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ABSTRACT: Plasma-polymerized films (PPF) synthesized by
plasma-enhanced chemical vapor deposition (PECVD) find
increasing applications in biomedicine and differ in many ways
from conventional polymers. One of the most specific
properties of the PPF is the high reactivity of its free-radical-
rich surface, arising from the deposition mechanism. Although
generally considered as a disadvantage leading to the aging of
the PPF, reactivity of the plasma-treated polymers and PPF
surfaces can be beneficially employed, for example, for grafting
of a specific chemical functionality or short polymer chains.
The quantitative evaluation of the surface radical density of the
PPF is thus considered as the necessary preparatory step toward any subsequent grafting reaction. In the present study, the
surface radical density of an isopropanol-based PPF was quantitatively determined by a combination of NO chemical
derivatization and X-ray photoelectron spectroscopy (XPS). Once the derivatization conditions were optimized, the radical
density, derived from at % N determined by XPS, was evaluated as a function of the deposition power. It was found out that the
surface density of free radicals presents a maximum for the deposition power of 200 W (∼2.3 × 1014 spin/cm2) and it stabilizes
(∼2.1 × 1014 spin/cm2) with further power increase. XPS findings were supported by in situ FTIR measurements that provided
additional information about the degree of plasma fragmentation denoting fragmentation saturation for a deposition power of
200 W. By fitting the N1s peak it was possible to identify primary, secondary and ternary radicals and to study their respective
evolutions with different deposition conditions. Angle-resolved XPS analysis allowed the in-depth distribution of radicals to be
addressed, revealing that on the top surface, primary, and secondary radicals are dominating, whereas more tertiary radicals are
present in the subsurface region. Finally, some preliminary chemical grafting experiments have allowed the relevance of
derivatization results to be cross-checked.
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1. INTRODUCTION

Plasma-polymerized films (PPF) used for example in
biomedical applications1−5 and microelectronic devices6,7 differ
in many ways from conventional polymers and offer several
appealing advantages. They can be easily deposited in a range
of thicknesses from several hundreds of nanometers to more
than one micrometer. They normally exhibit a highly branched
and cross-linked structure free of pinholes. Good adhesion to
different substrates, such as conventional polymers, glasses and
metals, is another notable feature. Careful control of the
deposition parameters allows the chemical and physical
properties of the PPF to be varied and tailored in order to
best comply with the intended application.8−10

PPF are usually synthesized by plasma-enhanced chemical
vapor deposition (PECVD), which is based on supplying
electrical energy to an organic precursor in the gaseous phase.
Thus a plasma is created where numerous electron impact-
based bond scissions of the precursor molecules are
accompanied by free-radical formation of the coating.11−13

Plasma-induced and plasma-state polymerization, competitive
counterproductive ablation, as well as VUV radiation lead to the
synthesis of the highly cross-linked film, characterized by a
network of irregular nonrepetitive polymer structures.9,14

Numerous species present in the plasma (electrons, atoms,
excited molecules and fragments, radicals, ions, etc.) react with
each other and with the growing film via a multitude of
interaction pathways. This often leads to the unspecific
functionalization of the highly reactive surface of the PPF,
which differs greatly from the surface of conventional
polymers.15 One of the most specific properties of the PPF is
that both its surface and subsurface regions are rich in free
radicals arising from the gas phase during fragmentation and
generated on the growing surface through interaction with
plasma particles and VUV radiation.16,17 Radicals possess an
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unpaired electron in their structure and exhibit a huge potential
to react once removed from the deposition chamber and
exposed to an ambient or specific environment. In the air
radicals would undergo manifold reactions with omnipresent
oxygen resulting in the incorporation of various oxygen-
containing groups. This process of uncontrollable and, in most
cases, undesirable modification of the surface chemistry is
commonly referred to as the aging of the PPF.18−20 So although
generally considered as a disadvantage, reactivity of the plasma
treated polymer and PPF surfaces can turn out to be
advantageous when exploited carefully, for example for grafting
of a specific chemical functionality or covalent immobilization
of biomolecules.21−26 In this case, free radicals may serve as a
robust designing tool for surface technology.
Evaluation of the density of surface free radicals is an

important prerequisite in order to understand grafting or
functionalization mechanisms of the PPF. Indeed, a low density
of surface free radicals might lead to an insufficient coverage of
the surface by the covalently bound molecules, whereas too
high density may result in numerous termination reactions and
loss of reactivity.27,28

A number of studies have already been dedicated to the
identification and quantification of free-radical species on the
surface of PPF or plasma treated polymers by different physical
and chemical techniques.29−34 Electron spin resonance (ESR)
offers the advantage of high sensitivity but requires a large
surface-to-volume ratio making the analysis of a single thin film
difficult. Chemical labeling (and subsequent XPS analysis) of
surface free radicals can be carried out either with gaseous or
liquid derivatizing agents. Among others NO is a very reactive
radical gas, which allows various types of carbon-centered
radicals to be distinguished through corresponding binding
energy shifts of derivatization products in an XPS spectra.
Labeling with selective iodine gas yields a lower surface radical
concentration than with NO,16 but has the advantage that its
reaction products are easier to detect with XPS. Wet chemical
derivatization methods (accompanied by absorption spectros-
copy) confront the challenges of the oxygen-free transfer (for
2.2-diphenyl-1-picrylhydrazyl (DPPH)), necessity to derivatize
postoxidation products (for iodide), unknown analysis depth
and side reactions of labeling agents with various functional
groups also present at the surface (for both). However, absolute
quantification of the radical density in all labeling techniques is
not straightforward because of the absence of calibration
methods and the numerous assumptions (such as density of the
film in the surface regions, reaction volume, etc.) that must be
taken into account during the data analysis.16,35,36 Among other
methods available for the detection of free radicals trapped
within polymer materials fluorescence labeling should also be
mentioned.37

In the present work, the quantitative evaluation of the surface
radical density has been performed on an isopropanol-based
PPF. Such an evaluation is considered to be a necessary
preparatory step before subsequent polymer grafting via a free-
radical polymerization reaction, which is initiated directly from
the isopropanol-based PPF. NO has been selected as the
labeling agent because of its fast and efficient reactive capacity
and the possibility of distinguishing between different
derivatization products (and hence C-centered radical types)
in XPS spectra. First, the method of chemical derivatization
with NO was validated for the specific set of chambers and
experimental conditions used in this study. Once the
derivatization conditions were optimized, the radical density

was evaluated as a function of deposition power. In situ Fourier
transform infrared spectroscopy (FTIR) measurements pro-
vided extra information about the degree of plasma
fragmentation. Angle-resolved XPS data helped to draw some
conclusions about the in-depth distribution of free radicals.
Finally, preliminary grafting experiments via free-radical
polymerization reactions allowed the relevance of the
derivatization results to be cross-checked.

2. EXPERIMENTAL SECTION
PPF were synthesized on p-type (B-doped) Si substrates (acetone/
methanol precleaned) with isopropanol (MERCK, 99.8%) gas in a lab-
scale deposition chamber. Isopropanol was selected as a saturated
hydrocarbon containing oxygen in order to allow better differentiation
in XPS spectra between the PPF and the grafted layer. The distance
between the inductive coil, powered by a CESAR 1310 Generator
from Advanced Energy, and the substrate was fixed at 5.5 cm.
Evacuating the chamber by a combination of scroll and turbomolecular
pumps allowed the base pressure in the order of 1 × 10−4 Pa to be
obtained, whereas the working pressure of 6.67 Pa was kept constant
by a throttle valve. The amounts of gases (isopropanol, Ar, O2) in the
gas mixture were controlled independently by separate mass flow
controllers. Prior to deposition, substrates were treated for 10 min in
an Ar−O2 discharge (25 sccm each) at a working pressure of 6.67 Pa
and an injected RF power (PRF) of 100 W in order to get rid of the
atmospheric surface pollution. PPF depositions with 5 sccm of
isopropanol were carried out mainly (if not stated otherwise) for 5 min
at PRF = 200 W for the derivatization technique evaluation giving rise
to a thickness of 850 ± 42.5 nm as measured by a mechanical
profilometer Dektak 150 from Veeco. In the second part of the work,
PRF was varied from 65 to 400 W.

Immediately after deposition, PPF samples were transferred into a
separate vacuum chamber (base pressure <1 × 10−3 Pa) for
derivatization tests without exposure to the ambient atmosphere.
The transfer under vacuum (pressure around 1 × 10−4 Pa) took ∼3
min if not stated otherwise. The labeling agent, nitric oxide (Air
Liquide, 99.9%), was introduced into the chamber until the desired
pressure (Pirani gauge controlled) was attained under static conditions
(turbo pump blocked using a gate valve).

Grafting experiments with 2-ethylhexyl acrylate (EHA, VWR, 99%)
were performed in the same vacuum chamber as the derivatization
tests. Prior to grafting, EHA was passed through a basic alumina
column to remove the stabilizing agent. Introduction of the liquid
monomer into the chamber took place through the valve located above
the substrate-holder. In order to avoid violent spraying of EHA upon
contact with the base vacuum of the chamber and to ensure complete
coverage of the PPF sample by the monomer, the pressure was
increased with Ar to slightly below atmospheric pressure before the
actual polymerization test began. During the test the chamber was
heated up to 50 °C by an external heater to guarantee an efficient
polymerization reaction. Grafting experiments lasted 60 min, the
empirically estimated optimum time for sufficient grafting. After the
grafting experiments, samples were washed twice with chloroform
(Alfa Aesar, 99+ %) for 5 min so that physisorbed (monomer/
polymer) layers were removed and only covalently bound poly(EHA)
polymer chains remained on the PPF surface.

The set of PECVD and derivatization/grafting chambers is
presented in Figure 1.

Chemical composition of the PPF was evaluated by X-ray
photoelectron spectroscopy (XPS) on a VERSAPROBE PHI 5000
hemispherical analyzer from Physical Electronics with a base pressure
of <3 × 10−7 Pa. The X-ray photoelectron spectra were collected
mainly (if not stated otherwise) at the takeoff angle of 45° with respect
to the electron energy analyzer, operating in constant analyzer energy
(CAE) mode (23.50 eV). 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. The binding
energy scale of the spectra was calibrated with respect to the aliphatic
component of the C1s peak at 285 eV.38,39 Eventual surface charging

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am400406a | ACS Appl. Mater. Interfaces 2013, 5, 4216−42234217



was compensated by a built-in electron gun and an argon ion
neutralizer. N 1s spectra were recorded with a high pass energy (58.70
eV) in order to reduce the acquisition time and to avoid degradation of
some NOx compounds but at the same time to obtain a good signal-
to-noise ratio, which is essential for the data analysis of very small
amounts of nitrogen.
Diagnostic of the isopropanol plasma by using in situ FTIR

spectroscopy was performed on an Agilent 670 FT-IR spectrometer
aligned with a multireflection mirror system. Thirteen mirrors,
resulting in an optical path length of the 26 m, allow a sufficient
signal-to-noise ratio to be accumulated, because of the beam’s multiple
passes through the discharge. Spectra from 600 to 4000 cm−1 were
taken with a resolution of 4 cm−1 and 50 scans. For data treatment the
Blackman Harris 4 Term apodization function was applied.

3. RESULTS
3.1. Validation of the Method. Adaptation of the

derivatization method for the present experimental conditions
was mainly an extension of the work performed by Wilken et
al.,27,31 which was focused on the search of optimal parameters
for chemical labeling of surface free radicals with NO gas. NO
pressure during derivatization, NO treatment time, transfer
time between PECVD and derivatization chambers as well as
the aging of the derivatized film under air, associated with the
transfer time to the XPS chamber, have been performed on the
PPF deposited in pure isopropanol plasma at 200 W for 5 min
treatment performed at 200 W in pure isopropanol plasma. In
pursuit of optimal conditions for efficient derivatization first the
NO pressure and NO treatment time have been varied. Graphs
displaying nitrogen content (at % N) in the films determined
by XPS as a function of those parameters are presented in
Figure 2.
Figure 2a shows that at % N, and therefore the density of

derivatized free radicals, grows with the increase in NO
pressure from 10 to 100 mbar (due to the increasing reservoir
of NO molecules for the labeling reaction) then remains
relatively stable up to 500 mbar. This almost flat plateau means
that already at 100 mbar, after 15 min reaction time, there is
enough NO supplied to trap all the accessible radicals.
Therefore, for the actual derivatization experiments the NO
pressure of 100 mbar has been selected. Figure 2b shows that at
% N does not depend on the NO treatment time, which is
consistent with the high reactivity of nitric oxide toward
carbon-centered radicals.16,27 A treatment time of 15 min has
therefore been chosen. The NO treatment time (15 min) as
well as the NO pressure (100 mbar) chosen for the present
study are in good agreement with the values reported by
Wilken et al. for their derivatization experiments of VUV
irradiated PE, PP, and PS surfaces.27

Other parameters more specifically related to this process
have also been evaluated. The transfer time of the PPF from the
deposition to the derivatization chamber under vacuum (ttr1) is
associated with the lifetime of radicals under vacuum, while the
transfer time of derivatized samples in the air from the
derivatization chamber to the XPS chamber (ttr2) is important
for the reliability of the chemical analysis. The effect of these
parameters needs to be carefully evaluated in order to draw
accurate conclusions from the measurements.
Figure 3a displays the evolution of at % N as a function of

ttr1. A decrease of the nitrogen content from ∼1.05 to ∼0.80 at
% in the first ten minutes of residing in vacuum is followed by a
much smaller decrease to 0.7 at % during the next 60 min. The
rather rapid initial decrease of nitrogen may be attributed either
to termination/recombination reactions of some radicals or to
nonideal vacuum conditions in the system. Indeed, a base
pressure of 1 × 10−4 Pa allows the presence of a few reactive
oxygen-based species (O2, H2O), which are capable of trapping
surface free radicals. To keep the maximum amount of reactive
radicals alive on the surface of the PPF before chemical labeling
with NO, we have chosen the empirically determined transfer
time of ∼3 min for derivatization tests.
Figure 3b shows that at % N continuously decreases with ttr2,

whereas the oxygen content remains relatively stable. This
decrease of nitrogen is supposedly attributed to the surface
adaptation of the PPF, namely reorganization of the film surface
because of the interfacial energy differences upon contact with
the air, and/or to accumulating surface contamination from
atmospheric pollution.28 To limit these phenomena before XPS
analysis, we set the minimal transfer time between chambers
with inevitable exposure to the air to 15 min for all
derivatization tests. These tests have shown how complicated
and step-dependent is the derivatization of free radicals present
on the PPF samples. Therefore, a rigorous methodology needs
to be defined in order to allow reliable comprehension of data.

Figure 1. Schematic drawing of PECVD and derivatization/grafting
chambers.

Figure 2. XPS-determined at % N on the surface of the PPF
synthesized with PRF = 200 W as a function of (a) NO pressure and
(b) NO treatment time.
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3.2. Surface Free-Radical Study. An aging test of the PPF
under the ambient atmosphere has been carried out prior to the
actual derivatization study. Alterations of at % N and oxygen
content (at % O) of the PPF, exposed to the air for different
time intervals prior to derivatization, are displayed in Figure 4.

It can be seen that the decrease of at % N occurs in parallel
with an increase of at % O as the time between the deposition
of the PPF and its subsequent derivatization increases. The
uptake of oxygen is expected and is associated with the aging of
the PPF driven by an autoxidation mechanism that exploits free
radicals on the surface of the PPF for reactions with oxygen
from the air.16,40,41 During exposure to the air carbon-centered
radicals on the surface react instantly with oxygen molecules.
This rapid reaction leads to the formation of peroxy radicals,

the first product of the autoxidation process described in detail
elsewhere.16,40,41 In the course of autoxidation, metastable
hydroperoxides slowly decay to form a large variety of more
stable oxygen-containing products on the surface of the PPF.
Thus, each radical can incorporate several oxygen atoms
depending on the time of exposure that determines the reaction
step of the autoxidation mechanism. It has been demonstrated
that different oxygen-containing functional groups formed upon
exposure to the air can undergo reactions with NO during the
subsequent derivatization.16 Therefore, it is impossible to
differentiate in XPS spectra reaction products of surviving
radicals with NO from reaction products of oxygen compounds
with NO. Fast and then gradual decrease in at % N and increase
in at % O with time can be attributed to the fact that
increasingly oxygen-rich surface compounds can react differ-
ently with NO because of the nonlinear time scale of
autoxidation. The limit of 0.4 at % N with the longest exposure
time can be associated with NO reacting exclusively with
various oxygen-containing groups formed on radicals in the
course of rapidly beginning autoxidation.16,42 Besides that, an
air pressure of 10 times higher than NO derivatization pressure
and the surface adaptation may also contribute to the changing
character of the chemical composition.28

It is well-known and described that the power injected in the
plasma (PRF) for a given precursor flow plays a major role in
tuning the plasma chemistry and film structure in PECVD,
including free-radical generation. Depending on the degree of
precursor fragmentation, the strength of ion bombardment of
the growing film, as well as the intensity of UV radiation from
the plasma may vary considerably. Alterations of these
parameters affect the structure of the growing PPF and
especially the growing surface and subsurface front, where most
of the free radicals are generated via bonds scissions through
UV absorption or interaction with bombarding particles. The
dependence of the surface density of free radicals on PRF during
the deposition of the PPF is presented in Figure 5.
The surface density of free radicals was deduced from the at

% N determined by XPS according to the following eq 1

Figure 3. XPS-determined PPF (PRF = 200 W) surface content of at %
N as a function of (a) transfer time, ttr1, between deposition and
derivatization chambers under vacuum and (b) at % N (in full black
squares) and at % O (in white squares) as a function of atmosphere
exposure time, ttr2, of derivatized samples prior to XPS analysis.

Figure 4. XPS-determined at % N and at % O on the surface of the
PPF synthesized at PRF = 200 W as a function of the atmosphere
exposure time prior to the derivatization.

Figure 5. (a) In situ FTIR spectrum of the isopropanol plasma with
PRF = 65 W and (b) the surface density of free radicals as well as the
intensity of a C−H stretching band as a function of the deposition
power.
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ρ
= NN

M
l[spin] at % A

(1)

where at % N is the concentration of nitrogen in at %; NA the
Avogadro constant in mol−1; M, the molar mass of nitrogen in
g/mol; ρ − the density of the PPF in g/cm; and l, the XPS
analysis depth in cm. This calculation was carried out assuming
the plasma polymer density of 0.9 g/cm3,27,31 unchangeable
radical concentration throughout the analysis depth of XPS of
5.9 nm and the fact that the majority of N-containing
compounds originate from reactions of NO with C-centered
radicals. Keeping in mind the possibility of reactions of NO
with O-containing groups16 but also taking into account the
low amount of oxygen in the PPF (∼ 90 at % C against ∼10 at
% O), the last assumption seems relevant and might only lead
to a minor overestimation of the density of C-centered radicals.
Figure 5b shows that the evolution of the surface density of

free radicals with PRF presents a maximum for PRF = 200 W
(∼2.3 × 1014 spin/cm2) and then stabilizes for PRF > 250 W
(∼2.1 × 1014 spin/cm2). The initial increase is consistent with
the continuously increasing precursor fragmentation, particle
bombardment and UV radiation which all give rise to a bigger
number of surface free radicals. Then, the slight decrease
supposedly originates from recombination reactions between
radicals due to a too high radical density.27,28 Assuming the
average atom density of 1015 at/cm2 and the fact that in the
cross-linked PPF most bonds are present as variations of
carbon−carbon bonds, the mean distance between derivatized
radicals is estimated to be in the order of half a nm (for the
sample deposited with PRF = 200 W). Deposition powers of PRF
= 300 and 400 W presumably give rise to a higher number of
radicals with the spacing smaller than the distance between the
derivatized radicals. In this case closely located radicals might
undergo recombination and thus decrease the overall radical
density.
The precursor fragmentation has been evaluated by an in situ

FTIR diagnostic. Figure 5a shows, as an example, an FTIR
spectrum of the isopropanol plasma with PRF = 65 W. Several
vibration bands attributed to different bonds within the
isopropanol molecule (O−H, C−H, CH3, C−O) as well as a
newly formed CO stretch band compose the spectrum of the
fragmented isopropanol gas. Results of the in situ FTIR
investigation of the plasma discharge as a function of PRF,
namely the changes in the intensity of the CH3 asymmetric
stretch band (2977 cm−1), are shown in Figure 5b. In
comparison with the pure precursor (0 W in Figure 5b) the
CH3 stretch band exhibits a decrease of 50% in its intensity for
PRF = 50 W as the fragmentation events start to take place. The
signal from all bands shows a dramatic decrease of 80%
between 65 and 200 W. In this range the changes in degree of
precursor fragmentation are the biggest as the continuously
rising input power induces more efficient and abundant bond
scissions. After 200 W changes in the degree of precursor
fragmentation are considerably minimalized once the fragmen-
tation reaches its saturation because most of the intramolecular
bonds have already been broken in the discharge at lower
powers. In situ FTIR findings are in good agreement with the
results of derivatization tests for varying power, correlating the
gradual increase and the maximum surface radical concen-
tration of ∼2.3 × 1014 spin/cm2 in the range from 65 to 200 W
with a continuously growing degree of plasma fragmentation in
this range.

A deeper analysis of the radical chemistry can be obtained by
deconvoluting the N1s spectrum of the derivatized surfaces. As
an example, Figure 6 shows this deconvoluting for a PPF
deposed at PRF = 200 W.

Four components, corresponding to various N-containing
compounds, compose the spectrum. The types and binding
energy positions of these compounds are presented in Table 1.

Reaction pathways in Figure 7 explain the origins of these
compounds with respect to the type of carbon-centered radical

(primary, secondary or tertiary) being scavenged by nitric
oxide.15,27,31 The trapping of primary and secondary radicals by
an NO molecule is accompanied by the hydrogen migration
and consequent formation of oxime groups. In the case of
tertiary radicals, once a nitroso group is formed via direct
attachment, it can further react with NO into nitro and nitrate
groups. Because of the fact that each of the mentioned chemical
groups contain only one atom of nitrogen, oxime concentration

Figure 6. Fitted N 1s XPS peak for the derivatized PPF deposited with
PRF = 200 W.

Table 1. The types and binding energy positions of N-
containing compounds on the surface of the derivatized PPF

compd formula binding energy (eV) ref

oxime R1R2CNOH 400.4 27,31

nitroso R−NO 403.7 27,31,42

nitro RNO2 405.8 27,31,42

nitrate RONO2 408.1 27,31,43

Figure 7. Reactions of formation of various N-containing compounds
from free radicals.31.
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can be directly associated with the concentration of primary
and secondary radicals, whereas the sum of nitroso, nitro, and
nitrate groups can serve as a measure of tertiary radicals. The
alterations in nitrogen content, deconvolved into four
components, as a function of PRF are shown in Figure 8.

This figure shows that the oxime concentration decrease is
accompanied by a comparable nitro concentration rise, whereas
the values for nitroso and nitrate groups undergo only minor
changes with increasing PRF. These observations allow certain
conclusions concerning the type of C-centered radicals to be
drawn. At lower powers, the oxime groups are the most
abundant (about 50% of the total amount of all groups),
implying that there is the equal number of primary/secondary
and tertiary radicals. However, for PRF = 100 W, the situation
has already changed: the concentration of nitro groups has risen
by ∼15%, and the concentration of oxime groups has fallen to
∼30%. At this power, fewer primary and secondary radicals are
generated, whereas the amount of tertiary radicals increases.
With further PRF increase, the tendency of the gradual tertiary
radical growth at the expense of primary and secondary radicals
continues. Such a redistribution of radicals, from equally shared
to dominating tertiary, can be associated with the rising energy
input when increasing PRF. In addition to the increasing
fragmentation in the plasma phase and bombardment with
plasma particles, stronger VUV radiation causes more efficient
excitation of C−C, C−H, and C−O σ bonds in the growing
film.
In view of the subsequent polymer grafting reaction, it is

obvious that the distribution of radical types as a function of the
PPF depth is also important. Results of nondestructive angle-
resolved XPS analysis of the derivatized PPF surface providing
this information without altering the film’s chemistry are
presented in Figure 9.
Changing the angle between the sample surface and the

analyzer (15, 30, 45°) allows us to vary the sampling depth of
the XPS analysis according to eq 2

λ= Θd 3 sin (2)

where d is the sampling depth in nm; λ, the inelastic mean free
path of an electron in nm; and Θ, an angle between the sample
surface and the analyzer. The data shows that the region close
to the top surface region (up to 2.2 nm) contains more primary
and secondary radicals than the deeper subsurface regions (up
to 5.9 nm) where tertiary radicals prevail. The outermost PPF

surface is subjected to interaction with plasma particles (ions,
electrons) along with the plasma VUV radiation. These
bombarding particles continuously break the newly formed
bonds and kinetically restrict cross-linking on the top surface.
Practically, all primary and secondary radicals originate from
this plasma-film interphase. In contrast, the subsurface region
that is shielded from interactions with plasma particles and
exposed to VUV radiation for a longer duration contains much
more tertiary radicals.
Preliminary grafting tests in which radicals on the surface of

the PPF are expected to initiate free-radical polymerization of
the monomer have been performed. The PPF with the
maximum number of surface free radicals (deposited at PRF =
200 W) was selected for the study. 2-Ethylhexyl acrylate was
chosen as a grafting agent because it contains a carboxyl
functional group with a characteristic XPS peak at 289 eV,
which is not present on the C1s spectrum of the PPF. C1s and
O1s peaks of the nonderivatized PPF, conventionally
polymerized poly ethylhexyl acrylate (as a reference) and
poly(EHA) grafted PPF, i.e., after the removal of any
physisorbed monomer or (nongrafted) polymer chains by
selective solubilization in chloroform (see Experimental
Section), are shown in Figure 10.

The comparison of C1s spectra reveals that the spectrum of
the grafted polymer is very similar to the spectrum of the
reference poly(EHA), exhibiting likewise the presence of COO
and C−O peaks along with the main C−C peaks and the very
reduced contribution of CO peak. The appearance of the
COO peak, characteristic of the poly(EHA) reference, and the
almost complete disappearance of the CO peak, indicative of

Figure 8. Relative concentration of various nitrogen-containing
groups, derived from the deconvolution of corresponding N 1s XPS
spectra, for different PRF.

Figure 9. In-depth relative concentration of various nitrogen-
containing groups, derived from the deconvolution of corresponding
N 1s XPS spectra.

Figure 10. (a) C 1s XPS spectra of the PPF, poly(EHA), and grafted
PPF and (b) O 1s spectra of the PPF, poly(EHA), and grafted PPF.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am400406a | ACS Appl. Mater. Interfaces 2013, 5, 4216−42234221



the PPF, denote the grafting of poly(EHA) chains with a
thickness slightly lower than the XPS sampling depth. O1s
spectra comparison yields similar results: the polymer-grafted
PPF is very close in its chemical structure to poly(EHA) (O−
and O peaks) and is quite different from the PPF (single
peak). These XPS findings suggest that a covalently bonded
grafted layer of poly(EHA) with a thickness lower than the
sampling depth of XPS (<5.9 nm) is present on the surface of
the PPF. It has also been shown by the preliminary ellipsometry
measurement that an increase in thickness (about 5 nm) occurs
after the grafting of the poly(EHA) on the PPF. These grafting
tests confirm that free radicals present on the surface of the
PPF can efficiently initiate the polymerization of unsaturated
monomers like acrylates.

4. CONCLUSIONS
Free-radical chemistry on the surface of the isopropanol-based
PPF has been studied with the help of NO chemical
derivatization in combination with XPS analysis. After
validation and adaptation of the derivatization method it has
been found that the amount of surface free radicals increases
with the deposition power up to 200 W (∼2.3 × 1014 spin/
cm2) until radical recombination presumably takes place.
Growing fraction of tertiary radicals with power was attributed
to the higher fragmentation of monomer in the discharge, as
revealed by an in situ FTIR plasma diagnostic, and to a stronger
bombardment of the growing film by ions, electrons and VUV
photons. Angle-resolved XPS measurements have shown that
on the top surface primary and secondary radicals are
dominating, whereas there are more tertiary radicals in the
subsurface region hidden from the interaction with plasma
particles. Preliminary grafting tests with EHA polymerization
support the possibility to covalently graft polymer chains
through free-radical-induced polymerization.
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(36) Hollan̈der, A.; Kröpke, S.; Pippig, F. Surf. Interface Anal. 2008,
40, 379−385.
(37) Ivanov, V. B.; Behnisch, J.; Hollan̈der, A.; Mehdorn, F.;
Zimmermann, H. Surf. Interface Anal. 1996, 24, 257−262.
(38) Moulder, J. F.; Stickle, W. F.; Sobo, l. P. E.; Bomben, K.
Handbook of X-ray Photoelectron Spectroscopy, 2nd ed.; Perkin Elmer
Corporation: Eden Prairie, MN, 1992.
(39) Briggs, D.; Seah, M. P. Practical Surface Analysis by Auger and X-
ray Photoelectron Spectroscopy; John Wiley & Sons: Chichester, U.K.,
1983.
(40) Biederman, H. Plasma Polymer Films; Imperial College Press:
London, 2004.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am400406a | ACS Appl. Mater. Interfaces 2013, 5, 4216−42234222

mailto:rony.snyders@umons.ac.be
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