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A B S T R A C T

Oxygen rich organic coatings are synthesized in a dielectric barrier discharge at atmospheric pressure. The
critical effect of the precursor structure on the final chemical and physical properties of the synthesized coatings
and the plasma characteristics are reported. A correlation is proposed between the electrical, optical emission
spectroscopy and atmospheric mass spectrometry (MS) measurements of the plasma phase with the chemical
properties of the synthesized films. It is shown that the addition of a precursor in an argon plasma leads to a
stabilization of the discharge, critically dependent on the precursor structure itself. Different polymerization
pathways are evidenced for the saturated and unsaturated precursors by the monitoring of some specific frag-
ments by MS. The polymerized coatings are also characterized with X-Ray Photoelectron Spectroscopy, Infrared
Spectroscopy and Atomic Force Microscopy. The presented results not only evidence a stronger preservation of
the precursor structure with double bonds in the plasma phase but also reveal the essential role of the distance
separating the unsaturation and a function of interest.

1. Introduction

Fiber reinforced epoxy resins have been widely used in the aero-
nautic and aerospace industries as thermosetting polymers [1–3].
Nevertheless, the more severe European environmental norms strongly
force the scientific community to develop new materials to replace
these epoxies such as the benzoxazines [4,5] and polyurethanes [6–7]
which are seen as very promising alternatives. Therefore, optimal in-
terface interactions between these resins and the 2024 aluminum alloy
used in the aeronautic industry are an essential requirement. A possible
solution is the plasma synthesis of an intermediate oxygen rich coating.
Plasma has nowadays become a more and more common and suitable
technique for the synthesis of various thin coatings on all kind of sub-
strates. This method allows the elaboration of brand new polymers
because of their different synthesis pathways when compared to the
conventional polymerization [7]. Indeed, the highly energetic species
initiated in the discharge – electrons, ions and metastables – induce a
fragmentation of the precursors leading to an irregular polymer struc-
ture that could present a higher degree of cross-linking than the one of a

conventionally reticulated polymer. Once synthesized, the surface
properties can be tuned depending on the final application [8–10]. For
example, the amount of polar groups can be drastically increased for
the improvement of adhesion properties of further coatings.

Low pressure plasmas were widely used for the last decades in a
very broad range of applications [11–14]. At low pressure, the larger
mean free path of the different entities allows a very good reproduci-
bility and prediction of the final properties of the synthesized coatings.
On the other hand, the use of atmospheric pressure plasma is more
recent and has the main advantage of avoiding the constraints of va-
cuum technology, which are very limiting in industry. These last years,
organic and inorganic films were produced or post treated using several
atmospheric plasma techniques [15–21]. Because of the smaller mean
free path of the highly energetic species, working at atmospheric
pressure induces an increase of the possible reactions occurring and
formed moieties in the reactor lead to various coatings final properties
and a relatively low reproducibility. A clear understanding of the
polymerization mechanisms at atmospheric pressure is therefore very
complex and remains one of the main challenges of the field.
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More specifically, the plasma polymerization of anhydrides has
been studied in various systems such as pulsed radio frequency and
continuous wave [22–26], microwave reactor [27] or dielectric barrier
discharge (DBD) [28,29]. Their high oxygen content could lead to the
synthesis of carboxyl rich coatings through the opening of the anhy-
dride function in presence of moisture [30]. For example, the case of
methacrylate anhydride has already been investigated for the synthesis
of copolymers by the use of a pulsed plasma system [31] or for the
synthesis of hydrolysis sensitive coatings by an aerosol assisted plasma
process [32]. In addition, the use of several acid monomers is also re-
ported in the literature. As example, Hegemann and al. investigated the
low-pressure plasma polymerization rate of acrylic acid [33]. This
monomer has also been used for several applications such as the for-
mation of biocompatibles coatings [34] or surface composites [35].

The plasma polymerization mechanisms of double bonds containing
monomers, such as ethyl lactate or allylamine, have been investigated
at low pressure through the combination of computational simulations
with the plasma phase and chemical analysis of the synthesized films
[36–38]. At atmospheric pressure, several studies proposed a correla-
tion between mass spectrometry (MS) or optical emission spectroscopy
(OES) measurements with the chemical properties of the deposited
films for acrylate compounds [39–41], fluorinated molecules [42] or
vinyl ester resins [43].

In this work, we combine a plasma phase analysis with the chemical
properties of the synthesized coatings at atmospheric pressure to better
understand the effect of the presence and position of double bonds in 5
monomers: methacrylate anhydride (M.A.), isobutyric anhydride (I.A.),
butyric acid (B.A.), crotonic acid (C.A.) and 3-butenoic acid (Be.A.). The
method developed in our laboratory [39,44] combining atmospheric
mass spectrometry of the plasma phase with an X-ray photoelectron
spectroscopy (XPS) analysis of the deposited coatings is improved by
the addition of OES, Fourier-transform infrared spectroscopy (FTIR)
and atomic force microscopy (AFM) measurements. An electrical
characterization recently reported in the literature [45] is also carried
out in order to evaluate the changes in the electrical behavior of the
plasma with the addition of the precursor and to monitor some im-
portant electrical parameters of the discharge (voltage, current, number
of microdischarges…). A proper correlation between the plasma frag-
mentation and the chemical analysis of the coatings is proposed
through the combination of these techniques.

2. Materials and methods

2.1. Materials

The influence of the double bonds in anhydrides is investigated with
isobutyric anhydride and methacrylate anhydride provided by Sigma
Aldrich. The effect of the position of the double bond is evaluated
through the use of butyric, crotonic and 3-butenoic acid provided by
Sigma Aldrich. The chemical structure of the precursors is presented in
the Fig. 1. The plasma gas used is 99.99% pure argon (Air liquide). The
coatings are deposited on a 1mm thick aluminum 2024 T3 alloy pro-
vided by the SONACA Group.

2.2. Oscilloscope

Electrical measurements are performed via a digital oscilloscope
Tektronix DPO 3032. The total current of the discharge is recorded
using a Pearson 2877 Rogowski coil placed in serial connection with the
DBD reactor. Power measurements are carried out via the Lissajous
method [46]. For this purpose, both the applied high voltage (measured
with a Tektronix P6015A probe) and the voltage across an external
capacitor of 33 nF in series with the DBD reactor are monitored via the
oscilloscope.

2.3. Atmospheric mass spectrometry

Atmospheric mass spectrometry of the plasma phase is performed
with a Hiden analytical-QGA HAS-301-1106PL. The different gases are
transferred from the reactor to the analyzer through a thin capillary
placed into the plasma region between the two electrodes. A secondary
electron multiplier detector allows to detect the fragments with low
partial pressure (10−6–10−13 Torr). The electron energy is set at 35 eV
in the ionization chamber to avoid a too high fragmentation of the
initial fragments. MASsoft7 software is used to analyze the partial
pressure of various fragments defined by their m/z ratio as a function of
the process time.

2.4. X-Ray photoelectron spectroscopy

The XPS analysis is performed with an ultra-high vacuum Physical
Electronics PHI-5600 photoelectron spectrometer. The X-Ray source is a
magnesium anode (1253,6 eV) operating at 200W. The general com-
position of the surface of the sample is determined by a survey analysis
where the spectra are acquired by averaging 7 scans at a 187.5 eV pass-
energy and 0.8 eV/step. The C1s high resolution (HR) spectra, allowing
the determination of the chemical environment of carbon, are acquired
after the accumulation of 10 scans at a 23.5 eV pass-energy and
0.05 eV/step. The elementary composition and the deconvolution of the
HR C1s spectra is calculated with the Casa XPS software after removal
of a Shirley background and using the sensitivity coefficients given in
the manufacturer's handbook: SO=0.63, SC= 0.205, SAl = 0.11. The
C1s spectrum is here deconvoluted in four components: CeC
(284.9 ± 0.1 eV), CeO (286.6 ± 0.1 eV) C]O (288.0 ± 0.1 eV) and
O-C=O (289.0 ± 0.1 eV).

2.5. Profilometry

A Brücker Dektak XT stylus profiler is used for thickness measure-
ments of the deposited coatings. It is equipped with a 2 μm radius stylus
and is controlled and analyzed with the Vision 64 software. The
thickness is calculated based on a step measurement between the
coating and a scratch performed after the synthesis. The stylus strength
used for these scans is set at 0.5mg.

2.6. Atomic force microscopy

AFM images are recorded in air with a Bruker Icon Dimension mi-
croscope operating in Peak Force Tapping mode (PeakForce QNM). The
probes are commercially available ScanAsyst probes with a spring
constant of 0.5–0.8 N/m, a resonance frequency lying in the 70–95 kHz
range and a typical tip radius of 2–12 nm. The 3D images are recorded
with a sampling resolution of 512× 512 data points and scan size of
3× 3 μm2.

2.7. Infrared reflection absorption spectroscopy analysis (IRRAS)

FTIR analysis is performed on a Thermo Scientific Nicolet 6700
FTIR Spectrometer using a Reflection Absorption Spectroscopy tech-
nique (RAS). The spectra are acquired between 700 and 4000 cm−1 by
the accumulation of 64 scans with a resolution of 4 cm−1. The infrared
signal is then computationally interpreted and analyzed by the OMNIC
8.1 software.

2.8. Optical emission spectroscopy

Optical Emission Spectroscopy was realized by collecting the
emitted light of the discharge with a Spectra Pro-2500 I spectrometer
from Acton Research. Comparisons between the peaks intensities in the
absence and presence of the precursors were performed after normal-
ization of the whole signal by the total intensity of the continuum
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between 200 and 900 nm. Spectra were acquired with a 1800 grooves/
mm grating, the accumulation of 50 scans and an exposure time of
30ms.

2.9. Experimental set up

The plasma polymerized organic films are deposited using a home-
built DBD device. Both electrodes are copper disks of 45 mm diameter.
A 2mm thick pyrex dielectric (PierreGlas) is placed on the bottom
electrode and a 3mm thick α-alumina dielectric (Friatec) on the power
one. The gap between the two electrodes is fixed at 4mm to avoid any
arc. In order to enhance the homogeneity of plasma polymerized films,
the precursor is introduced in the plasma chamber using a ring diffusor
directly in the discharge zone. A proper scheme of the reactor can be
found in a previous publication [47].

The internal contamination of the reactor is minimized by pumping
the gas down to a pressure of 270 Pa. The atmospheric pressure is then
reached by filling in the chamber with argon and then, the precursor is
introduced into the discharge by means of the carrier gas after being
diluted with a primary flow. The total flow rate entering into the re-
actor is set at 6 L/min and the secondary flow rate is adapted following
the amount of precursor needed to be injected.

The operating frequency is set at 17.1 kHz on the HV AFS-G10S
power generator. Three different applied powers (30, 50 and 70W)
were throughout this work. The effective measured plasma power
corresponds to 18, 31 and 43W respectively, without the injection of
precursor.

3. Results and discussions

3.1. Effect of the presence of double bonds in the injected precursor on the
plasma and plasma deposited -coatings properties

3.1.1. Influence of the addition of precursors on the electrical and physical
properties of the plasma phase

The influence of the addition of the precursors into the pure argon
discharge on the electrical properties of the plasma is discussed below.
The applied power and the total flow rate are set at 50W and 6 L.min−1

respectively. The 25mg.min−1 mass flow rate of precursor introduced
into the discharge corresponds to a molar flow rate of 1.62× 10−4 mol
min−1 and 1.58× 10−4 mol.min−1 for M.A. and I.A. respectively
which allows the assumption of similar and so comparable amount of
injected monomer into the discharge.

Fig. 2 shows the oscillograms of the plasma phase with and without
the addition of precursor vapors. We observe that the pure argon

discharge (black curve on the figure) exhibits a classical filamentary
character, as reported in the literature [48]. When one of the in-
vestigated precursors is injected keeping the total gas flow rate constant
at 6 L.min−1, the electrical behavior of the discharge is drastically
modified (see red and blue curves on the same figure). Indeed, one can
observe an evolution from a truly filamentary discharge (pure argon) to
a semi-homogeneous discharge (with the addition of precursor), which
is also visually observed with naked-eye. The number of significant
current peaks, calculated by a peak fitting method developed in a
previous study [45], is decreased from 203 per half period in pure
argon to 19 and 10 by the respective addition of I.A. or M.A.. In par-
allel, a strong modification of the average full width at half maximum
(FWHM) of the peaks is observed by the addition of the anhydride
molecules. The 52 ns average FWHM measured in the pure argon dis-
charge increases up to 600 ns and 1026 ns when I.A. or M.A. are in-
jected into the plasma respectively which is supporting the increase in
homogeneity of the discharge (see Table 1. Kogelschatz et al. [49] ex-
plain that, in a filamentary regime, each short-lived microdischarge has
an almost cylindrical plasma channel, (typically of about 100 μm ra-
dius)- a lifetime of a few nanoseconds, and spreads (in space and time)
into a larger surface discharge close to the dielectric surface(s). The

Fig. 1. Chemical structure of the anhydride and acid monomers used, their respective molecular mass and position of the double bond (for the acids).

Fig. 2. Current profiles of the argon discharge with and without the addition of
a 25mg.min−1

flow of MA and IA. Applied power= 50W and
frequency= 17.1 kHz.
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radius of the microdischarge cylinder is highly dependent on the nature
of the gas inside the discharge. Therefore, the addition of precursors
could somehow induce a quenching with the argon metastable species
and release some specific fragments which favors the stabilization of
the discharge even for very low amounts. The sufficient overlapping of
simultaneously propagating electron avalanches causes the smoothing
of transverse field gradients and thus a stabilization of the discharge,
which is the reason why the current peaks present at each half of period
are relatively wider in the case of precursor addition. The decrease of
the filamentary character of the discharge is quite interesting for the
application since uniform plasma surface treatment is a desirable
property if one wants to obtain homogeneous coatings.

The impact of the precursor nature on the effective discharge power,
voltage and current is also evaluated by oscilloscope and the Lissajous
method. It is observed that the injection of 25mg/minM.A. leads to a
decrease of 6.0% of the power effectively measured when compared to
the pure argon discharge. In the case of I.A. a decrease of only 1.6% is
observed. Even though a consistent trend is noted, the absolute current
values must be taken into account with care because of the super-
position of the error bars. As observed in Table 1, the decrease in ef-
fective evaluated power can be related to a decrease in current, whereas
the plasma voltage is slightly increased. The discharge becoming less
filamentary when injecting the precursor, a decrease in total current is
logically expected and could be explained by the interactions between
the highly energetic species, more specifically the electrons, and the
injected monomer. The higher effect on the power, voltage, current and
average FWHM with the monomer containing double bonds (M.A.)
when compared to the saturated I.A. could be attributed to the higher
interactions between the monomer and the plasma itself. Indeed, the
higher absorption of electrons when double bonds are present (due to
their higher reactivity) limits the current measured into the plasma but
also leads to an increase of the measured voltage. B. Nisol & al recently
developed a methodology to evaluate the energy effectively transferred
from an argon discharge to a wide range of organic precursors. In good
agreement with the present work, they reported a much higher energy
transferred per injected molecule for unsaturated precursors [50–52].

(Fig. 3A) shows the optical emission spectra of the pure Ar dis-
charge, and the Ar discharge with the two precursors. Apparently, no
new emission lines or bands are observed when the precursors are in-
jected into the discharge. Nevertheless, the comparison of the relative
intensities, which correspond to a normalization through the integra-
tion of the whole OES signal, of the 763.5 nm Ar, 431.4 nm CH and the
310.0 nm OH lines, presented in (Fig. 3B), highlight significant varia-
tions when a precursor is injected into the argon plasma.

For the ease of the discussion below we decided to arbitrary fix the
relative intensity of the Ar, CH and OH lines of the pure argon discharge
to 100% and compare their relative signal intensity to this value when a
precursor is injected into the plasma. When focusing on the emission of
the 763.5 nm line corresponding to the Ar 3p54p2p6-3p54p1s5 transi-
tion, one can see that the addition of 25mg/min of monomer leads to a
decrease of the relative intensity of the major argon line. As the in-
tensity of a line in OES reflects the population of the excited level, this
suggests that when a monomer is added in the discharge, the amount of
energy initially transferred for the excitation of the argon is lowered,
decreasing the population of the excited state and the observed emis-
sion. The evaluated emission reduction of the Ar line at 763.5 nm, re-
presentative of the behavior of all the Ar lines, with the introduction of

precursor might be related to quenching between the argon metastable
species and the injected monomers. In the early 70s L.G. Piper [53,54]
showed that the quenching rate of several argon metastable species
with the injected precursor is critically dependent on the latter's cross
section, size but also on the presence of unsaturations. He showed for
instance that the injection of acetylene, induced a 17%, 50% and 25%
increase of the quenching rate of the Ar(3P2), Ar(3P1), Ar(1P1) me-
tastable species respectively when compared to the saturated ethane. A
stronger decrease of the relative intensity of the Ar line at 763.5 nm is
observed when the methacrylate anhydride is used. This could indicate
a more important energy transfer between the argon discharge and the
monomer possibly associated to the higher reactivity of the double
bonds which can be correlated to the current, effective power and po-
tential values presented in Table 1. When giving a closer look to the
emission of the CH and OH signals, which shouldn't be observed in an
ideal pure argon discharge but difficult to avoid at atmospheric pres-
sure despite the pumping processes limiting the contaminations, it is
noted that the chemical structure of injected monomer induces strong
variations in their relative emission intensity when compared to a pure
argon discharge. Both lines intensities are increased by the addition of
the precursors which is easily understandable since they could be
considered as major providers of the species emitting at 431.4 nm and
310.0 nm. Nevertheless, the CH and OH emission lines are more criti-
cally increased when the saturated monomer (I.A.) is injected. In other
words, the injection of the M.A. seems to limit the amount of CH and
OH emissive fragments into the discharge which suggests a different
kind of interaction between the argon discharge and the injected pre-
cursor. This represents a first clue for various atmospheric plasma
polymerization pathways. Their strong involvement in the I.A. poly-
merization mechanisms seems limited for M.A.

A better understanding of the fragmentation of the precursors into
the discharge was achieved by MS measurements. We therefore ana-
lyzed the fragments of the precursor obtained without plasma, related
to the fragmentation in the ionization chamber of the mass spectro-
meter, and those with a 50W applied power discharge. Numerous
signals related to the fragmentation of both precursors, also named
“small fragments” are evidenced: CH3

+ (m/z=15), O+/CH4
+ (m/

z=16), CO+ (m/z=28), CO2
+ (m/z=44). Furthermore, we high-

lighted several medium size signals specifically associated to metha-
crylate anhydride: C3H5

+ (m/z=41) and C4H5O+ (m/z=69) and to
isobutyric anhydride: C3H7

+ (m/z=43) and C4H7O+ (m/z=71)
which can be explained by the presence or absence of the double bonds.
The C4H6

+(m/z=72) fragment, specific of a plasma polymerization
through the double bonds is also followed.

The partial pressures related to several small fragments, presented
in Fig. 4, show that the 50W plasma leads to a similar behavior re-
gardless the injected precursor. Indeed, in both cases, when the plasma
is lightened the number of small fragments is increased because of the
precursor's fragmentation into the discharge. However, this increase is
much more important in the case of isobutyric anhydride where the
intensity of the signal associated to the small fragments (CH3

+, CH4
+/

O+ and CO+) is raised by a factor of 5.0, 2.5 and 2.5 respectively. In
the case of the methacrylate anhydride, where unsaturations are pre-
sent, the intensity of the signals related to the small fragments is in-
creased by approximately 30%. This suggests that the polymerization
process of the isobutyric anhydride is more strongly associated to a
fragmentation of the precursor than the methacrylate anhydride where

Table 1
Electrical analysis of the argon discharge with and without addition of 25mg/min precursor with a 50W injected power and a 17.1 kHz frequency.

Discharge gas composition Number of significant peaks FWHM(ns) Effective power (W) Voltage (V) Current (mA)

Ar+M.A. 10 ± 2 1026 ± 56 29.4 ± 0.4 5205 ± 33 5.75 ± 0.14
Ar+ I.A. 19 ± 3 600 ± 25 30.8 ± 0.3 5125± 6.06 ± 0.09
Pure Ar 203 ± 25 52 ± 3 31.3 ± 0.4 4988 ± 65 6.18 ± 0.12
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the presence of double bonds seems to prevent the breaking of the
chemical structure. Also, the stronger reduction of the filamentary
character of the discharge with the M.A. could be partially responsible
for the lower degradation of the precursor structure. This observation
can be correlated to the OES relative emission intensity of the CH and
OH lines and strongly support the importance of the fragmentation in
their respective atmospheric plasma polymerization pathways.

This tends to be confirmed with the different behavior for the
medium sized fragments (C4H5O+, C3H5

+, C4H7O+ and C4H7
+). As

shown in Fig. 5, the intensity of the signals associated to these groups
when the I.A. is injected (C4H7O+ and C4H7

+) is strongly decreasing.
Since the presence of these groups can be related to the partial pre-
servation of the initial precursor's structure, their decrease when the
plasma is lightened can thus be associated to a strong fragmentation

Fig. 3. (A) OES spectra of the pure argon discharge with and without addition of 25mg/min I.A. and M.A. (B) Relative intensity of the 763.5 nm Ar, 431.4 nm CH and
310.0 nm OH lines observed by OES of a pure argon discharge with and without addition a 25mg/min flow rate of M.A. and I.A. (the OH and CH lines in “pure” argon
plasma are due to traces of contaminants which are hardly avoidable at atmospheric pressure).

Fig. 4. Follow up and origin of the CH3
+, CH4

+/O+ and CO+ small fragments by mass spectrometry before, during and after lightening of the argon discharge with
the addition of a 25mg/min flow of M.A. and I.A.
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observed previously in Fig. 4 with the I.A.. For M.A., the plasma igni-
tion favors the formation of these medium sized fragments which can be
possibly observed by simple CeO or CeC bond breaking. Here, a re-
spective 33.3 and 15.8% increase of the C3H5O+ and C3H5

+ groups is
noted suggesting, again, a limited fragmentation when compared to the
I.A.. These observations must be associated to the follow up of a specific
signal possibly related to a signature of the polymerization through the
double bond in the plasma phase: C4H6

+. One can observe on Fig. 6

that before the activation of the plasma, the partial pressure associated
to this specific fragment is not influenced by the presence or absence of
any precursor. It is therefore assumed that the noise observed between
0 and 5min indicates a total absence of the C4H6

+ fragment. When the
plasma is ON, between 5 and 10min, no change of the noise is observed
for the pure argon discharge, easily understandable since no monomer
is injected, nor for the I.A. which support the absence of this specific
fragment. On the contrary, when M.A. is injected, the C4H6

+ signal

Fig. 5. Follow up and origin of the specific C4H7O+, C3H7
+, C4H5O+ and C3H5

+ medium size fragments by M.S. before, during and after lightening of the argon
discharge with the addition of a 25mg/min flow of M.A. and I.A.

Fig. 6. Monitoring of the C4H6
+ fragments by M.S. before, during and after lightening of the argon discharge with the addition of a 25mg/min flow of M.A. and I.A.
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intensity is critically increased when the plasma is lightened. Since this
fragment is absent of the initial chemical structure of the monomer, it
can be considered as a signature of the polymerization through the
double bonds into the plasma phase when the methacrylate anhydride
is used as precursor. This observation clearly supports the proposition
of the formation of oligomers into the plasma and thus the poly-
merization pathway dominated by the propagation of the radical
character through the double bonds. The formation of these oligomers
could now explain the increase of signal of the medium sized fragments
(Fig. 5) because of the more important amount of moieties at their
origin into the ionization chamber but also maybe to their longer life-
time in the mass spectrometer.

3.1.2. Chemical and physical characterization of the atmospheric argon
plasma synthesized coatings

Since the effect of the injection of the precursors on the plasma
phase properties has been discussed, the chemical and physical prop-
erties of the coatings deposited in similar conditions are evaluated by
XPS, IRRAS, AFM and profilometry. For a clear correlation between the
results presented in the previous section and the upcoming one, the
following part will be separated in two main sections: i) The influence
of the presence of the double bonds on the physical and chemical
properties of the coatings ii) The use of double bonds for a better re-
sistance of the precursor structure against the discharge power. All the
deposited films are synthesized in a 50W argon plasma at atmospheric
pressure with the injection of 25mg/min of precursor and a total gas
flow rate of 6 L.min−1 during 3min.

3.1.2.1. Influence of the presence of unsaturations in the precursor
structure. XPS analysis reveals that the nature of the injected
precursor has a significant impact on the surface chemical
composition of the synthesized coatings. Indeed, I.A., impossible to
polymerize using classical techniques, leads to a general surface
chemical composition of 83.0% of carbon and 17.0% of oxygen
whereas M.A. provides a coating composition of 76.5% carbon and
23.5% of oxygen. The composition of the coatings obtained with the
latter precursor is very close to the one of the methacrylate anhydride
left dry and polymerized in ambient air on the aluminum substrate for
24 h (carbon: 75.0% and oxygen: 25.0%). Fig. 7 presents the XPS C1s
high resolution spectra of the conventionally and plasma synthesized
coatings. These curves are deconvoluted in 4 components for an
optimized fitting: CeC (284.9 ± 0.1 eV), CeO (286.6 ± 0.1 eV), C]
O (288.0 ± 0.1 eV) and O-C=O (289.0 ± 0.2 eV).

It is observed that the average chemical environment of the carbon
in the coatings synthesized using methacrylate anhydride as precursor
is very similar to the one polymerized in conventional conditions. In
comparison, it seems that when using I.A., the plasma synthesis leads to
a lower preservation of the precursor initial structure. The oxygenated/
branched components ratio (O/B ratio) which can be defined as:

=
+ +− = − =

−

O B/ % % %
%ratio

C O C O O C O

C C

varies from 0.47 for the M.A. polymerized in ambient air to 0.45 and
0.34 for the plasma polymerized M.A. and I.A. respectively. This sup-
ports again that the polymerization pathways between the two pre-
cursors are quite different as it was discussed it in the first part of this
study. It is assumed that the presence of the double bonds allows two
types of polymerization: 1) A conventional one led by the radical pro-
pagation, initiated by the plasma and evidenced by the specific C4H6

+

fragment in the MS analysis, among the monomer's double bonds which
seems to be dominant and 2) a polymerization induced by the frag-
mentation/recombination of the precursor which is here significantly
limited. In the case of I.A. only the latter polymerization pathway is
envisaged since no formation and propagation of the radical character
is possible without the breaking of a chemical bond. The COOR com-
ponent of the C1s XPS signal, which can be associated to the anhydride
function, is the most affected one during the plasma synthesis of the
coating with I.A. as precursor. On the contrary, its very good pre-
servation with the methacrylate anhydride indicates a protective role of
the double bond on the function of interest. In correlation with the
results of the first part of this paper, we can assume that the higher
reactivity of the double bond makes it a privileged target for the energy
transfer between the highly energetic species and the monomer and
reduce its degradation and fragmentation. In their recent papers, Loyer
& al. used the combination of a chemical analysis of the synthesized
coatings and DFT measurements to understand the atmospheric pres-
sure plasma induced chemical vapor polymerization kinetic of acrylate
precursors. They related the preservation of the chemical structure of
the precursor to the presence of low bond dissociation energy groups
(epoxyde in their case) which are considered as privileged target for the
fragmentation. The present work is therefore in good agreement with
their observations since the opening of the Π bond in the unsaturation
has the lowest bond dissociation energy in the investigated precursors
[55–57].

Since the synthesis duration is a fixed parameter, average deposition
rates of the coatings can be evaluated by the profilometry measurement

Fig. 7. Left: C 1 s High Resolution (HR) spectra of a methacrylate anhydride plasma synthesized coating at 50W during 3min and its deconvolution. Right: C 1 s HR
spectra of the plasma polymerized isobutyric anhydride and methacrylate anhydride and their respective deposition rate compared to the conventionally polymerized
methacrylate anhydride.
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of their respective thickness, assuming dense coatings. A nine time in-
crease of the deposition rate induced by the presence of unsaturations
in the monomer is highlighted (M.A.: 310 nm/min and I.A. 35 nm/min).
This range of influence related to the presence of double bonds was
already noted for acrylates and fluorinated compounds in similar re-
actors [42]. We assume that this significant difference can be explained
by the higher reactivity of the double bonds but also by the double
polymerization pathway which was suggested earlier for the metha-
crylate anhydride. AFM images, presented in Fig. 8, show that using I.A.
as precursor leads to a relatively smooth coating with a Root Mean
Square Roughness (RRMS) evaluated at 0.9 nm whereas, on the contrary,
M.A. coatings present a more important roughness with a RRMS of
13.2 nm. This can be related to the different polymerization mechan-
isms of the two precursors within the plasma phase but also to their
respective interaction with the substrate related to their vapor pressure
which can be evaluated at 10.0 and 90.0 Pa at 20 °C for I.A. and M.A.
respectively as reported in the literature [53].

IRRAS analysis is performed to study the bulk composition of the
synthesized coatings (Fig. 9). It is noted that the signals associated to
the CHx stretching observed at 2970, 2937 and 2877 cm−1 are more

important when compared to the C]O stretching observed between
1704 and 1800 cm−1 in the case of the I.A. plasma coatings. Indeed,
this CHx/C=O stretching ratio is 1.31 in the case of I.A. whereas it is
evaluated at 0.58 in the case of M.A. plasma coatings. This lower ratio
for M.A. indicates again a better preservation of the function of interest
in the precursor and a less important fragmentation. Furthermore, a
peak at 1643 cm−1 associated to the C]C stretching observed in the
M.A. coatings suggests that the total amount of double bonds is not
consumed during the plasma polymerization leading to a partially un-
saturated polymer.

3.1.2.2. Double bonds: protective tool of the function of interest against the
discharge power. Usually, higher applied power is associated with a
more important electron density into the discharge. When their number
is increased, those highly energetic species, accelerated by the applied
potential, can induce more fragmentation of the precursor. Here,
25mg/min of monomer are injected in an argon discharge with a
30W, 50W and 70W applied power. The C1s high resolution XPS
spectra of the synthesized coatings are presented in Fig. 10. One can
observe that in both cases, the amount of oxygenated species (O-C=O,
C]O and CeO) decreases when the discharge power is increased which
corresponds to a loss of the function of interest and a degradation of the
precursor structure. Nevertheless, this loss in oxygenated species is
more significant in the case of I.A. where the oxygenated/branched
components ratio varies from 0.41 at 30W to 0.30 at 70W
corresponding to a 25% decrease). This ratio varies from 0.51 at
30W to 0.47 at 70W associated to a 8% decrease when M.A. is used
as precursor.

These results can be correlated to the infrared measurements pre-
sented in Table 2 where it is observed that the CHx/CO ratio increases
with the applied plasma power. This variation from 0.90 to 1.70 and
0.43 to 0.65 when applying a power between 30W and 70W when
using I.A. and M.A. respectively is the result of a higher fragmentation
of the precursor. It is important to note that this increase of CHx/CO
ratio with power is more significant in the case of I.A. indicating a
lower preservation of the anhydride function and a higher fragmenta-
tion of the precursor compared to the M.A. This suggests that the pre-
sence of the double bonds leads to a better preservation of the pre-
cursor's structure in the plasma phase when increasing the applied
power. Many hypotheses could be drawn to explain this behavior, and
only a few ones will be developed here: a) the double bonds could be
seen as privileged targets for the high energy electrons because of their
higher reactivity. The energy needed for breaking the π-bond of the
double bond, estimated at 2.70 eV, is making them the most probable

Fig. 8. 3×3 μm2 AFM images of Al 2024 substrate covered by the plasma synthesized coatings at 50W during 3min using isobutyric anhydride (left) and me-
thacrylate anhydride (right) as precursor.

Fig. 9. IRRAS spectra of the plasma synthesized coatings at 50W during 3min
using methacrylate anhydride and isobutyric anhydride as precursors and re-
spective roughness.
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broken bonds when compared to the CeO and CeC bonds energy
evaluated at 4.00 eV and 3.85 eV [58] respectively; b) as seen in the
electrical part of this study, the number of streamers strongly decreases
when injecting the precursors in the argon discharge, with a higher
effect for M.A. The effective plasma power is also smaller with M.A.
than with I.A. The energy inside the plasma being smaller with M.A.,
one can reasonably assume that the more fragile anhydride function is
better preserved when the double bonds are present. Evidence of the
capture of the energetic electrons by the C]C double bonds is in-
directly given by the polymerization process proposed in this paper
where the presence of the C4H6

+ fragment in mass spectrometry evi-
dences the opening of the C]C double bond.

3.2. Effect of the position of the double bond on the protection of a function
of interest

Since the importance of the presence of an unsaturation for the

protection of a function of interest has been discussed hereabove, this
part aims to go further in the discussion and report the influence of the
position of the double bond on its protective effectiveness. Therefore,
three acid monomers depicted in the Fig. 1 were used. A 25mg/min−1

flow of monomer is injected in a total 6 L.min−1 argon flow rate and the
applied discharge power is set at 50W.

3.2.1. Plasma phase analysis
As observed in Fig. 11 and similarly to M.A. and I.A., the injection of

the three acidic monomers reduces the amount of micro-discharges in
the argon plasma from 203 to 183, 123 and 41 noted streamers for B.A.,
Be.A. and C.A. respectively. The lower decrease of the filamentary
character of the plasma with the three monomers when compared to the
anhydrides previously studied can be attributed to their higher C/O
ratio. The breaking of bonds is assumed to be responsible for energy
transfers between the discharge and the monomer inducing its stabili-
zation. Yet the nature of the species relieved in the plasma plays a
significant role on the physical properties of the discharge. More spe-
cially, the electrical properties of argon plasmas are known to be

Fig. 10. C 1 s HR spectra of the plasma synthesized coatings during 3min with isobutyic anhydride (left) and methacrylate anhydride (right) as liquid precursor at
various discharge power.

Fig. 11. Current measurement of the 50W argon discharge with the addition of
25mg.mn−1 of the butyric, crotonic and 3-butenoic acid.

Fig. 12. Relative intensity of the Ar (763.5 nm), CH (434.1 nm) and OH
(310.0 nm) lines of a pure 50W argon discharge and with the injection of
25mg.min−1 butyric, crotonic or 3-butenoic acid.
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modified by the addition of electronegative species such as oxygen and
OH [59–62]. The injection of 25mg.min−1 of each precursor induces
the introduction of 1.2 10−3 and 5.8 10−4 mol of carbon and oxygen
respectively where it could be evaluated at 1.3 10−3 and 4.910−4 for
the anhydrides. Since the electrical properties of a discharge depends
on the electron density but also on the nature of the species present into
the plasma, the higher concentration of oxygen with acidic monomers
might explain the lower stabilization than for anhydrides. Assuming
this hypothesis, a double phenomenon can be considered in the case of
the unsaturated monomers. Firstly, the higher reactivity of the C]C
bond induces a more efficient energy transfer between the energetic
species and the monomer limiting the excitation of the argon. This in-
duces a stabilization of the plasma. Second, the possible resonance
through the unsaturations inside the monomer limits the fragmentation
of the acid function releasing less oxygen containing groups in the
discharge such as the OH species.

A specific focus on the variation of intensity with the injection of the
monomers is given to the CH, OH and Ar OES lines and reported in
Fig. 12. As it was the case for I.A. and M.A., the injection of a precursor
induces a decrease of the relative intensity of the Ar 763.5 nm line
which could be related to energy transfers and electrons attachment to

the monomers limiting the emission of the excited state of argon. The
higher reactivity of the double bond can again explain a stronger re-
duction of the Ar 763.5 nm emission but no evident difference is noted
with the position of the double bond for this line. An equivalent energy
transfer from the discharge to both monomers can then be envisaged.
The increase of the CH and OH lines can easily be related to the ad-
dition of monomers at the origin of these fragments. Even though si-
milar trends are observed for the increase of these specific lines with the
presence of unsaturation, a systematic different behavior is noted when
the unsaturation is located in α or β of the function of interest. The
emission of these lines is indeed less increased with the crotonic acid
when compared to the butenoic acid. The CH line related to the frag-
mentation of the precursor indicates a better preservation of the
structure of the crotonic acid. On the other hand, the OH line can be
attributed to the fragmentation of the function of interest which is then
also better preserved when the double bond is located in the alpha
position. One possible explanation lies in the higher stability of the
crotonic acid because of the possible resonance effect through the sp2

carbons and its geometrical planarity. The lower emission of the frag-
mented species could also be at the origin of a more effective decrease
of the filamentary character of the discharge as observed through the

Fig. 13. Mass spectrometry tailoring of the CH3
+ (m/z=15) and COOH+ (m/z=45) fragments before, during and after the plasma lightening.

Fig. 14. Deposition rate of the monomers in a 50W argon discharge with a 25mg.min−1
flow rate of precursor and the respective roughness of the 300 nm thick

coatings synthesized in similar conditions.
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oscilloscope measurements.
The stability of the precursor in the discharge is evaluated by the

tailoring of several selected fragments by mass spectrometry: CO2
+ (m/

z=44), CH3
+ (m/z=15) and COOH+ (m/z=45). The results, pre-

sented in Fig. 13, indicate similar behaviors for the three monomers.
The fragmentation of the precursor in the argon plasma can be quali-
tatively quantified by the increase of the small fragments signal in-
tensity. As it was the case for the M.A. and I.A. in the previous part, the
presence of unsaturations limits the formation of the CH3

+ fragments
which suggest a lower degradation of the monomer. The COOH+,
signal associated with the function of interest, shows a similar trend
which allows us to assume that the degradation of the acid function is
limited in presence of the double bonds. This analysis also reveals the
essential role of the distance between the C]C bond and the function of
interest where the possible resonance between the double bond located
in alpha of the acid group could be seen as a stabilizer of the function of
interest limiting the fragmentation of the monomer. A relevant para-
meter to evaluate the stabilization within the acidic precursor is their
pka value. In this study, the pka values of B.A., C.A. and Be.A. are re-
spectively evaluated at 4.82, 4.17 and 4.34. This lowest pka value for
C.A. indicates a stronger acidic character which is justified by the better
stabilization of the conjugated base once deprotonated. On the con-
trary, the 4.82 pka value for B.A., without double bond, means a re-
duced acidic character and stabilization of the conjugated base. This
strongly supports that the better preservation of the chemical structure
with the position of the double bond is related to a resonance phe-
nomenon and an intrinsic stabilization of the injected molecule.

3.2.2. Analysis of the plasma deposited coatings
The deposition rate and roughness of the deposited coatings is

evaluated by stylus profilometry and reported in Fig. 14. The crotonic
and 3-butenoic acid present higher deposition rates than the saturated
butyric acid. Once again, the observed range of influence is very similar
to fluorinated, acrylates and anhydrides monomers synthesized in a
comparable DBD reactor. As reported earlier for anhydrides, this can be
related to the different polymerization pathways between the un-
saturated and saturated precursors. Also, the vapor pressure of each
monomer, evaluated at 57, 25 and 60 Pa at 20 °C for B.A., C.A. and
Be.A. respectively, is a good indication for either plasma polymeriza-
tion in the gas phase or radical propagation at the surface. The recur-
rence of this phenomenon makes it a powerful tool for further in-
vestigations in fast synthesis of organic coatings since it does not seem
to be dependent of the position of the double bond in the molecule but
mostly associated to the presence of unsaturations. Roughness of the
pd-coatings is compared for similar thicknesses. The critical difference
between the saturated and unsaturated monomers is mainly related to
the double polymerization pathway for crotonic and butanoic acid.
Nevertheless, a slight difference is observed between these two mole-
cules. This could be due to the filamentary character of the discharge
which is more important in the case of the Be.A.. In fact, the electron
density in the micro-discharges is known to be higher. This induces
local and randomly dispersed privileged polymerization zones. The
number of streamers being significantly higher with the injection of
Be.A. rather than with C.A. could then be at the origin of this 10%
roughness increase.

The essential role of the position of the double bond in the chemical
preservation of the function of interest is evaluated by XPS and infrared
spectroscopy. Since the three monomers only differ from each other by
their amount of hydrogen, they present an identical C/O ratio (2.00).
The elementary composition evaluated by XPS of the deposited coatings
reveals a partial degradation of the initial structure of the precursor
leading to an increase of the C/O ratio from 2.00 up to 5.23 ± 0.41,
4.5 ± 0.43 and 3.00 ± 0.38 for B.A., Be.A. and C.A. respectively. The
strong amount of carbon in the butyric acid is not very surprising since
its polymerization pathway is regulated by a fragmentation procedure.
A clear correlation with the mass spectrometry measurements can be
highlighted since the lightening of the plasma induced the most severe
increase of the COOH+ and CH3

+ fragments. The trend in the general
composition of the film is also observed in the XPS HR C1s spectra
presented in the left part of the Fig. 15. The component associated with
the acid function centered around 289.0 eV is clearly dependent on the
presence of the unsaturation but also on the distance separating it from
the unsaturation. The possible resonance of the C]C bond with the acid

Fig. 15. XPS HR C1s (left) and IRRAS (right) spectra of the films synthesized by a 25mg.min-1 introduction of monomer in a 50W argon discharge.

Table 2
Evolution of the IRRAS CHx/C=O ratio in the plasma synthesized coatings
using methacrylate anhydride and isobutyric anhydride as precursor and the
effective discharge power with the injected power.

Injected power
(W)

Methacrylate anhydride Isobutyric anhydride

CHx/C=O
ratio

Effective power
(W)

CHx/C=O
ratio

Effective power
(W)

30 0.43 16.6 0.93 17.1
50 0.58 29.4 1.31 30.8
70 0.65 41.7 1.73 43.0
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function in the crotonic acid stabilizes the structure of the precursor
and therefore favors the preservation of the initial structure of the
precursor even in the highly energetic filamentary argon discharge. The
chemical structure of the deposited films can easily be correlated to the
MS measurements since the COOH+ signal is more significantly in-
creased with the Be.A. and the B.A. rather than C.A.. IRRAS measure-
ments (right of the Fig. 15) confirm the preservation of the surface
properties of the coatings in the bulk of the film. The 1.1 COOH/CHx

ratio is indeed very low for the butyric acid because of the high frag-
mentation when compared to the initial 2.5 ratio of the monomer
structure. A stronger preservation through the depth of the coating is
observed with the presence of unsaturation, increasing the COOH/CHx

ratio to 2.6 and 4.7 for Be.A. and C.A. respectively where their initial
ratio is evaluated at 3.4 and 3.5. The protection of the function of in-
terest is confirmed through an additional method and supports the re-
sonance phenomenon between the sp2 carbons of the C]C bond and
the acid function.

4. Conclusion

In this paper, a method combining plasma phase analysis with the
chemical properties of the deposited coatings is used for the funda-
mental understanding of the critical role of unsaturations in the plasma
polymerization of organic coatings in atmospheric DBD systems. The
effect of the presence of double bonds in the chemical structure of the
injected precursor is highlighted through the use of methacrylate and
isobutyric anhydride. Thanks to the identification of a “signature”
fragment, a double polymerization pathway is proposed for the un-
saturated monomer with a strong decrease of the filamentary character
of the discharge. The combination of the plasma stabilization and the
double polymerization pathway with the unsaturated monomer in-
duced a dramatic increase of the deposition rate and a strong pre-
servation of the function of interest because of the higher reactivity of
the C]C bond. The influence of the distance between the double bond
and the function of interest is discussed by the use of three monomers:
butyric, crotonic and 3-butenoic acid. Similar trends as for the M.A. and
I.A. were noted between the saturated and unsaturated precursors. On
the other hand, no significant influence was noted on the deposition
rate of the two unsaturated monomers. Anyhow, it suggests that the
combination of a planar geometry and a resonance of the C]C bond
located in alpha of the acid function could induce a strong preservation
of the precursor structure through a severe limitation of its fragmen-
tation.
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