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Parallel plates dielectric barrier discharge (DBD) at atmospheric pressure has been used to investigate the in-
troduction of amino groups on a polypropylene substrate. For this purpose the plasma polymerization of ami-
nopropyl triethoxysilane, trimethoxysilylpropyl ethylenediamine, allylamine, butylamine, ethylenediamine,
and nitrogen/ammonia has been systematically studied and compared. The coatings have been characterized
through wettability measurements, interferometry, labeling coupled with X-ray photoelectron spectroscopy,
and IR spectroscopy. Significant hydrophilicity enhancement of the polypropylene substrate has been ob-
served for butylamine, ethylenediamine or allylamine, with a surface energy up to 76 mN.m−1. Higher reac-
tivity in the plasma is observed for trimethoxysilylpropyl ethylenediamine which also gives rise to the
maximum final amino group concentration of about 6 at.%. According to the choice of the precursor, surface
properties can be tuned in terms of polarity, coating composition, and coating thickness.
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1. Introduction

Tailoring of surface properties has become of major interest in
many fields of applications. Easy to clean, scratch resistant, superhy-
drophilic, bioactive or other functional coatings have been studied in-
tensively in the last decades. However, one of the most active
research fields is the improvement of surface properties for adhesion
enhancement. Indeed, the nature of the surface functionality plays a
significant role on the final surface properties. Adhesion improve-
ment is essential in many areas including substrates bonding, print-
ing, lamination, and even in biochemistry.

Many techniques nowadays allow improving adhesion. Among
them, the use of solvent or water-based primers, corona treatment,
low-pressure plasma and flame treatment are widely recognized.
However, several techniques suffer from non-negligible draw-
backs in terms of performance, production cost, energy consump-
tion or even environmental issues. In particular, the use of corona
technology enables to increase the surface energy of a given sub-
strate, but the functionality of this surface cannot be sufficiently tai-
lored; additionally, the treatment is often not homogeneous, and
the effects of the treatment decrease with time. The use of low-
pressure plasma has demonstrated numerous advantages regarding
the broad fields of applications of this technique, as well as the
quality of the deposited coatings. However the requirements to
work in batch processes render this technology less relevant for
many industrial in-line processes.

Atmospheric pressure plasma offers an interesting alternative.
This technique provides a unique and efficient way to enhance the
surface properties. Additionally, it is significantly more environmen-
tally friendly than current alternative processes involving solvents
and/or higher energy consumption. The surface properties can be tai-
lored not only through control of the gas atmosphere and the electri-
cal plasma conditions, but also by the choice of chemistry introduced
in the plasma.

Many different functionalities can be brought at the interface using
atmospheric pressure plasma such as hydroxyl, acid, amino, amide,
ester or even fluorinated groups. Within this study, our attention has
been focused essentially on the incorporation of amino groups using
various types of chemical precursors. While different parameters play
a role on adhesion, an optimum adhesion is also strongly dependent
on the interface chemistry/compatibility/reactivity and consequently
on the interface functionality.

Amino functionalized surfaces have gained extensive interest in
the field of adhesion improvement. For instance, in the generation
of bio-surfaces, amino groups are often used to enhance the adhesion
of biomolecules [1–10]. Hamerli reported the microwave plasma de-
position of allylamine on poly(ethylene terephtalate) membranes to
improve the cell-adhesive properties in the production of biohybrid
organs [1]. Up to a [N]/[C] ratio of 47.9% has been achieved under
high energetic plasma. Tatoulian et al. described the deposition of
plasma polymerized allylamine coating at low-pressure on stainless
steel for application as coronary stents [2]. They demonstrated that
high selectivity towards primary amino groups could be obtained by
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limiting the discharge power. A deposition rate between 0.53 and
1.36 nm.s−1 has been observed for allylamine. In a similar way, the
pulse plasma polymerization of allylamine has been investigated in
order to improve the hemocompatibility of stainless steel [3]. The in-
troduced amino groups (up to 3.1% of [NH2]/C) have been successfully
used to immobilize heparin and hence improve the hemocompatibil-
ity of the treated substrate.

While allylamine is being widely described in the literature, main-
ly to create cell adhesion surfaces [2–5], only few data can be found
on the use of other amino-based precursors, such as aminopropyl
triethoxysilane [10], butylamine [6] or ethylene diamine [7,8].

Beside bioactive applications, studies have been reported on the amino-
functionalization formembranedevelopment applications. Ruaanet al. [11]
observed an improved O2/N2 selectivity of a polybutadiene/polycarbonate
composite membrane modified by ethylene diamine plasma. Similarly,
Kimdescribed the low-temperature plasma treatment of thinfilm compos-
ites for the hydrophilicity enhancement of reverse osmosis membrane
using ethylene diamine, allylamine and propylamine [12]. Recently, Aki-
moto et al. reported theplasmapolymerization of ethylenediamine for rec-
ognition ofmembranes for vapor-sensing, the plasma treatment increasing
considerably the affinity of the membrane for high polar solvents [13].
Butylamine has also been described for the improvement of the ultra filtra-
tion performance of polysulfone membranes [14].

Nevertheless, most of these studies have been carried out using
low-pressure plasma systems, and/or using noble gasses atmosphere.

Beside liquid chemical precursors, amino-based functionalities
can be brought on a surface bymeans of ammonia, nitrogen, or nitro-
gen/hydrogen plasma treatments [1,15,16]. For instance, polypro-
pylene wettability can be increased by a low-pressure ammonia
plasma treatment leading to adhesion improvement with thermally
evaporated aluminium coatings [17]. Similarly, Mercx described
the adhesion improvement of polyethylene tapes to epoxy resin by
Table 1
Characteristics of the amino containing precursors compared in this study.

Abbreviation Chemical name

APEO Aminopropyl
triethoxysilane

TMSPED Trimethoxylsilylpropyl
ethylenediamine

BuA Butylamine

AAm Allylamine

EDA Ethylenediamine

N2/NH3 Nitrogen/ammonia

⁎ % in carbon containing amino groups.
air and ammonia plasma treatment [18]. Klages et al. also dedicated
many efforts on the functionalization of polyolefins by means of at-
mospheric pressure plasma using N2, N2/H2 and N2/NH3 mixtures
[19,20].

Major progress in the field of amino functionalization of polymers
by plasmas was achieved by d'Agostino and co-authors [21,22]. The
authors developed four ways to enhance the amino grafting selectiv-
ity of RF plasmas containing NH3 including remote RF plasma proces-
sing, addition of H2 to an RF discharge in NH3, pulsed RF plasma
excitation, and H2 plasma passivation following an amination process.
Nonetheless, the present understanding of amino functionalization
plasmas is still limited, especially through the introduction of chemi-
cal precursors.

As described, amino-functionalized surfaces have attracted much
interest in different fields of applications where adhesion is a major
parameter. However, few efforts have been allocated to the compari-
son of amino-based precursors in atmospheric pressure plasma in
terms of functional group concentration and precursor reactivity. An
adequate understanding of these parameters should provide a useful
tool to optimize the surface functionality and allow an appropriate
choice of the chemical precursors according to the targeted
application.

In this optic, the atmospheric pressure plasma polymerization of
allylamine, ethylenediamine, butylamine, aminopropyl triethoxysi-
lane, and trimethoxysilylpropyl ethylenediamine is being reported
in this article. Results will be referenced to atmospheric plasma
treatment using a N2/NH3mixture. The coating growth speed linked
to the precursor reactivity has been assessed using interferometry
measurements. The surface energy parameters have been studied
using static contact angle measurements. The amino-containing
plasma coatings have been evaluated by means of X-ray photoelec-
tron spectroscopy after chemical derivatization (labeling). Finally,
Structure [C\NH2]⁎
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Scheme 1. Parallel plate dielectric barrier discharge configuration.
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infrared spectroscopy has provided information on the plasma
coatings structures.

2. Experimental part

2.1. Experimental setup

Atmospheric plasma technology was used to deposit thin organic
coatings on polypropylene foils (blown PP 30 μm, Segers & Balcaen).
Aminopropyl triethoxysilane (APEO), allylamine (AAm) and N,3-
((trimethoxylsilyl)propyl) ethylenediamine (TMSPED) from Sigma-
Aldrich, ethylenediamine (EDA) from Fluka, and butylamine (BuA)
from Merck, were used as received. Some characteristics related to
the structure of the chosen precursors are summarized in Table 1. Be-
side these precursors, the reactive gas activation using 5 vol.% of am-
monia in nitrogen has been investigated for comparison.

Dielectric barrier discharges (DBD) at atmospheric pressure were
investigated (Scheme 1). The DBD was produced between two paral-
lel stainless steel electrodes, both covered with a 3 mm insulating
glass plate. The gap width between the electrodes was limited to
2 mm to ensure stable plasma operation. A 35–40 kV voltage was ap-
plied to the reactor. Plasma discharges were generated at 1.5 kHz, and
the power was varied between 120 and 490 W, corresponding to a
dissipated power of 0.2 and 0.8 W.cm−2 electrode surface respective-
ly. Nitrogen was used as carrier gas. In some cases, 5 vol.% of NH3 was
added. The reactor was mounted on a X-moving table situated inside
a ventilated hood.

Liquid chemical precursors were nebulized with an atomizer (TSI
model 3076) to produce a fine aerosol. Droplet sizes were measured
with a particle size analyser (TSI model 3080) and were distributed
in the range of 10–200 nm with a maximum concentration around
50 nm. A nitrogen gas flow of 3 slm (standard liter minute) was ap-
plied on the aerosol generator. The low particle size generated by
this atomizer ensures optimum reaction conditions in the plasma.

3 slm was chosen as standard gas flow on the atomizer to enable
an adequate precursor flow in the plasma. This leads to different pre-
cursor flows depending on the vapor pressure and the viscosity of the
liquid precursors. These precursor flows are proportional to the
Table 2
Precursor flow in the plasma measured at 3 slm nitrogen gas flow on
the atomizer.

Precursor Precursor flow (ml.min−1)

APEO 0.245
TMSPED 0.064
BuA 0.986
AAm 1.542
EDA 0.145
precursor concentration in the plasma, and have been measured for
all precursors (Table 2).

A typical experiment for the deposition of functionalized coat-
ings is as follows. A sheet of polypropylene of 20×30 cm2 is placed
on the lower electrode. The sample is submitted to a nitrogen plas-
ma at a flow of 20 slm and the precursor is injected under the form
of an aerosol into the plasma. The dissipated power is set at 490 W
and the frequency at 1.5 kHz. The coating deposition is carried out
during 30 s.

The influence of the treatment time on the coating thickness was
investigated for treatment times ranging from 4 s up to 50 s.

2.2. Contact angle measurements (CA)

The surface tension parameters were investigated using static
contact angle measurements according to the Owens–Wendt model
on a Data Physics Instrument. Two liquids were used: diiodomethane
and water. The surface tension is obtained according to Eq. (1).

γtot ¼ γpol þ γLW ð1Þ

with γpol the polar component and γLW the dispersive component of
the total surface energy (γtot).

Detailed literature can be found elsewhere [23].

2.3. X-ray photoelectron spectroscopy (XPS)

The XPS measurements were performed with a Theta Probe spec-
trometer (ThermoFisher Scientific) equipped with an Al Kα mono-
chromator. An electron flood gun was used for charge
compensation. The energy scale was referenced by assuming the
binding energy of aliphatic carbon at 285.0 eV. Narrow scan XPS spec-
tra were recorded in CAE (constant analyzer energy) mode (100 eV
pass energy) with a 0.1 eV step. Avantage software was used for
data processing [24].

Additionally, the combination of chemical derivatization (CD)
with XPS was implemented to determine the concentration in
amino groups. Through chemical reaction, a new – easy identifiable
by XPS – functional group replaces the NH2 group in the coating
(Scheme 2). The quantification by XPS measurement of this newmoi-
ety allows the determination of the initial function concentration
(Eq. (2)).

As a surface has to be analyzed in the state it was formed, the
derivatization reaction must not alter the surface beside the actual
labeling. Whereas liquid-phase reactions can lead to reorganization
of the polymer surface, and eventually damage the surface, gas-
phase reactions are usually milder. That is the reason why, in this
study, the concentration in primary amine groups at the surface
of the plasma coating was estimated by performing derivatization



Scheme 2. Derivatization reaction of an amino containing polymer with TFBA.
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reactions in gas phase (Scheme 3). Gas-phase derivatization howev-
er requires diffusion of relatively large marker molecules into the
bulk, therefore, the depth of derivatization may be smaller than
the depth of plasma functionalization, on the one hand and smaller
than the sampling depth, on the other. The measured surface den-
sity of the marker molecule may therefore underestimate the true
density of the functionality.

Prior to the derivatization reaction, the reactor underwent 3 cycles
of vacuum and flushing with argon. The flask with the liquid mono-
mer was then connected through the valve to the derivatization
chamber (reactor) containing the plasma coating. The reactor was
evacuated to a pressure of approximately 0.1 mbar prior to the reac-
tion. The chamber was closed from pumping and the monomer was
let into the reactor at vapor pressure. 4-(trifluoromethyl)benzalde-
hyde (TFBA) was used for the derivatization of primary amine groups.
The derivatization of amino groups with TFBA has been exemplified
elsewhere in the literature [21,25–28].

XPS was applied afterwards to determine the element composi-
tion of the films, and primary amine concentrations were derived as
follows:

C−NH2½ � ¼ F½ �=3
C½ �−8 F½ �=3 S100%: ð2Þ

[F]/3 corresponds to the number of primary amines.
8[F]/3 corresponds to the amount of carbon introduced by TFBA.
[C]−8[F]/3 represents the real carbon concentration on the sur-
face [27].

To allow a further comparison of the amino group concentrations,
some assumptions have been made. It is considered that the amino
group concentrations are uniformly distributed over the information
depth of XPS or at least that the shape of the concentration distribu-
tion is the same for all samples. It is also considered that the different
vacuum cycles carried out during the derivatization reactions, and
prior to XPS measurements enable the removal of eventual low mo-
lecular weight compounds potentially absorbed at the surface.
Scheme 3. Schematic representatio
2.4. Profilometry analysis

Coating thickness and roughness were analyzed using a WYKO
NT3300 surface profiler in phase-shifting (PSI, resolution: 3 Å) or ver-
tical scanning mode (VSI, resolution: 3 nm) on glass plates. The preci-
sion is 0.1 μm in X and Y directions and 0.01 nm in Z direction.

Due to light absorption, it was not possible to directly measure the
coating thickness on the polymer substrate (PP). During the plasma
experiments, a glass plate was coated under the same conditions as
the PP sample and used to determine the thickness of the deposited
coating.

The thickness measurements were performed using the peak-to-peak
method, where a calculation of surface statistics for separated regions is
realized.

2.5. Infrared spectroscopy

The coated substrates were analyzed by attenuated total reflection
infra-red spectroscopy (ATR-IR) using a Thermo Nicolet Nexus instru-
ment. An OMNIC software was used. In order to eliminate the poten-
tial interference of the substrate due to the nanometer size of the
coating, a subtraction of the untreated PP substrate is carried out,
leaving a clear spectrum of the plasma coating.

3. Results and discussion

3.1. Reactivity of the amino containing precursors in the plasma

The coating growth speed is influenced by the vapor pressure of
the precursor, its viscosity (both influencing the precursor concentra-
tion in the plasma) and its reactivity. In a DBD discharge, various re-
active species (e.g. radicals, ions, electrons) are present, leading to
different reaction mechanisms according to the nature of the precur-
sor. The study of the coating growth speeds gives an indication on the
reactivity of the precursor under specific plasma conditions.

The coating thickness has been determined by interferometry.
Plasma treatment times up to 50 s were usually used. Fig. 1 repre-
sents the evolution of the coating thickness as a function of the treat-
ment time for the five studied precursors. Reactive gas activation
TFBA

n of the derivatization set-up.
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leading only to grafting has not been included in the study of precur-
sor growth speed.

In all cases, the coating thickness increases linearly with the treat-
ment time for the studied period. Under similar conditions (referring
to 3 slm gas flow on the aerosol generator), higher deposition rate is ob-
served for allylaminewith an average growth speed around 3.5 nm.s−1,
indicating that the highest coating thickness can be obtained with this
precursor under similar testing condition (see also Table 3). These re-
sults indicate a much higher rate than already observed previously by
Netrevali [29] for allylamine (0.08 nm.min−1) in a RF plasma. In terms
of coating growth speed under similar plasma conditions, the following
ranking is observed:

AAm 3:5ð ÞNTMSPED 3:2ð ÞNEDA 2:7ð ÞNAPEO 2:0ð ÞNBuA 0:8nm:s−1
� �

The precursor reactivity is not only reflected by the coating thick-
ness, but is additionally dependent on the precursor concentration.
Taking in consideration the effective precursor flows as indicated in
Table 1, the coating deposition versus precursor concentration has
been calculated. This corrected growth speed is proportional to the
respective reactivity of the precursors (Table 3).

Based on the corrected growth speed, the precursor reactivity in
the plasma is modified (TMSPEDNEDANAPEONAAmNBuA). Allyla-
mine, whose actual growth speed is substantial, only features a
much lower corrected coating deposition.

While allylamine, aminopropyl triethoxysilane and trimethoxysilyl-
propyl ethylenediamine are not influenced by the discharge dissipated
power in terms of growth speed, the growth speed for butylamine and
ethylenediamine increases with power as indicated in Fig. 2. APEO and
TMSPED are both siloxane-based precursors, able to react also through
condensation reactions. Allylamine possesses an allyl moiety which is
Table 3
Growth speed and corrected growth speed as a function of the precursor flow for the
amino-based precursors.

Precursor Precursor flow
(ml.min−1)

Growth speed
(nm.s−1)

Corrected growth
speed (nm.ml−1)⁎

APEO 0.245 2.0 490
TMSPED 0.064 3.2 3000
BuA 0.986 0.8 49
AAm 1.542 3.5 136
EDA 0.145 2.7 1117

⁎ Thickness (in nm) for injected precursor volume (in ml)=growth speed
(nm.s− 1) /flow (ml.s− 1).
able to polymerize radically and/or ionically [30]. At the opposite, butyla-
mine and ethylenediamine do not hold any polymerizable moiety, and
the extent of fragmentation in the plasma is essential. An increase of the
discharge power gives rise to an enhancement of the fragmentation of
the precursor molecules, and to an augmentation of the coating growth
rate.
3.2. Surface energy parameters

The problematic related to adhesion enhancement comes from
that some substrates, mainly polymers, like polyolefins, fluorinated
polymers or polysiloxanes, are more difficult to bond than others
[31]. Typically, they can only be bonded after a pre-treatment to in-
crease the surface energy. Therefore, the measure of the surface ener-
gy parameters is an important parameter. Amino containing plasma
coatings on polypropylene have been studied by means of static con-
tact angle measurements using water and diiodomethane according
to the Owens–Wendt method (Fig. 3).

The water contact angle (WCA) has been measured within 1 h after
plasma treatment. The untreated PP substrate has a water contact angle
around 98°, and a surface energy (SE) of 33 mN.m−1. When reactive gas
treatment usingN2/NH3 is applied on a PP substrate, a significant decrease
of the contact anglewithwater is observed, from98° down to 64°, accom-
panied by an increase of the surface energy from33 to nearly 45 mN.m−1.
The hydrophilicity enhancement can be further improved by the reaction
0 20 40 60 80 100 120
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TMSPED

AAm

BuA

WCA ( ) - γtot (mN.m-1)

γτοτ
WCA

Fig. 3. Water contact angle (WCA) and surface energy (γtot) for amino-based plasma
coatings; dissipated power: 0.8 W.cm-2, 31.5 s treatment time (except for N2/NH3: 9 s).



Table 4
Elemental composition of amino-based plasma coatings on PP, and concentration in
carbon containing primary amine groups based on chemical derivatization; 20 slm ni-
trogen discharge gas, 0.8 W/cm2 dissipated power, 31.5 sec treatment time.

Precursor C at.% O at.% N at.% Si at.% C/N [C-NH2] at.%

PP 100 – – – – –

N2/NH3 83.5 8.4 8.1 – 10.1 3.7
APEO 58.2 22.9 8.2 10.7 7.1 1.1
APEO theo.a 54.4 24.2 7.2 14.2 7.6 11.0
TMSPED 59.9 18.8 11.6 9.7 5.2 6.1
TMSPED theo.a 48.0 24.0 14.0 14.0 3.4 12.5
BuA 81.2 3.8 15.0 – 5.4 4.5
BuA theo.a 77.4 – 22.6 – 3.4 25.0
EDA 70.4 9.6 20.0 – 3.5 1.2
EDA theo.a 46.2 – 53.8 – 0.9 100.0
AAm 78.0 2.5 19.5 – 4.0 3.1
AAm theo.a 72.0 – 28.0 – 2.6 33.0

a Theoretical elemental composition and [C\NH2] concentration for the starting
precursors.

CF
3

C-C 

C-N, 
C-O 

N-C=O, 
C=O 

Fig. 4. C1s XPS-spectra of butylamine-based plasma coating on polypropylene
(0.8 W.cm−2, 20 slm nitrogen, 31.5 s treatment time) after derivatization with 4-
(trifluoromethyl)benzaldehyde.
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of a functional precursor in the plasma. The highest surface energy is ob-
served for plasma polymerized allylamine (76 mN.m−1) with an almost
complete spreading of the water droplet. A strong hydrophilicity en-
hancement is also observed for plasma polymerized butylamine and
ethylenediamine. At the opposite, plasma polymerized aminopropyl
triethoxysilane and trimethoxysilylpropyl ethylenediamine lead to a
moderate increase of the surface energy, which is attributed to the hybrid
nature of these chemicals and the lower polar component of the surface
energy.

The N2/NH3 treatment time (9 s) is lower than that for the plasma
polymerized liquid precursors (31.5 s). This is however not responsi-
ble for the differences observed in surface energy. An augmentation
of the N2/NH3 treatment time does not improve the surface energy
parameters; a plateau is reached already after a few seconds.

3.3. X-ray photoelectron spectroscopy and chemical derivatization

Due to the complexity of the reactions taking place in the plasma,
where new functions and new bonds are created by fragmentation
and interactions with the carrier gas for instance, the determination
of the exact coating structure is not obvious. In order to help under-
standing the functionalities introduced at the polymer surface, XPS
analyses were performed on plasma coated PP. However, XPS alone
cannot provide conclusive information on the amine concentration.
Chemical functionalization prior to XPS analysis permits the unique
identification of primary amine groups (or eventually other function-
al groups such as hydroxyl, acid, secondary amine…). 4-(Trifluoro-
methyl)benzaldehyde was used for the derivatization of the primary
amine groups and the determination of the NH2 concentration.

Table 4 summarizes the respective atomic concentration obtained
for the plasma based coatings and for the concentration in carbon
containing primary amine groups based on derivatization reactions,
as described in the experimental part. Additionally, the theoretical
Table 5
Bond dissociation energies for covalent bonds relevant to this study.

Bond dissociation
energies (kcal.mol−1)

Reference

C\C 142 [32]
C\N 179 [32]
C\Si 107 [32]
C\O 257 [33]
Si\O 191 [32]
NH2 92 [33]
CH3 110 [34]
CH2 101 [34]
elemental composition of the starting precursors is included for com-
parison. In the present work, the relative measurement error of XPS
density ratios, e.g. C/N, was assumed to be 10%.

Other techniques have been described for the determination of
the functional group concentration in plasma polymerized coating.
Klages et al., for instance, investigated the combination of chemical
derivatization with quantitative FT-IR spectroscopy for the determi-
nation of primary amino group densities introduced on polyolefin
surfaces in DBD afterglows in nitrogen and nitrogen/hydrogen mix-
tures [19].

Two main factors have been studied closely: on one hand the
incorporation of nitrogen in the plasma coating (C/N), and on the
other hand the final concentration in carbon containing primary
amine groups. Indeed, the nitrogen concentration is not a negligi-
ble parameter. During the plasma deposition, the interactions
with the nitrogen discharge gas, and partially with oxygen still
present in the surrounding atmosphere, lead to the formation of
new important functions in terms of hydrophilicity increase and
adhesion properties, such as amides. These new moieties also
have an important effect on the increase of the surface energy pa-
rameters. A significant amount of oxygen is found in the plasma
coatings based on AAm, BuA, EDA and N2/NH3, in contradiction
with the precursor composition. This is primarily due to the resid-
ual air present in the DBD reactor, and to some extent to the post-
CF
3
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C-N, 
C-O 
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Fig. 5. C1s XPS-spectra of N2/NH3-based plasma coating on polypropylene
(0.8 W.cm−2, 20 slm nitrogen, 9 s treatment time) after derivatizationwith 4-(trifluor-
omethyl)benzaldehyde.
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oxidation of the polymer films when exposed to air after plasma
treatment.

When reactive gas activation (N2/NH3) is used for the incorpora-
tion of amino moieties on the polypropylene substrate, a decrease
of the carbon concentration is observed in parallel with the appear-
ance of oxygen and nitrogen-based functionalities. The carbon con-
centration can be further decreased when chemical precursors are
injected in the plasma, the extent being dependent on the precur-
sor structure. For butylamine and allylamine, where the carbon
concentration in the starting precursor is important, a relatively
large concentration in carbon is found back in the plasma coating.
On the contrary, the carbon concentration is much more limited
for plasma coatings issued from aminopropyl triethoxysilane and
trimethoxysilylpropyl ethylenediamine. For these two precursors, a
relatively good correlation between the theoretical elemental com-
position of the precursor and the elemental composition of the
plasma coating is observed. The oxygen and silicon concentrations
are slightly lower in the plasma coating, while the carbon concen-
tration has increased, indicating an augmentation of the organic
part.

The final concentration in carbon containing amino groups re-
mains relatively low for all studied precursors. A maximum of around
6.1 at.% is observed for TMSPED. The results are not in correlation
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Fig. 7. ATR-IR spectrum of aminopropyl triethoxysilane-based plasma coating on PP and
with the theoretical amino group concentration of the precursors.
As mentioned earlier, a high extent of fragmentation is taking place
in the plasma while new moieties are created at the expense of
other reactive groups or bonds. This is illustrated by the results
obtained.

This relative low concentration in primary amines could be attrib-
uted to the low dissociation energy of N\H bonds compared to that
of C-based bonds (Table 5). During fragmentation, primary amines
will be decomposed faster that other bonds present in the precursor
molecule.

During derivatization reaction between primary amine groups
and TFBA, new groups are introduced at the surface of the polymer
coating, which is translated in the XPS-spectrum by the emergence
of new peaks or broadening of existing peaks. In particular, the CF3
moiety leads to a peak around 292.5 eV. This is exemplified in
Figs. 4 and 5 representing the deconvolution C1s spectra for BuA
and N2/NH3 based plasma coatings respectively. Additionally, the
presence of amide moieties, and/or carbonyl functions give rise to
a broad shoulder around 288.4 eV and 288.8 eV for the BuA and
N2/NH3 based plasma coatings respectively. The binding energies
for the C\N, C\O functionalities are assigned around 286.1–
285.9 eV respectively. The presence of imine or nitrile groups is
not excluded, they are indeed expected around 286.7–287.0 eV
APEO precursor; 20 slm nitrogen discharge gas, 0.8 W.cm−2, 31.5 s treatment time.
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Fig. 8. ATR-IR spectrum of butylamine-based plasma coating on PP and BuA precursor; 20 slm nitrogen discharge gas, 0.8 W.cm−2, 31.5 s treatment time.
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Fig. 9. ATR-IR spectrum of ethylenediamine-based plasma coating on PP and EDA precursor; 20 slm nitrogen discharge gas, 0.8 W.cm−2, 31.5 s treatment time.
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Fig. 10. ATR-IR spectrum of trimethylsilylpropyl ethylenediamine-based plasma coating on PP and TMSPED precursor; 20 slm nitrogen discharge gas, 0.8 W.cm−2, 31.5 s treatment
time.
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Table 6
Comparison of precursor reactivities and coating properties.

Precursor Growth speed [N]
at.%

C/N [NH2]
at.%

γpol at.%
mN.m−1

γLW

mN.m−1
γtot

mN.m−1

nm.
sec−1

nm.ml−1

APEO 2.0 490 8.2 7.1 1.1 17 32 48
TMSPED 3.2 3000 11.6 5.2 6.1 27 34 61
BuA 0.8 49 15.0 5.4 4.5 40 33 73
AAm 3.5 136 20.0 4.0 3.1 38 38 76
EDA 2.7 1117 19.5 3.5 1.2 35 40 75
N2/NH3 – – 8.1 10.1 3.7 11 34 45
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(depending on the surrounding atoms) and would be included
under another peak.

Finke et al. described the derivatization by TFBA of amino-based
coatings obtained by low-pressure plasma [9]. They found for AAm-
based coating a density of amino groups around 2.5% decreasing
with time (0.6% after 30 days) and around 4.3% (down to 1.4%) for
EDA based coatings. At the opposite, a higher concentration in prima-
ry amino groups is observed with AAm compared to EDA. In this
study, AAm-based plasma coatings show a concentration around
3.1%, close to the observation of Netrevali et al. [29], while 1.2% is
obtained for EDA-based coatings (Table 4).

3.4. IR spectroscopy

ATR-IR has been used to emphasize the structure of the amino-
based plasma coatings. The plasma coatings are a few tens of nano-
meter thick while the depth resolution of IR spectroscopy lies in
the micrometer range. Therefore, in order to assess the structure
of the plasma coating without interferences from the PP substrate,
the PP spectrum has been subtracted; for this reason, some peaks,
particularly CH vibrations, are inverted. These subtracted spectra
are revealed in Figs. 6 to 10 for AAm, APEO, BuA, EDA and TMSPED
plasma coatings respectively. For comparison the spectra of the
starting precursors are presented as well.

In all cases, the FT-IR studies indicate a partial retention of the
structural properties of the monomers.

Fig. 6 represents the IR spectrum of an allylamine-based plasma
coating. The amino groups are partially transformed by the plasma pro-
cess into amide, imine or nitrile functional groups. The broad band due
to NH2 stretching between 3030 and 3500 cm−1 is strongly attenuated
in the plasma-based coating, where it can count also for imine and
amide functionalities. In the starting precursor, the peak around
1670 cm−1 is attributed to the C_C double bound, the band at
1640 cm−1 stands for NH bending and NH2 scissoring. In the AAm-
based plasma coating a broad and strong band is observed in the
place. This band is assigned to the C_O stretching in amides (1640–
1680 cm−1) and the NHbending of amines, and theNH2 bending of pri-
mary amides. At 1570 cm−1, the band is attributed to C\N stretching,
and NH bending of secondary amides. The deformation vibrations for
CHx are observed at 1460 and 1376 cm−1. The different bands between
1100 and 1300 cm−1 are due to C\N stretching present in amines, im-
ines, and amides.

In a similarway the plasmapolymerization of aminopropyl triethox-
ysilane leads to a partial retention of the precursor structure. The
stretching vibrations of NH bonds are recorded between 3600 and
3000 cm−1 in the plasma coating. The strong doublet at 1105 and
1078 cm−1 give evidence for the presence of SiOCH2CH3 groups. The
absorption around 957 cm−1 is assigned to SiCH2CHx. Finally, the
broad band at 781 cm−1 is attributed to the formation of a SiOxnetwork
during plasma polymerization; it masks theNH2wagging vibration. Ad-
ditionally, a peak due to the C_O stretching in amides is observed
around 1650 cm−1.

Once more, the plasma polymerization of butylamine leads to a
strong attenuation of the absorption band for the stretching vibra-
tions of the primary amine groups. In parallel, the deformation vibra-
tions of amines present in butylamine observed around 1600 cm−1

decrease significantly in the plasma polymer, leaving a broad attenu-
ated band instead. This band could also be partially attributed to the
stretching vibrations of the carbonyl function in amides. At the oppo-
site, alkyl deformation vibrations (CH bending) at 1460 and
1380 cm−1 remain clearly visible in the butylamine-based plasma
coating. The strong absorption at 840 cm−1 in the precursor is attrib-
uted to the NH2 wagging vibration.

The stretching vibrations of NH groups present in the ethylenedia-
mine precursor at 3360 and 3287 cm−1 have disappeared on the IR
spectrum of the plasma polymer (Fig. 9). Similarly, the band at
1595 cm−1 associated with the deformation vibration of the amine
moiety is strongly attenuated in the ethylenediamine-based plasma
coating as the NH2 wagging vibration around 840 cm−1 . The defor-
mation vibrations of CH2,3 are assigned for both spectra at 1461 and
1376 cm−1.

For TMSPED plasma coatings, a quite good retention of the initial
monomer structure is revealed (Fig. 10), with the typical deformation
vibrations of CHx around 1461 and 1376 cm−1, and the evidence of
the presence of SiOCHx groups around 1046 and 1100 cm−1.

The IR spectra evidence the partial disappearance of the primary
amino moieties for all deposited plasma coatings. The presence of
amide groups has also been emphasized. Nevertheless, the precursor
identity is retained through this process.

4. Conclusions

The amino-functionalization of a polypropylene substrate by
means of atmospheric pressure plasma has been emphasized in this
study. Various amino-based precursors have been investigated and
compared in terms of precursor reactivity, nitrogen concentration,
primary amino group concentration, coating structure, and surface
energy. Table 6 gives a good overview of these characteristics. A dras-
tic increase of the surface energy is observed using butylamine, ethy-
lenediamine or allylamine, from 32 mN.m−1 up to 76 mN.m−1. While
the dispersive component of the surface energy (γLW) is significant,
the total surface energy is mostly directed by the polar component
(γpol). Compared to the results found in the literature, slightly higher
growth speeds are observed at atmospheric pressure using a DBD
plasma. Higher reactivity is observed for trimethoxysilylpropyl ethy-
lenediamine which also gives rise to a final amino group concentra-
tion of about 6 at.%. An adequate understanding of the precursor
behavior should provide a useful tool to optimize the coating func-
tionality and allow an appropriate choice of the chemical precursors
according to the targeted application.
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