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Abstract

We studied the mechanism of adhesion between N2 plasma treated polypropylene (PP/N2) backing and a hybrid hydrogel (HG) pro-
duced by chemical crosslinking between poly(ethylene glycol) and soy albumin. The work of adhesion, measured by peel testing, was
found to be 25 times higher for PP/N2 compared to untreated PP (�5.0 J/m2 versus �0.2 J/m2). In order to understand the adhesion
mechanism, we performed a detailed analysis of the surface chemical composition of PP and PP/N2 using X-ray photoelectron spectros-
copy (XPS), chemical derivatization and attenuated total reflectance infra-red (ATR-IR) measurements. The results confirm incorpora-
tion of different nitrogen- (amine, amide,. . .) and oxygen- (hydroxyl, carboxyl,. . .) containing chemical groups on the PP/N2 surface. The
derivatized functions were primary amine, hydroxyl, carboxyl and carbonyl groups. Chemical derivatization reactions validated the XPS
results (except for carbonyl groups), and they clearly underlined the essential role of primary amine groups in the adhesion process. In
fact, after derivatization of the amine functions, the work of adhesion was found to be 0.41 ± 0.12 J/m2. Participation of amine groups in
the formation of covalent bonds at the interface between PP/N2 and HG was directly confirmed by ATR-IR measurements.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogel (HG) is a water-swollen polymer network of
either natural or synthetic origins having a great affinity
for water [1]. Strong interests in the development of novel
synthetic HG can be attributed to their unique combina-
tion of properties such as biocompatibility, permeability,
hydrophilicity and others. Recently, hybrid HGs based
on blends of synthetic and natural polymers have been
successfully developed [2]. They are often referred to as
‘‘bioartificial polymeric materials’’ [3].

HGs are used in wound dressing, cosmetic patches or in
drug delivery devices. The main limitation of HGs with
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high content of water (up to 96%) is, however, their fragil-
ity [4]. Therefore, in order to facilitate their handling and
manipulation, they require backing, usually made out of
a polymer film.

In general, adhesion between HGs and polymer backing
is very poor. In order to improve the adhesive properties of
polymers, various techniques are available for surface
modification such as wet chemical, flame and corona treat-
ments [5]. Among the various methods, cold plasma treat-
ment is a well-established method for improving adhesive
properties of polymeric substrates [6–10].

It is accepted that, depending on the gas composition
and plasma conditions, ions, fast neutrals, radicals and
vacuum ultra-violet (VUV) radiations participate in the
treatment of polymer surface, resulting in etching, chemical
functionalization, cleaning, activation, cross-linking and
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formation of an interfacial region (interphase), that all in
synergy, contribute to adhesion [6–14].

In numerous instances, plasma treatment in oxygen has
proven very useful due to surface cleaning, surface activa-
tion and microroughening, as demonstrated for metal films
(Cr, Cu) on poly-imide [15] or self adhesion in poly-
ethylene–polyethylene and polyethylene–polyethylene tere-
phthalate laminates [13], while surface roughening by Ar+

ions led to improved adhesion of Cu on poly-tetra-fluoro-
ethylene [16].

Frequently, plasma treated polymer surfaces undergo
ageing effects due to reactions with the surrounding atmo-
sphere, but importantly, due to thermodynamically driven
reorientation of the introduced surface chemical groups
into the polymer bulk [9,11,17]. In this respect, such hydro-
phobic recovery can be inhibited by energetic photon-
induced (vacuum ultraviolet radiation, VUV) crosslinking
[9–11,18,19].

Many studies pointed out the beneficial role of surface
treatment in nitrogen plasma giving rise to strong covalent
bonds at the film-surface interface containing nitrogen
chemical linkages [20]. For example, this has been demon-
strated for improving adhesion of metals on polyolefins
[21] and on fluoropolymers [22], as well as inorganic optical
coatings on polycarbonate [14] and poly-methyl-methacry-
late [18].

Most of the papers related to adhesion improvement by
plasma treatment are unanimous in attributing an impor-
tant role to the chemical functionalization of the polymer
surface by polar chemical groups [5–11,13,21–24]. They sig-
nificantly improve adhesion between the treated polymer
and the other component by interactions ranging from
the rather weak Van der Waals or acid/base interactions
to the strong covalent bonding. In this work, we focused
our attention to the chemical functionalization effect, aim-
ing at determining the role of the most important chemical
functions grafted during the plasma treatment and leading
to highest adhesion of HG to polypropylene (PP). In fact,
we have previously shown, that surface treatment of PP in
low pressure N2 plasma (PP/N2) leads to, at least, a 25-fold
increase of the work of adhesion (WA) when optimum
conditions are used [25].

The study of the chemical groups introduced to the
polymer surface by N2 plasma is rather complex because
of the broad range of incorporated species [12,23]. In addi-
tion, the binding energy shift of the C1s spectra measured
by X-ray Photoelectron Spectroscopy (XPS) for the chem-
ical functions, such as amine, hydroxyl, carbonyl, amide,
and carboxyl is often too small to allow an accurate spec-
tral curve fitting [26]. Therefore, only a combination of sev-
eral complementary analytical techniques such as chemical
derivatization reactions, XPS [24,27,28] and attenuated
total reflectance infra-red (ATR-IR) provide appropriate
information about the interface chemistry.

Specifically, chemical derivatization was developed to
selectively label surface functional groups of interest, suit-
able for further analysis by XPS [26–29] and mass spec-
trometry [28–33]. The principle of the technique is to
selectively graft to specific chemical groups a molecule
containing a chemical element (F, Cl, I,. . .) that is easily
detectable by the analysis method.

The objectives of the present work were is to perform a
complete chemical analysis of PP/N2 using chemical deriv-
atization, XPS and ATR-IR measurements in order to
assess the adhesion mechanism between PP/N2 and HG.
Indeed, by selectively blocking specific chemical functions
present on the PP/N2 surface and by measuring the work
of adhesion (WA) for every derivatized sample, we were
able to determine the chemical groups responsible for the
adhesion improvement.

2. Experimental setup

2.1. Synthesis of the hydrogels

The PEG-based HG used in this study was prepared at
Bioartifial Gel Technology, Montreal, Canada. The HG
was obtained by chemical crosslinking of bi-functionalized
(using 4-nitrophenylchloroformate) poly(ethylene glycol)
(PEG) and soy albumin protein. During this reaction a
para-nitrophenol molecule is liberated and PEG forms a
urethane linkage with the free amino-groups of the soy
protein. As a result, stable urethane linkages between a bio-
polymer and PEG are formed. Hydrogels are then washed
in a phosphate buffer solution (PBS) at a pH of 7.2–7.4 to
remove unreacted components. More details have been
published previously [2,34,35]. For this study, water swol-
len HG samples were synthesized from 1:1 aqueous solu-
tions of soy protein with a 12 wt.% of soy albumin and
22 wt.% of PEG.

2.2. Plasma treatment of polypropylene

N2 plasma treatments were performed in a radio-fre-
quency (RF, 13.56 MHz) plasma system (Fig. 1) equipped
with a roll-to-roll mechanism. The system consisted of a
turbomolecularly pumped aluminium vessel with a 12 ·
12 cm RF electrode (made of copper). Twelve centimeter
wide polypropylene (PP) films, in contact with the RF-
powered electrode, were moved through the plasma zone
at a speed of about 30 cm/min. The RF power was adjusted
at 100 W leading to a self-bias voltage of �300 V on the
electrode, while the N2 flow rate was fixed to 220 sccm
and the pressure to 200 mTorr. All PP samples were treated
with a residence time in the plasma of 25 s, corresponding
to the optimum treatment duration determined previously
[25].

2.3. Adhesion measurement

The work of adhesion, WA, was measured using a slip-
peel test instrument (Peel Tester Instrumentors SP-103B-
3M45) with a load cell of 0–19 g at a peel-off rate of
2.2 cm/min. The measuring specimen consisted of two



Fig. 1. Schematic of the RF N2 plasma treatment chamber.

114 R. Snyders et al. / Surface Science 601 (2007) 112–122
pieces of 6 · 6 cm2 PP/N2 attached to both sides of
3 · 3 cm2 HG samples. After attachment, 15 min waiting
time was allowed for interaction between PP/N2 and the
HG.

For peel force measurement, one piece of PP/N2 at-
tached to the HG was fixed to the moving element of the
slip-peel tester using an adhesive tape, and the other piece
was attached to the load gauge at a 90� angle using a clamp
(Fig. 2a). In this experiment, the force (F) necessary to peel-
off the PP/N2 specimen from the HG was recorded as a
function of time (t) (Fig. 2b). The area under the F = f(t)
curve corresponding to the necessary WA to peel off the
PP/N2 from the HG was determined as:

W A ¼
v
S

Z l=v

0

F ðtÞdt; ð1Þ

where v is the displacement speed, l is the sample length
along the displacement direction, S is the sample surface,
and t is the duration of the measurement.

2.4. XPS characterization

XPS analyses were performed in a VG-ESCALAB 3
Mark II system pumped to a base pressure around
3 · 10�10 Torr. The XPS data were collected using a non-
monochromated Mg Ka radiation at 1253.6 eV with a
0.8 eV resolution. Photoelectrons were collected at a take-
off angle of H = 0� from surface normal.

For all samples, survey spectra were recorded with a
50 eV pass energy, while the high resolution spectra in
the regions of interest (O1s, C1s, N1s, Cl2p and F1s peaks)
were obtained with a 20 eV pass energy. Atomic concentra-
tions were derived from the peak areas by using photoion-
ization cross sections calculated by Wagner et al. [36].

Shirley-type background subtraction was used prior to
peak separation of non-smoothed XPS spectra. The full
width at half maximum (FWHM) of the different carbon
peaks was fixed at 1.65 eV, and the shape ratio (Gaussian
to Lorentzian) was 60%. Chemical shifts of the different car-
bon-containing groups which compose the C1s peak were
based on the values proposed by different authors in the lit-
erature: they are reported in Table 1 with the corresponding
chemical group. The chemical shift of the carbon peak is re-
ferred to aliphatic carbon at 285.0 eV. The curve fitting
quality was evaluated by the Chi-square convergence.
2.5. Chemical derivatization

Chemical derivatizations of PP/N2 were carried out in
vapour phase with para-chlorobenzaldehyde (pCB, Alfa
Aesar, 95% of purity) for primary amine (C–NH2), trifluo-
roacetic anhydride (tFAA, Alfa Aesar, 95% of purity) for
hydroxyl (C–OH), and 2,2,2-trifluoroethanol (tFE, Alfa
Aesar, 95% of purity) for carboxyl (O–C@O) groups.
It is important to emphasize that tFAA also reacts with
primary and secondary amine functionalities.

Derivatization reactions with pCB vapours were per-
formed in an oven at 55 �C for time periods varying from
30 min to 96 h as proposed by Chevallier et al. [27]. Deriv-
atization with tFAA and tFE vapours were carried out
in vials at room temperature. According to the method
described by Markkula et al. [31], the reagents were intro-
duced to the vial with the PP/N2 sample, and the derivati-
zation time was 24 h.

Liquid phase derivatization of carbonyl (C@O) was
performed with a saturated solution (10 mg/ml) of 2,5-
difluorophenylhydrazine (dFPH, Alfa Aesar, 97% purity)
in dehydrated ethanol. The samples were placed in the
solution for 20 min and then washed thoroughly with
anhydride ethanol [31].

After each chemical derivatization reaction, the deriva-
tized samples were outgassed at room temperature in
vacuum (�10�6 Torr) during 1 h, followed by XPS analysis
and adhesion measurements.
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Fig. 2. Schematic of the adhesion measurement system (a) and a typical measured adhesion curve (b).

Table 1
Chemical shift corresponding to different types of carbon linkages
observed after deconvolution of the C1s peak

Assignement Chemical shift (eV) Carbon label References

C–C and C–H 285.0 C1 [12,13]
C–N 285.7 C2 [12]
C–Cl and/or C–O 286.7 C3 [12,38]
C@NH 286.9 C4 [12]
C@O and/or N–C@O 288.3 C5 [12,13]
O–C@O 289.2 C6 [12]
CF3 293.0 C7 [28]
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In order to verify the effect of the derivatization process
on the virgin PP, for example solubility of the agent used
for derivatization inside the polymer, in every case, a pure
PP reference sample has been submitted to the same reac-
tion. Moreover, as mentioned above, during derivatization
of primary amine, it is necessary to heat the PP/N2 speci-
mens to 55 �C. This may possibly lead to accelerated ageing
of the polymer surface. To verify changes in the chemical
composition of PP/N2 due to the heat treatment, PP/N2

samples were annealed for 24 h at 55 �C (PP/N2/annealed),
followed by XPS analysis.
2.6. ATR-IR characterization

Interaction between soy proteins and PP/N2 (PP/N2-
Prot) has been studied by ATR-IR. A piece of PP/N2

was in contact for 15 min with saturated 96 vol.% aqueous
solution of soy albumin from Archer Daniels Midland Co.
Then, the sample was thoroughly washed with water and
dried at room temperature during 8 h. PP/N2-Prot and
PP/N2 samples were analyzed by ATR-IR spectroscopy
at 45� incidence using a trapezoidal Ge crystal
(50 · 20 · 2 mm) with 45� facet angle (Single Pass Trape-
zoid Plate, Harrick Scientific Corp.) in a Digilab FTS-
3000 Excalibur Seri spectrometer equipped with a deuter-
ated triglycine sulphate detector. The background was
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determined with a Ge prism and subtracted from the
measured spectra.

3. Results and discussion

3.1. XPS study of PP and PP/N2 surfaces

In the first part of this study, we performed a detailed
analysis of the plasma treated PP surfaces. Fig. 3 presents
high resolution C1s spectra and relevant curve fitting for
PP, PP/N2 and the derivatized PP/N2 samples. Tables 2
and 3 report a summary of the chemical composition and
of the curve fitting data.

The results show that untreated PP already contains
5.4 at.% of O, while the curve fitting reveals that O is
not bonded to C. Indeed, the C1s peak of PP is
entirely composed of the aliphatic component (C1 at
285.0 eV). We therefore assume that oxygen is adsorbed
on the PP surface or dissolved in the polymer as an
impurity.

Exposure of PP to N2 plasma leads to a substantial
restructuring of the chemical composition of PP, namely
incorporation of nitrogen- and oxygen-containing groups:
broad scan analysis reveals 13.2 at.% of N and 14.9 at.%
of O for PP/N2 (Table 2).

The high content of O on PP/N2 has two origins: (i)
incorporation of O during the plasma treatment from the
residual gases present in the treatment chamber (water
vapor and oxygen), and (ii) reaction with oxygen or water
vapor after exposure to the atmosphere. Indeed, it is well
known that after plasma treatment of polymers, unreacted
radicals present at the surface readily react with the atmo-
spheric gaseous species. Similar observations were made by
Frances et al. for polystyrene and PP surfaces treated in Ar
plasma [38], confirming post-treatment incorporation of O
at the polymer surface.

The C1s peak for PP/N2 (Fig. 3) shows an intense
broadening towards high binding energy, giving evidence
of O and N incorporation. From curve fitting results (Table
3) we expect the presence of C–N (C2), C–O (C3), C@O
and/or N–C@O (C5), and O–C@O (C6) bonds at the sur-
face. The most abundant nitrogen-containing function
introduced at the PP/N2 surface is amine (C–N). Since
the XPS resolution of the spectrometer used in this study
is only 0.8 eV, it is impossible to distinguish primary, sec-
ondary and ternary amines. From the curve fitting results,
the C2 peak at 285.7 eV assigned to C–N represents 22.1%
of C present in this form at the surface (Table 3). The C3,
C5 and C6 peaks, assigned to C–O, C@O and/or N–C@O
and O–C@O groups, respectively, represent 8.8%, 6.3%
and 0.1% of the carbon.

3.2. Chemical derivatization

In order to validate the assignments of the components
of the C1s peak, we performed chemical derivatizations of
the expected chemical functions introduced at the PP/N2
surface. The studied functionalities were primary amine
(C–NH2), hydroxyl (C–OH), carboxyl (HO–C@O) and
carbonyl groups (C@O).

3.2.1. Chemical derivatization of primary amine

Eq. (2) describes the condensation reaction occurring
during the derivatization of primary amine using pCB. This
reaction is known to be very selective for C–NH2, as
recently shown by Chevallier et al. [27] using different
surfaces presenting only one functionality: oxydianiline
(amino groups), polyacrilamide (amide groups), and poly-
(acrylic acid) (carboxyl groups), polyacrylonitrile (nitrile
groups). We conclude from Eq. (2), that for every C–
NH2 which reacts with pCB, we introduce two elements
which are not present at the virgin surface, namely (i) Cl
atom (C–Cl, C3, 286.7 eV), and (ii) C@N groups (C4,
287.0 eV).

ð2Þ
Tables 2 and 3 show, respectively, the composition and per-
centage of different chemical groups determined by XPS
for PP, PP/N2 and the derivatized PP and PP/N2 surfaces.
We observe incorporation of Cl (2 at.%) after derivatiza-
tion of PP/N2, while no Cl was detected on pure PP
surface. The C1s peak following derivatization was restruc-
tured (Fig. 3 and Table 3). We observe a decrease of peak
C2 from 22.1% to 17.5%, and an increase of peak C3 from
8.8% to 10.3%.

The decrease of C2 is attributed to the consumption of
C–NH2, and the increase of C3 (C–OH) is attributed to
the appearance of C–Cl bonds which exhibit a chemical
shift similar to C–OH bonds [37,39]. These results suggest
the consumption of C–NH2 groups and subsequent incor-
poration of Cl and C@N on the PP/N2 surface by the
derivatization reaction with pCB, clearly confirming the
presence of C–NH2.

Annealing of PP/N2 (PP/N2/annealed), was found to in-
crease the O concentration (from 14.9 at.% to 15.6 at.%),
while no significant changes in N were observed (see Table
2). We can therefore conclude that heating does not lead to
artifacts during C–NH2 derivatization.

We studied in detail the C–NH2 derivatization kinetics
by evaluating the surface chemical composition as a func-
tion of derivatization time (Fig. 4a). We found that the sur-
face composition stabilizes after 1.5 h of derivatization
when the Cl concentration reaches its highest value of
2 at.%. This value is slightly higher than the one deter-
mined by Chevallier et al. [27]. Therefore, the derivatiza-
tion duration of 24 h for the pCB reaction was
considered appropriate.
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The value of 2 at.% of Cl after 24 h of derivatization ap-
pears rather low compared to the concentration of amine
groups determined from high resolution XPS spectra
(Fig. 3 and Table 3). This can be explained by the following
arguments: (i) the derivatization reaction of amine groups
which used an aldehyde is efficient only for primary amines
(C–NH2) [40,41]; therefore, secondary and ternary amines
which also contribute to the C2 peak are not derivatized,
and (ii) a certain part of C–NH2 introduced by N2 plasma
treatment is not available for derivatization due to the ther-
mally induced polymer chains rotation which hides the
active chemical groups inside the polymer [42].



Table 2
Chemical composition determined by XPS

Samples C (at.%) O (at.%) N (at.%) Cl (at.%) F (at.%)

PP 94.6 5.4 – – –
PP/N2 71.9 14.9 13.2 – –
PP/N2/annealed 70.4 15.6 13.0 – –

PP/N2 + pCB 73.6 15.8 8.6 2.0 – Primary amine derivatization
PP + pCB 95.9 4.1 – – –

PP/N2 + tFE 72.0 13.5 13.0 – 1.5 Carboxyl derivatization
PP + tFE 95.8 4.2 – – –

PP/N2 + tFAA 68.6 9.8 12.1 – 5.5 Hydroxyl (+amine) derivatization
PP + tFAA 93.0 6.0 – – 0.9

PP/N2 + dFPH 76.4 9.8 13.9 – – Carbonyl derivatization
PP + dFPH 94.8 5.2 – – –

Table 3
Percentage of different carbon-containing groups

Sample C1 C2 C3 C4 C5 C6 C7

PP 100.0 – – – – – –
PP/N2 62.7 22.1 8.8 – 6.3 0.1 –
PP/N2 + pCB 64.0 17.5 10.3 2.0 6.1 0.1 –
PP/N2 + tFE 68.8 17.3 7.1 – 6.4 0.2 0.2
PP/N2 + tFAA 60.4 22.4 7.9 – 6.0 1.9 1.4
PP/N2 + dFPH 63.0 23.2 8.5 – 5.1 0.2 0.0
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3.2.2. Chemical derivatization of carboxyl, hydroxyl

and carbonyl groups

Chemical derivatization reactions of further chemical
groups on the PP/N2 surface are described by Eqs. (3)–(5),
respectively, for HO–C@O, C–OH and C@O. Chemical
composition of the different derivatized samples are re-
ported in Table 2 in comparison with PP derivatized under
the same conditions. XPS spectra of the C1s peak and their
curve fitting are presented in Fig. 3 and their analysis is
presented in the subsequent section.

3.2.2.1. Derivatization of carboxyl groups. Chemical deriva-
tization of PP/N2 by tFE introduces 1.5 at.% of F on the
surface. In Fig. 3 and Table 3, we observe the presence of
C7 due to CF3 bonds which confirms the presence of the
carboxyl (HO–C@O) groups at the PP/N2 surface.
ð3Þ
3.2.2.2. Derivatization of hydroxyl groups. As already
pointed out in Section 2, tFAA reacts not only with the
C–OH groups but also with primary and secondary amines
to form amide groups [43]. Therefore, any approach to
quantification has to be made with caution. We observed
that the derivatization of PP/N2 by tFAA leads to the
introduction of 9.5 at.% of F at the surface (Table 2).
Curve fitted spectra (Fig. 3 and Table 3) show the presence
of C7 (1.4%) corresponding to the CF3 (293.0 eV) peak
and, in comparison with PP/N2, the C6 peak intensity in-
creases from 0.1% to 1.9% due to the presence of O–
C@O (289.2 eV). The latter one appears at the surface after
formation of an ester bond between tFAA and C–OH. One
can note that contribution of C5 (288.3 eV), corresponding
(at least partially) to N–C@O bonds, does not appreciably
change after tFAA derivatization. This observation indi-
cates that hydroxyl groups are, in our case, more efficiently
derivatized than amine groups, since the reaction between
amine and anhydride produces amide functionalities.

ð4Þ
For comparison, the same treatment by tFAA has been
performed on untreated PP. We observe 0.9 at.% of F
(Table 2) assumed to be related to traces of –OH groups
(impurities) present at the PP surface.
3.2.2.3. Derivatization of carbonyl groups. Since the peaks
due to C@O and N–C@O are completely overlapped (C5,
Table 1), their contribution can only be distinguished by
chemical derivatization. During the derivatization of the
C@O groups with dFPH, one expects the presence of C–
F and C@N bonds (Eq. (5)). However, no F was detected
(Table 2) and no restructuring of the C1s peak was ob-
served; this suggests the absence of C@O groups at the
PP/N2 surface. Therefore, we conclude that C5 is mainly
related to N–C@O functions.

ð5Þ
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3.3. Study of adhesion between PP/N2 and HG

3.3.1. Adhesion evaluation

In order to study the importance of each chemical func-
tion introduced by the N2 plasma treatment of PP on the
adhesion of HG, we measured WA for PP/N2 samples
derivatized for specific functional groups. Derivatization,
described in the previous section, leads to selective blocking
of different chemical groups introduced during the plasma
treatment. These groups cannot participate anymore in the
adhesion process between PP/N2 and HG. In the following,
we assume a weak influence of the newly introduced
elements and groups (–CF3, –Cl) at the derivatized
PP/N2 surface on the adhesion.

WA values for untreated PP, PP/N2, PP/N2/annealed,
PP/N2/24 h and for PP/N2/derivatized for different func-
tional groups are summarized in Table 4. WA increases
25 times immediately after N2 plasma treatment of PP;
however, after 24 h, with or without annealing, WA

decreases by about 40% of its initial value. This decrease
is related to external factors such as adsorption of water
or surface oxidation, and to the tendency to attain an



Table 4
Work of adhesion

Sample Symbol WA (J/m2)

PP WA,PP 0.20 ± 0.08
PP/N2 W A;PP=N2

4.84 ± 0.82
24 h annealed PP/N2 W A;PP=N2=Annealed 2.97 ± 0.15
24 h aged PP/N2 W A;PP=N2=24h 2.36 ± 0.67
PP/N2 + pCB WA,C–NH2

0.41 ± 0.12 Primary amine
derivatization

PP/N2 + tFAA WA,C–O 1.80 ± 0.95 Hydroxyl
(+amine)
derivatizations

PP/N2 + tFE WA,HO–C@O 2.00 ± 1.10 Carboxyl
derivatization

PP/N2 + dFPH WA,C@O 4.79 ± 0.64 Carbonyl
derivatization
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energetically favorable state by restructuring processes and
diffusion [43]. We attribute this decrease to the reorienta-
tion of PP/N2 chains resulting in a lower concentration
of chemical functions introduced by the plasma treatment
[39,44,45].

3.3.2. Role of primary amines in the adhesion mechanism

In Fig. 4a and b, we observe the evolution of both WA

and the concentrations of Cl and imine groups on the
derivatized surfaces as a function of the derivatization time
of C–NH2. Despite a certain scatter of the experimental
data due to the uncertainty of the fitting procedure, clear
trends can be deduced. After complete derivatization
(24 h), WA reaches values close to the ones measured for
untreated PP (WA/PP). This decrease of WA is correlated
to the increase of the C2 and C4 peaks corresponding to
C–Cl and C@N, respectively. These results clearly confirm
the important role of C–NH2 in the adhesion mechanism.
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Fig. 5. ATR-IR spectrum obtained as difference betwee
We found that WA after 24 h of derivatization (0.41 ±
0.04 J/m2) is still higher than WA/PP (0.2 ± 0.08 J/m2). This
may result from the following: (i) the derivatization reac-
tion with pCB is effective only for the primary amine, while
the secondary or ternary amines can be involved in the
adhesion process, (ii) as explained in the introduction,
other mechanisms than chemical functionalization can also
be responsible for adhesion (roughening [15,16], crosslink-
ing [39], introduction of electric charges on the polymer
surface [46]).

3.3.3. Role of the other chemical groups in the adhesion

mechanism

Table 4 reports WA values measured after derivatization
of different functional groups compared with PP/N2 and
PP/N2/24 h. WA decreases with ageing of PP/N2 from
5.01 J/m2 to 2.36 J/m2 after 24 h of exposure to the atmo-
sphere. As we explained in the introduction, this ageing is
mainly related to hydrophobic recovery of the surface
[42–44]. Since the derivatization reactions occur during
24 h, the reference value should be W A;PP=N2=24h ¼
2:36 J=m2.

Derivatization of HO–C@O was found to slightly
decrease WA, but WA,HO–C@O remains comparable to
W A;PP=N2=24h. Derivatization of C–OH groups leads to a
more significant decrease of WA. We attributed the latter
effect to partial derivatization of primary and secondary
amine functions which occurs simultaneously with the C–
OH groups. Therefore, we did not observe a complete loss
of adhesion that was expected from the full derivatization
of amine groups. Finally, since derivatization of C@O
groups (20 min duration) is not observed (see Section
3.3.2), it is not surprising that WA,C@O (4.89 J/m2) remains
similar to W A;PP=N2

.
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3.3.4. PP/N2–protein interaction – ATR study

HG used in this work is formed by PEG and soy protein
molecules. Since PEG is only composed of inert aliphatic
carbon and ether oxygen (except for their extremities where
they contain hydroxyl groups), we assume that the HG
component involved in the adhesion process is soy protein.
To validate this assumption, we studied the interaction
between PP/N2 and a soy protein solution. Presence of
protein on the surface is correlated with the presence of sec-
ondary amide forming peptide bonds between amino acids.
Since XPS analysis cannot give unambiguous results con-
cerning the type of amide present on a surface, we used
ATR-IR.

Since the sampling depth of the ATR-IR technique is
relatively large (0.5 lm) compared to the thickness within
which protein can react, the signal coming from the modi-
fied surface is ‘‘diluted’’ by that of the polymer bulk [47].
To highlight chemical changes of the surface, one must
therefore subtract a reference sample spectrum from the
treated one. Fig. 5 presents the subtraction of ATR-IR
spectra measured for the PP/N2-Prot and PP/N2 samples
(used as reference).

As we can see, the protein adsorption on the PP/N2 sur-
face introduces mainly two new IR bands (1 and 2). Band 1
is rather broad, and it space between 3620 cm�1 and
3050 cm�1, while being centered at about 3300 cm�1. The
main component of these band is attributed to the strong
–NH stretch of secondary amides observed in polypeptide
and proteins (3280–3300 cm�1). One can also observe other
components contributing to this broad band at about
3250 cm�1 and 3400 cm�1, which can be related to stretch-
ing vibrations in primary amine (3280–3460 cm�1) and pri-
mary amide (3380–3400 cm�1) groups, respectively. Band 2
between 1500 cm�1 and 1750 cm�1 presents a doublet
structure with sub-peaks centered at 1640 cm�1 and
1550 cm�1. We attributed these two peaks to C@O stretch-
ing (1630–1680 cm�1) and to NH bending (1475–
1565 cm�1) vibrations in secondary amide, respectively.

From these results, we can unambiguously conclude that
proteins are chemically bonded to the PP/N2 surface, and
they participate in the adhesion process.
4. Conclusions

We studied the adhesion mechanism between N2 plasma
treated polypropylene (PP/N2) and a PEG-soy protein hy-
brid hydrogel (HG). Using XPS, we have determined the
changes in the chemical composition on the PP surface in-
duced by plasma treatment. It has been shown that the
main nitrogen-containing functions introduced on the PP
surface were amine (C–NH2), hydroxyl (C–OH), carboxyl
(O–C@O), carbonyl (C@O) and amide (N–C@O) groups.
To validate the XPS assignments, we performed chemical
derivatization of these chemical functions. We confirmed
the presence of primary amine (C–NH2) and of the C–
OH and O–C@O groups, while the reaction with C@O
was not observed. We concluded that the component at
288.3 eV in the C1s peak is totally attributable to N–C@O.

The chemical derivatization was used to determine the
role of the different chemical functions in the adhesion pro-
cess between PP/N2 and HG. We showed that the C–NH2

groups are mainly responsible for the improvement of
adhesion. Indeed, the work of adhesion (WA) measured
for PP/N2 after 24 h of ageing (2.36 ± 0.67 J/m2), in com-
parison with the WA measured for C–OH and O–C@O
derivatized PP/N2, are very close to each other
(1.80 ± 0.95 J/m2 and 2.04 ± 1.12 J/m2, respectively). After
derivatization of C–NH2, WA falls to 0.41 ± 0.12 J/m2

comparable to untreated PP (0.20 ± 0.08 J/m2).
ATR-IR measurements revealed that the adhesion reac-

tions involved soy proteins present in the HG. Indeed, after
interaction with soy solution, we observe appearance of
two IR bands related to secondary amides present in pro-
tein chains as peptide bonds.

Despite our improved understanding of the adhesion
mechanisms, more detailed work should be directed toward
the study of (i) the nature of the interaction between HG
and PP/N2 (covalent, ionic, etc.), and (ii) the synergy be-
tween chemical functionalization and other modifications
induced by N2 plasma treatment (e.g., nanoroughening,
electric charge incorporation, and others).
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