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ABSTRACT: Plasma polymerization has emerged as an appealing
technique for surface modification because of its advantages over a
variety of conventional techniques, including ease-of-use and the
possibility to modify nearly any substrate. One of the main
challenges of plasma polymer-based surface modification, however,
is having control over the coating chemistry, as plasma deposition
generates a diversity of chemical structures. Therefore, this study
presents an alternative plasma-based method for the fabrication of
coatings that contain selective functionalities. In a first step,
hexamethyldisiloxane (HMDSO) plasma polymerization is per-
formed in a medium-pressure dielectric barrier discharge (DBD) to
deposit polydimethylsiloxane (PDMS)-like coatings. In a second step, this coating is exposed to an air plasma in a similar DBD setup
to introduce silanol groups on the surface. These groups are used in a third and final step as anchoring points for grafting of (3-
aminopropyl)triethoxysilane (APTES) and (3-bromopropyl)trichlorosilane (BrPTCS) to selectively introduce amino or bromo
groups, respectively. X-ray photoelectron spectroscopy (XPS) and water contact angle (WCA) measurements indicated that the first
two steps were successful. Moreover, the coating could be synthesized on three different surfaces, namely, glass, ultrahigh-molecular-
weight polyethylene, and polytetrafluoroethylene, indicating the wide applicability of the developed procedure. Afterward, XPS also
proved that the APTES and BrPTCS grafting resulted in the formation of a coating containing primary amines and alkyl bromides,
respectively, in combination with an organosilicon matrix containing silanol groups as remaining reactive groups, proving the
successful synthesis of selective functional plasma-based coatings. The intermediate air-plasma-activation step was demonstrated to
be necessary for successful and stable grafting of the final layer. In conclusion, this study established a general procedure for the
development of coatings with selective functionality that can be applied on a wide variety of substrates for, e.g., biosensor
applications, biomolecule, or polymer immobilization or for the synthesis of antibacterial coatings.

KEYWORDS: plasma polymerization, plasma activation, hexamethyldisiloxane, silanization, (3-aminopropyl)triethoxysilane,
(3-bromopropyl)trichlorosilane, selective functionality

1. INTRODUCTION

The surface chemical properties of a variety of materials need
to be optimized to obtain an optimal performance in a wide
range of applications, including biomedical and energy storage
devices.1 As such, applying a coating that contains suitable
chemical functionalities is among the most used modification
strategies to alter the surface chemistry of a material.2,3 An
ideal coating can be applied on a wide range of materials and is
stable under the applied conditions, which is not attainable for
a variety of conventional techniques.2 Among the widely
applicable coating approaches, polydopamine (PDA)-based
techniques and plasma-enhanced chemical vapor deposition
(PECVD) have attracted much attention because they are
cost-effective, environmentally friendly, and often one-step
procedures.4,5 PECVD, and in general plasma polymerization,

offer an additional advantage residing in the fact that a variety
of different coatings with desired characteristics can be
obtained by selecting the monomer and optimizing the plasma
parameters. A wide variety of functionalities can be employed,
and the applications range from barrier layers to cell adhesion-
altering coatings for implants and biosensors.4,6−8

During a plasma polymerization process, organic com-
pounds (often called precursors or monomers) are introduced
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in a nonthermal plasma, which leads to their fragmentation and
recombination in the plasma phase and on substrates that are
placed in (the vicinity of) the ionized gas. The latter process
leads to the deposition of cross-linked, submicrometer thin
coatings.4 One of the main challenges for plasma polymer-
ization methods is to obtain good control over the coating
chemistry, as the aforementioned fragmentation pathways
result in poor chemical selectivity in the deposited layer. This
makes the implementation of these coatings more challenging
for applications in which a well-defined chemistry or high
density of a specific functional group is required for optimal
performance, like for biosensors and biomolecule or polymer
immobilization.9,10 In order to optimize this selective func-
tional group density, most studies select a monomer containing
the desired functionality, after which the functional group
retention is maximized by optimizing the plasma parame-
ters.4,11 Particularly interesting is the use of pulsed treatment
cycles for this purpose, although synthesizing coatings with one
specific functionality remains very challenging.12

Friedrich et al. developed an alternative two-step method to
form “monotype functional” coatings with a significantly
improved chemical selectivity. This method comprises the
deposition of a bromine-based plasma polymer coating, after
which diamines, diols, dithiols, or sodium azide can react with
the C−Br bond to form “monofunctional” alcohol, amine,
thiol, and azide surfaces, respectively.13−15 The concept is
based on the specific chemistry of bromine-based plasma
polymers, as a high C−Br selectivity can be obtained because
of the electronic configuration of Br that only allows a single
bond with carbon. This is in contrast to other precursor types
like amines, in which a variety of N-containing groups, such as
amines, nitriles, and amides, are introduced in the resulting
coating.16 A selectivity of up to 95% in C−Br, although not
clarified if it concerns primary, secondary, or tertiary alkyl
bromide groups, can be obtained which can subsequently be
used to anchor specific functionalities.13 It should however be
noted that a complete reaction of alkyl bromide functionalities
was not achieved and that due to the retention of bromide, not
one but two functional groups were present at the surface.
Therefore, these types of coatings will be referred to as
possessing “selective functionality” instead of “monofunction-
ality”. Nonetheless, this is still a major improvement of
conventional plasma polymer coatings that contain a much
broader variety of functional groups.14

This paper reports a new method for the fabrication of
“selective functional” plasma polymer-based coatings. The
approach is based on the substrate-independent deposition of a
silanol-containing layer which can subsequently react with a
silane coupling agent to introduce a particular functional
group. Even though silane coupling agents are widely used for
modification of inorganic substrates like silica and glass, they
have not yet been combined with plasma-polymerization
derived coatings that can be applied to both inorganic and
organic substrates.17−21 In this regard, it is important that
different precursors have already been used to synthesize glass-
like plasma polymer coatings that typically contain a significant
amount of silanol groups.22,23 Reported examples of such
precursors are tetraethoxysilane (TEOS), tetramethoxysilane
(TMOS), and hexamethyldisiloxane (HMDSO) of which the
latter is most often used because of its high vapor pressure and
nontoxicity.23,24 Typically, HMDSO needs to be mixed with
O2 (or air) to form glass-like coatings, while the plasma
polymerization of pure HMDSO (with or without carrier gas)

results in polydimethylsiloxane (PDMS)-like coatings.23 The
glass-like coatings can be prone to undesirable cracking
because of increasing internal stresses.25 Therefore, a plasma-
activation step on PDMS-like HMDSO plasma polymer
coatings, which typically lack these internal stresses, is
implemented to synthesize silanol-rich coatings.26 These
coatings will then be silanized in the final step to develop
“selective functional” layers where the functional group can be
controlled by selection of the corresponding silanization
reagent.
As such, this paper first discusses the deposition of

HMDSO-based plasma polymers on three different substrates
to explicitly illustrate the wide applicability of the deposition
process. This step is analyzed by water contact angle (WCA)
measurements and X-ray photoelectron spectroscopy (XPS).
Thereafter, air-plasma activation of these layers is investigated
to increase the amount of surface silanol groups, which is
analyzed by the same techniques. As a third step, the
silanization reaction of the plasma-activated HMDSO-based
coatings and two model silane coupling reagents, (3-
aminopropyl)triethoxysilane (APTES) and (3-bromopropyl)-
trichlorosilane (BrPTCS), is studied as a function of time,
which is followed by XPS. For one selected reaction time, the
influence of the plasma-activation step on the reaction and the
coating stability is also examined.

2. MATERIALS AND METHODS
2.1. Materials. Ethanol (EtOH) (Rotisol V, HPLC grade),

acetone (99.5%), and toluene (≥99.5%) were purchased from Carl
Roth. APTES (99%) and BrPTCS (90%) were purchased from
Merck. HMDSO (≥98%) was purchased from Acros Organics. Argon
(Ar) (Alphagaz 1) and dry air (Alphagaz 1) were purchased from Air
Liquide. All chemical and gases were used as supplied. Glass
coverslips (diameter: 12 mm, thickness: 0.13−0.16 mm) were
purchased from VWR. A roll of ultrahigh-molecular-weight poly-
ethylene (UHMWPE) (thickness: 0.075 mm) film and a roll of
polytetrafluoroethylene (PTFE) (thickness: 0.1 mm) film were
obtained from Goodfellow. Samples of 2.5 cm × 2.5 cm were cut
out for plasma polymerization treatment and used without any
pretreatment.

2.2. Plasma Processes. 2.2.1. Plasma Polymerization of
HMDSO. The plasma polymerization experiments were performed
in a medium-pressure dielectric barrier discharge (DBD) reactor
which combines the monomer evaporation mechanism and the
reactor geometry of two different setups that have been described in
earlier work.27,28 The scheme of the reactor can be found in the
Supporting Information (Figure S1). In short, the cylindrical plasma
reactor consisted of two parallel electrodes placed 7.5 mm away from
each other. The lower copper electrode was covered with a ceramic
alumina layer, and the upper electrode was a porous stainless steel
electrode, covered with a ceramic coating. The lower electrode was
connected to a 50 kHz AC power source, while the upper electrode
was connected to the ground through a 50 Ω resistor. The diameter of
the electrodes was 4.5 cm. The discharge mixture consisted of a main
Ar flow and the HMDSO monomer, which is introduced in the
plasma reactor using a glass bubbler containing the precursor, carried
by a secondary Ar flow. Both Ar flows are controlled by an El-Flow
gas mass flow controller (Bronkhorst). Before the mixture entered the
plasma reactor through the upper electrode, it first passed through a
glass wool filler to distribute the gas flow more evenly before entering
the plasma discharge region. The bottom of the plasma reactor was
connected to a simple pumping unit, allowing the evacuation of the
plasma reactor and subsequent filling with a reproducible atmosphere.

Three different types of substrates were used in this study. PTFE or
UHMWPE samples with the aforementioned size were fixed on the
lower electrode, while 4 glass substrates were placed to cover a similar
area of this electrode. After placement of the substrate, the reactor was
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pumped down to <0.3 kPa and subsequently filled with Ar to
atmospheric pressure. Thereafter, the Ar flow was set at 2000 standard
cubic centimeters per minute (sccm), the valve toward the bubbling
system was opened, and the secondary Ar flow was set at 2 sccm.
Afterward, the reactor was pumped down to 27.5 kPa, and the gas
mixture was left flowing for 1 min before switching on the high
voltage power source to obtain a more reproducible equilibrium
between in- and out-flow of the gas. The deposition time was 1 min
for all treatments. The effective loading for the HMDSO vapor is
calculated by measuring the quantity of liquid consumed within 40
min. This calibration indicated that the reactive vapor mass flow was
equal to 11 mg/min, which corresponds to a concentration of 7.19
ppm of HMDSO in the carrier gas.
To electrically characterize the DBD, the applied high voltage and

the resultant discharge current were measured. The high voltage
applied to the lower copper electrode was measured using a 1000:1
high voltage probe (Tektronix P6015A). The discharge current was
obtained by measuring the voltage across a 50 Ω resistor connected in
series with the reactor to the ground. Via Ohm’s law, the discharge
current was calculated. The obtained waveforms were recorded using
a digital oscilloscope (Picoscope 3204A), and the applied power was
calculated by performing a discrete integration of the multiplication of
voltage and current as described in previous work.29 The power was
1.8 W for all treatments and did not vary when different substrates
were used. A representative voltage−current plot is displayed in the
Supporting Information (Figure S2A).
2.2.2. Plasma Activation of HMDSO-Based Plasma Polymer

Layers. The substrates that were subjected to the plasma polymer-
ization process were subsequently plasma activated by using a
medium-pressure parallel-plate DBD reactor that was already
described in previous work.30 In short, a discharge is generated
between two copper electrodes (Ø = 58 mm) covered with glass
plates, acting as barrier layers. The distance between the two dielectric
layers was 3.5 mm. The upper electrode is connected to a 50 kHz AC
high voltage source, while the lower electrode is connected to ground
via a 50 Ω resistor. The sample was put at the center of the lower
electrode, parallel to the gas inlet, after which the system was pumped
down to less than 0.25 kPa using a rotary vane pump. The UHMWPE
and PTFE substrates which were subjected to the plasma polymer-
ization were cut afterward in two to have two samples of
approximately 1.2 cm × 2.5 cm. One sample was plasma activated
each time to ensure an as homogeneous treatment as possible over the
total surface. For glass, three samples were used for each plasma
activation. After the sample application, the system was flushed by a
dry air flow of 3000 sccm at 50 kPa for 3 min after which the reactor
was brought to 5 kPa with a gas flow of 1000 sccm. Then, the plasma
was ignited with a fixed applied power. The treatment time varied
between 0 and 120 s. The same electrical characterization as described
in the previous section was employed for this setup. A power of 2.2 W
was applied for all treatments. No power variations were observed
when different substrates were used. A representative voltage−current
plot is displayed in the Supporting Information (Figure S2B).
2.3. APTES and BrPTCS Reaction and Stability Evaluation.

Three different reaction mixtures with the same concentration (2% v/
v) were used within this study: APTES/toluene, APTES/ethanol, and
BrPTCS/toluene. For the first two mixtures, one sample was
incubated in 5 mL of the solvent at 70 °C after which the respective
amount of APTES was added. Each mixture was stirred for a certain
reaction time which varied in between 5 min and 6 h. For the third
mixture, one sample was incubated in 1 mL of the solvent at room
temperature after which the respective amount of BrPTCS was added.
Each mixture was shaken at 100 rpm for the same reaction times as
mentioned before. For the reactions on the PTFE and UHMWPE
samples, a piece of approximately 1 cm × 1 cm was cut out of the
(plasma-activated) substrate. One coverslip was used for the reactions
on glass.
To evaluate the stability of the coatings, the treated substrates were

subjected to 5 min of ultrasonification in ethanol and 5 min in acetone
by using a Branson 1510 Ultrasonic Cleaner. All samples were stored
in vacuum before analysis by XPS or AFM.

2.4. WCA Analysis. The plasma-polymerized HMDSO coatings
without and with subsequent plasma activation were analyzed by
WCA measurements. These measurements were performed at room
temperature, using a commercial Krüss Easy Drop system (Krüss
Gmbh, Germany). After the plasma polymerization, 9 water droplets
of 2.0 μL of deionized water were placed on different positions of the
sample surface. After the consecutive plasma activation, 3 water
droplets were used for each sample. All measurements were
performed in triplicate on samples obtained in different plasma
experiments. WCAs were measured within 5 min after the coating
deposition or plasma-activation process.

2.5. XPS. XPS surface analysis was performed on a PHI 5000
Versaprobe II spectrometer, which used a monochromatic Al Kα X-
ray source (hν = 1486.6 eV) operating at 23.5 W. A vacuum of at least
10−6 Pa was obtained for all measurements. Survey scans and high-
resolution spectra (C 1s, N 1s, O 1s, Si 2p, Br 3d) were recorded with
pass energies of 187.85 eV (eV step = 0.8 eV) and 23.50 eV (eV step
= 0.1 eV), respectively, at an angle of 45° to the normal of the sample
using a spot diameter of 50 μm. Four points were measured per
sample. Multipak (v9.6.1) was used for elemental analysis using a
Shirley background and employing the relative sensitivity factors as
supplied by the manufacturer. The calibration of high-resolution XPS
spectra was also performed in Multipak. The C 1s spectra were
calibrated at 284.4 eV (C−Si bond) for the plasma-polymerized
HMDSO coatings and their air-plasma-activated equivalent, as
described before.31 For the APTES- and BrPTCS-modified coatings,
the C 1s spectra were calibrated at 285 eV, because of the increased
contribution of the C−C bond. For a qualitative comparison of the
high-resolution XPS spectra in between the different treatments, the
binding energies were obtained from literature and displayed on the
spectra. A summary can be found in Table 1.14,31−33 SiOx will be

further used to indicate a silicon connected to X O’s and (4−X) C’s.
For the N 1s spectra, deconvolutions using Gaussian−Lorentzian
peak shapes with the mentioned peak energies, a fwhm of 1.5−1.6 eV,
and χ2 below 2 can be made, indicating that this peak is mainly
constituted of C−NH2 and C−NH3

+ bond contributions. For the Br
3d spectra, deconvolutions using Gaussian−Lorentzian peak shapes
with peak energies at 70.1−70.3 eV and 71.2−71.3 eV for,
respectively, Br 3d5/2 and Br 3d3/2, a fwhm of 1.0−1.3 eV and χ2

below 2 can be made, indicating that this peak can be completely
associated with C−Br bonds.

2.6. AFM. The influence of the different steps in the coating
fabrication on the surface morphology and roughness has been
investigated by AFM. All measurements were performed by an XE-70
atomic force microscope (Park Systems), used in the noncontact
mode with a silicon cantilever (Nanosensors PPP-NCHR). XEI
software was used for surface roughness analysis after a leveling
procedure. For glass, ppHMDSO, air-plasma-activated ppHMDSO
(apa-ppHMDSO), and APTES-modified apa-ppHMDSO samples, a
leveling procedure that uses a first regression line-flattening procedure
in the x-direction (fast scanning axis) in which the fragments (highest

Table 1. Binding Energies Used for the Qualitative Analysis
of High-Resolution XPS Spectra

C 1s Si 2p N 1s

bond

binding
energy
(eV) bond

binding
energy
(eV) bond

binding
energy
(eV)

C−Si 284.4 SiO 101.5 C−
NH2

399.3

C−C 285 SiO2 102.1 C−
NH3

+
400.9−
401.0

C−N 285.7 SiO3 102.8
C−Br 285.9 SiO4 103.4
C−O 286.6
CO 287.7

COOH/COOC 289.4
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points of the sample) are excluded, was applied to the recorded
images because of the relative flatness of the samples. For the
BrPTCS-modified apa-ppHMDSO samples, a second-order regression
plane fit in the y-direction (slow scanning axis) was employed to
compensate for the drift without introducing artifacts that could
originate from the sample inclination. For each condition, three
samples with three different regions of interest on each sample were
investigated. Root mean square roughness (Rq) values are presented
as the average over these nine measurement points. The thickness of
the plasma polymer was measured by making a scratch in the coating
deposited on glass, as performed in a previous study.4 In short, the
thickness was determined by measuring the average difference in
height on both sides of the scratch over 5 μm. The result is the
average of three measurements on three different samples, resulting in
nine total measurement points.

3. RESULTS AND DISCUSSION

3.1. Plasma Polymerization of HMDSO on Different
Substrates. One main advantage of plasma polymerization is
that it is applicable on a wide variety of substrates. Vasilev et al.
even demonstrated that the plasma polymer composition
becomes substrate-independent after deposition of a couple of
nanometers, illustrating that the coating properties only
depend on the process parameters and not on the substrate
in their low-pressure RF plasma reactor.34 In the medium-
pressure DBD reactor that is employed in this study, it is,
however, possible that the application of a material on the
electrode results in an altered electrical field, which could

influence the surface chemistry. Therefore, the substrate-
independence of the plasma polymerized HMDSO
(ppHMDSO) layers was investigated first by analyzing the
coatings on three different substrates. Table 2 summarizes the
WCA and XPS measurements for the ppHMDSO coatings on
UHMWPE, PTFE, and glass.
It is clear that the wettability of the three substrates changed

to a very similar value after the plasma-deposition of HMDSO.
Also the atomic composition of the different substrates is very
comparable as measured by XPS. This illustrates that the
plasma polymerization process is indeed substrate-independent
and the surface properties will be determined by the
ppHMDSO coating. These results also indicate that the
WCA values are mainly determined by the surface chemistry
and not by the underlying surface morphology of the different
substrates. The absence of a F-signal on the PTFE substrates
also shows that the surface is completely covered. This is in
line with AFM scratch measurements, which were performed
as described in section 2.6. These measurements indicated that
the coating thickness after 1 min of deposition on glass was
equal to 94 ± 19 nm. As such, the XPS atomic composition of
the ppHMDSO films is originating completely from the
coating and not the underlying substrate, as the XPS analysis
depth is approximately between 5 and 10 nm.35,36 The
standard deviations for WCA and XPS measurements are also
lower than 3° and 1.2%, respectively, illustrating a homoge-
neous coating deposition over the total substrate surface.

Table 2. WCAs for Untreated Samples and WCAs and XPS Atomic Compositions for the ppHMDSO Coatings on Three
Substrates

WCA (deg) XPS

untreated ppHMDSO C% O% Si%

UHMWPE 99.0 ± 1.8 107.5 ± 1.7 53.1 ± 0.6 23.8 ± 0.9 23.1 ± 0.3
PTFE 120.6 ± 2.9 106.4 ± 2.7 53.7 ± 0.2 24.2 ± 0.4 22.1 ± 0.6
glass 72.0 ± 2.5 106.2 ± 1.7 52.9 ± 1.0 24.2 ± 1.1 23.0 ± 0.2

Figure 1. High-resolution XPS spectra of the ppHMDSO coating on three different substrates.
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Figure 2. (A) WCAs as a function of treatment time for the air-plasma activation of ppHMDSO coatings on three substrates. (B) XPS atomic
composition as a function of treatment time for the air-plasma activation of ppHMDSO coatings on PTFE. (C) High-resolution XPS spectra for
different times of air-plasma activation on ppHMDSO coatings, deposited on PTFE substrates.
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Figure 1 displays the high-resolution XPS spectra of the
relevant atoms on the three substrates.
As expected from the atomic composition, also the high-

resolution XPS spectra are very similar as only a minor
difference is observed in the Si 2p spectrum of PTFE coated
with a ppHMDSO layer, which might be a standard variation
of the process rather than an influence of the substrate. This
further illustrates that applying different substrates does not
influence the deposition of the ppHMDSO coatings. It is clear
that the atomic composition of the coatings resembles the
composition of PDMS, which has a C-, O-, and Si-content of
50%, 25%, and 25%, respectively. Also the high-resolution XPS
spectra suggest that the coatings are PDMS-like, as the peak
locations are in good agreement with the respective bonds of
PDMS. The C 1s spectra show that C−Si bonds are most
prevalent, although also C−C bonds could be present in the
coating. This is however less likely as this would require a two-
step degradation and cross-linking process to obtain a Si-CH2−
CH3-like structure. Also a slight oxidation of carbon is
observed around 286.6 eV, which relates to bonds like ethers
and alcohols.32 The Si 2p spectra show that SiO2 is most
prevalent in the coating, although other oxidation states will
also be present according to the reference values of Alexander
et al.31 O 1s spectra are more challenging to analyze because
reference studies did not focus on these as much as on the C 1s
and Si 2p spectra. Therefore, these spectra are not compared to
reference values, but the presented measurements are in good
agreement with the observation that the coating is PDMS-like,
as the peak is located at 532.1 eV. This is close to 532.4 eV,
which is the reported value for Si−O−Si bonds in PDMS.37

The broadness of the peak however also suggests the presence
of C−O, which is in line with the C 1s spectra, and possibly
Si−O−C and/or Si−OH bonds.32 These results are also in line
with previous work on a similar DBD setup by Morent et al.38

They obtained a WCA of 107° after deposition on poly-
ethylene terephthalate (PET) substrates, which is similar to
this work. The reported atomic composition was, however,
significantly different as the C%, O%, and Si% values were
equal to 34.2%, 35.4%, and 30.4%, respectively. Nevertheless,
they observed that the obtained coatings were also PDMS-like
via XPS and Fourier-transform infrared (FTIR) spectroscopy.
They additionally observed no silanol groups with FTIR in the
PDMS-like coating. Because the atomic composition of the
coatings obtained in this work is even more closely related to
the composition of PDMS, it can be concluded that the
presented plasma polymerization process is capable of
depositing PDMS-like coatings on a variety of substrates.
Importantly, no cracking was visually observed after HMDSO
plasma polymerization, indicating that PDMS-like coatings are
obtained rather than glass-like coatings. However, the amount
of silanol groups in the coating is probably low, if these groups
are even present at all. Therefore, an air-plasma-activation step
of these coatings was performed to oxidize the surface before
further modification, as discussed in the following section. Air
was chosen within this study because of its inexpensiveness as
opposed to other gases, which can introduce O-based
functionalities on a surface (like He and Ar).
3.2. Air-Plasma Activation of PDMS-Like Coatings.

The first step in the investigation of the air-plasma activation is
the evaluation of the wettability trend as a function of
treatment time, as this is a well-established method for finding
the surface chemistry equilibrium state. Indeed, the surface
chemistry, and as a result the wettability, does not change

significantly anymore after a certain plasma treatment time,
making additional treatment unnecessary.30,39 This equilibrium
state can be ascribed to the occurrence of plasma etching as the
surface chemistry will no longer change during etching, as long
as the underlying substrate is not exposed. Figure 2A shows the
course of the WCAs as a function of treatment time for the
ppHMDSO coatings on the different substrates.
As can be observed in Figure 2A, the wettability significantly

increases upon plasma treatment. At 2 and 5 s, the WCAs are
not uniform, which leads to standard deviation values up to
15.6°. After 10 s of treatment, the WCAs saturate around a
value of 5°, which is close to the device detection limit and
relates to an almost complete wetting of the surface. This
already suggests the formation of polar groups like silanols on
the surface. Additionally, the WCAs are homogeneous over the
total sample surface which relates to a homogeneous chemistry
over the total surface. The wettability trend is also very similar
for the different substrates, suggesting that a similar chemistry
is introduced regardless of the used sample. Therefore, all
further measurements will be conducted on PTFE, because
fluorine (F) would become measurable with XPS if (part of)
the coating is lost. As such, the XPS measurements can serve as
stability evaluation by using F as a marker. The WCA
measurements depicted in Figure 2A also suggest that the
plasma activation is a substrate-independent process. Figure 2B
displays the trend in atomic composition of the ppHMDSO
coating on PTFE as measured by XPS as a function of
treatment time. The treatment times under study are extended
because the WCA measurements could not indicate if the
surface chemistry reached its equilibrium. It can be observed
that the C-content significantly decreases while the O-content
significantly increases in the first 15 s. Afterward, both contents
still rise to, respectively, 12.9 ± 0.3% and 59.5 ± 0.2% at 90 s,
which is very comparable to the values obtained at 120 s. The
Si-content slightly increases from 22.1 ± 0.6% for the
untreated ppHMDSO to 26.2 ± 0.2% after 90 s of treatment.
From 30 s of treatment time onward, a small amount of F can
also be found on the surface, which is most likely caused by
etching of PTFE and redeposition of F-containing particles.
This is however undesirable, as the presence of F should be a
marker in the next sections for the stability of the coating.
Therefore, an air-plasma treatment of 15 s was selected to
activate the ppHMDSO coatings for subsequent silanization, as
the most significant plasma activation occurred within this time
frame. It should be noted that no N atoms were introduced on
the surface for all plasma-activation times. This indicates that
reactive O species are mainly responsible for the observed
change in surface atomic composition. Similar changes in XPS
atomic composition, namely a significant decrease and related
increase of C- and O-content, respectively, were observed
before for oxygen plasma treated PDMS.40

Figure 2C shows the high-resolution XPS spectra for the
HMDSO-based plasma polymer and its plasma activation for
15, 30, 60, and 120 s. It is clear that the air-plasma activation
modifies the ppHMDSO coating significantly. The C 1s
spectra clearly show the formation of oxidized products like
C−O, CO and OC−O, although the peak location (289.4
eV) of the latter bond is slightly higher than previously
reported.32 This formation of oxygenated carbons is typically
observed after air-plasma activation, either because of reaction
between the plasma active species and the substrate or because
of postplasma oxidation of surface radicals after exposure to
ambient air.30,35,39 The Si 2p spectra illustrate the formation of
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more oxidized Si atoms as the peak shifted to higher energies.
This is probably related to the dissociation of Si−C and the
formation of Si−O bonds. The presence of the latter bonds
suggests the presence of functional groups like Si−OH and Si−
O−C. As mentioned before, O 1s spectra are more challenging
to analyze, but a clear shift toward a peak value of 532.8 eV can
be observed, which illustrates the different chemical environ-
ment of O atoms in the air-plasma-activated ppHMDSO (apa-
ppHMDSO) layers as compared to their nonactivated
equivalent. This is in accordance with the formation of C−O
and OC−O groups observed in the C 1s spectra, which
typically result in a contribution around 532.8 and 533.6 eV,
respectively.32 Additionally, this shift can be related to the
formation of Si−OH and Si−O−C groups that can be
expected at higher energies than the Si−O−Si bond, which
is located around 532.4−532.6 eV.37 It can be observed that
increasing treatment time does not have a significant influence
on the C 1s and O 1s spectra, but the Si 2p spectra still show a
further oxidation of Si atoms until 60 s of air-plasma activation.
The measurements for a treatment time of 90 s are not shown
for clarity reasons but clearly overlap with the spectra obtained
at a treatment time of 60 and 120 s (see Figure S3), suggesting
that no further oxidation of the Si atoms takes place after 60 s
of air-plasma activation. This suggests that after 15 s of
treatment, the ppHMDSO coatings did not reach its plasma
activation equilibrium yet, but the most significant desired
oxidation took place already. As such, these samples can be
used for the subsequent silanization reactions. It should be
noted that the formation of bonds such as CO and OC−
O is believed to not interfere with the purpose of this study, as
the selective functionality will completely originate from the
subsequent silanization. The desired formation of silanol
groups should facilitate this silanization reactions. It can also
be noted that the wettability and chemistry of the plasma-
activated HMDSO-based plasma polymer layers significantly
differ from coatings that were plasma polymerized in an
HMDSO/O2 mixture, as the latter coatings showed a lower
wettability and C-content compared with the apa-ppHMDSO
coatings. Morent et al. obtained a constant WCA of around
28° for an increasing O2 content in the plasma polymerization
mixture in a similar DBD setup.23 In a similar study, the same
research group obtained WCA values of around 24°, and the
according XPS measurements indicated a C-content of only
4%, which is significantly lower than the values in this study
(19.6%−12.8%). A similar low C-content was also obtained in
other setups, evidencing a different behavior between the
established HMDSO/O2 mixing and the oxidation of
ppHMDSO coatings presented in this study.41

3.3. Silanization Reaction as a Function of Time.
Silanization of substrates like glass and silica has been reported
with a large variety of silanization agents under a wide range of
reaction conditions.42−44 In general, alkoxysilanes or chlor-
osilanes are the two types of agents that can be distinguished.
Within this study, APTES and BrPTCS are used as model
compounds for both respective types. Silanization is most often
performed in nonpolar solvents like toluene, although alcohols
can also be employed for alkoxysilanes.17,18 Therefore, toluene,
as the standard solvent, and ethanol, as a greener and nontoxic
alternative, are selected as solvents for the reaction between
APTES and the apa-ppHMDSO coatings. The reaction
temperature was set at 70 °C as previous studies reported
that the derived layers are more stable than those synthesized
at room temperature when using a 2% v/v APTES/toluene

solution.19 In contrast, the reaction of the more reactive
chlorosilanes usually takes place at room temperature.20,21

Therefore, the reaction of BrPTCS with apa-ppHMDSO
coatings was performed at room temperature, with the same
concentration as the aforementioned solutions. The reaction
time varies largely for both APTES and BrCPTS in between
studies and therefore, the influence of this parameter on the
composition of the resulting layers is first examined by
XPS.18,21,45,46 This technique can provide necessary informa-
tion on the functional groups at the coatings’ surface for the
intended purpose, while also evaluating the stability by using
the F-content as a marker. The trend in the atomic
composition as a function of reaction time for the three
different reaction conditions can be found in Figure 3.
Figure 3A displays the atomic composition change of the

plasma-activated ppHMDSO coatings upon APTES reaction in
toluene at 70 °C for different reaction times. It is clear that the
C-, O-, and Si-content change significantly after a 5 min
reaction time. At this time, a N-content of 11.4 ± 0.4% can be
found on the surface. This indicates that the desired
functionalization of the surface already took place after 5
min. However, the C- and O- contents still vary significantly
until 1 h of reaction time, suggesting that reaction is still taking
place, although the Si- and N-content already reached
saturation after 15 min of reaction time. As such, it is
evidenced that the atomic composition as measured by XPS
does not change after 1 h of APTES reaction on the apa-
ppHMDSO coatings in toluene at 70 °C. Figure 3B displays a
similar trend for the reaction in ethanol at 70 °C, as the atomic
composition varies significantly at short reaction times, before
reaching a saturation at a reaction time of 3 h. It can also be
observed that at short reaction times, the C- and O-content are
less homogeneous than at reaction times in the saturation
region, while the Si- and N-content have a similar homogeneity
for all reaction times. The reaction of BrPTCS reaches a
saturation almost directly, as observed in Figure 3C. The O-,
Si-, and Br-content reach a homogeneous level after 30 min of
reaction, while the C-content is less homogeneous as
compared with the APTES reactions for most reaction times.
This should however not be a problem for the intended
purpose, as the Br-content is most important for a high
functional group density at the surface. The absence of Cl in
the XPS spectra indicates a complete reaction of the Si−Cl
bonds. The higher reaction rates of these bonds in
chlorosilanes over Si−O−C bonds in alkoxysilanes could
explain the faster saturation of atomic composition with
BrPTCS.
The absence of a significant F-signal suggests that the

coatings are stable for at least 6 h in ethanol at 70 °C and in
toluene at room temperature and 70 °C. The saturation for all
conditions indicates that the surface reactions are either
complete or that further reaction leads to an addition of a layer
with similar chemistry. This will be further discussed in section
3.4. The average N-content over all measurement points was
8.3 ± 1.7% and 10.7 ± 0.8% for the APTES reactions in
toluene and ethanol, respectively. This is higher than the
reported values for APTES silanization on glass or silicon
substrates, which ranged from 2 to 6.3%.45,47−49 Also for
BrPTCS silanization, the in literature reported value of 4.5% is
lower than the observed average value in the saturation region
(7.2 ± 1.0%) within this study.50 This could be attributed to a
thicker APTES/BrPTCS layer formed on the plasma polymer
in comparison with other studies, which could be caused by
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water traces in the reaction mixture. Indeed, the hydrolysis of
Si−O−C-bonds and subsequent condensation of silanols can
result in reactions between different APTES/BrPTCS
molecules, followed by incorporation of these polymerized
molecules in the resulting coating.18 The relatively high N-/Br-
content, together with the relatively low standard deviations
for each measurement, indicate that the ppHMDSO coating is
completely covered by the silanized layer. It should be noted
that the formation of a thicker layer compared with more
common self-assembled monolayers (SAMs) is not a problem
for the selective functionality of the layer. In order to evaluate

this selective functionality of the coatings, a number of
representative high-resolution XPS spectra for the three
different reactions are displayed in Figure 4.
Figure 4A shows the relevant high-resolution XPS spectra

for a reaction time of 1, 3, and 6 h for the APTES reaction in
toluene at 70 °C in comparison to the apa-ppHMDSO layers.
This is, as such, a representative image of high-resolution XPS
spectra in the saturation region of the atomic composition, as
presented in Figure 3. The four recorded spectra for each
condition are very similar, and therefore, only one spectrum
per reaction time is shown. It can be observed that the spectra
are very similar for the different reaction times, indicating a
complete surface chemistry saturation after 1 h of reaction
time. It is also clear that the high-resolution XPS spectra
change significantly after the reaction. The N 1s spectra with a
peak at 399.3 eV illustrate that N atoms are all incorporated as
amines on the surface.33,51 Deprotonated amines are most
prevalent but a small contribution of protonated amines
around 400.9 eV is also observed, which is in accordance to
previously reported values.16 The C 1s peak form is in good
accordance with the expected chemistry of the aminoalkyl
chain in which an equal prevalence of C−Si, C−C, and C−N is
expected, although an influence of the underlying apa-
ppHMDSO layer cannot be excluded.31−33 A very small
contribution of a peak around 287.7 eV was also observed,
which could be associated with a very low presence of amide
bonds that could originate from an oxidation of the amine.48

The absence of C−O cannot be really proven, but if these
bonds are present, the prevalence is certainly low. This
indicates that most, if not all, alkoxysilanes are either
hydrolyzed or reacted to form silanol or siloxane bonds,
respectively. Combining N 1s and C 1s spectra proves that the
APTES reaction on the apa-ppHMDSO coatings in toluene at
70 °C is capable of introducing the selective presence of
amines on the surface. The Si 2p spectra are located close to
the reported value of SiO3, which is the expected oxidation
state of Si for a surface composed of APTES molecules.31 The
O 1s peak shifts from 532.8 to 532.4 eV after the reaction with
APTES and a considerable contribution at higher energies
disappears in comparison to the O 1s spectrum of the apa-
ppHMDSO coating. This probably indicates a lower presence
of C−O and OC−O, as the latter bond also disappeared in
the C 1s spectra.32 A significant contribution of Si−O−Si can
also still be expected, which can be related to a poly(siloxane)-
like structure by combining this observation with the
observations in the Si 2p spectra. Additionally, the broadness
of the peak most likely relates to the presence of Si−OH that
did not undergo a condensation reaction, and/or Si−O−C
groups that did not hydrolyze, but quantification is very
challenging because of the aforementioned limited literature on
the topic.
Figure 4B shows the relevant high-resolution XPS spectra for

the APTES reaction in ethanol at 70 °C, in comparison to the
apa-ppHMDSO layers. It is composed of the three reaction
times in the saturation region for the atomic composition,
namely, 3, 4, and 6 h. The four recorded spectra for each
condition are again very similar, and therefore, only one
spectrum per reaction time is shown. It is also clear that the
spectra are very similar for the different reaction times,
indicating a complete surface chemistry saturation after 3 h of
reaction time. As such, the selective presence of amines is also
proven for the APTES reaction on the apa-ppHMDSO
coatings in ethanol at 70°. The same peak alterations as for

Figure 3. XPS atomic composition for the different reactions on apa-
ppHMDSO coatings: (A) APTES in toluene at 70 °C, (B) APTES in
ethanol at 70 °C, (C) BrPTCS in toluene at room temperature.
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the ATPES reaction in toluene can be observed, indicating a
very similar chemistry. This is also confirmed by overlapping
the APTES-modified plasma-activated ppHMDSO layers at a 3
h reaction time for both solvents. This figure can be found in

the Supporting Information (Figure S4) and illustrates that
mainly the amount of protonated amines differs in between the
samples, which can also be observed by comparing Figure
4A,B.

Figure 4. High-resolution XPS spectra for the different reactions on apa-ppHMDSO coatings: (A) APTES in toluene at 70 °C, (B) APTES in
ethanol at 70 °C, (C) BrPTCS in toluene at room temperature.
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Figure 4C shows the relevant high-resolution XPS spectra
for reaction times in the saturation region of the atomic
composition for the BrPTCS reaction in toluene at room
temperature, in comparison to the apa-ppHMDSO layers.
Similar to the above-mentioned reactions, only 1 spectrum for
each reaction time, in this case 30 min, 3 and 6 h, is shown as
these are representative for the other 3 spectra. The spectra are
again very similar for the different reaction times, indicating a
complete surface chemistry saturation after 30 min of reaction
time. The Br 3d spectra with the Br 3d5/2 and Br 3d3/2
contributions around respectively 70.2 and 71.3 eV, are in
good agreement with literature values for bromine covalently
bonded to sp2 and sp3 carbon atoms, as reported for
bromination of carbon black, and with the reported energy
shifts for the spin−orbit splitting.14,52 This proves the selective
presence of the desired alkyl bromide chains on the surface.
The C 1s peak form is in good accordance with the anticipated
chemistry of the alkyl bromide chain in which an equal
prevalence of C−Si, C−C, and C−Br is expected.14,31 Similar
to the previously discussed C 1s spectra, a very small
contribution of a peak around 287.7 eV was observed,
although the contribution is lower. The Si 2p spectra have a
peak at 102.8 eV, which is in line with the expected oxidation
state of trichlorosilanes that have reacted to form silanol- or
siloxane-bonds (SiO3).

31 The O 1s spectra shifts from 532.8 to
532.7 eV after the reaction with BrPTCS, and a considerable
contribution at higher energies disappears in comparison to the
O 1s spectrum of the apa-ppHMDSO coating. This could be
again associated with a lower presence of C−O and OC−O,
as the latter bond also disappeared in the C 1s spectra.32 The
peak position is found at higher energies as compared with the
O 1s peak for the APTES reactions, which could indicate a
lower prevalence of Si−O−Si bonds for the BrPTCS coatings
as these bonds are found around 532.4−532.6 eV.37 It could
also be related to the absence of Si−O−C groups for these
coatings, but this is less likely as the presence of these bonds is
rather low as observed in the C 1s spectra. The lower
prevalence of Si−O−Si could be related to silanol groups that
did not undergo condensation and are still present in the
coating.
All the presented high-resolution XPS spectra illustrate that

the coatings have a very similar surface chemistry from a
certain reaction time onward. It should be noted that the XPS
high-resolution spectra are less homogeneous before this
saturation point, which can be attributed to the variations in
the atomic composition as seen in Figure 3. This section
clearly proved that the three silanization reactions were capable
of introducing selective functionalities on the coating, as the
only other reactive functionality except the amine- or alkyl
bromide-group, could be remaining silanol groups on the
surface. The next sections will use one reaction time within the
saturation region to investigate the coating stability and the
influence of the plasma activation on the silanization reaction.

For the APTES silanization, a reaction time of 3 h is chosen for
ethanol and toluene to directly compare the influence of the
solvent. For the BrPTCS silanization, a reaction time of 30 min
is chosen. The silanization reactions with these respective
reaction times were also performed on the other substrates to
illustrate that similar coatings can be obtained on a variety of
surfaces (see Supporting Information, Table S1).

3.4. Influence of Plasma Activation and Coating
Stability. First, the influence of the air-plasma activation on
the silanization reactions is investigated, as it is possible that
the ppHMDSO coatings’ chemistry already allows functional-
ization, making the additional step unnecessary, as such. Table
3 summarizes the APTES and BrPTCS reactions on both
ppHMDSO and apa-ppHMDSO coatings for the respective
aforementioned reaction times.
Table 3 clearly illustrates that the APTES reaction in both

solvents results in a significantly lower N-content on the
ppHMDSO coatings in comparison to their air-plasma-
activated equivalent. For the APTES-modified ppHMDSO
coatings, the C-, O-, and Si-content do not change significantly
after the reaction, while they do for the APTES-modified apa-
ppHMDSO coating. These observations indicate that the
reactivity between APTES and the ppHMDSO coating is much
lower than between APTES and the apa-ppHMDSO coating.
This results in two completely different APTES-based coatings.
For the apa-ppHMDSO films, an APTES-based layer is
deposited with a thickness that is slightly smaller or similar
to the XPS analysis depth (approximately 5 to 10 nm).35,36

Indeed, the fact that Si% > N% indicates a contribution of the
underlying coating with higher Si-content than the APTES-
based top layer. As such, the surface chemistry as measured by
XPS is mainly determined by the polymerization of APTES
molecules on the apa-ppHMDSO coating. For the ppHMDSO
films, a significantly lower amount of APTES molecules are
immobilized on the plasma polymer, as evidenced by the low
N-content. The C-, O-, and Si- content does not change
significantly, indicating that a thin layer of APTES molecules is
deposited and that the surface chemistry is mainly determined
by the underlying ppHMDSO coating.
On the other hand, the BrPTCS reaction results in very

comparable Br-contents for both coatings. Small differences
can be observed for the C-, O-, and Si-content but these are
challenging to explain. Additionally, the high-resolution XPS
spectra are very similar, although small differences can be
observed. The comparison of relevant spectra for both coatings
can be found in the Supporting Information (Figure S5). The
Br 3d spectra overlapped almost completely, which indicates a
similar selective functionality for the ppHMDSO coating that
reacted with BrPTCS as for its air-plasma-activated equivalent.
The absence of a F-contribution in the atomic composition
suggests that the ppHMDSO coating is stable in toluene and
ethanol at 70 °C for 3 h, as also observed for the apa-
ppHMDSO layers up until 6 h. In line with this observation,

Table 3. XPS Atomic Composition for the Different Reactions on ppHMDSO and apa-ppHMDSO Coatings

ppHMDSO Apa-ppHMDSO

C% O% Si% N% C% O% Si% N%

plasma polymer 53.7 ± 0.2 24.2 ± 0.4 22.1 ± 0.6 19.5 ± 0.2 56.5 ± 0.1 24.0 ± 0.2
APTES 3h Tol 51.5 ± 1.0 25.4 ± 0.3 20.9 ± 0.8 2.2 ± 0.3 53.3 ± 2.4 23.9 ± 0.9 13.1 ± 1.0 9.7 ± 0.6
APTES 3h EtOh 52.2 ± 0.2 24.9 ± 0.4 21.7 ± 1.0 1.2 ± 0.9 53.1 ± 0.5 22.9 ± 0.4 12.6 ± 0.2 11.3 ± 0.2

C% O% Si% Br% C% O% Si% Br%

BrPTCS 30 min 49.2 ± 0.4 27.9 ± 0.5 15.9 ± 1.5 7.0 ± 1.3 53.4 ± 1.2 25.7 ± 0.9 13.0 ± 0.4 7.9 ± 0.6
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the coating is also stable in toluene at room temperature up
until 6 h. This indicates a significant amount of cross-linking in
the coating as the coating would be otherwise dissolved under
these relatively harsh conditions. This illustrates that HMDSO
requires a significantly lower power to monomer mass ratio to
obtain cross-linked films as compared to other monomers used
in similar setups. For HMDSO, this ratio was equal to 1.8 W/
11 mg/min, while acrylic acid and N,N-dimethylacrylamide
required more than 20 W for a monomer flow of 4.2 and 3.3
mg/min, respectively.4,53

However, this does not prove the stability of the entire
functional coating layer, as the obtained coating can still fail
due to insufficient cross-linking in between APTES or BrPTCS
molecules or weak attachment to the ppHMDSO layer. To
evaluate this stability, the resulting coatings are ultrasonificated
for 5 min in acetone and in ethanol, which is a conventional
method for the removal of weakly bound, physically adsorbed
organosilicon layers.47,54 Table 4 summarizes the stability
evaluation by XPS atomic composition calculation for the
plasma-activated ppHMDSO coatings reacted with APTES in
both solvents and the BrPTCS-reacted ppHMDSO and apa-
ppHMDSO layers, as a similar selective functional Br-
containing coating was obtained after reaction on both
ppHMDSO and apa-ppHMDSO coatings.
From Table 4, it can be observed that the N-content does

not change significantly for the APTES-reacted coating that
was prepared in toluene at 70 °C, while the C-content
increases and O- and Si-contents decrease accordingly. This
indicates that the solvent incubation still results in a
modification of the layer without influencing the relative N-
content. When the APTES reaction is performed in ethanol at
70 °C, a different behavior is observed as the N- and C-content
significantly decrease, while the O- and Si-contents signifi-
cantly increase accordingly. This suggests a thickness decrease
of the APTES-derived layer on top of the air-plasma-activated
ppHMDSO coating, resulting in an increased contribution of
the latter layer in the XPS measurement. However, still an
APTES-derived layer should remain as a N-content of 4.3% is
still observed. This content is more similar to the previously
mentioned studies focusing on APTES modification on glass or
silicon.47−49 The low standard deviations suggest a quite
homogeneous coating removal instead of a localized washing.
The differential stability in between the APTES-based layer
deposited in ethanol and toluene might be explained by the
higher expected presence of water in the former solvent. This
could result in the formation of polymerized fragments in the
solvent which can subsequently be incorporated in the coating
without being covalently bonded. Additionally, ethanol could
influence the equilibrium of the different reactions that will

lead to siloxane-bond formation (Si−O−C hydrolysis,
condensation of 2 Si−OH groups, ....), leading to a lower
degree of cross-linking in the deposited film as compared with
the reactions in toluene.
The BrPTCS-based layers on the two coatings show a very

different behavior upon ultrasonification, as the Br-content
disappears almost completely for the BrPTCS-functionalized
ppHMDSO coating, while the Br-content remains similar after
ultrasonification of the BrPTCS-functionalized apa-
ppHMDSO coating. The former observation indicates an
almost complete removal of the BrPTCS-based layer, which is
further demonstrated by the similarity between the resulting
atomic composition and the atomic composition of the
ppHMDSO coating displayed in Table 2. This suggests that
the silanization agent did not react significantly with the
coating but rather formed a layer on top of it. This implies that
a low amount of reactive groups like silanols are present on the
ppHMDSO surface. This can also explain the low reactivity
toward APTES, as observed in Table 3. Moreover, it indicates
that ultrasonification in acetone and ethanol is capable of
dissolving organosilicon layers, which proves the stability of the
other three examined layers. The C-content of the ultra-
sonificated BrPTCS-reacted apa-ppHMDSO coating decreases,
while the O- and Si-content decreases accordingly. This
indicates that the solvent incubation still results in a
modification of the layer without influencing the relative Br-
content. This is similar to the APTES-modification in toluene
at 70 °C of the coating, although the atomic composition
changes in the opposite direction. The absence of any F-
content proves that the plasma polymer coating is also stable
upon ultrasonification for a short period in ethanol and
acetone. Figure 5 displays the comparison of the high-
resolution XPS spectra of the three different silanized apa-
ppHMDSO coatings and their incubated counterparts.
Figure 5A shows that the high-resolution XPS spectra of the

samples that underwent APTES reaction in toluene do not
change substantially after ultrasonification, in comparison to
their equivalent in ethanol as observed in Figure 5B. In the
latter figure, the O 1s and Si 2p spectra show an increased
contribution at higher energies. This can be in line with the
aforementioned expected thickness decrease of the APTES-
based layer, as these alterations can be related to a higher
incorporation of the underlying apa-ppHMDSO coating in the
XPS measurement. The N 1s spectra suggest that all N atoms
are still incorporated as amines after the stability test, although
the ultrasonification results in a different ratio of protonated
and deprotonated amines. The Br 3d spectra in Figure 5C
indicate that all Br atoms are still incorporated as alkyl bromide
chains. Further clarifications for the small change in atomic

Table 4. XPS Atomic Composition of Different Coatings before and after Incubation for 5 min in Acetone and Subsequently 5
min in Ethanol, Both under Ultrasonification

C% O% Si% N%

Apa-ppHMDSO APTES 3h Tol 53.3 ± 2.4 23.9 ± 0.9 13.1 ± 1.0 9.7 ± 0.6
incubated 59.6 ± 0.2 21.1 ± 0.3 10.0 ± 0.2 9.3 ± 0.5

Apa-ppHMDSO APTES 3h EtOh 53.1 ± 0.5 22.9 ± 0.4 12.6 ± 0.2 11.3 ± 0.2
incubated 39.7 ± 0.8 38.4 ± 0.5 17.7 ± 0.1 4.3 ± 0.3

C% O% Si% Br%

ppHMDSO BrPTCS 30 min Tol 49.2 ± 0.4 27.9 ± 0.5 15.9 ± 1.5 7.0 ± 1.3
incubated 49.9 ± 0.8 27.1 ± 0.7 22.6 ± 0.5 0.5 ± 0.2

Apa-ppHMDSO BrPTCS 30 min Tol 53.4 ± 1.2 25.7 ± 0.9 13.0 ± 0.4 7.9 ± 0.6
incubated 44.5 ± 3.0 30.3 ± 2.9 16.6 ± 1.2 8.6 ± 1.0
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composition and high-resolution XPS spectra would require
advanced thickness measurements, which cannot be performed
on these coatings. As mentioned before, the coating thickness
after 1 min of deposition on glass was equal to 94 ± 19 nm.
This variation is typically observed with similar medium-
pressure setups, but this complicates the evaluation of small
thickness changes after the different reactions.4,53 Therefore, a
further study on the changes in the surface chemistry is outside

of the article’s scope. As such, it is also not possible to evaluate
if the saturation in the surface chemistry, as illustrated in
Figures 3 and 4, is caused by the completion of the surface
reaction or because of the continuous addition of a layer with
similar chemistry.

3.5. Discussion. By combining the observations of the air-
plasma-activation influence on the silanization reaction and the
stability measurements, some additional conclusions can be

Figure 5. High-resolution XPS spectra for the different silanized apa-ppHMDSO coatings before and after incubation for 5 min in both acetone and
ethanol under ultrasonification: (A) APTES in toluene at 70 °C, (B) APTES in ethanol at 70 °C, (C) BrPTCS in toluene at room temperature.
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drawn. Figure 6 also schematically summarizes the observa-
tions and conclusions made in the previous sections.
It should first be noted that the schematic representation is a

simplification without showing the extended siloxane network,
the thicker silanization layer that is most likely formed, other
surface functionalities like alcohols that may also play a role in
the coupling, and the orientation of the functionalities that
might not all be the same, as described previously.54 However,
the scheme summarizes the most important observations made
in this study. First, it can be seen that the HMDSO plasma
polymerization results in a PDMS-like layer with a minimal
amount of surface silanol groups, as evidenced by the
measurements shown in Tables 3 and 4. Second, the air-
plasma-activation step results in more reactive groups on the
ppHMDSO surface, of which silanols are the most important.
Because of the aforementioned measurements, it can be
concluded that this treatment step is necessary to get sufficient
connectivity between the ppHMDSO coating and the
additional organosilicon layer. The difference in silanization
between the apa-ppHMDSO and ppHMDSO coatings also
illustrates that the thin plasma-activated layer is stable to a
certain extent, as a completely unstable-activated layer would
result in silanization of the underlying ppHMDSO coating
which resulted in lower N-contents. Third, the APTES- and
BrPTCS-based layer on apa-ppHMDSO coatings reacted in
toluene at, respectively, 70 °C and room temperature, showed
a complete preservation of the functionality as, respectively, the
N- or Br-content was similar and the high-resolution XPS
spectra evidenced no alterations on the N- and Br-containing
functional groups after the stability test. This confirms that
both reaction conditions are suitable for the synthesis of stable
coatings with selective functionalities. As discussed before, the
APTES- and BrPTCS-derived layers were similar on glass and
UHMWPE (see Supporting Information (Table S1)),
suggesting that stable layers could be deposited on different
substrates, which indicates the wide applicability of this
functionalization technique. The APTES-based layer on the
apa-ppHMDSO coating reacted in ethanol was less stable but
still showed selective functionality after the stability evaluation.

This illustrates that these coatings could also be used, although
a washing step is then needed to remove weakly bound
organosilicon particles from the coating. Both selective
coatings could be an alternative for classical plasma polymers.
The APTES-modified apa-ppHMDSO films can be an
alternative for amine-based plasma polymers because of its
high primary amine content, which is difficult to achieve for
the latter type of coatings. This can be useful for different
applications, such as for biosensors.10 The BrPTCS-based
coatings, on the other hand, will mainly differ from bromine-
based plasma polymers in its cross-linking degree. Thus, the
former coatings will have only primary alkyl bromide groups,
while the latter will have secondary and tertiary alkyl bromide
groups, as well. This can deteriorate the postmodification
capabilities of the latter coating due to steric hindrance, as
bromine-based plasma polymers have been used in the past for
this purpose.55,56 An additional feature of plasma polymer-
ization is its capability of depositing relatively smooth subμm
films.23,27,38 Therefore, the influence of the plasma activation
and the different reactions on the roughness of the ppHMDSO
coating was evaluated by AFM (see section 5 in Supporting
Information). The APTES- or BrPTCS-based grafting step
resulted in an increase in roughness in comparison to the (air-
plasma-activated) plasma polymerized HMDSO coating.
However, all coatings had a relatively smooth morphology,
as typical Rq values of polymer substrates are often higher.36,57

This indicates that both selective coatings can indeed be used
to replace classical plasma polymers for certain applications.
The main difference between the ppHMDSO-based and the

previously reported bromine plasma polymer-based approach
is the pending remaining functionality. The former technique
results in a coating with the desired functionality and probably
some unreacted silanol as the other reactive group, while the
latter technique has some remaining alkyl bromides as other
reactive functionality. As such, it should always be considered if
the presence of alkyl bromides or silanols is unwanted for the
intended purpose, but obtaining this selectivity can be seen as a
major improvement over standard plasma polymerization
processes. It can be expected that the silanol functionalities

Figure 6. Schematic representation of the observations on the surface chemistry as assessed in this study.
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will not have an influence for most uses, as this group mainly
reacts with Si-based compounds, which are less relevant for
biosensor or polymer immobilization applications, for example.
Moreover, their presence could be even optimized to an
absolute minimum by optimizing the reaction mixture and, as
such, obtaining a SAM. Additionally, the coupling reaction in
the ppHMDSO-based technique can be performed with a large
variation of reaction parameters, as silanization could also be
performed at room temperature or in the vapor phase. This
could be relevant for the functionalization of thermosensitive
substrates, although reaction conditions should be optimized
again. Moreover, the surface density of functional groups with
the presented technique will mainly depend on the quality of
the silanization mixture, whereas the surface density of alkyl
bromides will determine the functional group density in the
other approach. This makes the latter technique more
susceptible to variations in the plasma process, like oxidation
of the plasma polymer or extensive monomer fragmentation.
For the silanization process, these aspects are less important, as
the only prerequisite is the deposition of an organizilicon layer,
of which the chemistry can subsequently be altered. This
makes the approach presented here more widely applicable, as
ppHMDSO coatings have been deposited with a large variety
of plasma sources, even at atmospheric pressure.38,58 Further
research should be performed to compare the surface
functional group density for both techniques used in this
work and conventional plasma polymerization techniques.
At last, it should also be noted that some studies focused on

the direct silanization of polymer surfaces, which could result
in similar selective functional coatings, although these
investigations are mainly focused on aminosilane immobiliza-
tion. Howarter et al. indicated that a variety of different
polymers could be functionalized with APTES, although
polystyrene and PTFE could not be silanized.59 They proposed
that the reaction proceeds by initial APTES adsorption (likely
through hydrogen bonding by the amine) to the substrate,
lateral bond formation, and subsequent multilayer formation,
indicating the importance of the primary amine group in the
silanization agent. As such, the coating layer is noncovalently
immobilized, which can hamper its stability.59 Castillo et al.
illustrated that APTES could also be immobilized on polyesters
by transesterification.60 This occurs however at the expense of
polymer degradation and cannot be applied on a variety of
substrates. A couple of studies have indicated that plasma
activation of the polymer surface prior to silanization could
result in covalent grafting of the coating layer on substrates like
polystyrene.54,61 This coupling occurred mainly via hydrolysis-
susceptible bonds like imines and silyl ethers, which can
hamper the application range for this immobilization strategy.
The ppHMDSO-based surface modification technique of this
study can therefore be seen as a significant improvement over
the aforementioned approaches as it allows first to function-
alize a wider variety of substrates, evidenced in this study by
the successful functionalization of PTFE. Second, the coupling
between the silanization agent and silanol groups has been
developed already for multiple silanization agents, allowing the
application of a wider variety of functionalities with a similar
functionalization degree.62−64 Third, the plasma polymer film
acts as an intermediate layer that is covalently bonded to both
the substrate and the silanization agent-based layer, which
should significantly enhance the stability of the total coating
under aqueous conditions. Additionally, this technique is more
straightforward than optimizing the plasma activation for each

substrate for applications in which coating stability is not
necessary.

4. CONCLUSION
In this work, the development of substrate-independent
coatings with selective primary amine and alkyl bromide
functionalities was studied. Therefore, silanol-rich plasma
polymer coatings were initially deposited by a two-step process
in which HMDSO-based PDMS-like films were first applied,
followed by plasma activation with air. These apa-ppHMDSO
films were subsequently used for reaction with APTES in
ethanol and toluene or with BrPTCS in toluene, which were
chosen as functional alkoxy- and trichlorosilane model
compounds, respectively. The reaction with both silane
coupling agents reached a saturation in surface chemistry as
observed by XPS, with a faster stabilization for BrPTCS that is
likely due to the higher reactivity of the trichlorosilane groups
compared with the trialkoxysilane groups. XPS measurements
indicated that selective coating chemistry was obtained, and
that besides the desired amine or alkyl bromide functional
groups also remaining silanol groups are present in the coating.
Moreover, it was proven that the air-plasma-activation step is
necessary for successful grafting (determined for one reaction
time in the saturation region), as APTES did not react in the
same way without the activation step and the BrPTCS-derived
layer did not covalently attach to the nonactivated plasma
polymer. The APTES- and BrPTCS-based films that were
deposited on the apa-ppHMDSO coatings retained the
selective surface chemistry after ultrasonification, indicating a
stable surface functionalization. Additionally, the ppHMDSO
coatings and the thin air-plasma-activated layer were stable
under the relatively harsh reaction conditions. In summary, this
study established a widely applicable method for the
fabrication of surfaces with a variety of chemical functionalities,
as a plethora of silanization agents with different functional
groups are commercially available. Thus, future applications of
such functional coatings could be envisioned in biosensor
applications, for biomolecule or polymer immobilization and
for the synthesis of antibacterial coatings, among others.63,65,66
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