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Polystyrene-like coatings are synthesized by plasma near atmospheric pressure. Elucidating their chemical
structure after exposure to ambient air could be very challenging because of the interference of surface-related
phenomena, mainly post-polymerization oxidation and contamination. In this paper, we propose secondary ion
mass spectrometry (SIMS) in molecular depth-profiling mode, combined to multivariate analysis, as a more
reliable tool for their investigation as a function of the injected power. Indeed, the information provided by the
inner layers is more representative of the film in growth. The SIMS approach is validated by complementary,
surface-sensitive and bulk techniques: X-rays photoelectron spectroscopy (XPS) and infrared spectroscopy (IR).
The SIMS results suggest that the high concentration of -CH; groups in the polymer matrix, pointed out by IR, is
due to branching and/or grafting of CHj' radicals to active sites (prevalently in position a, B, y) along the
aliphatic backbone, in addition to a significant fraction of trapped oligomers. The oligomer contribution is
supported by an original study based on the molecular weight dependence of the sputtering efficiency. The
overall experimental evidences indicate a milder fragmentation of the precursor at lower powers, leading to a

higher conservation of the aromaticity and a lesser branched and/or cross-linked content.

1. Introduction

Plasma-polymerized polystyrene (pp-PS) is mainly used as a pro-
tective film and in the preparation of medical and electronic devices. A
considerable amount of research has been conducted on the plasma
polymerization of the styrene precursor at low pressure since the 1960s
[1-6], but to our best knowledge only a few works have addressed the
more recent use of atmospheric pressure devices [7-9]. The advantages
of using plasma technologies for the deposition of polymer-based ma-
terials at atmospheric pressure are presented in a review paper [10].
Consequently, the elucidation of the chemical structure of pp-PS ob-
tained near atmospheric pressure is desired by the scientific commu-
nity.

Well-established protocols for the characterization of plasma-de-
posited polymers include complementary surface-sensitive and bulk
techniques, such as X-ray photoelectron and infrared spectroscopies
[11-13]. In this context, secondary ion mass spectrometry (SIMS) is still
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considered as a more exotic technique. This is probably due to the ex-
tensive fragmentation of the polymer chains upon primary ion bom-
bardment (of a few tens of keV), so that the extraction of chemical and
structural features from the SIMS spectra (i.e. static-SIMS or SSIMS
mode) is not straightforward and sometimes extremely time-con-
suming. However, the potential of SSIMS as a surface characterization
technique for the direct interrogation of plasma-deposited and plasma-
treated polymer structures was pointed out a long time ago, when the
mass resolution was still strongly limited by the use of quadrupole mass
analyzers [14,15]. Chemical and structural information provided by
SIMS is unique and extremely valuable for the analysis of plasma-re-
lated polymers (treated or synthesized by plasma), providing insights
about the unsaturation, branching and/or cross-linking contents. An
example is given by the SIMS study of plasma-induced surface mod-
ifications of polymers conducted by De Puydt et al. in 1992 [16]. In
their work, information about the unsaturation and cross-linking was
retrieved by means of SIMS structural indicators [17], such as the sum
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of the aromatic ion intensities (Xarom) [18]. In 1994, Petrat et al.
carried out a combined SSIMS and XPS in-situ analysis to study the
surface modifications of PS induced by Ar, O, and N, microwave
plasmas [19]. The destruction of the aromaticity was pointed out by the
C,H,"/C4H," signal ratio in SIMS and supported by the ratio of aro-
matic to aliphatic carbon in the XPS C 1s signal. In 1995, plasma-
polymerized styrene thin films were studied with SIMS and XPS by
Leggett et al. They found out that SSIMS analysis was very sensitive to
the cross-linked and unsaturated contents on the basis of a structural
comparison between conventional and plasma-polymerized PS [20].
Furthermore, the effects of the external plasma parameters on the
chemical structure of plasma-deposited polymers have been widely
investigated by time-of-flight (ToF)-SIMS surface analysis [21]. High
functional group retention and structural retention from the precursors
were achieved in the plasma polymerization at low power and high
precursor flow rate. This was frequently observed in the SIMS surface
characterization of plasma-polymers [22,23]. A ToF-SIMS investigation
of the chemical character of plasma-deposited films from ethylene and
styrene at low pressure and as a function of the external plasma para-
meters was conducted by Oran et al. [24]. Additional SIMS structural
indicators were employed in the surface characterization of plasma-
synthesized films from the styrene, allyl alcohol, and allylamine pre-
cursors, which were also correlated to the different deposition condi-
tions [25]. In general, harder plasma conditions, such as higher power
or lower precursor flow rate, result in higher irregularity of the plasma
films (because of a decreased retention of the precursor functionalities
and/or higher cross-linked/branched/unsaturated contents). Studies
also indicated that the lower the irregularity of the film, the higher was
the post-oxidation and vice versa [26]. More recently, multivariate
analysis was applied in the SSIMS studies of plasma-treated and plasma-
synthesized polymers in order to readily extract a higher amount of
chemical and/or structural information based on the interpretation of
the most important variation trends of the ToF-SIMS ion intensities. The
potentialities of combining SSIMS and multivariate analysis for the
characterization of ultra-thin plasma films are well demonstrated by a
recent publication of Cossement et al. [27]. It reviews the work con-
ducted by their group in Mons on the characterization of plasma-
polymers in order to extract the relative cross-linking degree [28-33].

In this paper, polystyrene-like films were deposited by means of a
dielectric barrier discharge (DBD) and the plasma power was varied
between 10 and 80 W. The coatings were then analyzed ex-situ. In
contrast to the extensive literature on static-SIMS characterization of
plasma-polymer surfaces which is adequate for in-situ analysis, one
novelty of the present study is that it investigates the sub-surface, being
more representative of the actual chemical structure after exposure to
air [34]. This is made possible thanks to the recent advent of massive Ar
cluster ion beams as “damageless” sputtering sources for organic ma-
terials [35]. However, one is dealing with a polymer showing new
structural features not ascribable to the conventionally polymerized
counterparts (chosen as references in this work) for which, as was
mentioned above, traditional structural indicators have been defined in
SIMS [20]. Hence, multivariate analysis was chosen in order to extract
more reliable information about the pp-PS structure from the mass
spectra [36]. Specific chemical and structural features of the pp-PS
deposits, such as methyl-substitution and oxidation, were elucidated by
SIMS. In the end, the integration of the information derived from gel
permeation chromatography (GPC), XPS (surface-related), IR and
SIMS/PCA (bulk-related) lead to a more complete picture of the che-
mical structure of the investigated plasma-polymer, as well as its de-
pendence on the power injected into the plasma medium.

2. Experimental section
2.1. Materials

The liquid styrene precursor used for the plasma polymerization
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was provided by Fluka (99.5% purity, 0.005% of 4-tert-butylcatechol as
stabilizer). The styrene was employed without any further purification.
Argon was chosen as carrier gas and plasmagen gas (Air Liquide,
99.999% purity). The plasma-polymerized styrene was deposited onto
silicon substrates of 1 X 4-5cm? size, cleaned by sonication in iso-
propanol (VWR Chemicals, HiPerSolv CHROMANOFORM for HPLC,
99.9% purity) and dried under nitrogen flux. Each 1 x 4-5cm? Si-
supported plasma film was successively cut in 1 x 1 cm? pieces to be
characterized by the different analytical techniques. This methodology
was found to be the best in order to avoid the edge effects and to obtain
more homogeneous films in terms of chemical structure and thickness.
Linear and cross-linked PS, used as reference samples, was purchased
from Goodfellow (~1mm-thick polymer sheets). Other commercial
references were employed in the SIMS study, such as the poly (a-methyl
styrene) (PAMS), poly (4-methyl styrene) (P4MS) and poly (4-vinyl-
phenol) (PVP). Polydisperse PAMS was provided by Scientific Polymer
Product. P4MS (M,, ~72,000 g/mol) and PVP (M,, ~25,000 g/mol)
were purchased from Sigma-Aldrich. In order to prepare Si-supported
thin films, first PAMS and P4MS powders were dissolved in toluene
(Sigma-Aldrich, purity =99.71%), whereas PVP was dissolved in iso-
propanol (VWR Chemicals, 99.9% purity). Then, the solutions were
spin-coated onto the cleaned silicon at 5000 rpm with acceleration
20,000 rpm/s for 60s.

2.2. Plasma polymerization

Plasmas were produced in a homemade dielectric barrier discharge
(DBD) reactor (scheme in supporting information, Fig. S1). The reactor
consists in a glass cylinder made of pyrex from PierreGlass, 7-mm
thickness, 200-mm height and 100.5-mm radius with six entries (KF DN
25) located at half-height for the gas inlets and the pressure gauge. It is
connected to two UHV stainless-steel flanges (SA Georis) and the in-
sulation is ensured by two Viton O-rings. Each UHV stainless-steel
flange presents two feedthroughs KF DN 16 for the passage of current
(on the top) and the pumping system (on the bottom). The remaining
unused feedthroughs are closed with OD flanges. Two copper elec-
trodes, covered with aluminum oxide (alumina, 99.7% purity), with 8-
cm diameter and 3-mm thick are provided by Ceratech. The inter-
electrodes distance is 3-4 mm. High voltage is applied to the top elec-
trode, whereas the bottom electrode is grounded. The DBD device is
equipped with two different gas inputs: 1) mixture of carrier gas and
styrene (precursor), and 2) only carrier gas, that in this case is em-
ployed to bring the chamber to atmospheric pressure. The liquid
styrene precursor is kept at 313K in a bubbler immersed in a thermo-
stated bath. The precursor vapors are carried into the discharge by an
Ar flux via a volumetric flowmeter from Aalborg with a flow rate of 4 L/
min. The gases are driven to the plasma chamber using PFA (per-
fluoroalkoxy copolymer) and stainless-steel lines (Swagelok®). The lines
are heated by thermal bands from the bubbler to the chamber in order
to minimize the precursor condensation. After the introduction of the
silicon substrate for the plasma deposition on the bottom electrode and
perpendicularly to the Ar/styrene inlet, the chamber is pumped down
to a pressure of 1 x 10>-5 x 10®Pa by a primary pump “Chemvac
combination pump system 6 Dp-101”. Then, the chamber is refilled by
the gas mixture (Ar/styrene) to the working pressure of 2 X 10*Pa
measured by a gauge CMR 361. The cylindrical chamber is pumped
continuously during the plasma polymerization (dynamic flux) in order
to minimize the air contamination of the growing polymer film. A
dosing valve Balzers-Pfeiffer Vacuum EVN 116 is located between the
pump and the chamber in order to reduce the pumping rate during the
film deposition. The low frequency (LF) plasma is ignited using an AFS
(G10 S-V) generator. The frequency is fixed at 18,160 Hz. Plasma-
polymer films were prepared varying the power from 10 W to 80 W. The
deposition time was kept constant at 5min. After the film deposition,
the sample was left in the reactor under (sub)-atmospheric pressure
during 5 additional minutes in order to minimize the post-
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Table 1
List of the investigated plasma-deposited styrene films polymerized at dif-
ferent powers and commercial PS samples used as references. Note that the
linear PS represents the main reference material for the XPS, IR and SIMS
analyses.

Plasma-polymerized polystyrene (pp-PS) films

Plasma power (W) Sample name Film thickness (um)®

10 pp-PS/10W 0.13
20 pp-PS/20W 0.57
30 pp-PS/30W 1.77
40 pp-PS/40W 1.60
50 pp-PS/50W 4.14
60 pp-PS/60W 6.03
70 pp-PS/70W 8.18
80 pp-PS/80W 4.71
Polystyrene and derivatives (references)
Polymer Chemical structure
Linear PS

Js
)

CHy

3

OH

Poly (a-methyl styrene), PAMS

Poly (4-methyl styrene), P4AMS

Poly (4-vinylphenol), PVP

Cross-linked PS

@ Estimated by stylus profilometry in the center of 1 x 1cm? samples.

polymerization oxidation due to the surviving radicals trapped inside
the polymer structure. Then, the plasma chamber was brought to at-
mospheric pressure with argon and the samples were collected to be
analyzed. The plasma-synthesized films do not appear oily and sticky in
contrast with the deposits obtained in other works at high pressures or
low power levels [3,23], suggesting that they are cross-linked to a
certain extent. The samples investigated in this study and the reference
polymers are described in Table 1.

2.3. Characterization of the samples

2.3.1. ToF-SIMS in-depth analysis and PCA data treatment

SIMS molecular depth-profiling experiments were performed using
an ION-TOF TOF.SIMS 5 (Miinster, Germany) instrument equipped with
both Bi(Mn) Nanoprobe-LMIG (liquid metal ion gun) and Ar-GCIB (gas
cluster ion beam) primary ion sources mounted at 45° to the surface
normal. The secondary ions were collected by a reflectron-type time-of-
flight analyzer perpendicular to the sample surface. The plasma-
polymer samples were analyzed ex-situ by SIMS within the first few
hours from their preparation. The molecular depth-profiles were ac-
quired only in positive ion polarity, due to the poor hydrogen-related
information provided by the negative ion polarity. However, important
insights about the oxidation can also be extracted from the positive ion
mode. The depth-profiling was performed in non-interlaced dual ion
beam mode. So, a 10-keV Arsgoo " ion beam was employed to sputter a
600 x 600 um? area, whereas a second pulsed beam of 30-keV Bis*
ions (0.06 pA) was used to collect the mass spectra from a
200 x 200 um? area, concentric to the sputtered surface. The sputter
current was set to 2 nA for all the experiments with the exception of the
thinnest plasma films (10 W and 20 W), where it had to be lowered to
0.3nA. A 20eV electron flood gun was employed for charge compen-
sation. The mass resolving power at m/z 29 (C,Hs ") was around 5000
which is sufficient to resolve the hydrocarbon from the O-containing
peaks in the low mass region. For the thickest plasma-deposited films
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(from 30 to 80 W), the total ion dose cumulated over an entire profile
for the 30-keV Bis ™ beam was of the order of 102 ions/cm?, while for
the 10-keV Arzgoo ' source it was kept around 5 X 10* jons/cm?. The
ratio between the analysis and sputter doses excludes a significant
contribution of the Bis™ beam in the etching process of the specimens
[37,38]. In the above-mentioned sputter conditions, sputtered volumes
of ~250 nm and ~190 nm in depth were measured for the pp-PS/40W
and pp-PS/80W specimens, respectively. The sputtered depths were
measured by a stylus profilometer DektakXT (Bruker Nano Surfaces
Division, Tucson AZ, USA) in 3D imaging mode with a 0.7-um tip and
applying a force of 0.3 mg in order to estimate the sputter yield volume
Y (expressed in nm®/primary ion or nm>/PI) of the polymer materials. Y
was calculated by dividing the sputtered depth (nm) by the sputter ion
dose (PI/nm?) needed.

The bulk-like mass spectra used in this study were obtained by
means of a computer reconstruction of the SIMS raw data over a sputter
dose of ~4 x 10'%ions/cm?2, ~3 x 10**ions/cm?, ~7 x 10'*ions/cm?
for the pp-PS films polymerized at 10-20 W and 30-80 W, and the
commercial linear PS, respectively. These depth-regions of the profiles
show high stability of the most characteristic fragments of the PS (like
for instance C;H,*, CgHo" and CoHo™) and some O-based ions ob-
served in the pp-PS deposits (such as CH;0 " and C,H30™). Principal
component analysis of the bulk-like positive ion mass spectra was
conducted using the Spectragui code developed by NESAC/BIO (http://
www.nb.uw.edu/). In order to perform the multivariate analysis, three
molecular depth-profiles were acquired per sample, because of the high
homogeneity of the plasma films. A manual selection and integration of
the peaks was made in the m/z range 12-210 of ~170 hydrocarbon and
~70 O-containing secondary ions (since the pp-PS is oxidized). This m/
z range covers most of the “fingerprint region” of the mass spectrum,
where the fragmentations of the PS repeat unit -(CgHg)- (repeat unit
M,, = 104.1 g/mol) and the bigger moieties -(CgHg),- (with n = 2, 3,
...) overlap. This m/z region represents a large fraction of the total
intensity of the mass spectrum, permitting to extract a large amount of
structural information about the polymer (e.g. aromaticity, branching
and cross-linking). When additional polymer references were included
in the PCA models (PAMS, P4MS, PVP, cross-linked PS), the previous
peak list was adjusted to the new set of samples, including 283 ion
contributions. Before multivariate analysis, the data set was normalized
and mean-centered. The normalization to the total intensity of the re-
constructed mass spectrum was performed in order to eliminate the
variance produced by a systematic error due to the variation of the
secondary ion formation efficiency, which depends on matrix effect,
surface topography, charging effects and instrumental factors. The
mean centering procedure ensures that the observed differences in
samples were due to variations around the means and not to the var-
iance of the means. The explanation of the PCA method is reported
elsewhere [36].

2.3.2. XPS analysis

XPS spectra were acquired using a Kratos Axis Ultra spectrometer
(Kratos Analytical, Manchester, UK) equipped with a monochromatized
aluminum X-ray source (powered at 10 mA and 15 kV). The pressure in
the analysis chamber was about 10 ~© Pa. The angle between the normal
to the sample surface and the direction of photoelectrons collection was
0°. The pass energy was set to 160 eV for the survey scan and 40 eV for
narrow scans (C 1s, O 1s and Si 2p). The Cyj;pn-(C,H) component of the C
1s peak of carbon was fixed at 284.8 eV to set the binding energy scale
[39]. The decomposition of the C 1s peak in its oxidized components
was performed by fixing the following binding energies, allowing to
reliably comparing the different samples (Fig. S2): 288.8 eV for COOR/
COOH (indicated as O =C-0), 287.8 eV for RR'C=0 (C=0, O-C-0) and
286.3 eV for C-OR/C-OH (C-O). Molar fractions (%) were calculated
using peak areas normalized on the basis of the acquisition parameters
after a linear background subtraction, the experimental sensitivity
factors (C = 0.278, O =0.780 and Si = 0.328 based on those of
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Wagner) [40] and the transmission factors provided by the manu-
facturer. The XPS analyses were conducted on the same plasma samples
used for SIMS, immediately after the depth-profiling experiments.

2.3.3. FT-IR analysis

FT-IR spectra of pp-PS films were recorded on a Nicolet spectro-
meter (Nexus 870), equipped with Continuum microscope, in trans-
mission mode. FT-IR spectra were obtained with 32 scans at a resolu-
tion of 8cm ™! over a spectral range from 4000 to 500 cm ™. The
samples pp-PS/10W and pp-PS/20W were too thin for the IR analysis
(cf. Table 1). On the contrary, as they were too thick, IR spectra of the
two commercial polymer sheets, linear and cross-linked PS, were per-
formed with the same apparatus in ATR (attenuated total reflectance)
mode, using a silicon crystal in mono-reflection. A total of 128 scans
were taken with a resolution of 8 cm ™! over a spectral range from 4000
to 650 cm ™', Baselines were corrected manually. Qualitative informa-
tion was essentially extracted from the IR analyses because of the ab-
sence of an internal reference for the normalization of the spectra, in
addition to the uncertainty of the film thickness that varies strongly
both in x and y directions.

2.3.4. GPC analysis

Only two pp-PS films deposited at different plasma powers were
selected for the GPC characterization, i.e. pp-PS/30W and pp-PS/60W.
Each polymer film on a Si substrate was immersed in toluene (Sigma-
Aldrich, purity =99.71%) for 16 h and heated at 40 °C to favor the
dissolution. Then, the silicon substrate was removed from the solvent,
even if the wafer was still covered by a polymer deposit. The solution
was concentrated, then dried. A new solution was prepared in di-
methylformamide (DMF) with a concentration of 1-2 mg/mL. The so-
lution was filtered prior the GPC analysis with a 0.2-um Teflon filter in
order to remove any undissolved (pp-PS, dust...) particles. Molecular
weights (M,,) of the polymers were measured on an Agilent gel per-
meation chromatography system equipped with an Agilent 1100/1200
pump (35 °C, eluent: DMF; flow rate of 1 mL/min), an Agilent differ-
ential refractometer and two PSS GRAM columns (beads 10 pm; por-
osity of column 1: 1000 A; porosity of column 2: 100 A). The calibration
was performed using polystyrene standards.

3. Results

The protocol established in this paper for the ex-situ characteriza-
tion of the pp-PS films as a function of the discharge power is depicted
in Scheme 1. It can be described as follows:

1) The elemental composition and the chemical bonds at the samples'
surface were first elucidated by XPS (sampling depth is ~10 nm) and
compared with the conventionally polymerized counterpart, i.e.
linear PS. This analysis is strongly influenced by adventitious con-
tamination and other surface-related phenomena;

2) Plasma-polymer films were also analyzed in the bulk by FT-IR
(sampled depth of several um), bringing information about the C-Hy
bonds and O-based functional groups;

3) GPC analysis was carried out in order to verify the size distribution
of the soluble fraction of the plasma-polymer chains. Additionally,
the Ar cluster sputtering efficiency in SIMS was estimated for the pp-
PS films, providing important insights about the presence of oligo-
mers trapped in the polymer matrix;

4) Main characterization of the pp-PS films was conducted by ToF-
SIMS in the inner layers of the specimens via:

a) Acquisition of depth-profiles in positive ion polarity (+) by large
Ar cluster bombardment and identification of the steady state
region of the characteristic structure-related fragments where
most of the phenomena occurring near the surface can be safely
discarded, such as air contamination [41], post-polymerization
oxidation [24,26], segregation of low molecular weight chains,
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inhibitors of the utilized precursor towards the surface (and ad-
ditives present in the conventionally synthesized PS references)
[41], and chains re-orientation at the air/polymer interface;

b) Reconstruction of the “bulk-like” mass spectra in the sub-surface
region of the plasma-deposited films (along several hundreds of
nm), in which the chemical structure appears to be homo-
geneous;

c) Application of multivariate analysis (PCA) and its interpretation.

The proposed approach allows the SIMS, typically known as a sur-
face-sensitive technique (sampled depth of ~3nm), to be compared
with bulk analytical techniques like IR spectroscopy. In the Discussion
section, it will be shown how the IR results (and XPS) help to confirm
the complex picture of the pp-PS chemical structure drawn from the
SIMS bulk analysis.

3.1. XPS surface characterization

The surface elemental composition of the reference sample - linear
PS - and the pp-PS films deposited at plasma powers ranging from 10 W
to 80 W is reported in Table 2. The XPS characterization of the com-
mercial “linear PS” confirms that, in terms of purity, the chosen ma-
terial is a good reference for this study. Indeed, it consists of 99.3% of
carbon and only 0.7% of oxygen, explainable by surface contamination.
The percentage of the shake-up satellite, ascribed to m-rt* transitions of
the aromatic rings of PS and unsaturated side chains, is very close to the
one reported in the XPS library (~10% of Curom-(C,H)) [39]. On the
other hand, the pp-PS films differ fundamentally from the PS reference
by the much higher content in O ranging from ~7% to ~9%. Surface
contamination could be inferred from the detection of the Si 2p peak,
which does not come from the substrate because it is uniformly covered
by the plasma film. The O-uptake of the plasma-polymers could take
place during the plasma polymerization and/or be due to post-poly-
merization oxidation in the air, since radical species remain trapped in
the film after plasma deposition [42]. A correlation between the C-O
component of the main C 1s peak and the O 1s peak is also found, so
that the O-uptake in all these polymer structures mostly occurs via C-O
simple bonds. For the pp-PS films, the O 1s/C-O ratio indicated in the
last column of Table 2 is close to 1, suggesting the preponderant pre-
sence of alcohol functionalities (C-OH) independently of the power
applied during the plasma deposition. Additionally, the O content of the
pp-PS increases slightly with power (cf. the O 1s column of Table 2).
This variation is significant considering that repeated measurements on
selected plasma samples (up to four XPS spectra) highlighted a high
homogeneity of the pp-PS surfaces ( = 0.2% standard deviation for
10 W). This increase in oxidation going from 10 W to 80 W seems to
occur at the expense of the aromaticity, as pointed out by the decrease
of the shake-up satellite (~1%). This could suggest an oxidative func-
tionalization of the phenyl rings with subsequent disruption of the ar-
omaticity [42].

3.2. FT-IR bulk characterization

The IR-ATR spectrum of the linear PS (reference) depicted in
Fig. 1.a shows the main finger-printing IR bands of the polystyrene
[3,12]. The IR assignments of the main characteristic bands of PS are
reported in Table S1. In particular, both bands of the mono-substituted
aromatic ring at 756 cm ' and 701 cm ™! are unequivocally identified,
as well as the so-called “five aromatic finger” (overtone) bands between
1943 and 1666 cm ™. They are assigned to the out-of-plane bending
deformation ® of the mono-substituted aromatic ring. Thus, these
overtones tend to disappear in PS derivatives like P4MS (para-sub-
stituted), chosen as additional reference for the SIMS analysis [25].
Furthermore, the bands at 1600, 1580, 1492 and 1450 cm ~* appear in
the IR spectrum, due to the vibration v of the aromatic C=0 and the in-
plane phenyl-ring bending mode w (also the scissoring § of the CHy),
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4.b) “Bulk-like” mass spectra (+)
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4.c) Interpretation of scores
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Scheme 1. Experimental approach applied for the ex-situ investigation of the chemical structure of the plasma-deposited styrene films.

Table 2

Elemental composition (determined by XPS and excluding hydrogen) and content (in %) of the functional groups derived from the decomposition of the C 1s peak for
the PS reference sample (linear PS), and the pp-PS films synthesized at different plasma powers. C-(C,H) represents the sum of the aliphatic and aromatic components
of the C 1s peak (Caiipn-(C,H) and Curom-(C,H)) [39]. The last column lists the ratios of the O 1s peak to the C-O component of the C 1s peak (at 286.3 eV).

XPS peak O1s Cls Si 2p
Assignment - Shake-up 0=C-0 Cc=0, 0-C-O0 Cc-0 C-(C,H) Ciotal -
Position (eV) 532.2 291.2 288.8 287.8 286.3 284.8 - 101.7

Sample O 1s/C-O ratio
Linear PS 0.7 6.6 0.0 0.0 1.5 91.2 99.3 - 0.5
pp-PS/10W 7.2 4.8 0.3 2.5 8.5 76.7 92.8 - 0.8
pp-PS/20W 8.7 4.6 0.6 3.0 8.8 73.9 91.0 0.3 1.0
pp-PS/30W 7.7 4.1 0.7 3.2 9.1 75.2 92.3 - 0.8
pp-PS/40W 8.1 4.3 0.6 3.2 9.3 74.6 91.9 - 0.9
pp-PS/50W 8.4 4.1 0.3 2.0 9.1 76.2 91.6 - 0.9
pp-PS/60W 8.5 3.7 1.0 3.3 10.6 72.4 91.1 0.4 0.8
pp-PS/70W 9.2 3.6 0.8 4.0 11.1 70.8 90.4 0.4 0.8
pp-PS/80W 9.0 3.9 0.8 3.4 10.2 72.3 90.6 0.4 0.9

respectively. Going towards higher wavenumbers, specifically at 3027
and 2927 cm™ °, the aromatic CH and aliphatic CH, stretchings are
observed. Oxidation is absent as demonstrated by the absence of the
typical IR bands associated to O-based functional groups, such as the
C=0 asymmetrical vibration at 1716 cm ™' or the C-O asymmetrical
vibration at 1268 cm ™. Hence, the IR analysis of the polymer bulk
confirms, after the XPS surface analysis, the adequacy of the linear PS as
reference for this study. In addition, a comparison of the IR spectra of
the linear PS and the styrene monomer (from NIST library) [43,44] was
conducted in order to identify the main differences after polymeriza-
tion. An important difference of the styrene spectrum consists in the
absence of the aliphatic saturated CH stretching between 2850 and
2927 cm™?, in addition to the presence of the vinyl (-CH=CH,)
stretching at 1640 cm ™! [45]. Furthermore, styrene and PS share ab-
sorption peaks related to the aromatic CH. The latter can occur in the
same wavenumber range of aromatic CH or C=C (3010-3100 cm_l,
1620-1680 cm ™! and 675-1000 cm ™ 1), so that the discrimination be-
tween unsaturation and aromaticity is difficult.

In Fig. 1.b, the IR spectra of two pp-PS films synthesized at different
plasma powers are shown: pp-PS/30W, that represents the plasma-
polymer deposited at low power, and pp-PS/80W, which constitutes the
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highest power in this investigation. These two infrared spectra (in
transmission mode) are compared qualitatively with the one of the
linear PS (cf. Fig. 1.a). At first glance, the two plasma-polymers are well
synthesized. Indeed, one can observe the appearance of the aliphatic
saturated CH stretchings between 2850 and 2927 cm™?, which are
absent in the styrene [45]. This is further confirmed by the absence of
absorption bands characteristic of the vinyl group, such as the two
strong bands at ~1000 and ~900 cm ™! [45]. Nevertheless, the pre-
sence of traces of free precursor molecules cannot be ruled out. In ad-
dition, the main finger-printing IR bands of the polystyrene are present
in the IR spectra of the pp-PS deposits (listed in Table S1). However,
some remarkable differences between the pp-PS and the conventionally
polymerized PS exist [9], which are listed hereafter (Fig. 1):

A. The pp-PS appears oxidized in the bulk at all the plasma powers, as
already shown by XPS at the surface. This is demonstrated by the
presence of absorption peaks associated to O-based functionalities,
such as the C=0 and C-O stretching bands at 1716 and 1268 cm ™%,
respectively. Also a broad band around 3400 cm ™?, associated to the
stretching of -OH groups involved in H-bonds (very likely alcohol
—OH groups or H,O molecules trapped in the films) [46], is
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Fig. 1. a) IR-ATR spectrum of the commercial reference, linear PS. b) IR spectra
acquired in transmission mode of two pp-PS films obtained at 30 W and 80 W,
respectively. The main vibrational bands are identified in all the spectra. The
appearance of new adsorption bands in the plasma-deposited films is indicated
in color (red).

characteristic of these plasma polymers.

. In the spectral range of the aliphatic saturated CH stretchings from
2960 to 2850 cm ™, two new peaks appear in the pp-PS films: vy
(aliphatic CH3) at 2960 cm ™! and v, (aliphatic CH3) at 2870 cm ™!
[9]. This points out a significant presence of methyl groups totally
unexpected for the conventional PS even at very low M, (e.g.
~1000 g/mol) [47], where the -CH; constitutes only the chain ends
of linear macromolecules. A plausible explanation of the -CH; pre-
sence in the pp-PS films, also observed for PS synthesized at lower
pressures [3,12,48,49], would be the methyl-substitution or -CHj
grafting (often indicated in the literature as branching) [9]. It is
likely that CHj radicals are formed in the plasma-induced frag-
mentation of the precursor, and then they might recombine with
radical sites on the aliphatic chains. Prohaska et al. hypothesized
more specifically a structure for the pp-PS films similar to poly (a-
methyl styrene) or poly (B-methyl styrene) with a certain degree of
cross-linking (compare with the 3100-2850 cm ™! region of the IR
spectrum of PAMS) [48,50]. Additionally, in the literature of pp-PS
films synthesized near atmospheric pressure [9], the decrease of the
Vas (aliphatic CH,) at 2927 cm™'! and the concomitant dis-
appearance of the v (aliphatic CH,) at 2850 cm ! are reported [9].
The authors hypothesized several factors, such as unsaturation, H
abstraction, cross-linking, grafting of oxygen or -CH3; on the ali-
phatic moieties of the polymer chain [9]. As already mentioned
concerning the unsaturation, the alkene absorption peaks appear in
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the same wavenumber range as the aromatic ones, making its dis-
crimination from the aromaticity problematic.

. The pp-PS films show a decrease of the intensity of the vibrational
bands of the aromatic CH above 3000 cm ™' compared to those of
the aliphatic CH below 3000 cm ™!, accompanied by the decrease of
the “five aromatic finger” bands between 1943 and 1666 cm ~ . This
can be partly ascribed to the baseline correction. However, this
observation can be mainly related to the partial destruction of the
phenyl groups of the precursor in the plasma, in addition to a partial
substitution of the aromatic rings as a consequence of cross-linking,
for instance.

. Prevalence of mono-substitution of the aryl groups as indicated by
the ®Wout-ofplane (aromatic CH) at 756 and 701 cm ™! in the pp-PS
deposits [46]. However, the possibility of partial poly-substitution
cannot be ruled out.

To some extent, an internal comparison of the pp-PS series was at-
tempted. According to the work carried out by Prohaska et al. [48], the
ratio of the peak heights of the v (aromatic CH) at 3027 cm ™! to the vy,
(aliphatic CH,) at 2927 em~! (2930em ™! in their study) (A3027/
A2927) can be used as an indicator of the bulk aromaticity. Here, the
following A3027/A2927 values of 0.957, 0.875 and 0.779 can be found
for the linear PS (Fig. 1.a), pp-PS/30W and pp-PS/80W (Fig. 1.b).
Therefore, the bulk aromaticity seems to decrease progressively with
increasing plasma power as highlighted for the surface by XPS analysis.
Prohaska et al. proposed also the indicator A2960/A2927 to describe
the methyl-substitution in the pp-PS films, that is given by the ratio of
the v, (aliphatic CH3) at 2960 cm ™! to the v, (aliphatic CH,) at
2927 cm ™! [48]. In this investigation, A2960/A2927 values are 0.91
and 0.88 for 30 W and 80 W respectively. This trend could be difficult to
interpret without an adequate peak decomposition procedure.

3.3. GPC analysis

The chromatogram of the solution obtained from the pp-PS film
deposited at 30 W (the thinnest deposit successfully analyzed in IR) is
illustrated in Fig. S3. Two main weight distributions can be dis-
tinguished. The first molecular weight distribution below 1 x 10°g/
mol is essentially constituted of oligomers ranging from 2 to 10 repeat
units of PS and traces of the styrene precursor. The second main weight
distribution above 1 x 10° g/mol is composed of long polymer chains
(up to ~10,000 repeating units), linear or cross-linked. The higher
population of oligomers compared to that of long polymer chains can be
explained by the fact that smaller chains can be more easily desorbed
from the polymer matrix. In addition, it can be presumed that the
weight distribution above 1 x 10° g/mol does not represent the actual
polymer network which, instead, remains on the support after pro-
longed immersion in the solvent (toluene). In the case of the pp-PS film
synthesized at higher plasma power (60 W), the related chromatogram
(not shown) looks very similar to the one reported in Fig. S3, except for
a smaller (apparent) fraction of the polymer chains with
M, > 1 x 10°g/mol. However, further comparisons of the two
plasma films are not possible, since the relative percentage of dissolved
polymer is unknown and probably very limited. In summary, GPC de-
monstrates the formation of a partially cross-linked polymer network
(insoluble in the standard conditions applied for the dissolution of high
M,, polystyrenes, probably also because of the high O content), in
which an undetermined percentage of oligomers remains trapped.

3.4. Classical SIMS data treatment

Fig. 2 provides an overview of the bulk-like positive ion mass
spectra of the sample set used for this SIMS study, i.e. the con-
ventionally polymerized linear PS (reference) and the plasma films
deposited at the lowest and highest powers, pp-PS/10W and pp-PS/
80W. For the linear PS, the most intense ion fragments per each C,H, *
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Fig. 2. Overview of the bulk-like positive ion mass spectra of the sample set
used for this SIMS study. a) Conventionally polymerized linear PS used as re-
ference; b,c) Two pp-PS films deposited at the lowest and highest plasma power.
The most distinctive peaks of polystyrene are reported. For the plasma-poly-
mers, the presence of oxidation is shown by the C,H;0* ion (in red).

x=2,3,4,5,...,andy =1, ..., 2x + 1) series are at m/z 27, 39, 51,
63, 77, 91, 105, 115, 128, 141, 152, 165, 178 and 193. The most in-
tense among these ions is the tropylium (C;H,") at m/z 91. This frag-
mentation pattern is in good agreement with the SIMS libraries, con-
firming the quality of the PS chosen as reference previously assessed by
XPS and IR [51,52]. These characteristic secondary ions are very likely
produced by re-arrangement reactions of species sputtered from the PS
surface. However, the resulting ions are still PS structure-related frag-
ments. Now, comparing the linear PS (Fig. 2.a) with the two pp-PS films
(Fig. 2.b,c), the characteristic ions of PS are still traceable. The main
difference between the conventionally polymerized and the plasma-
synthesized PS concerns the inversed intensity ratio of the peaks 917
and 1057, representing C,;H,* and CgHo ™ respectively. The latter ion is
postulated to be a methyl substitution of the tropylium ion [53]. In
addition, the bulk-like positive ion mass spectra of the pp-PS deposits
show the presence of O-uptake. However, further differences in the
bulk-like mass spectra of the plasma films are very subtle. For this
reason, a more quantitative approach for the analysis of the SIMS po-
sitive ion mass spectra should be applied. Several indicators of the
structural properties of the coatings (e.g. aromaticity, branching and/or
cross-linking contents) have been described in the SIMS literature,
using generally ratios or normalized sums of secondary ion intensities.
They were summarized in the feature paper published by Delcorte et al.
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intensity ratio C;H,*/CgHo * (b). For comparison purposes, the reference linear
PS is reported on the left side of the graphs with open symbols.

[17]. For instance, Oran et al. looked at the total secondary ion yield or
total counts in order to know the relative amount of the cross-linked
character of a set of plasma-synthesized samples when varying the ex-
ternal plasma parameters [25,26]. The total secondary ion yield is ex-
pected to decrease as the cross-linked character increases [54]. How-
ever, the effects of cross-linking and branching are impossible to
discern, so that differences in total counts are interpreted indis-
criminately in terms of branching and/or cross-linking. The total counts
of the positive ion mass spectra reconstructed in the bulk of the pp-PS
films are reported in Fig. 3.a as a function of the plasma power.
Apparently, the branching and/or cross-linking increases with in-
creasing power until reaching (roughly) the level of the reference linear
PS at 80 W. However, any consideration based on this SIMS parameter
is premature. Indeed, the total intensity of the mass spectra of the
plasma deposits may be influenced by many unknown factors like the
presence of oxidation, which increases with the power as pointed out by
the XPS surface analyses. This could even determine an inversion be-
tween linear PS and pp-PS films, that could appear less branched and/
or cross-linked (since the oxidation would enhance the probability of
ionization of the latter samples). Moreover, other factors could influ-
ence the total counts, e.g. the ratio of oligomers to the highly poly-
merized pp-PS. Another indicator of the cross-linked character is pro-
posed by Oran [25] and consists in the intensity ratio C;H; " /CgHo* or
917 /105", Indeed, 91" and 105" are the most intense ions of the
linear and plasma-polymerized PS, respectively. Thus, the first ion is
attributed to a linear structure, whereas the second one to a more
branched and/or cross-linked structure. Now, in Fig. 3.b, the linear PS
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PC2 versus PC1 scores plot, and b) PC2 versus PC1 loadings plot.

looks less branched and/or cross-linked than the plasma-polymer series.
However, the ratio C;H,* /CgHo* remains constant with increasing the
plasma power, because of the simultaneous decrease of both ions. On
the contrary, this intensity ratio is expected to decrease with increasing
power because of a more pronounced increase of 105" on the decrease
of 91". This situation demonstrates that the investigation of the
structural features of the plasma-synthesized polymers, such as ar-
omaticity, branching and/or cross-linking, cannot be based on the mere
comparison of selected peak intensities, ratios or sums of peak in-
tensities. For instance, the effect of the oxidation on the ionization
probability of the above-mentioned secondary ions 91" and 105" is
unknown. Hence, a more systematic and scientist-independent data
treatment is required, that is multivariate analysis.

3.5. PCA applied to the bulk-like SIMS mass spectra of pp-PS

Fig. 4 reports the PCA results of the comparison between the pp-PS
films and the reference linear PS. As shown in the scores plot (Fig. 4.a),
PC1 discriminates the reference from the pp-PS, while PC2 points out
the evolution of the chemical nature of the plasma films as a function of
power. Loading thresholds of + 0.01 and + 0.025 have been set re-
spectively for PC1 and PC2, in order to study the most influential ion
fragments in the differentiation of the analyzed samples. In Fig. 4.b,
PC1 positive loadings are associated to the linear PS. They correspond
to the typical positive ion mass spectrum of PS, reflecting the aromatic
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structure of the polymer, where the most outstanding peak is the tro-
pylium ion (C;H," in orange). Among the PC1 negative loadings, re-
presenting the pp-PS films, dominate the protonated repeat unit of the
PS, the ion CgHo* (in brown), in addition to the ion C¢Hs™ (in green)
and a series of O-containing fragments (in violet). A contribution to the
ion intensities of CgHo™ ([p+H]™) and C¢Hs " ([p-CoHs]™) could be
due to the presence of traces of unreacted styrene precursor (p) in the
deposited film, which cannot be ruled out by the IR, GPC and SIMS
analyses. The ion C¢Hs™ also represents the phenyl groups present in
the polymer structure. Here, an important difference emerges between
conventionally and plasma-polymerized PS: the inversed ratio of the
ion intensities of 105* and 91 *. Concerning the oxidation, typical of
the pp-PS films, the corresponding ions are either very small and linear,
like C,H;0* and C3H30™, or bigger like CgHoO" and CoH,O™, in-
cluding an aromatic ring. This seems to indicate an O-grafting along the
overall backbone of the polymer chains. It has already been proven by
XPS that the oxidation increases with the power at the surface. Here,
this is indicated by the decreasing trend of the PCl negative scores
going from 10 W to 80 W (Fig. 4.a). Lowering the loadings threshold, a
third peculiar feature of the plasma-polymers can be observed: the in-
crease of the aliphatic moieties in the polymer chains compared to the
reference (small C2_4Hy+). This aliphatic fraction increases with in-
creasing power, following the evolution of the O-uptake. Concerning
PC2, loadings < 0 indicates which SIMS peaks decrease in relative in-
tensity with increasing power. In that respect, PS-like fragments with
m/z = 91 are associated to loadings < 0 (e.g. CgHo* and C,H," in
Fig. 4.b), as well as the dimer-related fragment C,cH;5™ at m/z 207
([M-H]*, not shown). Thus, the relative intensity of these PS-like
fragments decreases when the plasma power increases, better shown in
Fig. 5.a. Furthermore, among the PC2 negative loadings, the oxidized
ion CgHoO™" is found, which follows the decreasing intensity trend of
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Fig. 5. Normalized intensities of some interesting secondary ions highlighted
by the PCA study conducted on the pp-PS films synthesized at different plasma
powers and the reference linear PS (reported separately on the left). PC2 ne-
gative loadings are associated to ion fragments that decrease in intensity with
increasing plasma power, and vice versa.
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CgHo . Conversely, loadings > 0 point out the SIMS peaks whose re-
lative intensity increases with increasing plasma power. PC2 positive
loadings are associated to smaller O-containing ions, such as G;H;0™%,
C,Hs0" and C3H30%, as well as smaller PS-like aliphatic fragments
(e.g. C3H3+, C4H3+, C5H3+, C2H3+; small C2_4Hy+ in Flg 4.b), and the
aromatic ion C¢Hs'. These ion intensities increase with increasing
power applied to the discharge as depicted in Fig. 5.b. Then, in order to
assess in SIMS the prevalence of mono-substitution of the aryl groups in
the pp-PS deposits and the significant presence of methyl-substitution
revealed by IR analysis, the evolution of the relative intensity of the
ions CoH;; ™ (1197, PC1 and PC2 negative loadings) and CHs ™ (157,
PC1 negative loading, PC2 positive loading) was checked (cf.
Fig. 5.a,b). CoHy; * can be related to the alkyl-substitution of the phenyl
rings. Indeed, if one looks at some poly (alkyl styrenes) mass spectra,
such as those of the poly (2,4-dimethyl styrene) and the poly (2,5-di-
methyl styrene) provided by the ION-TOF library, the peak at m/z 119
(CoH;1 ™) becomes the most intense one of the entire mass spectrum
(C,H,": 25%, CoH;;*: 100%, and C,H,": 34%, CoH;;*: 100%, re-
spectively) [52]. The CoH;;* intensity of the plasma-polymers is
slightly higher with respect to the linear PS, but very low compared to
PS that has been cross-linked with divinylbenzene (DVB) (almost a
factor 2; not shown). Instead, the ion CHs™ can be related to the pre-
sence of -CHs groups in the polymer matrix. The CH; ™ intensity of pp-
PS is much higher than for the linear PS and it increases with increasing
power. The interpretation of these two different evolutions will be
given in the Discussion section.

In order to explain the positive ion mass spectra of the pp-PS films
dominated by CgHs ", two commercial methyl-substituted PS have been
selected as additional reference polymers according to the literature
(Table 1) [48]: poly (a-methyl styrene) (PAMS) and poly (4-methyl
styrene) (P4MS). In addition, to investigate the oxidized character of
the pp-PS, as well as its cross-linked nature, poly (4-vinylphenol) (PVP)
and cross-linked PS (XPS and IR characterization are reported in Table
S2 and Fig. S4, respectively) are commercially available as reference
materials. The positive ion mass spectra of these reference polymers
normalized to the most intense peak are illustrated in Fig. S5.

The proposed PCA model constituted by the pp-PS films, linear PS,
cross-linked PS, PAMS, P4MS and PVP is described by the first three
principal components, representing together 97% of the total variance
of the given dataset. The corresponding 3D scores plot is depicted in
Fig. 6. PC2 versus PC1 scores plot shows that PAMS is the closest
polymer to the pp-PS deposits, where a total variance of 87% is de-
scribed. PVP and P4MS are substantially different from the investigated
plasma samples, in addition to the linear PS. Instead, the cross-linked
PS is more similar to the pp-PS deposits. PC3 (explaining the remaining
10% of variance) separates the plasma films (as well as the cross-linked
PS) from PAMS and the other samples. A more detailed analysis of the
PC1 loadings (not reported) indicates a different type of oxidation in
the plasma-polymers compared to the PVP. Indeed, the positive ion
mass spectra of PVP are mostly dominated by the ions C;H,0" at m/z
107 and CgHoO™" at m/z 121, whereas the pp-PS films are mainly
characterized by the ions C,H;0™ at m/z 43 and C,HsO ™" at m/z 105.
More generally, the intensity of the O-containing ions in the pp-PS
deposits tends to that of the PVP only for small fragments like the
C3H30™ at m/z 55. Thus, the oxygen in the plasma-polymers is bonded
more likely to the backbone rather than directly to the phenyl ring like
in the case of the PVP. However, it is hard to identify in SIMS the type
of O-based functional groups present in the material, since different
chemical functionalities produce common secondary ions [25]. Re-
garding PC2, the discrimination of the linear PS and the pp-PS is based
on the partial loss of aromaticity in the latter indicated by the lower
intensities of the ions 91%, 115", 117" and 193*. Concerning the
separation in PC2 between the plasma films and the P4MS, it is fun-
damentally due to the higher ion intensities of 105" and 119" in the
case of the methyl-substituted PS. Then, it is possible to rule out the
massive presence of para-methyl substitution of the aryl groups in the
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Fig. 6. 3D scores plot (explaining 97% of the overall variance) obtained from
the PCA applied to the ToF-SIMS positive ion mass spectra of the pp-PS films
synthesized at plasma powers ranging from 10 W to 80 W, the two commercial
PS samples (linear and cross-linked), the two methyl-substituted PS (PAMS and
P4MS), and the PVP. Three spectra have been acquired per sample.

plasma-polymer network. This is in rather good agreement with the FT-
IR analysis of the plasma samples. Finally, the PC3 separation of the pp-
PS and cross-linked PS from the other samples is explainable by the
oxidation (see C;H30 ™), common to both polymers, and the more ir-
regular structure of the plasma films (see the increase of the CgHs™
intensity, linked to a partial loss of the aromaticity that will be dis-
cussed later). Indeed, the cross-linked PS is characterized by an in-
creased ratio of the small aliphatic (C;_4) (almost) saturated ions to the
aromatic ions, as well as the increased intensity of the ion CoHy; ™,
when compared to the linear PS. Both features derive from the synthesis
of polystyrene in presence of a cross-linking agent (DVB) [55]. Indeed,
the cross-linking induces an increase of the ratio of the aliphatic to
aromatic fractions in the polymer structure (this feature is somehow
similar in the pp-PS), in addition to the introduction of di-substitution
of the phenyl rings as demonstrated by the CoH;; ™. The evolution of
the chemical nature of the pp-PS films as a function of the power
emerges in PC3 in terms of an increase of the oxidation and decrease of
the aromatic content. A final PCA comparing only the pp-PS films with
PAMS, identifies the main differences and similarities between the two
polymers and as a function of the plasma power (not reported). pp-PS
deposits appear oxidized and characterized by the presence of short
aliphatic moieties in the polymer network as suggested by ions like
CsHs™ at m/z 63, as well as the presence of phenyl groups derived from
CeHs ™. Both features tend to increase with increasing plasma power. It
is worth noticing that those ion intensities are very close to PAMS as
shown in Fig. S6.a. Conversely, other characteristic ion fragments of
PAMS decrease in the pp-PS films with increasing power, such as 105"
and 917". Their intensities in pp-PS films are comparable to PAMS at
low power only (Fig. S6.b). Finally, peaks at higher m/z, such as 1197
(representing the [M + H]* of PAMS), 143%, 128*%, 2077, 1157 are
mostly characteristic of PAMS. In Fig. S6.b, a scale break is required to
show the evolution of the much less intense 119" in the plasma series.

In conclusion, these last two PCA seem to suggest that, in the sub-
monomer region, the mass spectra of pp-PS and PAMS are more similar
than PS, linear and cross-linked, even if the presence of oxidation
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remains a distinctive chemical feature of the plasma-polymer. Only this
m/z region is really suited for the comparison of conventionally syn-
thesized polymers with the plasma counterparts, the latter being de-
prived of repeat unit. This investigation permits also to exclude the
prevalence of para-substitution of the aromatic rings by methyl and/or
hydroxyl groups in the plasma films or due to conventional cross-
linking (induced by the addition of DVB, for instance), that would lead
to a different fragmentation pattern, exclusively in terms of relative ion
intensities. Thus, the methyl groups of the investigated plasma-poly-
merized PS are either bonded along the aliphatic backbone (rather than
to the phenyl rings like in the case of P4MS), or constitute chain ends.

3.6. Sputter yield volume of pp-PS

The sputter yield volume Y (nm®/PI) of the pp-PS films analyzed by
SIMS was calculated in order to complement the information about the
size distribution of the soluble fraction of the plasma deposits obtained
by GPC (Section 3.3). Indeed, Y (defined as the sputtered volume in nm®
per incident primary ion PI or argon cluster projectile Ar,™ in this
study) is a function of the polymer molecular weight M,,. Fragmenta-
tion of the macromolecules upon ion bombardment and chain en-
tanglement are the determining factors of the Y dependence on M,, for
linear hydrocarbon polymers [56]. In Fig. 7, the pp-PS films as a
function of the discharge power (black solid squares) are compared
with PS standards for GPC of different M,, in terms of Y (the latter
dataset was published in reference [57]). For both measurement series,
the sputtering was performed using a 10-keV Arsppe™ ion beam, but
different sputter currents were employed [57]. However, a recent work
shows a negligible influence of the current on Y [58]. Fig. 7 shows a
good agreement between the Y values of the reference linear PS, a
polydisperse  bulk polymer, and the PS standards with
M, > 5 x 10*amu (considering an experimental error of ~10%). In-
deed, Y is independent of M,, for high polymerization degrees [57]. The
pp-PS synthesized at powers =30W locate at the same level as the
polydisperse PS. This confirms that the polymerization of the styrene
precursor (average M,, > 5 X 10% amu) has occurred in the plasma
chamber as already indicated by the GPC results for the soluble fraction
of pp-PS/30 W coating (M,, distribution > 1 x 10° amu shown in Fig.
S3). The presence of O-based functionalities in these deposits might
induce an enhancement of the sputter yield volume (O content of
~7-9% determined by XPS) compared to the reference PS [35]. How-
ever, the extent of the O-uptake effect on Y remains within the ex-
perimental error. In any case, the oxidation of the pp-PS films, that
increases with increasing power, cannot explain the gap between 10 W
and the other powers. Y at 10 W is unexpectly high (almost a factor of 2
compared to the average Y value of the remaining plasma-polymers).
pp-PS/10 W can be assimilated to PS 2k (composed by ~20 repeating
units), strictly in terms of sputtered volume properties. This observation
could be related to the presence of a much higher fraction of oligomers
(and lower cross-linking content) in the plasma films obtained at 10 W.
The presence of a considerable fraction of oligomers trapped in the
plasma-polymer (cross-linked) network has been pointed out by the
GPC analyses presented in Section 3.3. The higher fraction of oligomers
at lower powers might also explain the much higher intensities of the
dimer-related ion [2M-H]* at m/z 207 (as well as [M + H] " at m/z
105) and the [3M-H]" ion at 10W and to a lesser extent at 20 W
compared to rest of the plasma series (see Fig. S7).

4. Discussion
4.1. Ratio 91*/105" and cross-linking

The pp-PS films were compared with the conventionally poly-
merized counterpart (linear PS) by SIMS depth-profiling, looking at

their bulk in order to avoid the influence of the surface contamination
(demonstrated in XPS) and, more importantly, the post-oxidation. The
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Fig. 7. Sputter yield volume (Y) of the pp-PS films as a function of the plasma
power (black solid squares), the reference linear PS (black open square), and PS
standards as a function of the M,, (blue curve). The values in blue type refer to
the different M,, (x 10%amu) of the polystyrene. The Y values of the plasma
films result from the average of three independent SIMS measurements.

SIMS/PCA investigation reveals the inversed intensity ratio of the tro-
pylium ion C;H,* (m/z = 91) and the postulated methyl-substituted
tropylium ion CgHo* (m/z = 105). The tropylium ion is the most
characteristic of both conventional polystyrenes (linear and cross-
linked), whereas the methyl-substituted CsHy™ becomes the most in-
tense in the mass spectra of the whole plasma series (followed in in-
tensity by C;H, " and CgHs ™ as illustrated in Figs. 2 and S5). Hence, the
ion CgHo™ represents a peculiar structural feature of the pp-PS de-
posited by plasma at sub-atmospheric pressure. This observation has
already been reported for the pp-PS films deposited in DBD near at-
mospheric pressure’ by Merche and co-workers using Ar or He as
plasmagen gas [9]. Also the plasma polymerizations of the styrene
precursor at low pressure carried out by Leggett and collaborators® in
1995 [20], and more recently by Oran® [25,26], showed the same
spectral feature. Leggett and al. considered the 91% /105" ratio as an
indicator of the cross-linked character of the plasma-deposited films (it
decreases with increasing branching and/or cross-linking). Following
the protocol proposed by Leggett et al. [20], Oran applied the 91"/
1057 intensity ratio to evaluate the increase of the cross-linked and/or
branched content in the films synthesized from the styrene precursor by
asymmetrical pulsed plasma as a function of the power and the duty
cycle [25,26]. In this work the 91* /105" ratio decreases in the plasma
films compared to the linear PS (thus the cross-linking and/or
branching increases). However, conversely to what is expected, the
ratio remains constant with increasing plasma power (see Fig. 3). This
suggests a more complex situation where additional factors need to be
taken into account, like for instance the oxidized character pointed out
by the IR bulk characterization and quantified by XPS at the surface
(from ~7% to ~9%). Indeed, the presence of oxidation can play an
important role influencing the probability of ionization of secondary
ions. This factor was not present in the plasma deposits prepared by
Oran which, being synthesized at low pressure and then analyzed in-

1 sSIMS spectra acquired on a PHI-Evans-TFS-4000 MMI (TRIFT 1) spectro-
meter with a source of 12-keV Ga™ primary ions (600 pA).

2SSIMS spectra acquired with a quadrupole mass spectrometer by using 3.5-
keV Xe* primary ions.

3 A TOF.SIMS IV instrument was used with a 10-keV Cs* primary ion beam
(0.75 pA).
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situ, were devoid of oxygen [26].
4.2. Oxygen uptake

In this investigation, SIMS molecular depth-profiling demonstrates
that relatively thick plasma-polymer films, like pp-PS/70 W (maximum
thickness of ~8 um, see Table 1), show constant signals of O-containing
fragment ions in the inner layers (after a few tens of nm from the air/
polymer interface) of the film down to the interface with the silicon
substrate. This is consistent with the IR analyses (Fig. 1), which de-
monstrate a significant oxidation of the bulk of all the plasma films.
Only in the outermost polymer layers, an increase of the O-based ions is
observed in depth-profiles acquired a few hours after the plasma de-
position. Moreover, from XPS (Table 2) and PCA (Fig. 4) the oxidation
appears to increase with increasing power, probably as a consequence
of the increase of the radicals formed in the polymer and those from the
O, molecules. The O-uptake of films obtained from the styrene pre-
cursor plasma-polymerized in similar experimental conditions than
those employed in this study was also detected by Merche and colla-
borators thanks to XPS, static-SIMS and FT-IR characterization [9]. In
that work, the authors speculated that the O-uptake occurred during the
plasma polymerization and/or it was due to post-polymerization oxi-
dation in the air, since radical species remained trapped in the film after
plasma deposition [42]. Optical emission spectroscopy (OES) of the Ar/
DBD carried out by Merche shown Ar lines, together with impurities of
nitrogen and small peaks of OH, but not O at 777 nm [9]. All these
observations indicate that the O-uptake evidenced by the PCA study of
the bulk-like region occurs in the reactor during the growth phase of the
polymer deposit, rather than being the result of post-oxidation in the
air.

4.3. Reduced aromaticity of the pp-PS films

pp-PS films show an increase of the ratio of the aliphatic to aromatic
fractions compared to the linear PS. Thus, they are more assimilated to
the cross-linked PS, especially at higher powers (Fig. 6). Moreover, the
O-based functional groups seem to be grafted along the polymer ali-
phatic (un)saturated backbone, rather than to the phenyl rings. This can
be partly confirmed by the PCA comparison with the fragmentation
pattern of the poly (vinyl phenol) or PVP, where -OH groups are linked
to the aromatic rings. XPS analysis elucidates that C-OH or alcohol
groups are predominant at the surface of the pp-PS films, and that the
oxidation increases of around 2% at the expense of the aromaticity
(represented by the shake-up satellite) with increasing plasma power
from 10 to 80 W (Table 2). This could suggest an oxidative functiona-
lization of the phenyl rings with subsequent disruption of the ar-
omaticity, as described by Potter et al. [42]. However, a concomitant
fragmentation of the styrene molecules in the plasma medium, leading
to the loss of aromatic rings [59], and the O-grafting to the aliphatic
moieties of the polymer in growth cannot be excluded. OES conducted
on the Ar/styrene discharge used in this study did not evidence the
presence of any fragmentation products of the styrene molecule. These
results are in rather good agreement with Merche's Ph.D. thesis [45].
This is supposed to be due to a strong dilution of the styrene in the more
emissive Ar plasmagen gas. Emissive species of styrene are C,H,™"
(506.8 nm), CH- (431.4nm), H, and H, reported in the work of Chen
and Yang [60], while Z. Li et al. individuate C¢Hg, CH, and C,, among
others [49]. Both cases deal with only styrene discharges. The decrease
of the aromatic content in the plasma-polymers is confirmed in the bulk
by IR characterization where, according to Prohaska [48] and Chen [3],
it is also possible to determine that the aromaticity decreases as a
function of the power (see the A3027/A2927 ratio). However, in IR the
discrimination between aromaticity and unsaturation is problematic.

An important difference between cross-linked PS and pp-PS emerges
through the CoHy; ™ ion at m/z 119. Indeed, the alkyl-substitution
(more precisely in position -para as elucidated by IR, see Fig. S4) of the
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cross-linked PS, due to the use of the cross-linking agent DVB, leads to
an augmentation of small aliphatic saturated ions with respect to the
linear PS, such as CH;* or C,Hs*. Conversely, in the case of the pp-PS
films, the increased intensity of CHs™ does not follow the CoH;; * and
C,Hs ™. This is compatible with the prevalence of mono-substitution of
the aryl groups found out in the IR analyses and a more unsaturated
polymer backbone. This experimental evidence seems to indicate that
the higher intensity of CHs* with respect to the linear PS is related to
the methyl-substitution of the plasma-polymer (i.e. branching) and/or
the higher density of chain-ends, the latter being influenced by the
cross-linking and the branching (impossible to discern). Concerning the
methyl-substitution, it has already been reported in the literature for
the case of the plasma-polymerized styrene since 1966 [61], but also for
other polymer materials like the plasma-polymerized vinylferrocene
[62] or the 2-vinylpyridine [63]. In the particular case of plasma-
polymerized styrene at low pressure, Prohaska hypothesized a structure
similar to the poly (a-methyl styrene) or poly (B-methyl styrene) on the
basis of IR characterization [48]. Here, the comparison of the frag-
mentation pattern in the sub-monomer region of two methyl-sub-
stituted PS derivatives, i.e. PAMS and P4MS, seems to corroborate the
fact that the -CH3 groups are bonded to C,, Cg, C,, and so on, but not to
the phenyl rings. This is in agreement with the prevalence of mono-
substitution observed in IR (Fig. 1). However, pp-PS films lack of repeat
unit, being characterized by an irregular structure, cross-linked and
branched. Thus, the high concentration of -CHsz groups could be ex-
plained by the branching (point B of the IR analysis).

4.4. Effect of discharge power

The influence of the power applied to the plasma on the chemical
structure of the pp-PS deposits was investigated in more details by
SIMS/PCA. The evolution of the polymer structure in the given interval
of powers show a saturation level towards 70-80 W (Fig. 4). Five “key”
ions permit to summarize the structural variations of the pp-PS as a
function of power (depicted in Fig. 8): CgHo " (105T), C,H,* (91%),
CeHs* (777), CHs™ (15™) (in decreasing order of m/z ratio) and
C,H;0™. Increasing the power, CgHo* and C,H, " decrease, in addition
to the other PS-like fragment ions with m/z = 91 (included CoH;; " or
1197, previously mentioned in the comparison with the cross-linked
PS). Conversely, the aromatic ion C¢Hs ™ (related to the phenyl ring) at
m/z 77 increases as well as a series of small aliphatic ions (CsHs™",
C4Hs*, CsHs*, CyH3*) and the CHs;™. Small O-containing ions
(CoH30%, CHs0™, C3sH30™) increase with increasing power, while
bigger oxidized ions like CsHoO* decrease. This mirrors the increase of
the aliphatic fraction in the polymer matrix with the increase of power.
Increasing the discharge power also affects the size distribution of the
plasma polymer. GPC analyses carried out at 30 W and 60 W revealed
the presence of oligomers (2-20 repeat units if compared to the PS
standards), although the plasma films are well polymerized as de-
monstrated by the undissolved polymer matrix after several hours of
immersion in the solvent and heating. This is also compatible with a
high cross-linked character of the polymer deposited in the DBD at sub-
atmospheric pressure. The significant presence of oligomers at 10 W is
supported by the higher sputter yield volume (almost a factor of 2 with
respect to 80 W, cf. Fig. 7). This higher presence of oligomers induces a
higher density of -CH; chain ends, so that a significant contribution to
the methyl-substitution observed in IR might come from the degree of
polymerization. This factor, in combination with the -CHj3 grafting
along the polymer backbone, might explain the inversed ratio 91%/
105* that characterizes the plasma-deposited styrene films. Ad-
ditionally, CgHo™ (105%) and G,H," (91") decrease with power be-
cause of the more cross-linked polymer network. A higher cross-linked
and/or branched content (established in XPS, IR, and SIMS), also leads
to a relative increase of the emission probability of smaller fragment
ions, like the aromatic CgHs™ (77 ") and the aliphatic CH;* (15%).

In conclusion, all these experimental evidences point to an
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Fig. 8. Correlation between the evolution of the main spectral features of the pp-PS films (summarized by five “key” ions) and the variation of their chemical
structure as a function of the plasma power (P), established by combined SIMS/PCA bulk characterization. Some of the determining factors pointed out by PCA are
confirmed by other analytical techniques (bracketed), such as XPS (information at the surface), IR and GPC (information concerning the bulk).

enhancement of the fragmentation of the styrene precursor with in-
creasing plasma power, and consequently a reduction of the aromaticity
content in the resulting polymer deposits [25,64], accompanied by an
increase of the branching/cross-linking and oxidized content and a di-
minution of the oligomer fraction trapped in the polymer structure.

5. Conclusion

The ex-situ characterization of plasma-deposited thin films by
means of traditional analytical techniques such as IR, XPS, angle-re-
solved XPS and static-SIMS is usually very challenging because of the
inevitable post-polymerization oxidation and surface contamination.
For the first time, this study demonstrates that the chemical structure of
plasma-synthesized polystyrene-like coatings can be elucidated after
exposure to air, using ToF-SIMS depth-profiling with large Ar cluster
ion beams in combination with principal component analysis. By re-
constructing the mass spectra from a section of the depth-profile cor-
responding to the bulk of the film, post-polymerization oxidation trig-
gered by long-lived radicals and other surface phenomena could be
safely disregarded. In turn, this method provides a more accurate pic-
ture of the polymer film during the growth phase. In future works, the
complementarity between SIMS and XPS should be strengthened by
performing in-depth XPS characterization with a similar procedure
(alternating Ar cluster ion beam etching with XPS analysis) in order to
follow atomic concentrations and chemical shifts along the coating
thickness.

In comparison with the other (bulk) analysis techniques used in this
study such as FT-IR and GPC, beyond detailed molecular information,
the specific interest of ToF-SIMS is that the information can be ex-
tracted very locally, with a typical resolution of a few nanometers in
depth and one micrometer laterally (3D molecular imaging). Therefore,
at variance with other techniques, films with a vertical variation of
composition or molecular structure (e.g. difference between surface and
bulk, near-substrate effects, stratified coatings, gradient layers) as well
as laterally patterned coatings can also be precisely characterized. In
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addition to the traditional chemical and structural information pro-
vided by SIMS, we recently showed that information on local physical
properties (Young's modulus, glass transition temperature, ...) could
also be retrieved by using the Ar cluster ion beam for analysis [65].
These methodological developments open the door to both chemical
and physical characterization of complex plasma coatings in the three
dimensions using secondary ion mass spectrometry.
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