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One Step Polymerization of Sulfonated
Polystyrene Films in a Dielectric Barrier
Discharge
Delphine Merche, Julie Hubert, Claude Poleunis, Sami Yunus,
Patrick Bertrand, Philippe De Keyzer, François Reniers*
Thin sulfonated polystyrene films were prepared by high pressure PECVD of styrene and
trifluoromethane sulfonic acid using a DBD. Argon or helium was used as carrier gas. The
chemical composition of the pp-sulfonated polystyrene was investigated by XPS, SSIMS, and
FTIR. XPS shows that the content in sulfonated groups of the films deposited in the discharge
can be tuned by varying the temperature of the acidmonomer or by improving the HF voltage.
Therefore, the films obtained are rich in
ionizable groups (more than Nafion).
TOF-SSIMS and FTIR spectra allow to
confirm the presence of sulfonic groups
(observed on S2p XPS spectra) grafted in
the polystyrene matrix.
Introduction

Plasma polymerization is recognized like a feasible process

for depositing thin films with desired properties on any

kinds of substrates for surface modification (esthetic

coatings, protective coatings against corrosion and abra-

sion, for adhesion and barrier properties. . .).

This environmental friendly process (solvent free and

low temperature process) can be more advantageous

than conventional methods from the point of view of the

process itself, but also for the properties of the polymers

synthesized. Indeed, since it requires fewer fabrication

steps than many important industrial processes, the

plasma enhanced chemical vapor deposition (PECVD) could
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be interesting to prepare easily ionomeric thin films in one

single step, with desired properties.

The thickness, the morphology, the chemical composi-

tion and the structure of the films (which are usually more

disordered, cross-linked, branched than their conventional

counterparts, because they are often generated by random

recombination of radicals generated under the influence of

energetic particles) can be tailored by controlling the

experimental conditions of the plasma discharge.[1–3] The

plasmas technologies, when the chemical processes are

clearly understood, are easily upgradable to the industrial

scale, as themain parameters to control the plasma are the

current, voltage, frequency, gas pressure, and composition.

A first preliminary study, concerning the synthesis of

polystyrene thin films by means of a RF atmospheric-

pressure plasma torch and a high frequency (HF) dielectric

barrier discharge (DBD) has been realized in our labora-

tory.[4] These results showed that the DBD, in a controlled

atmosphere, provided better films than the RF torch.

The goal of this paper is to go even further by

synthesizing sulfonated polystyrene thin films (pp-

sulfonated PS), in one step, by plasma copolymerization

using a DBD operating at high pressure. Usually, the

sulfonated polystyrene membranes are obtained by a
library.com DOI: 10.1002/ppap.201000024
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‘‘liquid phase-based’’ method (sulfonation of polystyrene

by substitution reaction).[5] It can also be prepared by

grafting styrene into thin films of fluoropolymers (such

as PTFE, FEP, PFA, PVDF, ETFE. . .) or hydrocarbon polymers

(e.g., PE) by pre-irradiation (UV[6], g-rays,[7,8] electron

beam[9]), followed by a sulfonation reaction (chlorosulfo-

nation followed by hydrolysis). In some cases divinylben-

zene (DVB) is added as a cross-linking agent. Contrary to

thosemethods,which requiremultiple steps, reactants and

long and complicated reactions, plasma polymerization

allows to synthesize pp-sulfonated PS in one single step, by

means of a simultaneous injection of styrene and a

sulfonated precursor in a plasma discharge. Moreover, this

study will help us to better understand the parameters

involved in the high pressure plasma polymerization

process.

Thosefilmsdepositedbyplasmacopolymerization, could

present interesting properties as electrolyte membrane for

miniaturized fuel cell applications (polymer electrolyte

membrane fuel cell-PEMFC) using CH3OH (direct methanol

fuel cell-DMFC). DMFC constitutes the main alternative to

Li-ion batteries in portable electronic devices. Sulfonated

polystyrene membranes could be of a high potential

interest, as they could be an alternative to the Nafion

which has currently almost the monopole in term of

electrolyte membrane for this kind of fuel cells. Nafion

consists of fluorocarbon chains terminated by sulfonic acid

groups. Moreover, the Nafion polymer presents many

disadvantages, such as a cross-over of methanol which

reduces the efficiency of the cell, a high cost, a low

temperature limit (<80 8C), a high humidification require-

ment, and a relatively high thicknesswhich limits its use in

miniaturedevices.[10]Generally, thinmembranes like those

obtained by plasma polymerization are appreciated

because of their lower resistance and because they ensure

a good contact with the electrodes of the DMFC.

Many studies, not only concerning the synthesis of thin

barriers films onNafionmembranes[11] but also concerning

the synthesis of new kinds of proton conductive mem-

branes were realized by plasma polymerization at low

pressure, in order to suppress methanol diffusion through

the membranes. The cross-linking network of plasma

polymerized membranes gives them a good thermal and

chemical stabilityanda lowpermeability toorganic liquids.

Various fluorocarbon and hydrocarbon backbone mono-

mers were copolymerized (e.g., trifluorochloroethene,

hexafluoropropylene, hexafluorobenzene, butadiene,

styrene. . .) with for example trifluoromethane sulfonic

acid, sulfur dioxide, or phosphonic acid.[11–17] Among those

ones, we can note researches made by Roualdès et al.who

used a mixture of styrene and trifluoromethane sulfonic

acid (CF3SO3H)monomers for preparing proton conducting

electrolyte membranes by plasma polymerization.[18–23] In

their study, conducted at low pressure in order to promote
Plasma Process. Polym. 2010, 7, 836–845
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the stability of the active species (by increasing their mean

free path), the styrene is used as plasma-polymerizable

monomer to build the backbone of the matrix, while the

trifluoromethane sulfonic acid monomer is chosen to

introduce the sulfonated groups (necessary for the proton

conductivity) in the polymer matrix.

We aimed to synthesize and characterize this kind of

membranes from styrene and trifluoromethane sulfonic

acid monomers in a home-built DBD chamber at high

pressure. DBDs are non-equilibrium gas discharges which

can operate at elevated pressure (atmospheric or near

atmospheric pressure). At least one of the electrodes is

covered with a dielectric material, such as alumina or

quartz, to help stabilize the discharge, and an ac field in

the range from 50Hz to 500 kHz is applied to the

electrodes.[24,25]

As the atmospheric PECVDwasmore recently developed,

the reaction mechanisms are less known and the experi-

mental parameters are varied in a more empirical way.

Nevertheless, these technologies present lots of interesting

properties for industrial applications. Indeed, they allow

to avoid the constraints of a high vacuum and they require

a low cost system, and, therefore, they can be easily

implemented in a continuous production line. However, a

major drawback is the very small mean free path of the

reactive species at high pressure, making the reaction

mechanisms much more difficult to understand, and

therefore to control.

The pp-sulfonated PS obtained by plasma copolymeriza-

tionwas chemically characterized byXPS, FTIR (IRRAS), and

by TOF-SSIMS.
Experimental Part

Materials

The liquid styrene (Fluka, purity: 99.5%) and the liquid trifluor-

omethane sulfonic acid (Sigma–Aldrich, purity �98%) monomers

were used without any further purification. Silicon Wafers (100)

from Compart Technology Ltd., were used as substrate. They were

cleaned with methanol and isooctane. The glow discharge was

sustainedwithHe (alphagaz 1, ‘‘Air liquide’’, purity: 99.999%) or Ar

(alphagaz 1, ‘‘Air liquide’’, purity: 99.999%)
Plasma Polymerization

The pp-sulfonated PS thin films were deposited, in one step, in a

home-built DBD. The cylindrical glass chamberwas connected to a

pumping system. A schematic diagram of the reactor is presented

in Figure 1. The cylinder was made of pyrex, 5mm thick, 160mm

diameter and 300mmlong. Itwas connected to twoUHVstainless-

steel disks. Insulation was realized by two Viton-O-rings. Gases

weredriven to the chamberusingPFA (perfluoroalkoxy copolymer)

and stainless steel gas lines. Two copper electrodes were covered

with aluminum oxide (alumina, 99.7% purity, 1.5mm thickness).
www.plasma-polymers.org 837
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Figure 1. Schematic of the home-built DBD process.

838
The distance between the electrodes can be tuned using a nylon

screw system, but for this study, the distance was set to 3mm. In

order to control the purity of the atmosphere, the cylindrical

chamberwaspumpeddowntoapressureof1� 102 to1�103Paby

a primary pump (‘‘Chemvac Combination Pump System’’ consist-

ing in a diaphragm pump combined with an Ilmvac rotary pump)

and subsequently backfilled by the process gas mixture to the

working pressure (2�104 Pa). Although the system also runs at

atmospheric pressure, the results presented in this paper were

obtained at a slightly reduced pressure (but still in the same order

of magnitude as atmospheric pressure) in order to be able to

increase the interelectrode distance and to minimize the break-

down voltage (according to the Paschen Law). The chamber

was pumped continuously during the plasma polymerization

process (dynamic regime) to minimize the air contamination of

the growing films. A vacuum gauge was used to measure the

pressure inside thechamber (TyracountVD85M).The liquidstyrene

monomer was kept at 313.15K in a thermostated bath and

the temperature of the trifluoromethane sulfonic acidwas ranging

from 313.15 to 333.15K. In these conditions the vapor pressure

ratio of trifluoromethane sulfonic acid on styrene is ranging from

1.0 (at 313.15K) to 2.2 (at 333.15K). Both monomers vapors were

simultaneous introduced into the discharge with identical flow

rates of Ar or He. The HF plasma was ignited using a Solar

Electronics 88-50-1 generator. The frequency was fixed at 15 kHz,

and the voltage was varying from 1 to 2kV. The silicon wafers

substrates were placed between the electrodes. Deposition times

were ranging from 5 to 10min. The deposition rates for pp-

sulfonated deposited at 1 kV, were ranging from 600nm to

1.3mm �min�1 depending on experimental conditions.
Characterization of the Films

The films were characterized using Fourier transform infrared

spectrometry (FTIR), X-ray photoelectron spectroscopy (XPS), and
Plasma Process. Polym. 2010, 7, 836–845
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time-of-flight static secondary ionmass spectrometry (TOF-SSIMS).

The average polymerization rates were calculated by measuring

the thickness (by scratchingand cross-section) of thepp-sulfonated

PS films by means of a FEG-SEM (Zeiss Leo 982). After the plasma

deposition, the chamber was purged in order to evacuate the

reactivegas, thenbackfilled toatmospheric pressureusingArorHe.

The samples were then transferred to the analytical tool. FTIR

spectra were acquired by IRRAS (‘‘Infrared Reflection Absorption

Spectroscopy’’) on a Nicolet TM 5700 spectrometer. The program

usedwasOMNIC7.3 (ThermoElectronCorporation). Each spectrum

was collected by accumulating 64 scans at a resolution of 2 cm�1

with an aperture of 30. XPS analysis, which is very powerful to

characterize thin plasma polymerized coatings[26] was carried out

in a Physical Electronics PHI-5600 system equipped with a

concentric spherical analyser, and a 16 channeltron plate. Spectra

were acquired using theMg anode (1253.6 eV), operating at 300W.

The average surface concentrations were determined using Casa

XPS with the usual formula:

XN ¼ AN=SNP

i

Ai=Si

(A¼peak area, and S¼ relative sensitivity coefficient) with the

following sensitivity coefficients: S¼ 0.35, C¼0.205, N¼0.38,

O¼0.63, F¼1). Wide surveys were acquired at 93.9 eV pass–

energy, with a 5 scans accumulation (time/step: 50ms, eV/step:

0.8), and spectra of the C1s and S2p peaks at 23.5 eV pass-energy

with an accumulation of 10 scans (time/step: 50ms, eV/step:

0.025). The full width at half-maximum (FWHM) (at 23.5 eV pass

energy, for a large scale analysis and an aperture of 4) of the C1s

peak in PTFE was around 1 eV. The narrow scans of C1s and S2p

were deconvoluted into several peaks components, with the same

FWHMeach, throughamixtureofGaussian-Lorentzian (30:70). The

components assignments and binding energies were based on the

literature.[18]

Static positive and negative TOF-SIMS measurements were

performed with a TFS-2000 MMI (TRIFT 1) TOF-SIMS spectrometer

from PHI-Evans. The sample was bombarded with pulsed 69Gaþ

ions (15 keV, 600 pA d.c.). The secondary ions were accelerated

to�3 keV by applying a bias on the sample. The spreading of the

initial energies of the secondary ions is compensated by deflection

in three electrostatic analyzers. A post-acceleration of 7 keV was

applied at the detector entry. The analyzed area used in this work

was a square of 170 mm� 170mm and the data acquisition time

was 5min. Charge effects were compensated bymeans of a pulsed

electron flood gun (Ek¼24 eV). With these experimental settings

the total ion fluence is lower than 1012 Gaþ/cm2, which ensures

static conditions.[27]
Results and Discussion

XPS Analysis (Analysis Depth <10 nm)

The influence of the temperature of the trifluoromethane

sulfonic acid (while the styrene is kept at 313.15K, for a

voltage of 1 kV, and a frequency of 15 kHz), and the

influence of the voltage applied between the electrodes (for
DOI: 10.1002/ppap.201000024
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Figure 2. XPS survey of a pp-sulfonated PS/DBD film (He, 313.15 K
for both monomers, 1 kV, 15 kHz), cf Table 1. Spectra were acquired
by accumulating 5 scans at a pass-energy of 93.9 eV.
a temperature of both monomers fixed at 313.15K) on the

sulfur content have been investigated by XPS.

The chemical composition of the ‘‘as deposited’’ pp-

sulfonated PS on Si wafers, and of a Nafion 117 membrane

(purchased from Ion Power) is summarized in Table 1, and a

wide XPS scan of pp-sulfonated PS/DBD He (313.15K for

both monomers, 1 kV, 15 kHz) is presented in Figure 2. As

expected, an increase of the temperature of the trifluor-

omethane sulfonic acid leads to an increase of the relative

amount of this monomer in the plasma discharge, and

consequently to an increase in the sulfur content in thefilm

(Table 1).

Moreover, the sulfur content also rises with the HF

voltage applied between the two electrodes (Table 1). This

could be due to an increase in the degree of the

fragmentation of both monomers with the voltage (there-

forewith theenergysuppliedperunitofmassofmonomer).

Consequently more radical sites trapped in the growing

matrixareavailable for thegraftingofsulfonatedgroups (as

well as for cross-linking, unsaturations, grafting of short or

long aliphatic branching, oxygenation, and grafting of

fluorine).

The sulfur content is ranging from 2.5 to 6.6%. The S/C

ratio (from 0.03 to 0.05 at 1 kV and up to 0.10 at 2 kV) in our

pp-sulfonated PS, is lower than the theoretical value of the

sulfonated PS (0.125) [28]. The fluorine content is varying

from2.2 to 8.1%. The low content influorine (in comparison

with the F/S ratio inCF3–SO3H)mightbeduepartially to the

formation of HF (gaseous), but also due to the pumping

of CF3 fragments. We can notice that the –CF3 fragments

are not present in the C1s XPS spectra, although we can

observe in the negative SSIMS spectra (Figure 4) a CF3 peak

at m/z¼ 69 which comes from the fragmentation of the

trifluoromethane sulfonic acid condensed onto the last

layers. A slight nitrogen contamination is observed.
Table 1. Influence of the temperature of the trifluoromethane sulfonic
sulfonated PS films, determined by XPS.

Carrier gas Voltage T acid Po
acid

Po
styrene

%S

kV K

Ar 1 313.15 1.0 2.9

Ar 1 323.15 1.5 4.0

Ar 2 333.15 2.2 6.6

He 1 313.15 1.0 2.5

He 1 323.15 1.5 3.1

He 1 333.15 2.2 3.8

He 1.5 313.15 1.0 3.0

He 2 313.15 1.0 6.5

Nafion1 117 1.0
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Figure 3 presents the C 1s and S 2p XPS peaks of pp-

sulfonatedPSprepared indifferent conditionswith thebest

fitting available. Table 2 indicates the percentages and the

positions of the components of the C1s and the S2p peaks,

extracted after Shirley background subtraction.[18]

However, the CF2 component occurring at binding

energies between 290.9 and 292.2 eV (function of its

chemical environment) might maybe contain a p–p�

shake-up satellite component (at 291.8 eV), which is due

to the p–p� transitions of the aromatic rings of polystyr-

ene.[4] This component is often neglected in most papers
acid and influence of the voltage on the elemental composition of pp-

%C %N %O %F C/S O/S

78.2 0.4 15.6 2.9 26.7 5.4

77.1 1.0 15.7 2.2 19.3 5.4

65.7 0 21.5 6.2 9.9 3.3

79.1 0.8 13.7 3.9 31.6 5.5

75.2 0.2 17.2 4.3 24.2 5.5

74.0 0.8 17.7 3.7 19.5 4.6

76.2 2.0 13.7 5.1 25.2 4.6

68.1 1.0 16.3 8.1 10.5 2.5

43.6 0 4.5 50.9 43.6 4.5

www.plasma-polymers.org 839
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Figure 3. C1s and S2p X-ray photoelectron peaks for pp-sulfonated PS/DBD films deposited in the presence of: (a,b): Ar, 313.15 K for the
trifluoromethane sulfonic acid monomer, 1 kV, 15 kHz; (c,d): He (in the same experimental conditions); and (e,f): Ar, 333.15 K for the
trifluoromethane sulfonic acid monomer, 2 kV, 15 kHz. Spectra were acquired by accumulating 10 scans at a pass-energy of 23.9 eV.

840
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Figure 4. Positive (left) and negative (right) SSIMS spectra of a pp-sulfonated PS/DBD film deposited in the presence of He (trifluoromethane
sulfonic acid: 333.15 K, 1 kV, 15 kHz).
(concerning the pp-sulfonated PS/or the sulfonated poly-

styrene grafted in a fluoropolymeric matrix) in the

literature.

The oxygen detected in the films originates from the

sulfonated groups, but also from reactions (during or after

polymerization) between oxygen species coming from the

environment (residual oxygen present in the plasma

chamber, or moisture from outside) and long-lived free

radicals trapped in the growing film. The exposure to the

energetic particles (neutral metastable particles, electrons,

ions, UV, etc.) present in the plasma, generates active sites

(radicals) into the growing film.

According to the literature, the sulfur peak of sulfonated

PS membranes synthesized at low pressure is often split

into two signals.[11,13–16,18] It can be decomposed into four

components: two components at 170 eV (S2p 1/2) and
Table 2. Functional groups and their content in pp-sulfonated PS film

Binding

energy (eV)

Assignment Ar 1 kV/

%

284.8 C�C, C¼C, C�H 83.

286.3 C�CFn, C�O, C�S 11.

288.1 CF, C¼O 1.

292 CF2 3.

169 SO2�OR (S2p 1/2) 73.

170 SO2-OR (S2p 3/2) 26.
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169 eV (S2p 3/2), both assigned to the sulfonic acid groups,

and two components at lower binding energies, corre-

sponding to sulfur atoms at lower oxidation states (166 and

164.5 eV: RSO2R’ and RSOR’, respectively).[11,18,19]

For all the polymerization conditions, the fitting of the

single S2p peak of our coatings, shows that all the sulfur is

present as sulfonic groups (R–SO2–OR’). For low pressure,

continuous wave (unpulsed) plasma, the relative concen-

trations of sulfonic acid groups may predominate on the

ones of sulfinic groups in membranes synthesized in an

afterglowmode. However, contrary to our results, for films

deposited in the discharge, it is not always the case. In these

severe plasma conditions, a high proportion of sulfinic or

sulfur groups of lower oxidation states could be incorpo-

rated in the plasma material due to a high fragmentation

of the trifluoromethane sulfonic acid by very energetic
s related to Figure 3.[18]

313 K He 1 kV/313 K Ar 2 kV/333 K

% %

2 81.5 72.1

5 11.9 19.2

5 3.1 5.0

8 3.5 3.7

1 71.3 70.5

9 28.7 29.5
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particles (electrons and ions) and by radicals, present in the

discharge. In the afterglow mode a negative polarization

bias can be applied to the substrate holder to extract Arþ

ions from the discharge region to the deposition region

(where the precursors are introduced), therefore the energy

of the ions in interaction with the monomers is more

controlled, and the monomers are not subject to collisions

by electrons.[18,19]

Sincebothcomponentsof sulfurat loweroxidationstates

are not present in our XPS spectra, we can conclude thatwe

have a better retention of the sulfonic groups in the plasma

discharge near atmospheric pressure. This suggests milder

plasma conditions than at low pressure. This better

retention could be explained by lower mean free paths of

the radicals, excited species (suchasmetastables) andof the

chargedspecies; thecollisionsare thereforemorenumerous

but their energy could be too low to fragment the sulfonic

groups.A reactionof oxygenduringor after depositionwith

sulfinic groups to form sulfonic groups is also possible.

Consequently, the total amount of sulfonic sulfur can reach

3.8%at1 kV,which is, for comparison,more than theNafion

117 (1% of sulfonic groups). Although the low amounts of

sulfonic acid groups in Nafion are sufficient to induce high

proton conductivity, the higher sulfonic acid in the pp-

membranes might be advantageous to overcome the

conductivity leakage due to the ‘‘defects’’ of the pp-

sulfonated PSmembranes (disorder, cross-linking network,

possible non homogeneous distribution of the proton

exchange groups on thewhole thickness of pp-membranes,

etc).
Figure 5. Positive (left) and negative (right) SSIMS spectra of polystyr
Spectra Ltd.).
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TOF-SSIMS (depth analysis: 1-2 nm)

Time-of-flight static secondary ion MS (TOF-SSIMS) was

used to analyze the nature of positive and negative

fragments coming from the final layer of the films surface

(�15 Å).

The fingerprint region of the positive spectra (0–

250 amu) might provide information about the chemical

structure of the polystyrene matrix,[29] while the negative

spectra could bring interesting information about sulfo-

nated and fluorinated groups grafted on the polystyrene

matrix and other fragments coming from the trifluoro-

methane sulfonic monomer (but also about the nature of

carbonated fragments from the styrene monomer). For

comparison, the spectra of the Poly(styrene sulfonate)

sodium salt, coming from the static SIMS library (Surface-

Spectra Ltd.), is given in Figure 5. The intense peak at

m/z¼ 23 in the positive spectrum of the reference is due

to the sodium counter-ion.

The styrene ion peak appears at m/z¼ 105 (MHþ). The

other characteristic peaksof polystyrenedetected for all the

analyzed surfaces at m/z¼ 27, 43, 51, 55, 77, 91, 105, 115,

128, 141, 152, 165, 178, 193, 207 corresponding respectively

to: C2H
þ
3 , C2H3O

þ=C3H
þ
7 , C4H

þ
3 , C4H

þ
7 , C6H

þ
5 , C7H

þ
7 (tropyl-

lium cation), C8H
þ
9 , C9H

þ
7 , C10H

þ
8 , C11H

þ
9 , C12H

þ
8 , C13H

þ
9 ,

C14H
þ
10, C15H

þ
13, and C16H

þ
15 are not only coming from the

fragmentation, oligomerization or polymerization and

rearrangement of the styrene, but also from the oxidation

of thespecies (fragmentedornot).Dimerspeciesarepresent

in all spectra at m/z¼ 207 (2M-H)þ.
enesulfonate sodium salt (The static SIMS Library,Version 3, Surface

DOI: 10.1002/ppap.201000024
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Table 3. Negative fragments present in negative SSIMS spectra.

m/z Anion m/z Anion m/z Anion

12 C� 45 CO2H
� 81 SO3H

�

13 CH� 46 NO�
2 83 SO2F

�

16 O� 49 C4H
� 93 C6H5O

�/CH�SO�
3

17 OH� 50 C4H
�
2 99 SO3F

�

19 F� 62 C5H
�
2 /NO�

3 119 CH2¼CH�C6H5�O�

24 C�
2 64 SO�

2 / C5H
�
4 133 CF3SO

�
2

25 C2H
� 69 CF�3 149 CF3SO

�
3

31 CF�/CH3O
� 73 C6H

� 151 CF3
34SO�

3 (isotope)

32 O�
2 /S� 77 C6H

�
5 157 C6H5�SO�

3

38 C3H
�
2 /F

�
2 80 SO3

� 183 C8H7�SO�
3

The influenceof thenatureof thecarrier gas (Ar orHe), and

the influence of the nature of the substrate (metallic or

polymeric), on the degree of aromaticity, branching, unsa-

turations, cross-linking for the polystyrene coatings depos-

ited byDBD,was investigated in aprevious study.[4]Wehave

shown that the pp-PS films synthesized in the presence of Ar

exhibitmorebranching,moreunsaturations, a higher degree

of cross-linking, and a lower density of aromaticity than pp-

PSsynthesizedwithHe.Thefilamentarystreamers(dispersed

in a diffuse glow discharge) occurring in our Ar DBD

conditions, are characterized by an axial distribution of the

charged species. TheArþ ions affectmore the structure of the

polymerized films than the metastable species and lead to a

higher fragmentation. Consequently more radical sites are

available either for grafting of fragmented precursor (it can

be for sulfonicgroups inthecaseofpp-sulfonatedPS)or cross-

linking or oxygenation.

The higher counting rate (total number of counts divided

by the time of acquisition) for pp-PS (in comparison with

commercial PS) could be explained by the fact that low
Figure 6. IR spectrum of (below) polystyrene reference and (above) a pp-sulfonated
PS film (DBD He, 5 min., 1 kV, 15 kHz, 2� 104 Pa).
molecular weight polymer chains (oligo-

mers), but also monomers, easily extrac-

table from the surface by the ion beam,

are present at the extreme surface of the

plasma polymer films.[4,30]

The intense peak of the trifluoro-

methane sulfonic monomer in the nega-

tive spectra (m/z¼ 149) could be due to

the presence of non-fragmented mono-

mer condensed onto the last layer. The

fragments corresponding to the peaks

recorded in the negative mode are pre-

sented in Table 3.

The sulfonated and fluorinated frag-

ments coming from the fragmentation of

the trifluoromethane sulfonic monomer

are visible on negative spectra (for
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example: F- at m/z¼ 19, S- at m/z¼ 32, CF-3 at m/z¼ 69,

SO-3 at m/z¼ 80. . .).

The observation of the negative SSIMS spectra (Figure 4,

and Figure 5) shows the presence of the sulfonated

groups grafted on aromatic rings (C6H5SO
-
3 at m/z¼ 157),

or grafted on (poly)styrene (C8H7SO
-
3 at m/z¼ 183).
IRRAS

The absorption spectra of pp-sulfonated PS and a reference

of native polystyrene (from theOMNIC library) are given in

Figure 6. The assignments are given in Table 4.

The spectrum of the pp-sulfonated PS shows almost the

same broad band occurring in the Nafion spectrum (cf

Mahdjoub et al.) which is observed between 1000 and

1400 cm�1, and is due to the overlapping of vibrational

bands fromCFx, SO
-
3, and SO3H.[18] However, the presence of

sulfonatedgroups is emphasizedbybandsaround1030and

1230 cm�1 assigned to S¼O symmetric and asymmetric
www.plasma-polymers.org 843
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Table 4. FTIR assignments of pp-sulfonated PS.[18]

n (cm�1) Mode assignments n (cm�1) Mode assignments

3 800, 1 600 H2O bands 1 372 vas CH3

3 400 OH stretching 1225–1 230 nas S¼O of SO-3 and/or nas CF

3 082, 3 059, 3 026 Aromatic C–H stretching 1 180 ns S of both S¼O

2925 nas CH2 1 155 ns O¼S¼O sulfones/or ns CF

2 870 ns CH3 1 130 SO-3 bonded to the aromatic ring

2 850 ns CH2 1 110 ns S¼O of SO3H

2350 CO2 bands 1 072 ns SO
-
3

1 684 nas C¼O 1030–1 034 ns S¼O of SO-3

1 600, 1 493 C�H or aromatic C¼C (v in plane) 907 ns S�OH of SO3H

1451 vas CH3, CH2 scissors 757, 697 Aromatic C�H (v out of plane)

844
stretching vibrations in the SO-3 groups, by the band

occurring at 1 072 cm�1 attributed to the symmetric

stretching vibration of SO-3, but also by the existence of a

band at 1 130 cm�1 which is characteristic of SO-3 linked to

an aromatic ring. The sulfonic acid groups (SO3H) are

detected by bands at 1 110 and 907 cm�1 respectively

associated to the S¼O and S–OH symmetric vibrations of

this group. The presence of fluorinated groups can be

highlighted by a band around 1 230 cm�1 characteristic of

CF asymmetric stretching vibrations.[18]

Besides the presence of fluorinated and sulfonated

groups, the spectrum of the pp-sulfonated PS also exhibits

themainbands characteristic of carbonated groups coming

from the polystyrene matrix.[4] For comparison, a poly-

styrene reference is added in Figure 6. The bands between

3000 and 3100 cm�1 correspond to the absorption by

aromatic C–H stretching modes. The bands between 2 800

and 3 000 cm�1 are related to the aliphatic stretching

vibrations in the polymer backbone (stretching CH2 and

CH3). The existence of bands at 1 600 and 1 493 cm�1

(aromatic C¼Cvibrations) seems toprove that the structure

of phenyl rings is preserved during the process. The sharp

peaks occurring at 1 451, and 1372 cm�1 are characteristic

ofmethylC–Hbendingvibrations, andthoseat757and697,

are related to the bending aromatic out of plane vibrations.

The FTIR spectrum shows that the plasma polymeriza-

tion provides not only the necessary sulfonated groups for

the application in electrolyte membranes but also, the

preservation of the aromatic structure of monomer.
Conclusion

We report in this paper a preliminary study showing that

thin pp-sulfonated PS films can be successfully synthesized

in the plasma zone of a home-made DBD, at high pressure,

starting from styrene and trifluoromethane sulfonic acid.
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Thefilms, synthesized inone step, in thepresence ofAr or

He (as carrier gas), were characterized by XPS, TOF-SSIMS,

and FTIR (IRRAS).

The trifluoromethane sulfonic acid monomer brings

sulfonic acid groups (necessary for the proton conductivity

for further applications of the membranes in fuel cells) in

the polystyrene matrix. The three complementary analy-

tical tools confirm that the sulfonated groups are well

grafted on the polystyrene matrix (e.g: TOF-SSIMS

peaks C6H5–SO
-
3 atm/z¼ 157, and C8H7–SO

-
3 atm/z¼ 183).

By varying the composition of the monomers feed, pp-

sulfonated PS films with a range of specific content in

sulfur (from 2.5 to 3.8% at 1 kV, and until 6.6% at 2 kV)

can be synthesized. The S2p XPS spectrum shows that

the structure of the precursor is relatively preserved in

the discharge near atmospheric pressure (all the sulfur

is present in the sulfonic form, and no sulfur at lower

oxidation states, such as sulfinic groups, is incorporated

in the films). Therefore, we obtain a material richer

in ionizable groups than other membranes (such as

Nafion).

SSIMS and FTIR spectra allow to confirm the presence of

sulfonic groups observed on the S2pXPS spectra. Two kinds

of bands are present in the IR pp- sulfonated PS spectra:

firstly, the stretching and bending vibrations bands from

aromatic groups and aliphatic carbonated chains coming

from the polystyrenematrix, and secondly, the fluorinated

and sulfonated bands coming from the fragmentation of

the trifluoromethane sulfonic acidmonomer. In the future,

electrochemical characterizations (proton conductivity and

proton number measurements), and methanol diffusion

measurements will be investigated on our membranes for

further applications in fuel cells.
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