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Université du Maine, Avenue O. Messiaen, 72000 Le Mans, France

Received October 24, 1996; Revised Manuscript Received April 15, 1997X

ABSTRACT: Reactive species of nitrogen cold plasma could interact with a polymeric surface, leading to
an important surface functionalization (mostly as amino group attachment) and consequently to a surface
having a Lewis base character. Under certain conditions, the surface functionalization is not the only
modification; a morphologic transformation is also noticed. The virgin isotactic polypropylene is composed
in bulk of smectic and amorphous phases in the same proportions, and after the plasma treatment a
more organized monoclinic R phase appears. During the plasma treatment, two types of crystallization
take place, smectic phase f R phase and also amorphous f smectic phase, their respective proportions
varying in the thickness of the film. This phenomenon could be explained by an absorption of the plasma
VUV radiations by the polymer film. Illustration is given with different plasmas for which the VUV
emission is important.

Introduction

The opportunity of compounding polymeric materials
has emphasized their application and use in various
industrial fields. However, the need, incessantly in-
creasing, of macromolecular materials with specific
characteristics commands, rather than new material
elaboration, properties improvement, in particular the
surface properties in fields such as painting, adhesion,
etc. At the moment, the major goal of the research in
such fields is focused on surface study and on the
possibility of a control of surface properties depending
on the industrial use.
To achieve such material with controlled surface

properties, several techniques were applied, such as
chemical oxidation, flame and mechanical radiations,
and plasma treatments.1 If, in most cases, the surface
modification is well described in terms of physicochem-
ical and chemical characterizations, little attention is
focused on the morphologic properties either on the
surface or in the film thickness. Do these different
treatments affect the bulk?
Plasma etching of polymers was studied in relation

to the surface polymer crystallinity.2,3 Ablation with air
plasma occurs mainly in the amorphous region of
polypropylene and with prolonged treatment the poly-
mer surface becomes rough enough to have a micro-
domain structure.3 Polymers like poly(ether-ure-
thane)s that contain hard and soft segments show a
surface mostly composed of hard segments (urethane)
when submitted to a plasma etching, and these modi-
fications seem to be temporary over a period of 6
months.3 Fluorination of different crystalline polymers
(Nylon 6 and PET) was investigated, and for the
authors, the plasma did not change the film crystallin-
ity.4
Here, illustrations of morphologic transformations are

given for the cold nitrogen plasma treatment of isotactic
polypropylene. The surface modification of polypropy-
lene has been characterized in previous publications.5-8

Experimental Part
Materials. Polypropylene. Exempt of any kind of additives,

polypropylene, supplied by Institut Textile de France (ITF) and

obtained by extrusion, was synthesized with Ziegler-Natta
catalyst in a heterogeneous phase. It is an isotactic semicrys-
talline polymer (melting point: 160 °C). The crystalline phase
corresponds to a smectic state in a proportion of 52-55%
(determined respectively by X-ray scattering and IR spectros-
copy) and 62% (determined with differential scanning calo-
rimetry).
Purity of gases, purchased from Air Liquide, is as follows:

nitrogen (grade U), purity >99.998%; oxygen (grade C), purity
g99.5%; hydrogen (grade C), purity >99.995%; helium (grade
C), purity >99.995%.
Plasma Equipment and Plasma Treatment. The equip-

ment used here is a microwave plasma apparatus composed
of three parts. The excitation is provided by a microwave
generator (433 MHz) with a variable power (0-250 W), which
is coupled to a resonant cavity. The incident power (Pi) and
the reflected power (Pr) are measured with a power meter
(Hewlett-Packard, 435B). The impedance is adjusted until the
reflected power is very low (Pi < 10-2 W). The glow is
generated at the top of the reactor. The pumping system is
composed of a primary pump (CIT Alcatel 2012) and an oil
diffusion pump (CIT Alcatel Crystal). The gas flow (D) is
controlled by a MKS mass flowmeter type 1259B. The
pressure (p) is measured with Penning and Pirani gauges. The
reactor is a quartz cylinder of 500 mm length and 76 mm
diameter. The reactor is set up on a chamber used for the
sample introduction. The substrate can be moved in or out of
the plasma volume. We note d, the distance between the
bottom of the excitator and the sample, and l, the plasma
length.
Before each run, the system was kept at 10-6 mbar for at

least 2 h. The plasma treatment procedure was as follows:
after the film was set up on the substrate, the reactor pressure
was reduced below 2 × 10-5 mbar and the gas was introduced
5 min before the treatment. Then the latter is achieved. Two
conditions were chosen: A, Pi ) 60 W, t ) 2 min, D ) 20 sccm,
p ) 0.3 mbar, d ) 10 cm, l ) 15 cm; B, Pi ) 100 W, t ) 5 min,
D ) 20 sccm, p ) 0.3 mbar, d ) 4 cm, l ) 20 cm.
These conditions correspond to two types of surfaces:8 the

former leads to a surface highly functionalized but with a low
surface radical concentration; the latter gives a surface with
a low amino group concentration and a high radical density.
Spectroscopy of Optical Emission. Emission spectros-

copy was performed with a Jobin Yvon HR 320 monochromator
with a focal length of 32 cm equipped with two 1200 grooves/
mm gratings, and the photons were detected with a Hamamat-
su R928 photomultiplier whose spectral response ranges from
185 to 950 nm. The spectrometer resolution was 0.1 nm, and
the output signal acquired through an optical fiber was
amplified by a spectralinke (Jobin Yvon) controlled by aX Abstract published in Advance ACS Abstracts, July 1, 1997.
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computer. The sample position was maintained on the axis
of the optical probe.
Solid State Nuclear Magnetic Resonance (NMR). The

analyses were run on a BRUKERMSL 300 MHz spectrometer
at the Laboratoire de Physique de l’Etat Condensé (URA 807)
of Université du Maine.
X-ray Scattering. The X-ray scattering apparatus, a

prototype built in the Laboratoire de Physique de l’Etat
Condensé (URA 807) of Université du Maine, is composed of
4 parts: the XR beam (generator PHILLIPS PW 1130/00/60,
copper anticathod), the goniometer (two circles HUBER 424
set down onto two superposed X, Y translation tables, a plane
monochromator, plus several vertical slots to focus the beam),
the detector (BICRON type) with an electronic system (Inel
type), and the controller system (model INEL XRGCI) to
control the shift of the sample and the detector. All the
analyses are run in transmission mode.
FTIR Spectroscopy. The FTIR analyses run on a spec-

trometer (Perkin-Elmer no. 1750) were made in transmission
mode (resolution, 4 cm-1; 20 scans) or in specular reflection
mode at variable incidence angles (45-60°) (resolution, 2 cm-1;
200 scans).
DCS Analyses. The analyses were run on a TA Instrument

SDT 2960 apparatus at CTTM-départment matériaux IRAP,
Le Mans France. The thermograms were recorded from 30 to
200 °C with a temperature increase of 10 °C min-1 under argon
flux.

Results

After the surface characterization of the plasma-
modified polypropylene films, described elsewhere,8 the
crystallinity study was run on all the volume of the
samples. Different analytical techniques were ex-
plored: 13C solid state NMR, X-ray diffraction, trans-
misson FTIR spectroscopy, and differential scanning
calorimetry (DCS).

13C solid state NMR analyses. The 13C solid state
NMR spectrum of virgin or treated under conditions a
samples (Figure 1a) is typical of a polypropylene smectic
phase.11,13 Because of its only one interhelical distance
(6.50 Å), the resonance signals assigned to the methenyl
(CH), methylene (CH2), and methyl groups (CH3) are

singlets. Treatment under conditions b leads to another
effect on the polymer film, since the NMR spectrum
(Figure 1b) presents doublets for the methyl and me-
thylene groups that can be assigned to the existence of
two different interhelical distances (5.28 and 6.14 Å),
which are smaller than the former one and are indica-
tive of an R crystalline phase.14 Therefore, interactions
such as van der Waals interactions favor the intermo-
lecular chains interactions leading to the R phase
organization set up.14 The methenyl peak is still
represented as a singlet, since the corresponding groups
bound to side methyl groups are protected against
intermolecular effects.14 So nitrogen plasma under
conditions b leads to a crystallization of the smectic
phase into the R one. The structural modification takes
place in a noticeable thickness, since NMR spectroscopy
is a bulk analysis. On the other hand, solid state NMR
is not sensitive enough to give evidence of functional-
ization characterized elsewhere.8

X-ray Diffraction. X-ray diffractograms (Figure 2a)
of virgin and modified samples under conditions a have
two major reflections at 2θ ) 15° and 21°, both corre-
sponding to the smectic phase.13,15 Their relative
important width reveals a partially ordered phase. On
the other hand, the more diffused third reflection at 2θ
) 17° is relative to the amorphous phase. The X-ray
diffractogram of a sample modified under conditons b
(Figure 2b) shows five intense reflections plus two
smaller ones assigned to the R crystallization phase of
polypropylene.13,16 Once again, evidence is given of a
bulk structural modification. However, the presence of
a (100) reflection corresponding to the smectic form
suggests that the crystallization process is incomplete
even after 10 min of treatment. The structural change
is a continuous phenomenon depending on the treat-
ment duration (Figure 3) and results in a progressive
macromolecular chain organization17 with a higher
order level through intermolecular interactions. This
reorganization needs lateral motions or chain turnover
to form helical rows with the same configuration.15 A
simulation program (“fullprof”) was applied to rebuild
the X-ray diffractogram while taking into account the
same crystallographic parameters, such as space group
(P21/c) and the carbon atom coordinates (9 atoms/period)
in the 31 helix of isotactic polypropylene.19 The results
given in Table 1 and Figure 4 show that calculated
values are in good agreement with observation and the
literature.18-22

Transmission FTIR Spectroscopy. FTIR spectrum of
polypropylene shows absorption bands corresponding to
the structure regularity of isolated helices or crystalline
zones at 1220, 1168, 998, 900, 841, and 809 cm-1 and
absorption bands corresponding to the disorder or
amorphous phase at 1460, 1256, 1256, 1171, and 973
cm-1.23-25 Among these absorption bands, two of them
(at 973 and 998 cm-1), corresponding to the valence
vibration of C-C bonds, were chosen because of their
good resolution and sensitivity for short segments
(respectively 4-5 and 10-11 constitutive units24,25).
Their absorbance ratio, avoiding any fluctuation due to
the thickness variation, is given in Table 2 for the three
samples. The absorbance ratio increases when the
sample is treated under conditions b, leading to the
concept of an order development in the matrix, as also
shown in NMR and X-ray analysis. No variation is
noticed for sample treated under conditions a.
DSCMeasurements. The thermogram of a sample

modified under conditions a, similar to the blank one

Figure 1. 13C NMR spectra of polypropylene blank, treated
under conditions a (top) or b (bottom).
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(Figure 5), shows only an endothermal peak (maximum
at 70 °C) related to the R crystallization induced by the
polymer heating during the analysis. Plasma exposition
under such conditions does not affect the polymer
morphology. After the treatment under conditions b
(Figure 5), the peak corresponding to the R phase
transition does not remain on the thermal diagram due
to the crystallization of an important fraction of the
smectic phase into the R phase during plasma treat-
ment. Moreover, a shoulder appears for temperatures
between 135 and 150 °C which could be assigned to the

recrystallization of the R phase form into another R
phase form more stable and having a higher order
level.26 This transformation corresponds to the partial
melting of the primitive spherulites and leads to an
increase in melting enthalpy26 (Table 3).
Crystallinity Yield Determination. From the dif-

ferent X-ray diffractograms, evidences are given on the
presence of three morphologic phases, i.e. R, smetic, and
amorphous phases. The crystallinity yield is propor-
tional to the ratio of two areas on the X-ray diffracto-
gram, the first one (AR) corresponding to the narrow
peaks characteristic of the R crystalline morphology and
the second one assigned to the continuum background
of the amorphous and smectic structure diffraction

Figure 2. X-ray diffractograms of polypropylene blank, treated under conditions a or b.

Figure 3. Dependence versus treatment time of structural
phase of polypropylene modified under conditions b, followed
by X-ray diffraction.

Figure 4. X-ray diffractogram simulation of structural orga-
nization of polypropylene modified under conditions b.

Table 1. Position and Intensity of the Different Rays
Observed (Io) and Caculated (Ic) for the r Crystalline

Phase for Sample Treated under Conditions b

hkl 2θ (deg) Io Ic

110 14.12 4077 3926
040 17.22 3378 3441
130 18.67 4003 4228
111 21.24 1366 1496
131 21.98 2009 2114
041 22.13 133 131
150 25.50 161 165
060 25.70 389 414
220 28.45 282 282

Table 2. Dependence versus Duration of Absorbances
A998/A973 Ratio of Polypropylene Blank, Treated under

Conditions a or b

virgin
sample

sample treated
under conditions a

sample treated
under conditions b

A998/A973 0.80 0.82 0.95
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(A(am+sm)), where all X-rays are diffused in any direc-
tion.16,27,28

% R )
AR

AR + A(am+sm)

The R phase proportion increases quickly during the
first 2 min of treatment and then increases slowly to
reach a plateau at 55% (Figure 6), a value corresponding
to the virgin sample one (smectic proportion calculated
from X-ray analysis, 52%). For long treatments (dura-
tion longer than 10 min), the (100) reflection corre-
sponding to the smectic phase is still remaining on the
X-ray diffractogram. So these two facts may lead us to
concede to the possibility of another rearrangement
corresponding to the change of amorphous into smectic
phase.29

The crystallinity rate (Cr) is also proportional to the
film density:30

with dam, the density of the amorphous polypropylene
(0.853 at 25 °C) and dcr the density of the crystalline
material (0.935 at 25 °C). On the other hand, the
absorbance peak ratio (A998/A973) in the FTIR spectrum
is related to the polypropylene density30 as follows:

So the crystallinity yield, determined through FTIR
spectroscopy as described before, is increasing versus
plasma duration (Figure 7) until reaching a plateau at
78% for 10 min of treatment. Here, the second type of
crystallization (amorphous f smetic) is confirmed.
From the two calculations of the crystallization yield

and the R phase proportion, the smectic phase concen-
tration was deduced. Their respective dependences
versus treatment time illustrated in Figure 8 show that,
in parallel with the R phase crystallization, the smectic
and amorphous phases disappear, reinforcing the idea
of two types of crystallization.10 The smectic f R phase
rearrangement takes place during the first 3 min of the
plasma treatment, and the other transformation, i.e.
crystallization of the amorphous phase into the smectic
phase, is more slow and moderate. A kinetic study,
corresponding to two successive step reactions between
three compounds

Figure 5. DCS thermograms of polypropylene blank, treated
under conditions a or b.

Table 3. Melting Point and Enthalpy of Polypropylene
Virgin Treated under Conditions a or b

virgin
sample

sample treated
under conditions a

sample treated
under conditions b

Tm (°C) 161.1 164.2 160.9
∆H (J g-1) 90.5 91.2 97.7

Figure 6. Dependence of R crystalline phase proportion
versus treatment time for sample treated under conditions b
(X-ray scattering calculation).

Figure 7. Dependence of the all crystalline phase proportion
versus treatment time for sample treated under conditions b
(FTIR spectroscopy calculation).

Figure 8. Dependence of the different structural phase
proportions versus treatment time for sample treated under
conditions b.

% Cr )
d - dam
dcr - dam

A998/A973 ) -9.49 + 11.43d
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was run, and the two rate constants k1 and k2 were
determined as well as the half-life time (Table 4). The
low value of t1/2 indicates fast crystallization processes.

Discussion
The crystallizations need energy input that could be

provided from an undirect thermal effect or from very
energetic species such as VUV radiations, which can
affect a film thickness higher than 10 µm.
For an evaluation of the thermal effect, an approach

of the gas temperature is given with the determination
of the rotational temperature of molecular nitrogen in
the C3Πu radiative state.32-33 For the two chosen
conditions (a and b), the rotational temperature is
respectively found around 180 and 275 °C. These quite
high values suggest an overestimated measurement in
comparison with the real gas temperature. Indeed, a
plasma temperature higher than the polymer melting
point (162 °C determined with DSC) should lead to its
strong degradation. However, little or no degradation
is noticed under both plasma conditions.8 The overcal-
culation could be provided by a not so good resolution
of the triplet rotational band and an error in the
measurement. If the thermal effect exists, it is higher
under conditions b. To avoid any undirect thermal
effect, some experiments were run with a sample cooling
system (the freezing liquid was liquid nitrogen) in
another RF plasma reactor with close conditions of
pressure, power, and duration. A crystallization still
exists but not in such a high proportion. So the thermal
effect affects the material but is not the predominant
one.
The emission of radiations with short wavelengths,

more and more mentioned in the literature,34-37 as an
important agent of polymer chemical modification de-
pends strongly on gas nature, in the order H2 plasma
> N2 plasma > O2 plasma > He plasma.37 Different
polypropylene films were treated in H2, N2, O2, and He
plasmas under conditions b. The gas nature directly
influences the R crystallization kinetics, described in
Figure 9. O2 plasma is the most efficient, and helium
is the last efficient one in terms of structural modifica-
tion. From the spectra measured by Hollander and co-
workers,37 a mean intensity of the VUV emission peaks
in the different microwave plasmas is determined, and
the dependence of R phase fraction versus the mean
emission intensity was reported in Figure 10. For the
treatments in He, N2, and H2 plasmas, the radiative flux
and the structural modification of polypropylene are
exponentially dependent. Therefore, the VUV radia-
tions could be a major agent of the structural change
in such a bulkiness, depending on the energy level, as
defined in the Beer-Lambert law. On the contrary, the
oxygen plasma leads to a higher R phase proportion
than what could be deduced from its VUV emission, and
that could be explained through the attachment of
oxidized groups during the plasma treatment. The new
surface functions are, in most cases, chromophore
groups, and therefore they could emphasize the sensi-
tivity of the polymer film toward the radiations.
The depth of structural modification shown in Figure

11 depends on the chemical nature of the plasma gas.
The crystallinity composition of the virgin sample is not
uniform; the superficial crystallinity is more important
(78%) than the bulk one (56%). For the treated sample,
there is a linear relationship between the structural

state of the film and the analyzed thickness, and a
similar reactivity order for the decrease of the crystal-
line fraction versus film thickness is found whatever the
plasma chemical nature.
The absorption of photons at wavelengths lower than

160 nm leads to the electronic excitation σ f σ* of C-C
and C-H bonds.38 Depending on the proportion of
energy absorbed by the polymer, two effects can take
place: (i) homolytic scission39 of bonds corresponding
to macroradical formation followed by degradation,
cross-linking, and functionalization reactions and (ii)
thermal transfer of the excess energy through vibra-
tional relaxation and local molecular motions.40-42

A polymeric film absorbs a certain proportion of
radiative energy that decreases in the volume depending
on the concentration of photosensitive groups or mol-
ecules such as C-C and C-H bonds. The C-C and
C-H bond scissions, needing an excess of energy
respectively of 3.61 and 4.30 eV, could be only a
superficial phenomenon, as shown elsewhere.8 On the

amorphous (A)98
k1
smectic B98

k2
R phase

Table 4. Determination of Kinetic Parameter of
Polypropylene Modified under Conditions b

amorphous
phasea R phasea smectic phaseb

kinetic
law

d[A]
dt

) -k1[A]
d[C]
dt

) -k2[B]
d[B]
dt

) -k1[A] - k2[C]

k (min-1) 0.42 0.90 1.30
t1/2 (min) 1.65 0.77 0.53

a Determined from Figure 8. b Theoretical value of an apparent
k obtained by mathematical simulation.

Figure 9. Dependence of R crystalline phase proportion
versus treatment time and plasma chemical nature for sample
treated under conditions b (X-ray scattering calculation).

Figure 10. Relationship between the R crystalline phase
proportion appearance and the various plasma VUV emissions
for sample treated under conditions b (X-ray scattering
calculation).
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other hand, the thermal relaxation phenomenon result-
ing from a lower energetic transfer could lead to local
chain rearrangements, behind a threshold thickness
where the absorbed energy is lower than that corre-
sponding to the atom motion, since the R transition
requires a low energy level (16 J g-1 of polymer).10 The
thermal relaxation phenomenon could explain the struc-
tural modification and the observed gradient of crystal-
linity in the thickness.

Conclusion
Reactive species of the nitrogen plasma induce the

formation of macroradicals onto the polypropylene
surface. These latter, recombined or reacted with
gaseous fragments, control the cross-linking or func-
tionalization reactions onto the surface. Besides these
modifications, plasma treatment under certain condi-
tions could favor an increase of the film crystallinity and
even the appearance of a new crystallization with a
concentration gradient depending on the film thickness.
A relationship between the crystallinity changes and

the plasma emission characteristics, including VUV
radiation, was found: a hydrogen plasma having the
more important VUV emission affects more strongly the
crystallinity of the polypropylene film. The energetic
radiation absorptions produce thermal relaxations lead-
ing to deep local chain rearrangements as well as the
structural modification involved in annealing.
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Figure 11. Gradient of the R crystalline phase proportion
with the thickness of polypropylene treated in various plasmas
under conditions b (X-ray scattering calculation).
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