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Received 10 August 2009; accepted 12 April 2010
DOI 10.1002/app.32612
Published online 27 July 2010 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: The surface composition of aminated poly-
propylene films (PP-g-NH2) and their adhesion to polycar-
bonate (PC) film were evaluated. The detection of amine
groups on PP-g-NH2 surfaces was obtained by X-ray pho-
toelectron spectroscopy (XPS). Contact angle measure-
ments showed a decreased in the polarity on PP-g-NH2

surface The adhesion between laminated films of PP-g-
NH2 and PC was evaluated by T-peel test and optical mi-
croscopy. PC deposited on the PP-g-NH2 surfaces was
confirmed by FTIR-ATR and SEM analysis of delaminated

films, which is an indicative of an interaction between re-
active sites of each polymer. The adhesion performance
between PC and PP was improved by using amine modi-
fied polypropylene (PP-g-NH2). VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 119: 336–342, 2011
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INTRODUCTION

Chemical modification of bulk polymer is one of the
many methods used to physically modify polymer
surface. Suitable techniques to chemically modify
the polymer surface include flame treatment, corona
discharge treatment, plasma modification, and sur-
face graft polymerization. However, these techniques
prohibit a design of chemically well-defined surfa-
ces.1–5 Modification of polyolefins (POs) by grafting
of maleic anhydride, acrylic acid, or methacrylic acid
monomers has been used to obtain reactive poly-
mers with acidic functionality.6–8 These reactive sites
have been used as compatibilizing agents between
polyolefins and polar polymers such as polya-
mides9,10 and polyesters.11,12 However, there is a
growing interest in preparing polymers containing
amine groups, specifically in polyolefins. Primary
amines are very attractive groups to be grafted to

PP, but monomers containing primary amines are
rarely used to make functionalized PP with primary
amine (PP-g-NH2).

13 An alternative method is react-
ing nucleophilic bifunctional compounds with car-
boxylic acid or maleic anhydride groups grafted into
polymer.14–20 The reaction between these groups
produces amide or imide bonds, leaving a polymer
with pendant amine group.21 Few technical studies
have reported the use of PP-g-NH2 as adhesion pro-
moter agent to polymer films. Weinkauf17 developed
a PP-g-NH2 that was used as tie-layer to polyketone
film. The adhesion between layers was performed
by primary amine of aminated PP and functional
groups of polyketone film to form a pyrrole bond-
ing. Lu and Macosko20 showed that PP-g-NH2 is an
excellent adhesion promoter to polyurethane (PU)
layers. They demonstrated that adhesion between PP
and PU improved when PP was functionalized with
secondary amine.20

Another interesting application of PP-g-NH2 could
be as an adhesion promoter to PC film. Polypropyl-
ene has become an important material with excellent
balanced physical and mechanical properties. How-
ever, PP is limited in several applications due to its
(i) low surface energy, (ii) difficulty in dyeing, (iii)
lack of reactive sites, (iv) low impact strength and
(v) high sensitivity to oxidation. Bisphenol-A
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polycarbonate (PC) is widely used in many different
kinds of applications because of its unique combina-
tion of properties. This engineering thermoplastic is
basically amorphous and, therefore, transparent. It
has an excellent balance of toughness, clarity and
high heat deflection temperature. However, some
disadvantages of PC in the packaging industry are:
(i) poor barrier to oxygen, (ii) poor solvent resistance
and (iii) high moisture absorption. Several properties
of PC can be improved by blending it with polymers
such as PP. On the contrary, PP and PC films do not
adhere to one another, which decreased the perform-
ance of multilayered films.

In our previous study,21 we demonstrated that ad-
hesion between PC and polypropylene-grafted-maleic
anhydride (PP-g-MA) can be improved by grafting
primary amine groups to PP-g-MA. The primary
amine groups were grafted into PP-g-MA for chemi-
cal reaction between aliphatic diamines and maleic
anhydride grafted groups (MA). The reaction was
carried out in internal mixer chamber using 1,4-dia-
minobutane, 1,6-diaminohexane, and 1,12-diamino-
dodecano. Long chain extension and cross linking
between PP-g-NH2 molecules were observed, as a
consequence of the ability of one diamine molecule
to react with two maleic anhydride units. As a con-
tinuation, this study describes how the surface prop-
erties of PP-g-NH2 changes with addition of dia-
mine. Identification of chemical groups on PP-g-NH2

surface and its interaction with polycarbonate reac-
tive sites was explored. Influence of bonding time
and temperature on improving adhesion between
PC and PP-g-NH2 films were also studied.

EXPERIMENTAL

Materials

The reactive blending between PP-g-MA and three
diamines (1,4-diaminobutane, 1,6-diaminohexane,
and 1,12-diaminododecane) has been previously
reported.21 The modification of PP-g-MA (with 0.2
wt % of MA) was carried out in an internal mixer at
180�C and 60 rpm for 6 min (Brabender Plasticorder
PL2200), obtaining two types of PP-g-NH2-series. In
each series, the diamines were added to PP-g-MA
using different addition protocol. At series PP-g-
NH2-X (where X is the number of carbon atoms of
diamine), the diamine was added directly to the
melted PP-g-MA and this procedure was referred as
direct-procedure addition protocol. The second addi-
tion protocol, referred as the packet-procedure, con-
sisted in adding the desired amount of diamine in a
sealed polypropylene bag (capacity 2 mL), and then
added to the mixer chamber when the polymer was
melted. The identification code used of these sam-
ples was PP-g-NH2-Xp (where X is the number of

carbon atoms of diamine and p represents packet
polypropylene bag). This procedure reduced the loss
of diamine by temperature processing. Polycarbon-
ate (PC) Lexan 144 was obtained from General
Electric.

Film preparation

Films of PP, PP-g-MA, PP-g-NH2-X, and PP-g-NH2-
Xp (X ¼ 4, 6 or 12) were prepared by compression
molding at 180�C for 5 min. The thickness of all
films was � 0.15 mm and film samples were cut
into strips 10-mm wide. Also, cast films of these
materials were obtained by dissolving 0.2 g PP-g-
NH2-X and PP-g-NH2-Xp in 10 mL of xylene at
120�C, and casting them on a glass plate and evapo-
rating the solvent in an air forced oven at 120�C for
30 min. PC film was obtained in a single-screw ex-
truder Killion KTS-100 equipped with a flat die at
240�C.

Surface characterization

The X-ray photoelectron spectroscopy (XPS) analysis
was carried out on a modified laser ablation system,
Riber LDM-32, using a Cameca Mac3 analyzer. The
base pressure in the analysis chamber was in the
low 10�10 torr range, and about 10�9 torr in the sam-
ple loading chamber. The X-ray AlK_line at 1486.6
eV was used for excitation. The binding energies
were calibrated with reference to Cu 2p3/2 at 932.67
eV and Ag 3d5/2 at 368.26 eV. The resolution
attained with this set-up is 0.8 eV measured on the
C 1s signal of a graphite target. Spectra were col-
lected by acquiring data every 0.2 eV and the energy
resolution was 0.8 eV. The core-level spectra for C 1s
and O 1s were obtained. Background subtraction
was done using the Tougaard method.22

Contact angles of distilled water on films (pre-
pared by compression molding) and cast films of
PP-g-NH2, were measured. A water drop was placed
on samples of each film using a syringe. Contact
angles were measured using the sessile drop method
on samples of 1 cm2 in a Rame-Hart contact angle
goniometer at room temperature. An average of at
least five measurements was performed to determine
contact angle.

T-peel test

T-peel test was carried out to bilayer films of PP-g-
MA, PP-g-NH2-X, and PP-g-NH2-Xp with PC film.
Specimens were prepared in a hot press by laminat-
ing PC and each modified PP, applying a pressure
of 1.9 MPa at different bonding temperatures (220
�C and 260�C) and bonding times (30, 60, and 90 s).
A 10-mm-wide strip of PP homopolymer was placed
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between the layers to serve as a delaminating initia-
tor. Laminate samples were then cut into 1.0 x 10
cm2 strips. Peel strengths were measured at room
temperature, using a tensile tester with a crosshead
speed 10 cm/min. The peel strength (N/cm) was
calculated by dividing average force at initial peak
load by strip width.

Characterization of laminated films

The surfaces of the peeled films were coated with a
thin layer of carbon and analyzed using a scanning
electron microscope (SEM) attached to an EDX unit,
JEOL 840, at 15 kV.

The laminated samples fractured at liquid N2 tem-
perature were observed by optical microscopy
(Olimpus BX60) under transmitted light.

Chemical composition of the delaminated films
surfaces was investigated by attenuated total reflec-
tion Fourier transform (ATR-FTIR) infrared spectros-
copy using a Nicolet 710 spectrometer with an ATR
accessory element with 45 degree entrance face.

RESULTS AND DISCUSSION

In our previous work,21 PP-g-NH2 was obtained in
melt state using three low molecular weight dia-
mines. A mixed grafting of amide-imide groups
were detected in all PP-g-NH2 using FTIR and a
deconvolution analysis. Adhesion for a laminated
film of PC and PP-g-NH2 was improved due to
amine groups into PP-g-NH2, However, surface
properties from PP-g-NH2 film and its influence on
adhesion to PC film were not discuss in detail.

Surface characterization of PP-g-NH2 films

Figure 1 presents XPS spectrum and deconvolution
of carbon C1s peak of PP-g-NH2-4 and PP-g-NH2-

12. Three C1s environments were observed1,5,23,24:
hydrocarbon (CHn � 285.0 eV), carbon singly
bonded to oxygen (C¼¼O � 286 eV), carbon doubly
bonded to oxygen (AC¼¼O � 287.4 eV). The nonho-
mogeneous charge peak (283.5 eV) is an artificial
peak that comes from the nonhomogeneous charging
on the polymer surface caused due to the insulating
nature of the material.25 However, peaks at 286 eV
and 283.5 eV could also be associated to carbon
bonded to amine CANH2 and amide RHNAC¼¼O.23

Figure 2 shows XPS deconvolution of O1s peak.
Two O1s environments were observed1,5,23,24: oxygen
doubly bonded to carbon (C¼¼O� 532 eV) and oxy-
gen singly bonded to carbon (CAO� 533.3 eV). In
O1s spectrum of sample PP-g-NH2-4 [Fig. 2(A)], the
peak at 532 eV is more intense than peak at 533.3
eV, however spectrum of PP-g-NH2-12 [Fig. 2(B)],
shows an equal peak intensity to both carbon
bonded oxygen. This result suggests that intensity of
C1s peak at 286 eV is more related to an increase of
functional groups CANH2 than CAOH, otherwise
CAOH peak in O1s spectra would also increased.

Contact angle measurements

Contact angle is sensitive to the chemical nature of
polymer surfaces. The energy of a surface is directly
related to its wettability, which is measured by the
contact angle. In contact angle measurement, a liq-
uid drop is placed onto a solid surface. Whether it
sits on the surface in the form of a droplet or
spreads out over the surface depends on the interfa-
cial free energies of the two substances. It was
reported that the surface chemistry and surface mor-
phology affect the contact angle of the polymer
surface.26

Water contact angle on film (prepared by com-
pression molding) and cast film of all PP-g-NH2

samples were measured. Table I shows contact

Figure 1 C 1s core-level spectra of (A) PP-g-NH2-4 and
(B) PP-g-NH2-12.

Figure 2 O 1s core-level spectra of (A) PP-g-NH2-4 and
(B) PP-g-NH2-12.
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angles of PP-g-NH2-X and PP-g-NH2-Xp prepared
by compression molding. Water contact angle of PP-
g-MA (84�) was lower than PP (98�), as has been
reported.3,27 However, PP-g-NH2-X and PP-g-NH2-
Xp showed an increase in water contact angle, com-
pared to neat PP-g-MA. Such results were probably
due to the ionic nature of amine groups. Consider-
ing that amine groups have a lower polarity than
MA groups,28 the water contact angle evaluated on
PP-g-NH2 film surface would be larger than for PP-
g-MA film surface. Similar results had been reported
on PP films modified by nitrogen and acrylic acid
plasma treatment.29

Water contact angle of cast films of PP-g-NH2-X
and PP-g-NH2-Xp were evaluated to determinate the
effect of unreacted diamine on surface polarity. For
this, an amount of each PP-g-NH2 was dissolved in
boiling xylene and then precipitated in acetone at
room temperature three times to remove residual
MA and unreacted diamine. The purified PP-g-NH2

was dried under vacuum at 80�C during 6 h. The
same procedure was used to obtained films from
purified and unpurified PP-g-MA. The results are
shown in Figure 3. The measured water contact
angle for unpurified PP-g-MA cast films was 102� 6
3� and increased to 118� 6 2� for purified material.
Films of unpurified PP-g-NH2-4 and PP-g-NH2-6
showed a contact angle around 102�, similar to
unpurified PP-g-MA cast film. After the purification
process, these films showed a contact angle higher
than their similar unpurified cast films (Fig. 3, direct
procedure), as was also observed for purified PP-g-
MA cast films. In contrast, water contact angle for
unpurified PP-g-NH2-12 cast films was of 113� 6 2�,
increased to 125� 6 1� for the purified material. For
the films PP-g-NH2-Xp, values for the water contact
angle showed the same behavior than unpurified
and purified PP-g-NH2 samples; however the contact
angle was higher for these surfaces. In a previous
work,21 we showed that the amine contents for
unpurified PP-g-NH2-X were 13 6 0.3 lequiv/g, 26
6 0.6 lequiv/g and 70 6 0.6 lequiv/g when X ¼ 4,
6, and 12 carbon atoms, respectively. After purifica-

tion process, the amine content was 18 6 2 lequiv/
g in all samples. For unpurified PP-g-NH2-Xp, the
amine content was higher due to the packet protocol
used to incorporate diamine to the melt PP-g-MA
(37 6 0.7 lequiv/g, 42 6 4.4 lequiv/g and 62 6 4.9
lequiv/g for Xp ¼ 4, 6, and 12 carbon atoms,
respectively). After purification process, PP-g-NH2-
Xp showed an amine content similar to PP-g-NH2-X,
around 18 6 2 lequiv/g, except for PP-g-NH2-12p
(amine content ¼ 26 6 0.1 lequiv/g).21 Apparently,
if the bulk of PP-g-NH2-X and –Xp had almost the
same amine content after purification process, only
1,12-diaminododecane grafted groups promoted a
change more significant on PP surface, as was
shown by the contact angle values.
Relative differences of contact angle values

between molded films and casting films were
observed (PP-g-MA cast film ¼ 84� and PP-g-MA
molded film ¼ 118�). It is possible that a rough sur-
face on casting films promoted changes on water
contact measurement, as has been reported on
superhydrophobic surface of PP,30 however this will
be confirm in a future work. Finally, the significant
changes in the polarity of PP-g-NH2-X and PP-g-
NH2-Xp, presented in Table I and Figure 3, indi-
cated the incorporation of new functional groups,
which would enhance the adhesion performance
between PC and PP.

Adhesion to polycarbonate film

The peel test results showed the availability of free-
amine grafted groups of PP-g-NH2 to react with re-
active sites of PC during the lamination process. The
bonding temperature and contact time between PP-
g-NH2 and PC were the main variables studied in
the adhesion experiments. As a control sample, PP-

Figure 3 Water contact angles on PP-g-NH2-X and PP-g-
NH2-Xp prepared by solvent casting for unpurified and
purified samples.

TABLE I
Water Contact Angles (deg) for PP-g-NH2 Films Prepared
by Compression Molding of Samples Prepared Adding
Diamine by Direct (PP-g-NH2-X) and Packet (PP-g-NH2-

Xp) Protocol

y
y

PP-g-NH2-X PP-g-NH2-Xp

PP-g-MA 84.3 6 3.8

PP-g-NH2-4 88.5 6 3.3 90.3 6 0.6
PP-g-NH2-6 98 6 5.7 91.3 6 4.7
PP-g-NH2-12 92.3 6 0.6 86 6 4.2
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g-MA/PC film bonded at 220�C and 260�C during
30 and 60 s were evaluated. Figure 4, shows the
results of peel strength for all PP-g-NH2 /PC lami-
nated for 30 s. The peel strength for PP-g-NH2-4 /
PC and PP-g-NH2-4p /PC films remained essentially
unchanged, even though the bonding temperature
was increased from 220�C to 260�C. In the case of
PP-g-NH2-6 /PC and PP-g-NH2-6p /PC films, a
slightly increased adhesion was observed. In con-
trast PP-gNH2-12 /PC and PP-gNH2-12p /PC
showed higher values of peel strength. This change
in adhesion in laminated films could be mainly due
to two reasons: bonding temperature and the molec-
ular weight. If the bonding temperature increases,
polymer chains have a better mobility and reactive
sites can generate a chemical bonding between poly-
mers.9 Such interaction is also related to molecular
weight of polymer: the molecular weight increases,
the mobility of polymer is reduced. In our study, the

weight average molecular weight of both polymers
(Mw) of PP-g-NH2-4 (227,000 g/mol) and PP-g-NH2-
6 (180, 000 g/mol), was higher than PP-g-NH2-12
(161, 000 g/mol), which decreased the chain mobil-
ity of the former during lamination process.21 For
this reason, PP-g-NH2-12 and PP-g-NH2-12p showed
better adhesion than the rest of PP-g-NH2.
The peel strength of samples bonded for 60 s (Fig.

5) exhibit a slight adhesion improvement compared
to samples bonded for 30 s. Apparently, PP-g-NH2-
12 film has a better adhesion to PC at 60 s of bond-
ing time, however there was a remarkable decreases
in adhesion when was used PP-g-NH2-12p. If the
unreacted diamine migrate to the surface during the
lamination process and react with reactive sites
available on the PC, would significantly reduce the
chemical reaction between free-amine groups grafted
into PP-g-NH2 and PC. This behavior was more evi-
dent in samples laminated at 260�C, in which adhe-
sion values did not improve as expected. As
reported previously,21 the control laminated film of
PP-g-MA/PC did not show adhesion between layers,
which confirms that amine groups grafted to PP are
good compatibilizers to PC. It has been reported that
in PC blends with polymers containing primary
amine groups, an aminolysis is the main reaction
mechanism between carbonate and primary amine
groups.31,32 Similar kind of reaction could be
expected in the experiments conducted in this study,
however it was difficult to confirm due to low levels
of grafting.

Figure 4 Peel strength of PC/PP-g-NH2, bonded during
30 s, as a function of number carbon atoms in diamine.

Figure 5 Peel strength of PC/PP-g-NH2, bonded during
60 s, as a function of number carbon atoms in diamine.

Figure 6 FTIR-ATR spectra of polypropylene side from
delaminated surfaces of (a) PP-g-NH2-4/PC bonded at
220�C during 30 s; (b) PP-g-NH2-12/PC bonded at 260�C
during 60 s; (c) PP-g-MA/PC bonded at 260�C during 60 s
and (d) PC film surface.
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Characterization of delaminated film surface

Delaminated film surface of all PC/PP-g-NH2 were
evaluated by FTIR-ATR. Figure 6 shows ATR spectra
of the polypropylene surface after delamination:
films with the lowest adhesion (PP-g-NH2-4/PC
bonded at 220�C during 30 s), films with the highest
value of adhesion (PP-g-NH2-12/PC bonded at
260�C during 60 s) and control sample (PP-g-MA/
PC bonded at 260�C during 60 s). The characteristic
FTIR-ATR peaks in each spectrum are12: 1770 cm�1

for C¼¼O carbonyl stretching vibration of PC, 1250
cm�1 for OACAO carbonate stretching vibration,
1460 cm�1 and 1380 cm�1 for deformation of methyl
(ACH3) and methylene (ACH2A) of PP. The ATR
spectrum for PP-g-NH2-4/PC (Fig. 6curve a), shows
peaks relative to ACH3 and ACH2A for the delami-
nated PP-g-NH2-4 surface which confirm our results
about poor adhesion to PC film. In contrast, the
ATR spectrum of the delaminated surface from PP-
g-NH2-12/ PC (Fig. 6,curve b) shows OACAO car-
bonate stretching vibration and became more intense
than ACH3 and ACH2A of PP-g-NH2-12. This result
suggests that PC was deposited on the PP surface.

The spectrum of delaminated control film PP-g-MA/
PC (Fig. 6, curve c) only shows ACH3 and ACH2A
of PP, confirming that there is not carbonate groups
on the delaminated PP-g-MA surface, otherwise
peaks OACAO would have been showing in ATR
spectrum.
The delaminated SEM surface images of PP-g-MA

and PP-g-NNH2-12 side (bonded to PC at 260�C dur-
ing 60 s) are shown in Figure 7. The PP-g-MA sur-
face, [Fig. 7(A)] shows a uniform texture with visible
features, which correspond to surface texture of
mold during the compression molding operation. As
nonadhesion between PC and PP-g-MA was possible
under our lamination processing conditions, no resi-
due of PC was evident in the surface image of PP-g-
MA. In contrast, the delaminated surface of PP-g-
NH2-12 shows a rough texture which is presumably
PC deposited on surface during lamination process.
Cross-sectional morphologies for each laminated

film of PC with PP-g-NH2-4, PP-g-NH2-6 and PP-g-
NH2-12, are compared in Figure 8. A poor adhesion
of PP-g-NH2-4 /PC can be seen in Figure 8(A), this
is due to a separation of specific areas after fractur-
ing at liquid N2 temperature. In contrast, images cor-
responding to PP-g-NH2-6/PC and PP-g-NH2-12/
PC, showed a uniform interface, indicating a much
better adhesion between layers.

CONCLUSIONS

Surface properties of PP-g-NH2 films confirmed that
unreacted diamine could migrate to the surface,
decreasing polarity of the film. Adhesion between
PP-g-NH2 and PC films was improved when bond-
ing temperature was increased. The decreasing trend

Figure 7 SEM images for the peeled surface morphology
of: (A) PP-g-MA and (B) PP-g-NH2-12.

Figure 8 Cross-sectional image of fractured laminated
samples bonded at 260�C during 60 s. (A) PC/PP-g-NH2-4;
(B) PC/PP-g-NH2-6; (C) PC/PP-g-NH2-12.
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of peel strength was evident as unreacted diamine
saturated the interface between films reducing reac-
tive sites from each one.

Esmeralda Saucedo, Josefina Zamora, and Jesús A. Dı́az are
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images, and XPS spectra, respectively. The authors thank
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