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ABSTRACT: A novel approach to functionalize plasma
polymer films (PPFs) through the grafting polymerization
initiated from free radicals trapped in the film was developed in
this work. 2-Ethylhexyl acrylate (EHA) was chosen as radically
polymerizable monomer given the wide use of its corresponding
polymer in coating and adhesive applications. The occurrence of
the grafting was first confirmed by time-of-flight secondary ion
mass spectrometry (ToF-SIMS) and X-ray photoelectron
spectroscopy (XPS). Then grafted chains were studied in
more detail. The thickness of grafted chains was quantitatively estimated by angle-resolved XPS (ARXPS), while their
morphology and interfacial behavior were qualitatively investigated by atomic force microscopy (AFM), contact angle
measurements, and quartz crystal microbalance (QCM). The latter technique provided additional insights regarding the swelling
behavior of the grafted layer and its stability upon exposure to challenging environments. Reported scientific findings suggest to
use this approach for the covalent binding of a very thin layer on the top surface of a PPF without affecting its bulk properties.
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■ INTRODUCTION

During many years, extensive research was performed on
plasma polymer films (PPFs) providing valuable details on the
formation of unsaturation and the occurrence of insolubility
due to a cross-linked structure.1−3 Nowadays, PPFs are widely
used in various fields for coating of solidlike membranes,
semiconductors, metals, textiles, or polymers due to their
excellent adhesion properties. The versatility of plasma
polymerization lies in the possibility to produce films with
the thickness ranging from several nanometers to micrometers,
while specific properties such as antifogging, adhesion,
anticorrosion, chemical, or scratch resistance can be achieved
merely by the proper selection of the precursor building blocks.
For example, thin polymer-like coatings were recently produced
by plasma enhanced chemical vapor deposition (PECVD) as
barrier or corrosion-inhibiting coatings for aluminum in
automotive industry.4−6 The major difference of the plasma
polymer from conventional polymers is the absence of a
repeating (molecular) unit in their structure. Indeed, plasma
polymers are characterized by a highly cross-linked structure
responsible for an enhanced chemical stability as well as good
mechanical resistance. Nevertheless, due to the chemical bond
dissociation characteristics of the growth mechanism7−9 that
generates free radicals (trapped) within the PPF, the main
concern with the PPF is the aging phenomenon induced by the
postoxidation occurring during the course of use. Initially,
oxygen present in the PPF synthesized from oxygen-free
precursors was thought to arise from the residual oxygen or the
water vapor present in the plasma reactor. However, it has been
shown that the oxygen uptake originates primarily from the

reaction between the trapped free radicals and oxygen upon
exposure of the PPF to the air.10−14

It is well-known that plasma-based treatments are widely
used for incorporation of reactive functional groups on the
surfaces of polymer-based materials in order to enhance
adhesive properties of polymers like polyethylene.15−17 These
plasma treatments have been carried out mainly with
nonpolymerizable gases such as O2, N2, or NH3 that lead to
generation of corresponding chemical groups; or Ar that
induces formation of free radical preactivated polymer surfaces.
These free radicals have been exploited to initiate grafting
polymerization reaction.18,19 However, for the PPF deposited
by PECVD only a few studies have been reported on the use of
free radicals generated during film growth for the initiation of
subsequent grafting reaction. To the best of our knowledge,
only Teare et al. have successfully initiated radical polymer-
ization from the free radicals present onto the surface of
anhydride maleic-based PPF. The authors have shown that the
possibility to take advantage of the free radical reactivity is
closely linked to the extended lifetime of the radicals induced
by resonance phenomena in the anhydride maleic molecule.
Free radicals have been subsequently exposed to vapors of
amine-based molecules (propylamine or allylamine), and
finally, imidization has been performed prior to free radical
polymerization. It should be noted that this multistep process is
limited only to specific precursors.20
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The present study is part of a bigger research work that aims
at developing an organic multilayer coating for corrosion
protection purposes. In order to improve the intrinsic
properties of aluminum and to increase its resistance to
localized corrosion, various coatings have already been
developed and successfully implemented on industrial scale.
Among those, coatings based on hexavalent chromate have
widely been used due to their enhanced corrosion resist-
ance.21,22 However, hexavalent chromate species have recently
been recognized as harmful agents both for the environment
and for human beings (carcinogenic). According to Appendix II
of the European Directive 2000/53/CE, coatings containing
hexavalent chromium shall no longer be used from July 2007.2

Therefore, coatings displaying similar performances have to be
developed and applied for metal protection. An alternative
solution could be based on the deposition of a multilayer
system with each layer presenting a specific property.
Among these layers, plasma polymers are of particular

interest for many reasons, including their good barrier
properties and improved adhesion to various substrates
including metals. The second layer considered in the global
study is a copolymer formed by the 2-ethylhexyl acrylate
(EHA) and the glycidyl methacrylate that presents good
anticorrosion properties.23,24 Thus, a covalently grafted layer of
poly(EHA) on PPF would serve as an intermediate layer
between the plasma film and the subsequent layer of
poly(EHA-co-GMA). Good compatibilization between the
layers is then expected given the same nature of the monomer
used in both layers. Hence, in the frame of this work an original
and versatile approach to initiate a free radical polymerization
of 2-ethylhexyl acrylate in vacuum directly after deposition of
an isopropanol-based PPF on a substrate is reported.
In our previous work,25 the surface free radical density of an

isopropanol-based PPF as a function of deposition power was
quantitatively evaluated with the help of nitric oxide (NO)
chemical derivatization. It was found out that the surface
density of free radicals exhibits a maximum for the deposition
power of 200 W (∼2.3 × 1014 spin/cm2) followed by its
stabilization (∼2.1 × 1014 spin/cm2) with the further power
increase.
The novelty of the reported technique lies in the possibility

to use a large variety of precursors and monomers. The very
few limitations are related to the volatility of the precursor and
the ability of the monomer to polymerize via a free radical
mechanism. Thus, numerous applications would be possible
since a large variety of functionalities can be incorporated on
PPF surfaces that can be deposited on wide range of solid
substrates. This innovative route to initiate and graft an
ultrathin (<5 nm) polymer layer could allow to incorporate
specific functionalities as well as to circumvent the reported
aging problem10,12,14 and at the same time to benefit from all
the positive aspects of the PPF: adhesion to a large variety of
substrates, mechanical resistance, simplicity of tuning the
coating properties by varying the precursor(s), resistance to
chemicals and solvents, and so forth.
In this work, first the efficiency of polymerization was

investigated by time of flight secondary ion mass spectroscopy
(ToF-SIMS) and X-ray photoelectron spectroscopy (XPS).
Then, optimization of some parameters such as the immersion
time in EHA solution was performed. Depth analyses of grafted
chains and the study of their interfacial behavior were
performed with the help of XPS, quartz crystal microbalance,

atomic force microscopy, as well as contact angle measure-
ments.

■ EXPERIMENTAL SECTION
Materials. PPF was deposited on a p-type (B-doped) Si substrate

provided by Siegert wafer GmbH (Germany). 2-Ethylhexyl acrylate
(EHA, VWR, 99%) was passed through a basic alumina column to
remove the stabilizing agent prior to grafting polymerization
experiments. Chloroform (Alfa Aesar, 99+ %), isopropanol
(MERCK, 99.8%), and nitric oxide (Air Liquide, 99.9%) were used
as received.

PPF Synthesis. After precleaning a silicon wafer with acetone and
methanol the PPF was deposited in a lab-scale deposition chamber
from an isopropanol gas precursor with a flow rate of 5 sccm
(Standard Cubic Centimeters per Minute). The distance between the
inductive coil, powered by a CESAR 1310 Generator (Advanced
Energy), and the substrate was fixed at 5.5 cm. A base pressure of 10−4

Pa was achieved by a combination of scroll and turbomolecular pumps.
The working pressure of 6.67 Pa was kept constant during deposition
by a throttle valve while the amount of gases (isopropanol, Ar, O2) in
the gas mixture were controlled independently by separate mass flow
controllers. Prior to the deposition, substrates were etched for 10 min
in an Ar/O2 discharge (with a flow rate of 25 sccm) at 100 W.

Derivatization Tests. After the deposition, PPF samples were
transferred quickly (∼3 min) under vacuum into a separate chamber
having a base pressure inferior to 10−3 Pa for derivatization tests. The
labeling agent, nitric oxide (NO), was introduced into the chamber
until the pressure of 100 mBar (Pirani gauge controlled) was reached
by blocking out of a turbo pump according to the procedure reported
previously.25

Grafting Experiments. Grafting experiments were performed in
the same vacuum chamber as derivatization tests. EHA solution was
passed through a basic alumina column to remove the stabilizing agent
before being introduced into the chamber through the valve located
above the substrate-holder after degassing for 5 min with Ar in order
to remove residual oxygen (Figure 1). The pressure was increased with

Ar to slightly below atmospheric pressure prior to the introduction of
the monomer in order to avoid violent spraying of EHA upon contact
with the base vacuum of the chamber and to ensure a complete
coverage of the PPF sample by the monomer. The chamber was
preheated to 50 °C by an external heater to guarantee efficient
polymerization reaction. After polymerization, test samples were
washed twice with chloroform for 5 min so that adsorbed layers could
be removed before subsequent analyses. Deposition parameters, such
as the grafting time and radiofrequency (RF) input power, were
investigated.

Free Radical Polymerization. In order to obtain a relevant
reference for the grafted polymer chains, poly(EHA) was synthesized
by a free radical polymerization in THF solution and deposited by
spin-coating on a silicon wafer. A detailed description of the
polymerization procedure can be found elsewhere.23

Figure 1. Schematic drawing of the PECVD and derivatization/
grafting chambers.
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Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS). Static ToF-SIMS data of the as-deposited coatings were
acquired using a ToF-SIMS IV instrument from ION-TOF GmbH. An
Ar+ 10 keV ion beam at a current of 3.0 pA, rastered over a scan area of
200 × 200 μm2, was used as analysis beam. The detection was made in
the negative ion mode. The resulting spectra exhibit few peaks below
m/z = 60 that are not reported here because not really significant
neither to the PPF nor to the PPF that underwent a grafting.
Therefore, the discussion will be made for the ratio m/z > 60. Five
measurements were performed on each sample keeping settings
unchanged.
X-ray Photoelectron Spectroscopy (XPS). The chemical

composition of the PPF was evaluated by XPS using a Versaprobe
PHI 5000 hemispherical analyzer from Physical Electronics with a base
pressure below 10−7 Pa. The X-ray photoelectron spectra were
collected mainly at the takeoff angle of 45° with respect to the electron
energy analyzer, operating in constant analyzer energy (CAE) mode
(23.5 eV). For angle-resolved experiments, five photoemission angles
(relative to the normal to the sample surface) were considered: 0°,
15°, 45°, 60°, and 75°. The spectra were recorded with the
monochromatic Al Kα radiation (15 kV, 25 W) with a highly focused
beam size of 100 μm. The energy resolution was 0.7 eV, and the
binding energy scale of the spectra was calibrated with respect to the
aliphatic component of the C1s peak at 285 eV.26 Eventual surface
charging was compensated by a built-in electron gun and an argon ion
neutralizer.
Atomic Force Microscopy (AFM). AFM was performed in order

to characterize surface topography and to measure physical properties
such as adhesion, deformation and dissipation, simultaneously to the
height image.27,28 Films, deposited on silicon wafer, were imaged using
peak force tapping (PFT) based on real time force distance curve
analysis recorded at a frequency of approximately 2 kHz using a Bruker
Nano Inc. ICON atomic force microscope (Santa Barbara, CA) driven
by a Nanoscope V control unit, and the tip used was a SNL-10 type in
silicon on a nitride lever with a spring constant of 0.35 N.m−1 and a
radius curvature of about 10 nm. The measurements were realized in
air under ambient conditions (temperature and pressure).
Contact Angle Measurements. Contact angle of a water drop on

the film’s surface was measured using a drop shape analysis system
DSA 10 MK2 (Kruss) at room temperature. A drop of deionized water
(10 μL) was placed onto the sample surface, and the images of the
water menisci on the sample’s surface were recorded with a digital
camera. These images were analyzed by DSA software in order to
obtain contact angle values. A total of 10 measurements in different
areas on the surface were averaged.
Quartz Crystal Microbalance. An EG&G Quartz Crystal

Analyzer QCA917 apparatus was used as the oscillating circuit and

analyzing device in order to measure mass variation (with frequency)
of the films upon exposure to different media. The piezoelectric quartz
crystal selected for the QCM analysis is a square-shaped crystal model
QA-A9M-AU (Ametek). The resonance frequency of the quartz crystal
is 9 MHz in AT-cut (polished surface) with gold-plated metal
electrodes on both sides and an electrode area of 0.2 cm2. The
oscillator frequency measurement was performed by using a frequency
counter with an accuracy of ±1 Hz. For the piezoelectric quartz in use,
the Sauerbrey equation29 was defined (eq 1):

Δ = − × Δ
m A

F
F

( 0.44 10 )6

0
2 (1)

where Δm is the adsorbed mass in g; ΔF is the frequency shift in Hz;
F0 is the fundamental frequency of the quartz, 9 MHz; A is the total
sensitive surface of the electrodes, 0.2 cm2. The constant 0.44 has units
of g·MHz·cm−2. The theoretical frequency decrease caused by the
adsorption of 1 ng of substance is about 1 Hz.

Prior to deposition and immersion in EHA solution, electrical
contacts should be covered in order to avoid their degradation and
corrosion. Only one side of the quartz microbalance sensor was coated
with the studied material, namely, the PPF with grafted chains of
poly(EHA). Thus, PPFs were the deposited on gold QCM sensor and
immersed in EHA solution for 1 h at 50 °C as previously detailed.
Neat PPF was also deposited. After washing to remove ungrafted
chains, the films were dried using nitrogen and introduced in QCM
apparatus for measurements. They were then subjected to three cycles
of treatments alternating acetone which is a good solvent of
poly(EHA) and water which is a poor solvent. Each sample underwent
three cycles in each solvent, and each immersion cycle lasted about 20
min. The as-deposited PPF was also subjected to the same set of
experiments. At the end, the films were again dried and analyzed to
control the mass uptake or loose induced by the immersion in
solvents.

■ RESULTS AND DISCUSSION
Grafting Confirmation. In a previous paper,25 free radicals

present on the surface of the isopropanol-based PPF have been
investigated and quantified with the help of NO chemical
derivatization in combination with XPS analysis. Derivatization
tests revealed that the amount of free radicals increases
continuously with PRF up to 200 W (∼2.3 × 1014 spin/cm2)
before their slight decrease and stabilization at higher powers
(to ∼2.1 × 1014 spin/cm2 for PRF 300 and 400 W) supposedly
due to radical recombination.14,30 Angle-resolved XPS measure-
ments have shown that primary and secondary radicals are

Figure 2. Negative ToF-SIMS spectra of the PPF (left) and the PPF on which poly(EHA) chains were grafted.
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dominating on the top surface, while tertiary radicals are
present in the subsurface region hidden from the interaction
with plasma particles. The increase of the fraction of tertiary
radicals with input power has been attributed to the higher
fragmentation of the monomer in the discharge, as revealed by
in situ plasma phase FTIR spectroscopy, and to the stronger
bombardment of the growing film by ions, electrons and VUV
photons.
These free radical species generated during PPF synthesis are

highly reactive and can undergo oxidation upon exposure to air
and, thus, induce aging of the PPF. However, they can also be
exploited to initiate radical polymerization, which is namely the
focus of the current study, through the free radical polymer-
ization of a vinyl monomer, for example, EHA. Deposition
conditions resulting in the maximum of free radicals, previously
determined by NO derivatization, were used in order to prove
that polymerization is initiated by free radicals trapped in an
isopropanol based PPF. So the PPF deposited at 200 W on a
silicon wafer was immersed for 1 h in EHA monomer at 50 °C
(see Experimental Section) in order to initiate free radical
polymerization.
ToF-SIMS has been used in order to characterize the surface

of the films. This technique allows investigating qualitatively
about 1 nm of the surface of the material. It does not provide
quantitative information but can be useful in determining the
material present on the extreme surface of the film. Figure 2
presents ToF-SIMS results for the PPF and the PPF as
recovered after immersion in EHA for 1 h. At high masses the
presence of fragments C3H3O2

− and C8H15O
− on the PPF

surface after immersion in monomer clearly indicates that
polymerization of EHA actually took place. Indeed, these
fragments C3H3O2

− and C8H15O
−, corresponding to an acrylic

group and a long hydrocarbon arm respectively, are character-
istic of the EHA molecule. It should be noted that for the
nonimmersed PPF these two peaks are absent in the ToF-SIMS
spectrum.
More quantitative results from a greater surface depth (∼10

nm) than ToF-SIMS can be obtained by XPS analysis. The
notable feature of the EHA monomer is the presence in its
structure of a carboxylic functional group with a characteristic
peak at 289 eV in XPS spectrum. Fortunately, this peak is not
present in the C1s spectrum of the PPF. Therefore, the

presence of this peak can be considered as an indication that
polymerization of EHA was initiated by free radicals generated
and trapped during the PPF synthesis. XPS C1s and O1s peaks
and the corresponding curve fittings of the bulk poly(EHA) as
well as of the as-prepared PPF and the PPF immersed in EHA
solution at 50 °C for 1 h are presented in Figure 3. The
comparison of C1s spectra shows that the spectrum of the
grafted polymer is very similar to the spectrum of the reference
poly(EHA), exhibiting likewise the presence of COO peak at
289 eV and C−O peak at 286.5 eV along with the main C−C
peak at 285 eV. The CO peak at 288 eV can be considered as
a characteristic peak of the PPF taking into account its
considerably reduced contribution to the poly(EHA) spectrum.
The comparison of O1s spectra yields similar results − O1s
peak shape for the poly(EHA) grafted chains is very close to
the reference poly(EHA) (O- and O peaks) and is quite
different from the PPF (broad peak). This grafting test
confirms that free radicals present on the surface of the PPF
can efficiently initiate polymerization of radically polymerizable
monomers such as acrylates.

Grafting Optimization. In order to optimize the amount
of grafted chains that are expected to protect the PPF from
oxidation and aging in air, such parameters as RF power for the
PPF synthesis and the immersion time in EHA solution have
been investigated.
RF power, PRF, is known to have a considerable effect on the

degree of the fragmentation of the precursor in plasma. As
already mentioned, NO derivatization as well as in situ plasma
phase FTIR spectroscopy revealed a continuous increase of PRF
up to 200 W implying an increase of precursor fragmentation
and, thus, of the amount of free radicals trapped in the film.25 A
further increase of PRF to 300 and 400 W resulted in a decrease
of radical amount probably due to the recombination reactions
reducing the number of free radicals available for the
subsequent derivatization.14,30

In order to cross-check the data concerning radical density
obtained in NO derivatization experiments, the study of
poly(EHA) grafting as function of the PRF was realized. The
percentage of COO groups served as an indicator of the
polymerization of EHA. Figure 4 shows the alteration of the
grafting efficiency represented by COO percentage as a
function of PRF. NO derivatization results are also presented

Figure 3. C1s (left) and O1s (right) spectra of the PPF (A), the PPF on which poly(EHA) chains were grafted (B), and a reference of poly(EHA)
(C).
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for comparison. The amount of COO increases with power up
to 200 W, and then decreases afterward at higher powers. This
confirms the results of NO derivatization experiments:
isopropanol fragmentation increases with PRF up to 200 W,
causing the free radical density to rise before radical
recombination takes place at higher powers, reducing the
amount of sites available for the initiation of subsequent
grafting polymerization. Nevertheless, it should be mentioned
that the decrease of COO amount after 200 W for the grafted
samples is greater than the decrease of NO amount for the
derivatized samples. This difference may be attributed to the
fact that either some radicals are quenched by chain
termination reactions occurring during polymerization or
some radicals trapped within the highly cross-linked PPF
subsurface are more accessible for NO molecules that can
penetrate deeper into the film than larger EHA molecules.
Grafting experiments for different immersion times in EHA

were performed on the PPF deposited at 200 W when the
maximum amount of surface free radicals is generated. After the
PPF synthesis samples were transferred to the polymerization
chamber where they underwent free radical polymerization of
EHA during 0 min (PPF), 5 min, 30 min, 60 min, and 24 h. For

comparison, a reference sample of poly(EHA) has been
synthesized (see Experimental Section) and analyzed by XPS.
After free radical polymerization, PPF samples were

thoroughly washed with CHCl3, a good solvent of poly(EHA).
This washing procedure allows removing all noncovalently
bound polymer chains resulting mainly from radical transfer
side-reactions. XPS C1s and O1s peaks of the PPF samples
after different immersion times and reference poly(EHA) (not
presented here) show that the peak representing the CO
bond, characteristic of the PPF decreases while the peak related
to COO of poly(EHA) increases with immersion time. This
indicates that the surface of the PPF gets more and more
covered by poly(EHA) chains with immersion time. In
addition, for the O1s bond two separate contributions
characteristics of O− and O bonds of the poly(EHA) are
observed while for the PPF only one broad peak is present.
With the increase of immersion time into EHA the shape of
O1s peak of the samples approaches gradually the shape of the
poly(EHA) reference.
The integration of the XPS C1s and O1s peaks of the PPF

samples after different immersion times in EHA as well as the
reference poly(EHA) with the help of a fitting model allowed
to plot the evolution of carbon and oxygen peaks characteristic
of poly(EHA) and PPF (Figure 5). As expected, with the
increase of reaction time the surface composition changes
toward the reference poly(EHA) indicating that longer
immersion induces more efficient grafting. The amount of
grafted chains, reflected by the COO amount (in parallel with
the decrease of CO amount), continuously rises during the
first hour of immersion in EHA solution (the same trend for
O− and O amounts). Afterward, no considerable increase of
COO amount is observed probably due to chain end
termination or transfer reactions. These transfer reactions
might induce formation of transverse ungrafted chains that are
most likely washed out during CHCl3 rinsing subsequently to
polymerization. Since no further change is observed for longer
immersions, the reaction time of 1 h seems to be the optimal
compromise of immersion time and grafting efficiency.

Detailed Characterization of the Grafted Chains.
Thickness evaluation of poly(EHA) grafted chains can be
quite challenging with conventional techniques, such as
ellipsometry, because grafted chains and the PPF have very

Figure 4. Amount of COO groups as function of the PRF (■) and the
amount of nitrogen after NO derivatization (□).

Figure 5. Evolution of (■) COO and O−, and (□) CO and O percentages with immersion time.
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close optical properties and refractive indexes are required for
any fitting in ellipsometry. An interesting approach to evaluate
thickness was considered with the help of XPS. In order to
determine the thickness of the grafted layer a method based on
angle-resolved XPS (ARXPS) and set up by Cumpson was
employed in the current study. This technique is non-
destructive and allows to determine elemental and chemical
depth profiles of the different species present in the surface of a
sample.31,32

Taking into account several assumptions including that (1)
the sample is considered to be amorphous or finely
polycrystalline within the analysis volume, (2) the elastic
scattering can be neglected, (3) the refraction of electrons on
leaving the specimen surface is negligible, (4) the attenuation
length of a photoelectron is independent of the composition of
the material through which it passes, (5) the surface of the
specimen is smooth and uniform in the xy-plane, and (6) the
acceptance angle of the electron analyzer (the range of angles
over which electrons will be detected) is very small. The
formula giving that total photoelectron intensity I correspond-
ing to a particular element can be written as

∫θ ϕ
λ θ

= −
I K C z

z
( ) ( ) exp(

cos
)

where ϕ is the photon flux, K is a term that takes into account
instrumental factors such as transmission function and detector
efficiency, C(z) is the function describing the variation of the
concentration of the element at depth z, λ is the inelastic free
path of the photoelectron, and θ is the takeoff angle of analysis
to the normal of the sample. The variation of the takeoff angle
will induce a variation of intensity of each element.
In order to interpret ARXPS data, an algorithm set up by

Cumpson and further developed by Paynter who created a
spreadsheet to fit the model to ARXPS data was used.31,32 In
this model, elemental composition on the surface as well as in
the sublayer (substrate or other layer in a multilayer system, for
example), fraction of the sublayer coverage, and the photo-
electron inelastic free path are all fixed. Then the depth is
adjusted to find the best fit of the calculated and experimental
data.
Similarly, using the intensities of C1s peak fit components,

the thickness of one layer presenting different carbon
environment as compared to the underlying layer can be
determined.33 For this particular case, the same inelastic mean
free path is inserted for all components of the model.
In the present study, three carbon components, carboxyl

group (characteristic of the grafted layer), carbonyl group
(characteristic of the of plasma polymer film), and aliphatic
carbon component (characteristic of both layers), were
considered for the model. Figure 6 displays the ARXPS results
obtained from the PPF deposited at 200 W and immersed into
EHA for 1 h. It can be seen that the relative intensity of the
carboxyl bond increases for higher photoemission angles,
indicating that the surface is richer in carboxyl group than
the bulk. In the same way, the intensities of aliphatic C−C and
carbonyl components decrease for higher photoemission
angles, implying that the surface contains less of these groups
as compared to the bulk. The model used to fit (solid line) the
experimental data (points) assumes that the “sublayer” is
characterized by two main components: aliphatic and carbonyl
groups with the areas of 96.5% and 3.5%, respectively (PPF
composition). The model also assumes that the “top surface” is
composed of the other two main components: aliphatic and

carboxyl groups with the areas of 91.8% and 8.2%, respectively
(poly(EHA) composition). It is also presumed that the fraction
of the PPF surface covered by the grafted layer is equal to one
implying its homogeneous and full coverage by the polymerized
molecules. The best fit of experimental data is shown in Figure
6 and was obtained for the grafted layer thickness of 35 Å.
The film morphology was characterized by peak force

tapping AFM (PFT-AFM). Surfaces of the PPF before and after
polymer grafting were imaged with the help of AFM PFT and
are presented in Figure 7. Both films do not exhibit any
particular features; the morphology is relatively smooth,
indicating the surface homogeneity even after poly(EHA)
grafting. Moreover, PFT-AFM allows addressing physical
properties such as adhesion of the top surface of the film.
Adhesion profiles of the as-deposited PPF as well as the PPF
with grafted layer are also presented in Figure 7. For the PPF
adhesion to the tip ranges between 1.5 and 3.5 nN and
significantly increases, up to 11 nN, after grafting suggesting
that grafted chains adhere more to the tip than the PPF does.
This result can be attributed to the very soft rubberlike state of
EHA-based polymers exhibiting low glass transition temper-
ature (Tg) (Tg of bulk poly(EHA) is about −69 °C) as
compared to the PPF that is relatively rigid and, thus, does not
adhere to the tip. The root-mean-square (RMS) roughness of
both samples determined by AFM is about 3 nm. This value is
slightly higher than the commonly reported roughness values
for the PPF that have a RMS roughness inferior to 1 nm.34,35

This is probably due to the relatively high thickness of the PPF
(500 nm) that could induce some surface reorganization due to
mechanical stresses upon exposure to the air.36,37 For example,
Schelz et al. observed that the thick plasma polymer films
presented rougher (2.2 ± 0.4 nm) surfaces than the films with a
thickness inferior to 400 nm (0.37 ± 0.05 nm).37

PPF and PPF with grafted poly(EHA) were also charac-
terized macroscopically by contact angle measurements. The
isopropanol-based PPF exhibits a contact angle of ∼85°,
indicating a more hydrophilic surface than the bulk poly(EHA)
deposited on silicon wafer by spin coating with the contact
angle of ∼115°. After grafting, the contact angle of the PPF
displays the interfacial behavior of the grafted poly(EHA) with

Figure 6. ARXPS fit between the experimental data (points) and the
calculation (lines) of the carboxyl (black), carbonyl (red), and aliphatic
(blue) groups of the PPF sample deposited at a PRF of 200 W and
immersed 1 h in EHA.
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a value of ∼114°. This result indicates that the grafted polymer
chains influence the macroscopic behavior of the PPF even
though they are quite thin (ca. 3.5 nm as determined by
ARXPS). It was also shown that the grafted poly(EHA) layer is
homogeneous over the whole surface of the PPF. Moreover, in
contrast to conventional methods of plasma functionalization,
hydrophobic functions incorporated by grafting of poly(EHA)

to the PPF should be relatively stable and, thus, suitable for
long time applications. In order to understand better the
interfacial behavior and to suggest potential application of the
grafted polymer layer protecting PPF against the reoccurring
oxidation issue, we investigated the stability of these films upon
exposure of different challenging environments including a very
good solvent and a nonsolvent of poly(EHA). The PPF

Figure 7. (Top) PFT AFM height images (5.0 × 5.0 μm2) and (bottom) corresponding adhesion diagrams of the PPF (left) and the PPF on which
poly(EHA) chains were grafted (right).

Figure 8. Effect of the solvent on the behavior of the PPF (□) and the PPF with grafted poly(EHA) chains (■).
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deposited with a PRF of 200 W with grafted poly(EHA) chains
was analyzed along with the as-deposited PPF. Each sample
underwent three cycles of 20 min in acetone and water;
analyses in dry conditions before and after the whole
experiment cycles were also performed. QCM, used as a tool
to study the mass changes in thin films, was employed in order
to monitor the effects of the solvent change. Briefly, for a flat
and uniform film firmly attached to a piezoelectric resonator,
the change in mass is directly proportional to the change in
frequency, as shown in the Sauerbrey equation (eq 1).
Therefore, the theoretical frequency decrease caused by
adsorption of 1 ng of a substance is about 1 Hz. Figure 8
shows the results of the QCM analyses performed for the two
samples. The exposure of the PPF to both solvents has no effect
on its behavior during three cycles. Indeed, in both solvents,
acetone and water, the frequency is constant during each cycle.
A small decrease in water noticed between cycles 1 and 2
suggests only a minor influence of the cycle number on the
frequency. After the third cycle a considerable decrease of
frequency upon drying and exposure to air as compared to the
initial level is observed and it seems that the film is highly
swollen. The frequency decrease is associated with the adsorbed
mass originating presumably from the PPF uptake of the
solvents after a long contact. This behavior was not observed
after grafting of poly(EHA) because frequency in air is the same
before and after three cycles of exposure. However, in acetone,
a good solvent of poly(EHA) chains, a continuous decrease of
frequency during cycles 1 and 2 is observed. It confirms that the
immersion into acetone induces the solvation of poly(EHA)
chains consequently leading to an increase of viscosity close to
the quartz crystal. A conformational equilibrium is reached after
the third cycle of immersion into acetone once the frequency is
stabilized. Upon drying the frequency returns back to its initial
value and remains constant during the whole cycle contrary to
the nongrafted PPF. The films were solvated by a good solvent
of poly(EHA), that is, acetone, and most likely the solvent
uptake took place. Therefore, the retained acetone was repelled
from the films when they were immersed into water and
polymer chains collapsed back because water is a non solvent of
poly(EHA). This data indicates that grafting of poly(EHA)
chains provides a certain protection to the PPF-based coating.

■ CONCLUSION

In the current study, an innovative approach based on the
initiation of grafting polymerization of 2-ethylhexyl acrylate
from the free radicals generated during plasma polymer films
synthesis was proposed. Optimization of grafting conditions has
shown that the PPF deposited at 200 W contains the highest
amount of free radicals available for grafting and 1 h of
immersion into in EHA is the optimal immersion time for
efficient polymerization. Despite the low thickness of the
polymerized layer (3.5 nm), as estimated by ARXPS, QCM
analyses have revealed that poly(EHA) grafted chains modify
the PPF behavior which in the as-deposited state could be
damaged upon exposure to challenging environments. This
approach contributes to shaping the path toward new smart
nanocoatings through the fine-tuning of the PPF and/or grafted
layer composition. Accurate compositional control might result
in the enhancement of mechanical and corrosion protection
properties as well as in the incorporation of functional
properties such as self-healing, pH- or thermoresponsiveness,
and so on.
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