing plasma
polymerization in the post-discharge zone (also known as remote plasma deposition) limits
the crosslinking of plasma polymers since fewer ions are found far from the glow dis-
charge, thus leading to spatial control of plasma polymerization [29]. Consequently, the
composition of the plasma discharge depends on a multitude of parameters, such as the
power supplied by the electromagnetic wave generator, the pressure in the reactor, and the
temporal and spatial parameters of the discharge [30,31].

Several precursors have been reported to deposit superhydrophobic coatings at low and
atmospheric pressure, including hydrocarbons [32,33], fluorinated compounds [16,34,35] and
organosilicon compounds [36–38]. Although fluorinated compounds with C8 chemistry
(with ≥8 fluorinated carbon atoms) are among the most widely used in plasma treatments
to produce superhydrophobic textiles, these precursors are banned by European regulations
and need to be replaced due to their harmful effects on health and the environment [39]. Sil-
icone chemistry has gained attention to provide alternatives to fluorinated compounds, and
hexamethyldisiloxane (HMDSO) is one of the most widely used organosilicon precursors
to obtain superhydrophobic coatings because of its suitable vapor pressure, low toxicity,
commercial availability, and convenient deposition rate. In addition to water repellency, the
durability of this property is a requirement, as textiles are subjected to numerous washing
cycles, which cause significant mechanical stress. Although some studies have provided
data to address this issue for HMDSO plasma polymers [21,40–42], the factors governing
the adhesion and cohesion of the superhydrophobic thin films on textile fabrics remain
unclear. This lack of understanding is all the more disturbing given that the durability of
HMDSO plasma polymers is often considered to be one of their weak points, particularly
when compared with fluorinated coatings.

Therefore, our contribution in this field focuses on the attempt to understand the
role of a spatial and temporal parameter of the plasma discharge on the performance and
durability of the superhydrophobic coatings synthesized via the plasma polymerization of
HMDSO on cotton fabrics. For this purpose, low-pressure (pulsed) plasma polymerization
of HMDSO has been performed by placing the textile sample at different positions relative
to the plasma discharge and by varying the duty cycle of the generator, thus controlling the
plasma pulse time. The properties of the HMDSO plasma polymers were systematically
studied using infrared and X-ray photoelectron spectroscopies and water contact angle
measurements. The durability of the coatings was then tested by performing standard
washing cycles and analyzing the samples after washing. An attempt is made to provide
quantitative data on the properties that determine the resistance of the coating, namely
its cohesion and adhesion to the cotton fabric. More precisely, the mechanical properties
of the HMDSO plasma polymers have been investigated using atomic force microscopy,
and electron paramagnetic spectroscopy has been tested to try to detect the formation of
radicals on cotton in the early stages of polymerization. All these data help to understand
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the main parameters that determine the resistance of the coating to washing and, thus, the
durability of the water repellency.

2. Materials and Methods
2.1. Deposition of HMDSO Plasma Polymer by Plasma Polymerization

Hexamethyldisiloxane (HMDSO), C6H18OSi2, (≥98.5%, Sigma Aldrich, Darmstadt,
Germany), was used as the monomer for surface modification via plasma polymerization.
Plasma polymerization experiments were carried out in a unique, home-built RF plasma
reactor operating at low pressure. HMDSO plasma polymers were deposited on 1 × 1 cm2

single side-polished silicon wafers (100, Si-Mat, Kaufering, Germany) as model substrates
for some characterization techniques. They were washed with ethanol and acetone before
use. HMDSO plasma polymers were also deposited on 2 × 2 cm2 cotton fabrics for water-
repellency and durability tests. The chamber consists of a quartz tube (100 cm long and
6 cm diameter) coupled with an externally wound copper coil. A Pirani pressure gauge in
series with a two-stage rotary pump (E2M 18, Edwards, Lutín, Czech Republic) connected
to a liquid nitrogen cold trap completes the reactor. All components are assembled with
grease-free Cajon fittings. An L-C matching network (VM 1500W-ICP, Dressler, Shenzhen,
China) is used to match the impedances of the generator (Cesar 133, 13.56 MHz, Dressler,
Shenzhen, China) and the reactor by minimizing the standing wave ratio of the transmitted
power. Using an oscilloscope, the shape of the pulses during deposition was controlled,
and the average power W delivered to the system was calculated according to Equation (1),
where Pg is the continuous wave power input indicated by the generator, DC is the duty
cycle, ton is the plasma pulse-on time, and toff is the plasma pulse-off time:

W = Pg × DC = Pg ×
[
ton/

(
ton + to f f

)]
(1)

Prior to each plasma deposition, the reactor was cleaned for at least 30 min using a
high-power air plasma treatment (Pg = 65 W) to ensure the elimination of residues in the
reactor. The substrates were then introduced into the chamber by placing them on a glass
support in the desired zone of the reactor. Three preferential positions were chosen for
this study (Figure 1): P1 in the pre-discharge zone, P3 in the discharge zone located in the
middle of the copper coil, and P5 in the post-discharge zone.
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Figure 1. Schematic of the low-pressure plasma reactor used in this work. The different studied
positions of the samples are indicated (P1 to P5).

Once a base pressure of about 4 × 10−4 mbar was reached, the introduction of this
precursor into the chamber was ensured with a flow controller (Omicron, Eybens, France)
at a constant pressure of 0.1 mbar (corresponding to a flow rate of about 42 µg·s−1, cor-
responding to 0.38 sccm). The plasma polymerization was carried out under different
conditions of duty cycle DC = [10%–100%]. The power delivered by the generator and the
frequency of the plasma pulses were kept constant at 30 W and 816 Hz, respectively.
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2.2. Washing of Cotton Fabrics

The resistance of (plasma-treated) cotton fabrics to washing was investigated by
subjecting the samples to successive washing cycles using a standard laundering machine
(Electrolux Wascator, Ljungby, Sweden). The small cotton pieces were enclosed in separate
small laundry bags, which were carefully sewn onto a raw textile support. The whole
support containing the samples was then weighed before dummy wash loads were added
to achieve the total two kg required for the laundering test. During one laundering cycle,
the samples were first washed using 20 g of IEC A detergent base powder mixed with 5 g
of sodium perborate tetrahydrate at 30 ◦C for 30 min, as described in the NF EN ISO 6330
standard, commonly used in the textile industry. After washing, the samples were allowed
to air dry completely before analysis.

2.3. Characterization of HMDSO Plasma Polymer Thin Films
2.3.1. Atomic Force Microscopy (AFM)

AFM was used to determine the elastic moduli of the coatings deposited on silicon
wafers and of the cotton fiber using a Bruker Multimode IV with a Nanoscope V controller
and an E “vertical” scanner (Bruker, Santa Barbara, CA, USA) via the Peak Force Quanti-
tative Nanomechanical Mapping (PF-QNM, Bruker, Santa Barbara, CA, USA) method. A
calibration procedure consisting of precise measurements of tip radius, spring constant and
resonance frequency was first performed. All quantitative measurements were carried out
with an RTESPA cantilever (Bruker) with a spring constant of 40 N m−1 and a resonance
frequency of 300 kHz, a width of 40 µm and a length of 125 µm. Using the Sader method,
the actual spring constant was determined and found to be approximately 19 N m−1. The
deflection sensitivity (approximately 28 nm V−1) was measured on a silicon surface. The
tip radius was calibrated against a polystyrene standard provided by Bruker. The measured
tip radius was 70 nm. The Poisson’s ratio was assumed to be 0.3. To obtain relevant results,
the cantilever and tip geometry are taken into account in the PF-QNM measurements.
Data processing and analysis were performed using Gwyddion software (version 2.62). In
particular, the average Young’s modulus, measured at each point of a 5 × 5 µm2 area, was
calculated for at least three different sample positions.

2.3.2. Scanning Electron Microscopy (SEM), Possibly Coupled with Energy Dispersive
X-ray (EDX) Spectroscopy

Plasma polymer coatings deposited on cotton fabrics were observed using a JEOL JSM-
7900F (Tokyo, Japan) scanning electron microscope. In addition, elemental mapping was
performed using a Quantax (Bruker NanoAnalytics, Berlin, Germany) Energy-Dispersive
X-ray (EDX) spectrometer to obtain additional information about the deposited coatings,
and in particular, the uniformity of the coatings (conformal coverage of the textile fabrics
or presence of delamination areas) before and after washing tests.

2.3.3. Water Static Contact Angle Measurements

Static contact angles with deionized water were measured at room temperature (20 ◦C)
using a Drop Shape Analyzer (DSA100, Krüss, Hamburg, Germany) equipped with a CCD
video camera. For model substrates, a 2 µL water droplet was deposited on the surface of
the coating. For textiles, the droplet volume was increased to 5 µL. The calculated contact
angles were the average of the angles measured on both sides of at least seven droplets
deposited at different locations on the sample. The ellipse tangent−1 method was used to
determine all angles.

2.3.4. Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy was carried out using an X-Band EMX-plus spectrometer (Bruker
Biospin, Wissembourg, France). The (treated) cotton samples were removed from the
plasma reactor and immediately immersed in liquid nitrogen to minimize the reaction
of radicals present on the surface of the sample with air (contact time with air less than
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15 s). The sample was stored in liquid nitrogen until the start of the measurement (except
for one sample, presented in Supporting Information, to verify the influence of the delay
time between the removal of the sample from liquid nitrogen and the start of the spectrum
acquisition on the shape of the EPR spectrum).

3. Results and Discussion
3.1. Evaluation of the Durability of HMDSO Plasma Polymers Deposited on Cotton Fabrics
3.1.1. Development of Water-Repellent Plasma Polymer Coatings on Cotton Fabrics

The plasma polymerization of HMDSO has been performed on cotton fabrics in
an original plasma reactor, which provides the possibility of investigating the temporal
and spatial dependence of the plasma discharge on the thin film properties [30,31]. The
temporal control of the (pulsed) plasma polymerization was ensured by changing the duty
cycle (DC) of the generator (DC = 10%, 50% and 100%). The positioning of the samples
in the different zones of the reactor (in the pre-discharge zone P1, the discharge zone P3
and the post-discharge zone P5) offers the possibility to study the spatial dependence of
the plasma polymerization simultaneously to the temporal dependence. To verify the
presence of HMDSO plasma polymers (with comparable thicknesses close to 170 nm)
on the fabrics, ATR-FTIR analyses were performed on all samples and the characteristic
vibrational bands of the HMDSO plasma polymer were detected in addition to the spectrum
of the pristine cotton (see Figure S1 in Supporting Information). SEM images taken at
several magnifications also confirm the presence of a coating on the cotton fabrics after
plasma polymerization of HMDSO (see Figure S2 in Supporting Information). Interestingly,
they also enabled us to visualize that the dual-scale structuring of the textile fabrics at
the microscale, but also at the nanoscale, coming from the microfibril bundles of the
cellulose fibers [5], seems to be preserved after the deposition of the plasma thin film.
This morphology is of particular interest for the targeted application of these plasma
polymers as water-repellent coatings. This latter property was evaluated by measuring
the water static contact angles on the different coated cotton fabrics, presented in Figure 2.
All water contact angles measured on the treated cotton fabrics are higher than 150◦,
and all water shedding angles [43] were close to 10◦, sometimes even lower than 10◦

(see Figure S3 in Supporting Information). Despite a slight temporal dependence of the
chemical composition of the coatings (regarding the XPS and ATR-FTIR analyses given
in Tables S1 and S2 and Figures S4–S8 in Supporting Information), these results confirm
that an appropriate surface structuring, inherent to the textile fabrics, in combination
with the hydrophobicity of HMDSO plasma polymers, synthesized in a specific range of
operating conditions, provides the expected water-repellent property to hydrophilic cotton
fabrics [21,41]. However, an essential criterion for industrial applications of such coatings
for the textile industry is the durability of these wetting properties, especially after washing.
This leads to the questions of how HMDSO plasma polymers deposited on cotton fabrics
withstand laundering tests and what are the critical parameters influencing their durability.
These will be evaluated in the following subsections.

3.1.2. Resistance to Washing Cycles to Evaluate the Durability of Coated Cotton Fabrics

The resistance to washing of HMDSO plasma polymers deposited on cotton fabrics
under different operating conditions was studied by subjecting the samples to repeated
laundering cycles, also commonly named washing cycles, according to standard procedures
used in the textile industry. The measurement of the static contact angle with water was
chosen to evaluate the durability of the superhydrophobic properties of the coatings and
was therefore performed on each sample after each washing cycle. Figure 2 summarizes
the water contact angle values measured on HMDSO plasma polymers synthesized under
different conditions (DC = 10%, 50% and 100%, positions: P1, P3 and P5) after different
numbers of washing cycles (0, 1, 3, 5, 7 and 10 cycles). First, it should be noted that all
coatings at least partially survived one washing cycle since water contact angles higher
than 140◦ were measured on all samples after this first washing cycle. However, it should
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be noted that all samples have been slightly affected by this durability test since all water
contact angles decrease from at least 10◦. More significant differences in the wetting
behavior of the HMDSO plasma polymers can be observed by increasing the number of
washing cycles.
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Figure 2. Evolution of water contact angles before and after successive washing cycles performed on
cotton fabrics coated with HMDSO plasma polymers deposited at different reactor positions (P1, P3,
P5) and different duty cycles (DC = 10, 50 and 100%).

Regardless of the position of the fabrics in the reactor, plasma polymers synthesized
at the lowest duty cycle (DC = 10%) have a very low resistance to washing. Indeed, the
surface becomes fully hydrophilic after a maximum of three washing cycles. In these cases,
water droplets were immediately absorbed into the textile fabrics (no water contact angle
value could then be reported in Figure 2), just like the untreated reference. Increasing the
duty cycle to 50% leads to a significant increase in the resistance of the coatings to washing
since a water contact angle higher than 130◦ could be measured on the surface of the
samples prepared at the different positions in the reactor even after five washing cycles. A
further increase in the duty cycle to 100% (corresponding to a continuous deposition mode)
did not result in an increase in the water contact angle values measured after washing.
Indeed, the water contact angles decreased below 120◦ after three washing cycles for the
samples prepared in all positions in the reactor, and the water contact angle could not be
measured after 10 washing cycles. It should be noted that the water shedding angles were
also measured on the coated textile fabrics after the washing tests. Only after one washing
cycle could a shedding angle of about 18 ± 3◦ be measured for the samples prepared with
a 50% duty cycle. For all other samples, the droplets adhered more to the surface, and
the water shedding angle exceeded 30◦ after washing. These results show that a certain
heterogeneity appears on the coating as soon as it is subjected to the first washing cycles.
At this stage, several questions arise about the origin(s) of the loss of superhydrophobic
behavior after washing. Does it come from changes in the chemical composition of the
plasma polymer during washing? Are there changes in the structure of the textile fabrics
itself due to washing, and/or is it related to a degradation of the fiber/coating interface?
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3.2. Understanding the Washing Resistance of HMDSO Plasma Polymers on Cotton Fabrics
3.2.1. Investigation of Possible Chemical and Morphological Changes during Washing

First, the hypothesis of chemical degradation of HMDSO plasma polymer coatings
during washing was investigated using ATR-FTIR spectroscopy. The comparison of ATR-
FTIR spectra before and after ten laundering cycles did not reveal any drastic changes in the
chemical composition of the polymer (see Figure S9 in Supporting Information). However,
there is a decrease in the intensity of the signal from the polymer coating compared to
the signal from the cotton substrate, likely due to partial removal of the plasma polymer
coating from the fabrics during washing. This result is consistent with the loss of water
repellency of some samples after several washing cycles.

The morphology of the coated cotton fabrics before and after washing was then char-
acterized by SEM and EDX spectroscopy. Figure 3 presents SEM images and corresponding
EDX mappings of the untreated cotton fabric and cotton fabrics treated at two different
plasma polymerization conditions, namely DC = 10% and DC = 50% (at position P5).
Although a polymer coating is undoubtedly present on the treated cotton fabrics before
washing (Figure 3(2.a,3.a)), the morphology of the surface is different after the ten washing
cycles (Figure 3(2.b,3.b)). For the lowest duty cycle, the morphology of the fiber after wash-
ing is very close to that of the washed untreated cotton fiber, and the EDX mapping shows
a surface rich in carbon (red) with a very low content of silicon (blue). This means that
the plasma polymer coating has been almost completely removed from the fiber surface
after washing.

On the contrary, the morphology of the fabric treated at a 50% duty cycle does not
change much after washing, and the EDX mapping still shows the presence of a significant
amount of silicon, consistent with the presence of the HMDSO plasma polymer at the fiber
surface. These SEM observations and EDX mappings are in agreement with the trends
observed through water contact angle measurements and ATR-FTIR spectroscopy. They
suggest that the loss of water repellency after several washing cycles is due to the mechan-
ical removal of the plasma polymer coating from the fiber surface due to the aggressive
handling conditions of these textile fabrics generated during laundering [44]. In addition,
it should be reminded that the macroscopic structure of cotton fabrics is also damaged
during laundering (fibers stuck out from the yarn as shown in Figure S10 in Supporting In-
formation), which may also contribute to the drastic loss of superhydrophobicity observed
in some coated fabrics after washing.

Thus, the previous characterizations have shown that (i) the loss of superhydrophobic
behavior of coated cotton fabrics after washing does not appear to be due to a drastic
change in the chemical composition of the plasma polymer coating, and (ii) it may be
partially due to the degradation of the microstructure of the textile fabrics, but (iii) the
fiber/polymer interface may also be altered after washing. To improve our understanding
of the degradation mechanisms occurring during washing, thorough characterizations
were attempted to provide additional data on the behavior of the interface.

3.2.2. Determination of Mechanical Properties of HMDSO Plasma Polymers

The rate of polymer crosslinking can greatly affect the cohesion properties of polymer
coatings. In addition, the elastic modulus is related to the polymer crosslinking rate. There-
fore, quantifying the mechanical elastic properties of plasma polymers can be very useful
to indirectly evaluate the cohesion properties of plasma coatings [45]. Consequently, the
determination of the elastic modulus of the different plasma polymers was performed using
AFM in Peak Force QNM mode, as shown in Table 1. To obtain valuable and reproducible
data, these measurements were performed on plasma polymers with a thickness of at
least 250 nm on silicon wafers. The results clearly show a significant increase in Young’s
modulus from about 100 MPa for samples prepared at DC = 10% to about 1350 Mpa for
samples prepared at DC = 100%. However, it should be noted that the Young’s modulus
values are rather similar regardless of the position of the sample in the reactor. With a
stiffness variation of more than a decade between plasma polymers synthesized at different
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duty cycles, it is reasonable to consider this temporal parameter of the plasma discharge
as a key element in controlling the final superhydrophobic properties of HMDSO-based
coatings. With this chemical composition of the polymer thin film, an intermediate value of
Young’s modulus, close to 500 Mpa, seems to be ideal to give the coating sufficient cohesion
without making it brittle. In other words, if the duty cycle is too low, a weaker crosslinked
plasma polymer will be synthesized, resulting in faster removal of the plasma polymer
from the cotton fabrics during the washing tests. Conversely, if the duty cycle is too high,
the plasma polymer will be over-crosslinked and, therefore, more fragile, which also has a
negative effect on the washing resistance of the coating on cotton fabrics.
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Table 1. AFM (Peak Force QNM) estimation of Young’s modulus of HMDSO plasma polymers
synthesized under different operating conditions.

Young’s Modulus (MPa) P1 P3 P5

30 W 10% 67 ± 5 125 ± 10 96 ± 13

30 W 50% 666 ± 65 347 ± 33 440 ± 38

30 W 100% 1303 ± 82 1355 ± 103 1402 ± 119

In addition, the interfacial adhesion between a coating and its substrate can also be
influenced by their respective mechanical properties. More precisely, it has been demon-
strated that the difference in stiffness or elastic modulus between a coating and its substrate
is a key parameter when studying friction and wear properties. A large elastic modulus
mismatch between the coating and the substrate likely induces interface damage when an
external force is applied [46]. To this end, an attempt was made to estimate the Young’s
modulus of the cotton fiber by AFM and its value was found to be 450 ± 150 MPa (see
Figure S11 in Supporting Information). It can be seen that the Young’s moduli of the
different plasma polymer coatings are very similar to that of the cotton fiber. This result
should provide a reasonable continuity in the elastic properties of the polymer coatings
and their substrate. It was observed that the HMDSO plasma polymer synthesized at a
duty cycle of 50%, which had the better washing resistance, has a Young’s modulus value
that best matched that of the cotton fiber. Thus, minimal stress at the coating–fiber interface
during washing is expected for the HMDSO plasma polymer synthesized at DC = 50%.

At this point, we have shown that the mechanical properties of the different HMDSO
plasma polymers differ as a function of the duty cycle, which is likely to affect both the
cohesion and adhesion properties of the coatings on cotton fibers. However, the study of
the interfacial adhesion of polymeric coatings with a thickness of about 200 nm with a
polymeric substrate, namely cotton fiber, remains very challenging.

3.2.3. Indirect Evaluation of the Interface Quality of HMDSO Plasma Polymers—Cotton
Fibers by EPR Spectroscopy

Although a direct evaluation of the interfacial adhesion could not be achieved, an
indirect characterization of the quality of this interface is proposed. Plasma polymers
usually adhere to their substrate due to the formation of radicals on the surface of the
substrate from the early stages of plasma polymerization [47], thus creating chemical
anchoring points of the coating on the substrate. Therefore, we attempted to characterize
the first radicals formed on the surface of the cotton fibers using Electron Paramagnetic
Resonance (EPR) spectroscopy. For this purpose, EPR spectra were recorded on cotton
fabric samples placed at different positions in the reactor and exposed for 30 s to an HMDSO
plasma generated at DC = 50%. These initial radicals generated on the surface of the cotton
fabrics were thought to play a crucial role in the adhesion phenomena between the polymer
coating and the fiber. Identifying the chemical nature of these reactive species can shed
light on the adhesion mechanisms and also help to interpret the results obtained during
washing tests. It was particularly interesting to focus this study on samples prepared at a
similar specific energy (or duty cycle) provided by the generator but located in different
reactor zones. Indeed, for a given specific energy, some differences were observed in terms
of resistance to washing, in particular for the most interesting operating condition, namely
DC = 50%. Since the values of the Young’s moduli were very similar, whatever the position,
it is relevant to try to discriminate these samples by using another property to correlate the
durability results (resistance to washing).

First, it can be noted that the EPR spectrum of the untreated cotton fabrics showed
no signal, indicating the absence of free radicals prior to plasma treatment. Considering
the risk of radical recombination upon exposure to air, the samples were frozen and stored
in liquid nitrogen immediately after plasma treatment. Figure 4 shows the EPR spectra
of cotton fabrics after 30 s of HMDSO plasma exposure at DC = 50% for the three reactor
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zones (P1, P3 and P5). The spectra show distinct peaks indicating the presence of different
types of radicals on the cotton fabrics. Three lines, labeled I, II and III, can be distinguished.
Table 2 summarizes the g-factors, also named Landé factors, calculated for each peak in
the EPR spectra of the different samples. This g-factor is calculated with the value of the
associated magnetic field and is characteristic of a given radical.
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Table 2. g-factor values of the different radical species calculated from EPR spectra of cotton fabrics
treated at different positions in the reactor (DC = 50%).

Detected Species Magnetic Field (G) g-Factor

I 3490 2.006

II 3480 2.014

III 3450 2.030

The g-factor of the first species (I), about 2.006, can be assigned to silyl radicals R3Si•.
The presence of this type of radicals in HMDSO plasmas is well described due to the
fragmentation of the HMDSO molecule. Many studies have suggested that •(CH3)2SiO•
biradicals are the predominant species controlling film formation. Thus, the presence of
silicon-centered radicals on the fiber surface was expected and is clearly visible, at least
in samples prepared in the discharge and post-discharge zones. Moreover, previous EPR
studies reporting on cotton irradiation attributed the signal at g = 2.006 to the presence of
carbon-centered radicals produced in the cotton cellulose [48]. Such radicals are likely to
be present on the fiber surface after exposure to HMDSO plasmas. In general, a g-factor of
2.01 could be assigned to RO• or ROO• [49]. Peroxy radicals (ROO•) are easily formed by
the extremely rapid coupling of C-centered radicals with dioxygen, which can occur during
the brief contact with air (for sample retrieval) or, in our case, during plasma exposure, as
a small amount of dioxygen may be present in the reactor. Furthermore, alkoxy radicals
can be formed during plasma exposure and can be stabilized and thus detected using EPR
spectroscopy thanks to the semi-crystalline structure of cellulose [50]. Moreover, it has been
reported that two different g-factors can be attributed to peroxy radicals present in cellulose:
g// (=2.01) and g⊥ (=2.03) [51,52]. Therefore, both species II and III can correspond to
peroxy radicals (see also Figure S12 in Supporting Information). It is noteworthy that
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the EPR absorption peak at the position of g⊥, corresponding to peroxy radicals, was
mainly observed in the sample prepared at P5. As a reminder, the results of resistance to
washing showed the best durability of water repellency for the sample prepared in the
post-discharge zone. The presence of these radicals, especially in the sample prepared at
P5, may explain the good resistance to washing of this specific sample.

In summary, even if EPR spectroscopy has not been able to precisely quantify the
number of radicals present in treated cotton fabrics, it has been able to provide additional
information on the presence of some types of radicals on cotton fibers and could help in
the interpretation of the durability tests previously presented. More precisely, the more
significant presence of the third species (III) seems to correlate with the results of the
washing resistance tests.

4. Conclusions

The functionalization of cotton fabrics with HMDSO plasma polymers was studied
in an original one-meter-long reactor to produce durable water-repellent textile fabrics.
Due to the homogeneous extension of the glow discharge within the reactor chamber,
the chemical, physicochemical and physical properties of the coatings were found to be
rather independent of the position of the sample in the reactor. On the contrary, some
differences were observed between plasma polymers synthesized at different duty cycles.
While these differences do not significantly affect the initial wettability properties of the
treated cotton fabrics, the temporal dependence of the HMDSO plasma polymerization
was clearly demonstrated by investigating the durability of the water repellency of the
treated cotton fabrics through successive washing cycles. These results can be correlated to
differences in cohesion and, to some extent, interfacial adhesion of the HMDSO plasma
polymers. Changing the duty cycle used for plasma polymerization has a strong influence
on the washing resistance of the plasma polymer. An intermediate duty cycle of 50% (for an
input power of the generator of 30 W) seems to provide an optimal cohesion of the coating,
evaluated by Young’s modulus (close to 500 MPa in this case) by AFM. Moreover, slight
differences in the durability of the water-repellency properties could also originate from the
different nature of the radicals, identified via EPR spectroscopy for different positions of
the sample in the reactor, which are produced at the surface of the cotton fabrics in the early
stages of plasma polymerization. Thanks to this in-depth study of the (pulsed) plasma
polymerization of HMDSO performed in a unique reactor; it has been possible to produce
water-repellent coatings on cotton fabrics that meet many ecological requirements (green
process, non-fluorinated precursor) and achieve interesting durability to washing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13111827/s1, Figure S1: ATR-FTIR spectra of untreated
cotton fabrics and treated ones with HMDSO plasma polymers deposited at different duty cycles;
Figure S2: SEM images at different magnifications of cotton textile fabrics before (a) and after (b)
plasma polymerization of HMDSO; Figure S3: Water static contact angles and water shedding angles
measured on HMDSO plasma polymers deposited on cotton fabrics in different conditions; Figure S4:
Typical ATR-FTIR spectrum of HMDSO (a) and HMDSO plasma polymer (b); Figure S5: Evolution
of the R2/3 ratio of the intensities of the bands at 800 cm−1 and 840 cm−1 measured in ATR FTIR
spectra of HMDSO plasma polymers synthesized using different duty cycles at the different positions
in the reactor; Figure S6: Typical XPS survey wide scan (a) and high-resolution spectra of the C1s (b)
and Si2p (c) peaks of an HMDSO plasma polymer; Figure S7: (a) Deconvolution of high-resolution
spectra of the Si2p of HMDSO plasma polymer and (b) silicon chemical environments and respective
binding energies considered for this deconvolution; Figure S8: Relative areas of different silicon
chemical states identified in the high-resolution Si2p peak (measured by XPS) of HMDSO plasma
polymers prepared using different duty cycles at different positions in the reactor; Figure S9: ATR-
FTIR spectra of untreated cotton fabrics and treated ones with HMDSO plasma polymers deposited
at different duty cycles before (a) and after 10 washing cycles (b); Figure S10: SEM images at different
magnifications of untreated cotton textile fabrics before (a) and after 10 washing cycles (b); Figure S11:
2D and 3D elastic modulus mapping of a single cotton fiber obtained by AFM in Peak Force QNM

https://www.mdpi.com/article/10.3390/coatings13111827/s1
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mode; Figure S12: EPR spectra of cotton fabrics treated at DC = 50% and P5 measured directly after
sample retrieval from the reactor and 6 minutes after; Table S1: Values of R2/3 ratios corresponding
to the intensities ratios of the bands at 1260 cm−1 and 1040 cm−1 measured in ATR FTIR spectra of
HMDSO plasma polymers synthesized at different duty cycles and different positions in the reactor;
Table S2: Atomic percentages of Si, C, and O based on the survey spectra as well as the calculated
C/Si and O/Si ratios of HMDSO plasma polymers deposited in different operating conditions.
(References [53–60] are cited in the Supplementary Materials).
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