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Abstract:  

Material assembly based on elastomer part and metallic substrate has been widely used in 

many industrial sectors. However, the adhesion between the two materials requests specific 

processes and adhesives. Plasma technology is an interesting way to prepare the assembly since 

the plasma polymer layers used for the adhesive joint can bear different reactive chemical functions 

toward the elastomer. Three different plasma coatings are synthesized from acetylene, acrylic acid, 

and maleic anhydride plasma because of their respective chemical functions able to open the 

carbon-carbon double bond of the elastomer (rubber, fluoroelastomer). For such a purpose, fine-

tuning of plasma parameters was essential to preserve the precursor chemistry and to avoid any 

degradation. Pulsed plasma discharge was selected, plasma parameters defined thanks to the design 

of experiment. The different plasma polymers were characterized by FTIR, XPS and NEXAFS 

spectroscopies and surface energy measurement. 

 

1. Introduction 

 

The bonding of an elastomer to metallic substrates has been a process widely used since the 

beginning of the 20th century in many industrial sectors (automotive, aeronautics, aerospace, sports 

and leisure, etc.). Such a bonding is often finalized during the vulcanization of the elastomer at 
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specific temperature and pressure. Currently, the adhesion of complex geometric assemblies is 

carried out by manual and repetitive application processes of one or more adhesive layers so-called 

primary, secondary layers which are organic or water-based liquid phases containing highly toxic 

products [1]. Therefore, the reliability of good mechanical strength is difficult to ensure due to an 

inhomogeneous adhesive bond which, moreover, is obtained under not so eco-friendly conditions. 

The adhesion between two materials is based on different types of mechanisms. Two of them, 

besides the wettability criterion, are prevalent during the vulcanization bonding, i.e. the chemical 

and the interpenetration (interdiffusion) mechanisms. The former deals with the reactivity of 

different chemical groups reacting together and forming new covalent bonds between the substrate 

and the elastomer while the latter highlights the polymeric chain mobility and reptation inducing 

an interphase layer with an intermediary composition. 

Layers issued from the plasma polymerization of various organic precursors [2-5] could be 

an alternative solution to the toxic liquid phases. Indeed, varying the plasma chemistry and physics 

by tuning the different operating parameters allows to vary and to control the plasma deposit 

composition and thickness. On one side, since most of the elastomers are polydiene, pulsed plasma 

deposits (pp) bearing the precursor functions, either carbon-carbon double bonds, acid or anhydride 

functions are in favor of the chemical adhesion thanks to the creation of the corresponding links. 

On the other side, increasing the thickness of linear plasma polymers, with longer duration and 

pulsed wave, respectively, should enhance the interpenetration of both polymers. Acetylene (Ac), 

acrylic acid (AA) and maleic anhydride (MA) are representative of the functional groups that 

should be incorporated in the plasma adhesive bond. 

A large part of the literature on thin film processes is dealing with the preparation of 

hydrocarbon polymers and hydrogenated amorphous carbon combining several attractive 

properties such as high hardness, low friction coefficient, chemical inertness, dielectric strength 

and biocompatibility... The plasma phase is commonly composed of various saturated or 

unsaturated hydrocarbons. In order to obtain a cross-linked network, sources with ion energy above 

50 eV were developed. Only few papers describe the plasma processes in milder conditions such 

as the pulse discharge [6-11]. The proposed mechanism of pp-Ac growth in pulsed plasma is related 

to the addition polymerization occurring exclusively during the off-period [12,13]. Nevertheless, 

asymmetric bipolar pulsed discharges operating between 50 and 350 kHz appear to be an effective 

route for the DLC-like layer whose hydrogen content and sp3/sp2 bonding ratio depend on the 
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precursor structure and the discharge power. At low discharge power, a sp3-rich plasma polymer 

with high hydrogen content is layered while at high energy level, sp2-rich hard carbon coating is 

formed with a low hydrogen concentration (less than 20 %) [10]. This issue allows to reduce the 

film internal stress due to a decrease of the substrate heating by ion bombardment and more 

important adatoms relaxation leading to the creation of a hard/soft multilayer [11]. 

Pulsed discharges have been also studied with other organic precursors for further increase 

of their structure retention. Another consequence of that process is also to reduce surface 

temperature during the deposition and the film ageing thanks to a lower density of trapped radicals. 

Indeed, carboxyl retention of acrylic acid is increasing with extinction time (toff) and decreasing 

with time averaged power; this was related to radical chemistry in the plasma [14-18]. Voronin et 

al. [18] noticed, thanks to the coupled mass spectrometry, that the monomer retention reached its 

maximum value of 66% for toff exceeding 5 ms while the deposition rate depends more strongly on 

the rate of gas flow. This retention behavior is explained by the surface grafting and the chain 

growth which are primarily occurring during the duty off phase [16]. This is associated with a cold 

but still relatively dense plasma compared to that one during the ignition phase, with very low ion 

energy and flux [17-19]. 

The maleic anhydride is of particular interest for the preparation of thin films because of 

the double bond and the reactive anhydride group. Compared to poly(acrylic acid), polymeric 

surfaces bearing anhydride groups are widely studied for improving interfacial bonding [20]. 

However, the anhydride group is easily degraded and the deposit may contain mostly dissociation 

products rather than the desired function. Therefore, the development of pulsed plasma 

polymerization allows to control the chemical composition of thin film. As shown with acrylic acid, 

the lower the discharge power is, the greater the concentration of anhydride group is [20-24]. Under 

pulsed plasma conditions, maleic anhydride plasma polymerization is initiated by radical scission 

of C-C double bond which led to a chemical retention marked when decreasing the duty cycle. 

During the ignition period, the precursor degradation under ion or electron impact is also 

accompanied by cross-linking [22,24].  

These precursors - Ac, AA and MA - were pulsed plasma polymerized for different 

operating plasma parameters in order to prepare different layers bearing the highest density of 

surface functions and with variable thickness. Their respective chemical composition is 

characterized by FTIR, XPS and NEXAFS spectroscopies. 
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2. Materials and methods 

 

2.1 Plasma deposition and materials 

 

The organic precursors used without any further purification are: gaseous acetylene 

(AirLiquid) and liquid acrylic acid (Sigma-Aldrich) which is filled in a quartz tube connected to 

the chamber and vaporized thanks to the low pressure. The used solid maleic anhydride (Sigma-

Aldrich) is filled in the quartz tube heating at 52 °C and vaporized in gas line heated at 75 C°. The 

chosen elastomers are poly(acrylonitrile butadiene) rubber (NBR), fluoroelastomer (FKM) 

respectively provided respectively by Safran and EFJM societies.  

Plasma polymerization was performed in a capacitive radio-frequency (RF, 13.56 MHz) 

plasma reactor. The low pressure is maintained using to a turbomolecular pump (Alcatel ATP-80) 

coupled with a primary rotary pump. Typical residual pressures are maintained between 10-5 and 

10-4 mbar, while the working pressure is kept around 10-2 mbar and measure by a wide range 

capacitive-penning pressure gauge (Alcatel ACC 1009). The glow discharge is injected between 

two parallel electrodes separated by a fixed distance of 12 cm, and powered with a Caesar RF 

generator (Advanced Energy), with powers ranging from 5 to 100 W. Reflected power was kept 

minimum using to a RF Navio matchbox (Advanced Energy). Plasma discharges were performed 

in the pulse wave (toff from 18 to 184 µs, ton maintained at 17 µs, d.c from 8 to 50 and f from 5 kHz 

to 30 kHz). Plasma discharges were created in the different atmospheres: acetylene whose flow 

rates (Q) varies from 10 to 40 sccm, and vapors of pure AA or MA. For the two latter, as their flow 

rates are not controlled, their content in the chamber was fixed with a constant working pressure 

of 1.0 10-2 mbar. 

A design of experiment (DoE) was used to evaluate the effects of the different factors 

according to a complete 2-level factorial design plan in order to preserve the precursor chemical 

functions. The high and low levels of the selected factors (time toff, discharge power P, gas flow Q 

and overall duration t) are listed in Table S1 in supporting information. The responses to the DoE 

are ratio of the area of FTIR vibration bands C=C/ aliphatic C-H (CC/CH) and C=O/C-H (CO/CH). 

These are used to calculate the effects of the factors and their interactions 2 by 2. We will neglect 

the 3rd order interactions because they are unlikely. 
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2.2 Surface characterization 

 

FTIR spectroscopy 

 

Chemical composition of the plasma polymers (pp‐Ac, pp-AA and pp-MA) deposited on 

transparent KBr pellets was extracted from Bruker Vertex 70 v spectrometer with 2 cm-1 resolution 

in the range 4000 - 400 cm-1, 40 scans were recorded under vacuum. The FTIR spectra were done 

10 min after the sample deposition. Spectral data were treated with Opus software for baseline 

correction and CO2/H2O subtraction. 

 

XPS spectroscopy 

 

The plasma coating on Si/SiO2 wafers were analyzed by X‐Ray Photoelectron Spectroscopy 

(XPS) instrument (Kratos Axis Nova, the UK, Institut des Matériaux de Nantes, France) with the 

monochromatic Al Kα beam at the electron emission angle of 90° relative to the sample surface. 

The pass energies for survey spectra were 80 eV (increment = 0.5 eV) and 20 eV (increment = 0.1 

eV) for high resolution. The charging effect was corrected and the background subtraction was 

performed. The full width at half‐maximum for the Gaussian peaks was maintained as a constant 

value for all components around 1.4 eV depending on the layer type. The resolution fitting accuracy 

was 5%.  

 

NEXAFS spectroscopy 

 

The surface chemical bonding of plasma deposits on Si/SiO2 wafers has been analyzed by 

means of XPS and Near Edge X-ray fine structure analysis-spectroscopy (NEXAFS) performed at 

the Helmholtz-Zentrum Berlin für Materialien und Energie (HZB), the electron storage ring 

BESSYII, at the HE-SGM beamline. NEXAFS measurements are obtained at the so-called magical 

angle of 55° (angle between linearly polarized incident light beam and the surface) [25]. Spectra 

were acquired at the C and O K-edges, in the total and partial energy electron yield (TEY and PEY) 

mode. The raw spectra were normalized to the incident photon flux and corrected for the beam line 
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transmission by division through a spectrum which was obtained with a sputtered Au sample [26-

28]. The monochromator energy scale was calibrated using the carbon K-edge π* transition of 

graphite, located at 285.4 eV. Spectra were normalized in units of the absorption edge plateau, 

considering the intensity value at energy around 330 eV for C K-edge and 560 eV for O K-edge 

[29]. 

 

Wettability and surface free energy 

 

The wettability of the plasma layers on silica substrate and elastomers surfaces was tested 

by means of a goniometer with 3 μl high purity water drops (MilliQWater System, resistivity 18 

MΩ.cm−1) and diiodomethane drops (Sigma‐Aldrich France, ≥ 99 %). Five measurements were run 

on both sides of the drop at different surface locations. 

 

Layer thickness measurement 

 

The thickness measurement of the different layers deposited on Si/SiO2 wafer was 

performed by to the AFM machine (Bruker Innova). Before the deposition, the substrate was 

partially masked. After the plasma process, the mask was removed and the level difference 

corresponds to the thickness of the deposit. 50 × 50 μm2 areas were scanned in tapping mode at 

ambient air. The film thicknesses were determined using Gwyddion software. 

 

3. Results and discussion 

 

3.1 Plasma polymerization with the chemical functionality retention  

 

The study of the Ac, AA and MA plasma-polymerization is here focused on the preparation 

of highly functionalized deposit able to enhance the chemical adhesion of elastomer. This means 

determining the influence of different plasma parameters on the appearance of only double C-C, 

and the retention of acrylic acid and anhydride functions. The pulsed plasma approach offers the 

possibility of controlling the surface function density by limiting the electron, ion bombardments 

and the precursor fragmentation [30-36].  
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Design of experiment for the determination of operating parameters  

 

The pulsed plasma polymerization was characterized using to the DoE [33,37-39] with 

selected parameters as the discharge power during the pulse (P), the gas flow (Q), the time (toff) 

while ton is remaining constant with the lowest value (17 µs) and the overall duration (t). The 

interpretation and conclusions are drawn on the function preservation analyzed as the ratio of the 

area of FTIR vibration bands C=C/ aliphatic C-H (CC/CH) and C=O/C-H (CO/CH) (Table 1).  

 

Table 1: wavenumber area of the different FTIR vibration bands 
 C=C band C-H band C=O band 

Ac 1576 - 1695 cm-1 1320 - 1489 cm-1 1626 - 1770-cm-1 

AA 1507 - 1741 cm-1 1316 - 1490 cm-1 1635 - 1813 cm-1 

MA 1564 - 1715 cm-1 1326 - 1493 cm-1 1626 - 1824 cm-1 

 

Their respective FTIR spectra are fully described later. The DoE with MA precursor was not 

realized because the P variation domain allowing a stable plasma phase was too weak. 

 

Table 2: Effect (diagonal terms) and interaction (extra-diagonal terms) values calculated from the DoE with different 

factors for pp-Ac (CC/CH response). 

Factor toff (µs) P (W) Q (sccm) t (min) 

toff (µs) 0.06 0.08 0.2 0.01 

P (W)  0.06 -0.03 -0.07 

Q (sccm)   -0.06 -0.20 

t (min)    -0.21 

 

The results of pp-Ac given in Table 2 show that the effect of overall duration has a strong 

and negative impact on CC/CH. Longer the plasma deposition takes place, lower the double bond 

appearance is. The other effects are negligible. The interaction of overall duration and C2H2 flow 

is also negative while that one between extinction duration and flow enhances the CC/CH. The 

interpretation of interactions with the gas flow is complicated, probably due to the complex 

interdependence of the two plasma parameters: pressure and flow that control the number of 

precursor molecules per minute in the plasma chamber. Nevertheless, the positive effect of the 

interaction flow and off-time on the double bond concentration in pp-Ac could be explained by the 

energy deficient regime described by Yasuda [2]. In this regime, the plasma phase is more and 
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more rich in precursor molecules compared to the electron density leading to less fragmentation. 

The former interaction (t and Q) could be linked to a surface chemistry of growing pp-Ac 

dependence on overall duration further confirmed. The DoE indicates that at least, high C2H2 flow 

and low overall duration must be applied.  

 

Table 3: Effect (diagonal terms) and interaction (extra-diagonal terms) values calculated from the DoE with different 

factors for pp-AA. 

 CC/CH response CO/CH response 

Factor toff (µs) P (W) t (min) toff (µs) P (W) t (min) 

toff (µs) 0,36 -0,19 -0,06 -0,48 -0,15 -0,19 

P (W)  -0,19 0,02  0,42 0,21 

t (min)   -0,25   0,86 

 

In case of pp-AA (Table 3), the effects of each factor on CC/CH and CO/CH are equally 

significant but opposite. Increasing toff leads to an increase of CC/CH in pp-AA due to less energetic 

species, but a decrease of its CO/CH ratio explained by the action of long life-time radicals, UV 

and VUV radiation on weaker bonds (carbonyl bond energy = 7.7 eV against 10 eV for triple 

carbon-carbon bond). These species and photons are able to react with the chromophore carbonyl 

group as noticed by Yasuda et al. [2,40]. The rise of the discharge power decreases the CC/CH 

ratio but CO/CC ratio rises up. This behavior is significant of a more pronounced fragmentation 

under high electronic impact. Moreover, increasing the input energy gives evidence of surface 

radical appearance and possible post-oxidation. Short overall duration is in favor of CC/CH in pp-

AA while its CO/CH rises up for long duration. This fact leads to the same conclusion as previously: 

if the growing pp-AA is exposed to high energy level or long duration, the created radicals are 

oxidized after the plasma deposition. The study of interactions for pp-AA shows the importance of 

the discharge power and the off, overall times. Increasing toff and P decreases both ratio but 

increasing t and P only rises up CO/CH. This should be interpreted as a possible post-oxidation. 

The main conclusion of this specific DoE is based on which the surface chemistry is requested: 

surface rich in C=C or in C=O functions. We chose to focus the study on CC/CH ratio with long 

toff, short t and weak discharge power because the possible post-oxidation may interfere on the 

FTIR data. 

So finally, from this DoE, one may propose as optimal operating parameters as following 

(Table 4): 
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Table 4: Optimal operating parameters and responses for pp-Ac, pp-AA, pp-MA. 

pp-Ac 

 

P = 50W, Q = 40 sccm, toff = 184 µs (frequency = 5 kHz, 

duty cycle = 8 %), t = 1 min 
CC/CH = 2.78 

pp-AA 
P = 10W, toff = 184 µs (frequency = 5 kHz, duty cycle = 8 %, 

pressure = 0.01 mbar), t = 5 min 
CC/CH = 2.20, CO/CH = 1.17 

pp-MA 
P = 10W, toff = 184 µs (frequency = 5 kHz, duty cycle = 8 %, 

pressure = 0.01 mbar), t = 20 min. 
CC/CH = 0.57, CO/CH = 0.99 

 

Since the variation domain of the different plasma parameters is too narrow for running the 

DoE, these conditions are further applied for the MA polymerization with a longer overall duration 

as further explained. Just note that Siffer F. et al. [39] applying the same type of factorial design 

but for another plasma chamber showed results in a good agreement. The highest maleic anhydride 

group retention is also obtained under optimal pulsed plasma conditions rather than under 

continuous discharge. Such a behavior was explained by the lower ion proportion in the plasma 

phase, the lower polymerization rate but with less degradation of the growing film [41]. 

Compared to the respective ratio for each polar monomer (CC/CH = 2.24 and CO/CH = 

2.92 for AA and CC/CH = 2.55 and CO/CH = 3.14 for MA); it appears that AA precursor is less 

fragmented with 98% of preserved C=C against only 22 % for MA. But in both cases, the polar 

function is degraded since only 40% carboxylic acid are preserved and 31% for the anhydride. 

 

Chemical characterization of plasma polymers prepared in the optimal operating parameters 

 

Different types of chemical characterization were performed: FTIR spectroscopy in 

transmission mode, surface analysis methods like XPS and NEXAFS completed with the 

wettability measurement. Table 5 and Fig.1 are summarizing all the FTIR data. 

 

Table 5: Assignment of FTIR vibration bands of pp-Ac, pp-AA, pp-MA. 

Wavenumber (cm-1) pp-Ac pp-AA pp-MA 

3442 ν O-H de H2O ν O-H de H2O ν O-H de H2O 
2965 ν(asym) CH3 ν(asym) CH3 ν(asym) CH3 
2925 ν(asym) CH2 ν(asym) CH2 ν(asym) CH2 
2856 ν(sym) CH2 ν(sym) CH2 ν(sym) CH2 
1855 - - ν (asym) C=O 

1782 - - ν (sym) C=O 

1720 ν C=O ν C=O - 
1645 ν C=C - - 
1629 - ν C=C ν C=C 
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1463 δ CH2 δ CH2 δ CH2 
1387 δ (sym) CH3 δ (sym) CH3 δ (sym) CH3 

1247, 1178 - ν C-O acid - 
1084 ν C-C ν C-C ν C-C 
1008 - δ  C-O - 
659 δ  C-H des C=C - - 
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Fig.1: FTIR spectra of pp-Ac, pp-AA, pp-MA prepared in optimal operating parameters. 

 

All the spectra present the vibration bands of CHx or C-C bonds (Fig.1 and Table 5). As 

already described before, the signature of specific functional group of the precursor is noticed (C-

C double bond and carbonyl). Pp-Ac is oxidized since C-O, C=O or C-OH are assigned, such 

oxidation corresponds to the dangling radicals formed during the plasma polymerization that age 

after the treatment [42,43]. However, with pp-Ac, this post-oxidation is less pronounced than 

observed in [42] mostly due to the fact that the storage duration after the deposition and before the 

FTIR analysis is shorter, few minutes versus two hours. Moreover, such oxidation may also be 

assigned to oxygen / water desorption from the chamber walls or to acetone plasma fragmentation. 

Indeed, this molecule is added in the acetylene bottle for safe storage and was interfering in some 

surface modifications [44]. The pp-AA spectrum shows all the characteristic bands of AA 

respectively at 1720, 1670 and 1380 - 1490 cm-1 (Fig.1 and Table 5) and confirm the results 

obtained by Spanos et al. [45]. The FTIR signature of pp-MA presents one additional and low 
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intensity vibration band at 1855 cm-1 assigned to asymmetric stretching of C=O [22,23]. Moreover, 

the CHx vibration bands are detected, suggesting some MA fragmentations, steeper as reported in 

[22] but here, the off-time is shorter. 

 

The broad XPS spectra of pp-Ac, pp-AA and pp-MA prepared in optimal conditions are 

shown in Fig. S1 and their elemental composition given in Table 6. 

 

Table 6: Elemental composition (XPS, %) of pp-Ac, pp-AA, pp-MA prepared in optimal operating parameters.  

* theoretical values of corresponding polymers.  

 C 1s O 1s N 1s Si 2p O/C 

p-Ac* 100.0 - - - - 

pp-Ac 80 ± 4 12 ± 1 2.0 ± 0.1 6.0 ± 0.3 0.15 

p-AA* 60.0 40.0 - - 0.75 

pp-AA 59 ± 3 27 ± 1 1.0 ± 0.1 13 ± 1 0.46 

p-MA* 57.1  42.9 - - 0.75 

pp-MA 58 ± 3 33 ± 2 1.0 ± 0.1 8.0 ± 0.4 0.57 

 

 The spectra (Fig. S1 and Table 6) of all samples show Si 2p peak in proportions dependent 

on the polymer nature. This must be interpreted as the signature of the Si-SiO2 wafer substrate. 

Indeed, the X-ray penetration in Si/SiO2 is higher in this relative order of the thickness: pp-Ac < 

pp-MA< pp-AA. Since the overall duration is longer for MA than AA and Ac, the pp-MA deposit 

rate is more important, this will be confirmed later by the thickness measurement. Pp-Ac appears 

to be rich in C and the observed atomic oxygen around 12 % confirms the FTIR analysis and it is 

assigned to a post-oxidation. However, this amount is lower than as described in the literature 

around 17% and it was shown that the oxidation level was dependent on the plasma purity and the 

storage duration before XPS analysis [46,47]. Nitrogen atoms in a low concentration (2 %) are also 

detected, probably assigned to N2 traces in the plasma phase. The two other plasma polymers 

present almost the same amount of carbon but pp-MA bears more oxygen atoms (33 % against 

27 %). Therefore, its O/C is higher justified by different amounts of Si atoms in both films assigned 

to the Si/SiO2 substrate. For almost similar plasma conditions, this O/C ratio of pp-MA is higher 

than the value (0.39) presented in [39] while, with pp-AA, it has the same value as reported in [48].  

 The C 1s high resolution spectra of the different deposits allow to clearly identify the 

polymer functionality (Fig. 2, Table 7). 
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Fig. 2: C 1s high resolution spectra of pp-Ac, pp-AA, pp-MA prepared in optimal operating parameters  
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Table 7: Assignment and proportion (%) of the different sub-structures in pp-Ac, pp-AA, pp-MA prepared in optimal 

operating parameters. 

 C=C, C-C/ C-H 

C-COOR,  

C-N,  

C-OH 

C-O-C C=O COOR 

Binding energy (eV) 285.0 285.8 286.8 287.9 289.1 

pp-Ac 63.1 20.6 10.1 4.0 2.2 

pp-AA 34.8 33.4 6.9 2.5 22.4 

pp- MA 44.0 24.3 11.3 5.6 14.8 

 

 First of all, the three spectra present the same sub-structures but in different proportions 

(Fig. 2, Table7). The most important one at 285.0 eV is assigned to C-C/C-H and probably C=C 

which normally appears at a close value (284.7 eV) [49]. The substructure at 285.8 eV is assigned 

to C-COOR, C-N, C-OH while peaks at 286.8, 287.9 and 289.1 eV are respectively attributed to 

C-O-C, C=O and COOR. For pp-Ac, sp2 and sp3 carbons appear under the same peak in a low 

proportion. Furthermore, in both cases, carbon oxygen bonds are assigned around 20 - 30 % due to 

post-oxidation. The retention of the chemical function of plasma poly(acrylic acid) is confirmed 

with a high proportion (22 %) but other sub-structures (hydroxyl, ketone, aldehyde) in smaller 

proportions are noticed. As described Palumbo et al [50], smooth plasma conditions; i.e. low 

discharge power, induce the appearance of few new oxidized groups like C-O and preserve the 

initial precursor structure (carboxylic function). In a same manner, pp-MA present few new 

functions like C-OH at 286.8 eV (≈ 11 %) but with this specific polymer and analysis, it is rather 

difficult to distinguish acid/ester and anhydride groups. However, from the literature, same 

conclusion can be drawn than with pp-AA: lower discharge power or long toff enhance the function 

retention [23,24,39].  
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Fig. 3: O 1s high resolution spectra of pp-Ac, pp-AA, pp-MA prepared in optimal operating parameters  
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Table 8: Assignment and proportion (%) of the different sub-structures in pp-Ac, pp-AA, pp-MA prepared in optimal 

operating parameters 

 O=C O-C=O HO-C, C-O-C 

Binding energy 

(eV) 
531.0 532.2 532.9-533.3 534.2 

pp-Ac 2.5 - 78.7 18.8  

pp-AA - 62.1 37.9 - 

pp-MA 49.8 50.2 - - 

 

 O 1s high resolution peak of pp-Ac (Fig. 3, Table 8) shows substructures due to the polymer 

ageing that are mostly assigned to hydroxyl at 532.9 eV and ether at 534.2 eV, carbonyl at 531.0 

eV. For pp-AA, the preponderant component is the carboxylic acid group with two substructures 

at 532.2 eV and its attached hydroxyl at 533.3 eV. Their proportions are not equivalent probably 

explained by the creation of carbonate/anhydride or branched functions. In the case of pp-MA, the 

O 1s peak is only composed of two components in a same proportion as already described in [23,51]. 

Compared to FTIR spectroscopy, the XPS analysis confirmed the COOH and anhydride 

retention but did not give any details on the respective proportion of sp2 and sp3 carbons. Therefore, 

the surface sensitive NEXAFS (10 nm for total electron yield-TEY, few nanometers for partial 

electron-PEY) was performed. 
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Fig. 4: Carbon NEXAFS spectra of pp-Ac, pp-AA, pp-MA prepared in different operating parameters. Black line: in 

pulsed optimized plasma except pp-MA with a shorter duration; red line: in continuous discharge, P = 50 W (pp-Ac), 

P = 10 W (pp-AA and pp-MA). 

 

In the carbon NEXAFS spectrum of pp-Ac prepared in both modes (Fig. 4), the continuous 

wave plasma polymer is shown as a reference for crosslinked polymers. Unsaturated carbon-carbon 

bond are identified through the intense π  π* resonance at 284.9 eV [42,52] leading to the 

conclusion that the XPS substructure at 285 eV is composed of sp2 and sp3 carbons (Fig.2, Table 

7) as shown with FTIR analysis. The small shoulder at 286.6 eV is assigned to π* resonance of 

C=O due to post-oxidation. The nearby shoulder at 289.3 eV is assigned to σ* resonance of C-C 

and the broad peak between 294 and 310 eV corresponds to C-H σ* resonance. However, for pp-

Ac prepared in continuous discharge, the shoulder peak assigned to the post-oxidation is more 

pronounced meaning higher precursor fragmentation, radical creation and ultimately the post-

oxidation occurred. The other peaks of C-C and C-H σ* resonances are impacted with a peak 

broadening and lower base-line (-0.5) [42,52]. NEXAFS C K-edge spectra of pp-AA (Fig. 4) show 

a small peak on 284.9 eV corresponding to π* C=C resonance, small shoulder at 286.58 eV 

assigned to π* C=O resonance, sharp peak 288.5 eV attributed to π* ROC=O transition for a 

carboxylate. The peak at 290.8 eV is assigned to σ* C-C transition and broad peak in the range 

294-300 eV which includes σ* resonances associated to the carboxylate species [53]. We can 

observe a slight difference between pulsed and continuous wave deposition. Sharp peak at 288.3 
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eV is increasing for continuous wave. The peak at 284.8 eV which corresponds to π* C=C 

resonances is smaller for pulsed wave and higher for continuous one which means that acrylic acid 

is decomposed or crosslinking during pulsed wave deposition. Small shoulder at 286.4 eV appears 

only for CW. There is no big change in the case of σ* transition [54]. 

NEXAFS C K-edge spectra of pp-MA (Fig. 4) is close to that of pp-AA but with much 

higher π* C=C peak and pronounced σ* region. Its NEXAFS signature is similar to the spectrum 

of adsorbed precursor as described in [55,56] even if the peaks are broader probably because of its 

polymeric nature. 
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Fig. 5: Oxygen NEXAFS spectra of pp-Ac, pp-AA, pp-MA prepared in optimal operating parameters 

 

In the same way as the XPS analysis, the O K-edge spectra were carried out in order to 

visualize the presence of the different species and to compare against the other results obtained 

(Fig. 5). These spectra show for these three polymers a peak at 532.4 eV which corresponds to the 

resonance of π * C = O and another broad peak at 540.2 eV for the σ * region, which can be 

connected with (C-O) carboxylate transition. The pp-Ac spectrum is the result of post-oxidation of 

the polymer layer. For pp-AA, the peaks are much thinner without broadening compared to the 

spectrum studied by [53], especially the presence of the acid groups is clearly visible. The only 

difference for pp-AA is the presence of a small peak at 535.0 eV assigned to the excitation of the 

oxygen level in the π * carboxylate orbital. For pp-MA, the peaks are wider compared to the other 

two. Both types of bonds are clearly visible like the O1s spectrum of XPS analysis. The broadening 

of the peaks is also marked regardless of the angle of analysis [55]. 

 

3.2 Wetting of plasma coating and comparison with different model elastomers  

 

The purpose of the study is to prepare plasma deposit adhesive joint further applied during 

the elastomer vulcanization. Therefore, the surface chemistry is one of the key points but an 

appropriate surface functionalization without any good wetting property is useless for the 

fabrication of cohesive metal-elastomer assembly. So, the surface free energy and its dispersive 

and non-dispersive components were determined from the measure of contact angle of water and 
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diiodomethane. Results were then compared with that one obtained for two model elastomers: the 

nitrile butadiene rubber (NBR) and the fluoroelastomer (FKM). 
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Fig. 6: Contact angle of water or diiomethane drops on pp-Ac, pp-AA, pp-MA, NBR and FKM 

 

As shown on Fig. 6, water contact angles (WCA) vary depending on the nature of the 

plasma polymer. WCA of pp-Ac is about 74.2 ± 3.7°, moderate value significant of hydrophobic 

material such as this hydrocarbon. The pp-MA shows an intermediate value of WCA: 48.8 ± 1.8 ° 

while pp-AA is almost wet with a WCA around 5.0 ± 1.4°. These values are similar to those 

described in the literature [57,58]. Between pp-Ac and pp-MA, there is a factor of 1.5 in terms of 

WCA then factor of 15 with pp-AA. With diiodomethane contact angle (DCA), the order is 

reversed: DCApp-Ac (26.8 ± 1.3 °) < DCApp-MA (28.8 ± 0.4) < DCApp-AA (37.9 ± 1.2 °). As expected, 

the introduction of oxygenated groups leads to a marked reduction in the contact angle and the 

surface becomes more hydrophilic, especially for pp-AA and pp-MA. With diiodomethane, an 

apolar liquid, the angles measured give slightly higher values on a polar surface. The elastomers 

NBR and FKM have a WCA of 90.9 ± 1.2 ° and 131.2 ± 3.3 ° respectively, 41.3 ± 1.5° and 83.9 ± 

7.3° for DCA. The surface of elastomers is more hydrophobic than that of plasma polymers. 

The measurement of the contact angles of these two probe liquids also makes possible to 

determine the total surface (γt), dispersive (γd) and polar (γp) energies of the three plasma polymers 

and the two elastomers according to the Owens-Wendt method [59] (Fig. 7).  
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Fig. 7: Surface free energy of pp-Ac, pp-AA, pp-MA, NBR and FKM 

 

The surface free energies of pp-Ac, pp-MA and pp-AA are increasing from 49.8 ± 0.1 to 

76.8 ± 0.2 mJ.m-2. The dispersive component remains almost constant whatever the plasma 

polymers around 42.5 ± 0.2 mJ.m-2. As observed with WCA, the polar energy is increasing in the 

same order pp-Ac < pp-MA < pp-AA 4.3 ± 0.2 to 36.2 ± 0.2 mJ.m-2. The surface free energy of 

NBR and FKM are respectively 39.8 ± 0.2 and 16.3 ± 0.6 mJ.m-2. The preparation of cohesive 

metal-elastomer assembly implies at least surface free energy in a same order for the adhesive joint, 

i.e. the plasma polymer, and for the elastomer. Since their respective surface energies, pp-Ac and 

NBR should induce a cohesive assembly. 

 

3.3 Plasma polymerization kinetics for enhancing film thickness  

 

In the previous sections, the chemical composition and the surface free energy structure 

were studied to promote chemical and thermodynamic adhesions. This part is focusing on the 

influence of the deposition kinetics controlling the film thickness, a parameter which ultimately 

promotes the diffusion of the polymer chains and which creates an interphase between the two 

substrates in contact (plasma polymer and elastomer). The correlation between the thickness and 

the chemical structure of the plasma polymer according to the variation of time will thus be studied. 

 

Plasma polymerization kinetics: 

 



 

23 
 

The deposition kinetics study is carried out in order to determine the deposition rate under 

the various optimized conditions. The film growth is assessed by AFM measurement of the 

thicknesses at different deposition times and Fig. 8 shows the thickness dependence for the pp-Ac, 

pp-AA and pp-MA films. 
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Fig. 8: Dependence of the three plasma polymers thickness on the overall duration. 

 

In the studied time domain, the thickness of the three plasma polymers variation is almost 

linearly dependent on duration (Fig. 8) and therefore meaning that the density of reactive plasma 

species does not vary with time with few degradation process [2]. The deposit rates of pp-Ac, pp-

AA and pp-MA are 1.08 ± 0.03 nm.min-1, 1.25 ± 0.17 nm.min-1, 1.38 ± 0.18 nm.min-1, respectively. 

This kinetic study explains why the Si peak was detected in XPS analysis. The layer thickness is 

weaker, 1.1, 6.2 and 27.6 nm for pp-Ac, pp-AA and pp-MA respectively. At same plasma 

conditions (AA and MA deposit), thicker the deposit is (case of pp-MA), weak the Si concentration 

(8 % against 12. 7 %, cf Table 6) is. Pp-Ac deposition rate cannot be compared because of different 

plasma conditions (P = 50 W) and a too different chemical structure of the precursor. 

 

Relationship between thickness and chemical composition of the plasma polymers: 

 

If the plasma is considered as an equilibrium medium, the time parameter only affects the 

deposited thickness without any influence on the chemical structure of the deposit layer. However, 

the DoE shows that it influences the chemical composition. 
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Fig. 9: Relationship between the overall thickness and the chemical structure of the three plasma polymers 

determined by FTIR ratio (CC/CH, CO/CH), surface free energy (SFE) (10+2 mJ.m-2).  

 

Indeed, the Fig. 9 shows that the chemical composition of the different plasma polymers is 

dependent on the overall thickness and therefore on the duration as also observed in [36,58]. In 
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case of pp-Ac, the CC/CH, CO/CH are strongly decreasing while the SFE is almost constant. 

Beside the possible post-ageing leading to the polar groups attachment, pp-Ac surface does not 

vary with the duration because it is quickly oxygen-saturated. The decrease of CC/CH and CO/CH 

ratio related to the bulk structure such behaviors should indicate bulk reorganization leading to a 

cross-linked and less oxidized network. This time-dependence is probably due to ion accumulation 

in the hydrocarbon film and a progressive increase of the substrate temperature as observed [60]. 

The behavior of the hydrophilic plasma polymers is not similar. Indeed, with pp-AA, CC/CH and 

CO/CH ratio contradictory vary with a more pronounced rise for the second one. Surface energy is 

almost constant. As observed with pp-Ac, the disappearance of C=C may be due to cross-linking 

(or chain growth) because of the substrate heating under ionic bombardment and charge surface 

accumulation for long duration as described in [2]. The increase of the C=O FTIR signature must 

also be interpreted as bulk reorganization during precursor fragmentation and polymer growth 

rather than ageing since the surface free energy did not vary. The dependence of pp-MA chemical 

structure on the thickness and the duration is more complex; it passes through a maximum 

corresponding to the optimal plasma parameters. Long duration induces a decrease of both 

functionalities (C=C and C=O) and should be assigned to the competitive degradation during the 

plasma deposition [2]. 

 

4. Conclusion 

 

The study of the Ac, AA and MA plasma-polymerization was focused on the preparation 

of highly functionalized deposit in order to enhance the adhesion of elastomer. Pulsed plasma 

following the DoE was explored for controlling the surface function density by limiting the electron, 

ion bombardments and the precursor fragmentation. The parameters as the discharge power, the 

gas flow, the plasma extinction time and the overall duration were selected on the basis of the 

function preservation analyzed as the ratio of the different FTIR vibration bands CC/CH and 

CO/CH. Specific plasma operating conditions were found for each precursor using the DoE. 

Then, the obtained layers were characterized in bulk (FTIR spectroscopy), at the surface 

(like XPS and NEXAFS completed with the wettability measurement). Pp-Ac bears sp3 and sp2 

carbons, evidence of the latter one is given by FTIR and NEXSAF spectroscopies. This deposit is 

partially post-oxidized. The retention of the acidic function of pp-AA is confirmed with a high 
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proportion but other sub-structures (hydroxyl, ketone, aldehyde) in smaller proportions are noticed. 

In a same manner, pp-MA presents few new functions like hydroxyl. In conclusion, the plasma-

polymers may act as chemical adhesive joint during the elastomer vulcanization.  

However, the fabrication of cohesive metal-elastomer assembly requests appropriate 

surface functionalization and wetting property. The surface free energies of pp-Ac, pp-MA and pp-

AA varied from ≈ 50 to 77 mJ.m-2 and their polar component is increasing in the order of pp-Ac < 

pp-MA < pp-AA. Since the surface energy of model elastomers (NBR and FKM) are around 40 

and 16 mJ.m-2, only pp-Ac and NBR should induce a cohesive assembly. 

The study was also focused on the influence of the deposition kinetics controlling the film 

thickness, a parameter which ultimately promotes the diffusion of the polymer chains and the 

appearance of an interphase between the two materials in contact. The thickness of the three plasma 

polymers variation is almost linearly dependent on duration and therefore meaning that the density 

of reactive plasma species does not vary with time without any degradation process. However, the 

chemical composition of the different plasma polymers is dependent on the overall thickness and 

therefore on the duration. Such behavior was associated to indirect charge surface accumulation 

and substrate heating that led to crosslinking and bulk reorganization of the different plasma 

polymers. 
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