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ABSTRACT

Surface functionalization by argon or oxygen RF plasmas (13.56
MHz) of polymer model compounds, namely hexatriacontane (C;Hs,)
and octadecyloctadecanoate [OOD, CH,(CH,),COO(CH,),,CH;], was
studied using contact angle measurements, XPS, and FTIR-ATR. In
order to gain a better insight into the plasma-surface interaction mecha-
nisms, the effects of the main plasma parameters (treatment time, power,
pressure, and flow rate) on functionalization were investigated. It was
shown that an argon plasma is more efficient than an oxygen plasma
and that the ester-containing model compound incorporated less oxygen
than the paraffinic one. After 10 seconds of treatment, contact angle
measurements showed that none of these plasma parameters affect in
any way the properties of the uppermost surface layer; these depend
only on the nature of the sample and on the gas used in the plasma. On
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the other hand, ESCA, which allows a 70-A in-depth probing, reveals
the influence of the plasma parameters on both types of samples. IR,
which probes to a much greater depth, evidences an evolution only for
treated OOD samples. Interpretations are proposed for the effect of the
plasma parameters on functionalization.

INTRODUCTION

Low temperature plasmas have been widely used to modify polymer surface
properties like wettability and adhesion [1-7]. Surface modification is the result of
the interactions between the polymer surface and the plasma active species such as
ions, excited neutrals, and radicals as well as UV radiation. It is generally accepted
that the first step consists of the formation of radicals on the surface layer by the
elimination of hydrogen atoms. These radicals are able to react with oxygen atoms
or molecules to produce functional groups such as alcohols, ketones, acids, and
aldehydes. Their recombination also induces crosslinking or double-bond forma-
tion. Functionalization is always accompanied by surface degradation which results
in a loss of weight and a modification of the surface topography. The relative
importance of these two opposite processes depends on the nature of the polymer
and also on the treatment conditions (time, applied power, gas flow rate, and gas
pressure). The study of the influence of each parameter allows a better understand-
ing of the interaction mechanisms and an optimization of the treatment process.

In order to predict the behavior of a polymer in cold plasmas, it is necessary
to establish a relationship between the physical and chemical makeup of a polymer
and its behavior in cold plasmas. Different polymers treated in the same plasma
reactor under identical experimental conditions should be compared to reach this
goal. The same polymer, however, can present different chemical compositions and
structural morphologies at the surface depending on the preparation process (mold
nature, cooling rate, etc.), and therefore its behavior will depend on it. Comparison
of polymers that differ in their chemical compositions and which generally will
have different crystalline area percentages is difficult because several parameters
(chemical composition, crystallinity ratio) can interact.

In order to simplify this problem, we have chosen [8] to study the surfaces of
crystalline molecules as models of polymers: hexatriacontane (C;H,,), often used
as a model of polyethylene in crystallization studies [9, 10], and octadecyloctadeca-
noate [CH;(CH,),,COO(CH,),;CHj;, called OOD in the text]. This latter molecule is
obtained by substitution of the central methylene of hexatriacontane by an ester
group. C;H;, and OOD crystals are rhombic platelets, the acute angle of the lozenge
being 72° [11, 12]. The chains are arranged perpendicularly to the crystal surface,
the methyl groups being at the top and bottom. These molecules have the same
crystalline structure, and the differences observed in their behavior can therefore be
attributed to the presence of the ester function. As a second step that supports the
choice of these model compounds, they have been compared to their corresponding
polymers, i.e., high-density polyethylene and a polyester (polycaprolactone), and
these results will be published in our next paper.
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This article reports on the study of the functionalization of these model sur-
faces as a function of various operating conditions. Although plasma treatment is
limited to the surface region, functionalization is not necessarily homogeneous
within this layer [13-16]. Therefore, three techniques of increasing sampling depth
were used to characterize the modifications induced by plasma treatment: contact
angle measurements, XPS, and FTIR spectroscopy.

EXPERIMENTAL
Model Compounds

Hexatriacontane, purchased from Aldrich (purity 98%), was recrystallized
from hexane.

OOD was synthesized by reacting octadecanol with octadecanoyl chloride at
90°C in chloroform in the presence of tricthylamine as an HCI trap. The ester was
purified by chromatography on a silica gel column and recrystallized from acetone.

The C;sH,, and OOD films were prepared by melting under vacuum on alumi-
num plates set on a heating pad. The film thickness was about 2 um. After prepara-
tion, the films were stored under argon.

Plasma Treatment

The plasma reactor was a stainless-steel cylindrical vessel, 15 cm in height and
23 c¢cm in diameter. The power to sustain the plasma was supplied by a 13.56-MHz
generator (ENI HF 300) which was capacitively coupled to the lid via an impedance
matching network. The samples to be treated were placed on the grounded electrode
which was kept at constant temperature by water circulating in its core. The cham-
ber pressure was reduced to 1072 torr (1 torr = 133.3 Pa). The gas was fed into the
reactor through a mass flowmeter. The concentration of the species present in the
plasma were followed as a function of time with a quadrupole mass spectrometer
(SXP 300, VG Instruments, described elsewhere [17]) connected between the plasma
reactor and the pump.

The experimental procedure was as follows. After setting up the sample
(Cs¢H,4 or OOD film) in the chamber, the reactor pressure was reduced to 1072 torr
and the gas (argon or oxygen) was introduced at 100 cm*(STP)/min for several
minutes until the argon or oxygen concentration was at least 97% as measured by
mass spectrometry. Typically, the initial gas composition for an argon plasma was
98% argon, 0.2% hydrogen, 0.7% water, 0.9% nitrogen, and 0.2% oxygen. For an
oxygen plasma, it was 97% oxygen, 0.2% hydrogen, 1% water, 1.4% nitrogen, and
0.3% argon. Then the designated gas flow rate (ranging from 10 to 50 cm*(STP)/
min), power (20-100 W), and pressure (0.30-1.00 torr) were set and the plasma was
started. The treatment lasted between 5 and 60 seconds as predetermined. After the
end of the treatment, the sample was kept in the chamber for 10 more minutes
while the same gas flow rate was applied. The reactor was then opened. The first
sample of each new series of parameters was eliminated (see below). The following
ones were stored under argon for a couple of hours. They were studied by contact
angle measurements, XPS, or FTIR. Contact of the treated samples with air could
not be avoided, but it was kept to a minimum.
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Contact Angle Measurements

Static contact angles (sessile drop) were measured directly with the help of a
Spindler and Hoyer device (Germany). Two sets of very pure test liquids, water
and a-bromonaphtalene for hexatriacontane and water and methylene iodine for
octadecyloctadecanoate, were used. The volume of the drop was always 2 uL. All
measurements were performed a few minutes after treatment in a room with con-
trolled temperature (23 °C) and relative humidity (50%).

The best way to calculate surface energies from contact angle data is still
controversial [18]. This problem will not be discussed here. We used the following
classical approach. Surface energies were calculated from the contact angle data
using the harmonic mean equation proposed by Wu [19]. The operative equation
used was

4yoyy dvin

vyl + cosf) = +
v v+

4y

The components of the solid surface tension can be calculated provided the surface
tension components of the test liquids are known and the contact angles of the two
liquids are determined. This equation was reported to be the best approximation
for organic liquids, polymers, water, etc. [20, 21].

XPS Analysis

XPS spectra were recorded on a VG ESCALAB MKII spectrometer using
AlK, excitation radiation from an x-ray source operated at 11 kV and 5 mA. The
takeoff angle of the photoelectrons was 90°. Under our conditjons, the mean free
path of the electrons arising from the C,, level is about 20 A and the depth of
analysis about 60 A.

The constant analyzer energy mode was chosen with a pass energy of 50 V.
This high value was used in order to get a reasonable signal-to-noise ratio with a
minimal irradiation time. Because charging effects were weak (2-4 €V) and almost
constant from one sample to another, no flood gun was used. The base pressure in
the analysis chamber was in the range 107'° to 10~° torr, but during a sample
irradiation it rose to 10~® torr. This was evidence of degradation reactions occurring
under irradiation. It was further confirmed by the evolution of measured oxygen/
carbon atomic ratios as a function of irradiation time. A hexatriacontane sample,
treated for 20 seconds under an oxygen plasma (power 20 W and flow rate 10 cm?®/
min), had an O/C atomic ratio of 0.110. After further x-ray irradiation (AIK,, 11
kV, 10 mA) in the XPS chamber for 1 hour, the measured O/C atomic ratio had
dropped to 0.061. The emission of the x-ray source was then lowered to 5 mA and
the irradiation time was kept to a minimum. Typically, the carbon and oxygen
peaks were recorded in about 5 minutes.

The peaks were plotted in such a way that the height of the maximum on the
paper was always the same (see Fig. 3). This allows for an easier comparison of
peak shapes. After recording the O and C peaks, the samples were systematically
checked for contamination. It turned out that the main contaminant was silicon, so
the range 0 to 200 eV (binding energy) was enough for this control. It was extremely
difficult to get rid of this silicon contamination. Even when the samples were pre-
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pared under strictly controlled conditions to avoid all contact with silicon, contami-
nation sometimes reappeared in an apparent random manner. Contaminated sam-
ples were rejected.

In order to check for reproducibility, several experiments were performed.
Four hexatriacontane samples were successively treated in an oxygen plasma (20 W,
10 cm®/min, 10 seconds) and analyzed. The O/C atomic ratios were as follows:
0.086, 0.106, 0.110, and 0.110. This explains why the first treated sample was
eliminated. The effect of the plasma treatment time was checked twice. Results
were reproducible within an error range of 6%. Oxygen-to-carbon atomic ratios
were obtained from area ratios of XPS peaks by using a relative sensitivity factor
of 0.327. This factor was calculated in a classical way [22] detailed elsewhere [23].

FTIR Analysis

Fourier transform infrared spectra of the surface of the samples were obtained
by the attenuated total reflection (ATR) technique. A Nicolet 60 SX FTIR instru-
ment was used with an ATR 300 (Barnes, Spectra Tech, Inc.) multiple reflection
unit. The internal reflection element was a germanium crystal (52 x 20 x 20 mm;
entrance and exit angles 45°), It was carefully cleaned and dried under vacuum
before use. Each spectrum resulted from the accumulation of 1000 scans at a resolu-
tion of 2 cm™'. Subtraction of water and CO, absorbances were unnecessary in our
working range (around 1700 and 700 cm™'). A clamping force of 300 mN-m,
applied by a torque wrench, was found to give good contact between the sample
and the internal reflection element. Two thin (1 mm) rubber pads uniformly distrib-
uted the force provided by the pressure plates. With an incidence angle of 60°, the
penetration depths of the IR beam into the samples were around 0.5 um at 1700
cm™" and 0.8 zm at 700 cm™'. The bands of the carbonyl groups were normalized
with respect to a band of the methylene group (CH, rocking) at 735-725 cm™".
Normally, the stretching band at 1460 cm ™' should be used, but other bands over-
lap. This procedure compensated for variations in sample area and film-crystal
contact.

RESULTS

The effect of the main treatment parameters on the functionalization of the
two model surfaces (C;sH,, and OOD) were studied. Results concerning the influ-
ence of treatment time, applied power, gas pressure, and gas flow rate will be
successively presented. Two gases, oxygen and argon, were used throughout,

Influence of the Treatment Time

The variation of the surface tension (y") of CyH,, and OOD as a function of
treatment time is shown in Fig. 1(a). For the two samples treated with both gases,
there is a marked increase in 4" with treatment time until a plateau is reached
between 10 and 20 seconds. The order of increasing surface tension is OOD(0,) <
CyH.4(0,) < OOD(Ar) < CyH. (Ar). Argon is more efficient than oxygen, and
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FIG. 1. Surface tension versus time of oxygen or argon plasma treatment for C,H;,
and OOD. Other treatment conditions: 60 W, 40 cm,(STP)/min, 0.3 torr. (a) Total surface
tension (7). (b) Polar component (y°). (c) Dispersive component (y°). (A) CyH, argon,
(+) C;H,, oxygen, () OOD argon, (®) OOD oxygen.

the increase is more pronounced for CyH-, than for OOD. Both 4* and v° contrib-
ute to the increase of 4" (Figs. 1b and Ic).

Figure 2 shows the variation of the oxygen-to-carbon atomic ratio determined
by XPS as a function of treatment time. Oxygen is incorporated into the surface
layer of both samples treated with either gas. When the treatment time increases,
O/C goes through a maximum and then decreases to a constant value. A sharp
maximum is reached at 5 seconds for an oxygen plasma whereas it is broader and
located around 20 seconds for an argon plasma. After an argon plasma treatment,
almost the same amount of oxygen is incorporated into the surface layer of C;;H,,
and OOD. The initial difference in the O/C ratio (5%) due to the presence of
oxygen in the ester compound is maintained whatever the treatment time. This is
not true for oxygen plasmas. Far more oxygen is incorporated in Cy,H,, than in
OOD. The increase of the oxygen-to-carbon ratio as determined by XPS is a direct
measure of the incorporation of oxygen by the plasma treatment.

A qualitative analysis of the carbon peak shapes confirms the above results.
Figure 3a shows the modifications of the C,, peak as a function of treatment time in
the case of OOD. It is clear that argon is more efficient than oxygen, and the shape
of the curves in Fig. 2 is also confirmed by those in Fig. 3b (maximum at 20 seconds
for Ar, at 5 seconds for O,, etc.). Deconvolution of the C,, peak in components
corresponding to different oxygen functionalities was not performed because of the
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FIG. 2. Oxygen-to-carbon atomic ratio versus time of oxygen or argon plasma treat-
ment for C;;H,, and OOD. O/C ratios determined by XPS. Other treatment conditions: 60
W, 40 cm*(STP)/min, 0.3 torr. ( ) C;H,, argon, (+) C;H,, oxygen, () OOD argon, (®)
OO0OD oxygen.

poor resolution of the spectrometer used. The O,, peak was always broad and
symmetrical.

FTIR ATR analysis of the C, H., samples revealed the appearance of absorp-
tion bands, especially around 1700 cm~'. These bands were, however, very weak
due to the superficiality of the plasma treatment and, possibly, to a bad film-crystal
contact. They could not be used, even in a qualitative way. The carbonyl stretching
region for the untreated and oxygen- or argon-treated QOOD samples are presented
in Figs. 4 and §, respectively. The evolution of the absorption intensity in both
figures can be compared if it is assumed that the depth probed on the nontreated
samples is the same and that the absorption of the ester group is therefore equivalent
before treatment. The oxygen plasma gives rise to a marked evolution of the IR
absorption in the C=0 stretching region as a function of treatment time. Between
the untreated OOD and the sampie treated for 60 seconds, the peak widens between
1780 and 1680 cm ™' and its area is multiplied by a factor of 6 after 60 seconds. This
large absorption increases regularly with treatment time.

Several functions, such as aldehydes, ketones, acids conjugated or not with
double bonds, and other carbonyl functions, can absorb in this wide band. Each of
them will have its own extinction coefficient. To analyze the exact nature of the
modification, determination of the extinction coefficient of a large number of refer-
ence molecules should be made. It should be noted that the C=0 stretching band
area is not a direct measure of the oxygen functionalization as was the O/C atomic
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FIG. 3a. XPS C,, peak shapes for OOD untreated or argon or oxygen plasma treated
during various times. Other treatment conditions: 60 W, 40 cm*(STP)/min, 0.3 torr.
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FIG. 3b. Comparison of XPS peak shapes for OOD for treatment times where the
oxygen incorporation is the highest: 5 seconds in O, and 20 seconds in Ar.
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FIG. 4. Evolution of the FTIR ATR absorption bands in the carbony! stretching
region for OOD, untreated and oxygen plasma treated, during various times. Other treatment
conditions: 60 W, 40 cma(STP)/min, 0.3 torr.
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FIG. 5. FTIR ATR absorption bands in the carbonyl stretching region for OOD,
untreated and argon plasma treated, during various times. Other treatment conditions: 60
W, 40 cm*(STP)/min, 0.3 torr.
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ratio derived from the XPS measurements. First, some hydroxyl groups may be
created which would not be detected in the 1700 cm ™' region (analysis of the O—H
or C—O absorption bands was too difficult). Second, modifications of the environ-
ment of the carbonyl group can provoke alterations of its molar adsorption coeffi-
cient (¢). For example, if the ester is modified into a ketone, ¢ is reduced by a
factor of 1.44 [24]. Alteration of the carbonyl absorption band after oxygen plasma
treatment of OOD demonstrates modification of the surface, and this appears to be
quite high as compared to that observed for C;Ho,.

Figure 5 is the equivalent of Fig. 4 except for an argon plasma treatment of
OOD. The difference is striking. In this case there is only the appearance of a weak
absorption around 1720-1680 cm .

Influence of the Treatment Power

Between 20 and 100 W (other parameters of the plasma treatment: 40 cm®
(STP)/min, 0.3 torr, and 60 seconds), there is no significant effect of the power on
the surface tension. The data are very similar to those in Fig. 1(a).

The incorporation of oxygen into the surface region as a function of treatment
power is shown in Fig. 6. It is measured by the oxygen over carbon atomic ratio as
determined by XPS. The power has no effect for oxygen plasmas, but the oxygen
functionalization increases for argon plasma. In that case a plateau is reached at 60
W for OOD and 80 W for C;H,.

25
B o0}
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)
S 45t
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S 10}
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©
(\) 51/ p
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0 20 40 60 80 100
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FIG. 6. Oxygen-to-carbon atomic ratio (determined by XPS) versus power of oxygen
or argon plasma treatment for CysH,, and OOD. Other treatment conditions: 40 cm*(STP)/
min, 0.3 torr, 60 seconds. (A) CyH, argon, (+) C;H,4 oxygen, () OOD argon, (®) OOD
oxygen.
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For OOD treated by an oxygen plasma, the area of the FTIR ATR absorption
band in the carbonyl stretching region (Fig. 7) increases when the power is increased
from 20 to 60 W and then decreases to the 40 W level for 80 and 100 W. As in the
case of the time influence (Fig. 5), there is no detectable power effect when OOD is
treated by an argon plasma. For C,H.,, no relevant information could be obtained
from the FTIR ATR spectra due to the weakness of the bands which appeared after
treatment.

Influence of the Gas Pressure

The effect of increasing gas pressure (from 0.3 to 1 torr) is shown in Figs. 8
(O/C atomic ratio) and 9 (carbonyl stretching band). The other processing parame-
ters were kept at the following constant values: 60 W, 40 cm*(STP)/min, 60 seconds.
The effect of gas pressure is negligible on the surface tension; again, the data are
very similar to those in Fig. 1(a). The O/C ratio is not significantly affected for
argon plasmas (Fig. 8); for oxygen plasmas there is 2 maximum at 0.65 torr. The
effect on the IR peaks is not very clear (Fig. 9, OOD, oxygen plasma). The most
pronounced effect is at 0.3 torr, the least at 0.5 torr, and intermediate effects at
in-between pressures (0.65, 0.8 and 1.0 torr).

Influence of the Gas Flow

The influence of gas flow during plasma treatment is presented in Fig. 10. In
this study the power was kept at 60 W, the pressure at 0.3 torr, and the time at 60
seconds. The flow rate does not significantly affect the surface tension (data like

Absorbance { arb. units)
60 W

80 W

100 W

40 W

20 W

non- treated

=

1851 1817 1783 1749 1715 1681 1647 1613 1579 1545

Wavenumbers (cm-1)

FIG. 7. FTIR ATR absorption bands in the carbonyl stretching region for OOD,
untreated and oxygen plasma treated, with various applied powers. Other treatment condi-
tions: 40 cm*(STP)/min, 0.3 torr, 60 seconds.
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FIG. 8. Oxygen-to-carbon atomic ratio (determined by XPS) versus gas pressure of
oxygen or argon plasma treatment for C;H,, and OOD. Other treatment conditions: 60 W,
40 cm*(STP)/min, 60 seconds. (A) C;H,, argon, (+) C;sH,, oxygen, (#) OOD argon, (®)
OOD oxygen.
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FIG. 9. FTIR ATR absorption bands in the carbonyl stretching region for OOD,
untreated and oxygen plasma treated with various gas pressures. Other treatment conditions:
60 W, 40 cm*(STP)/min, 60 seconds.
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FIG. 10. Oxygen-to-carbon atomic ratio (determined by XPS) versus gas flow of
oxygen or argon plasma treatment for Ci,xH,, and OOD. Other treatment conditions: 60 W,
0.3 torr, 60 seconds. (A) CyH,, argon, (+) CyH,;, oxygen, (¢#) OOD argon, (®) OOD
oxygen.

those on Fig. 1a) and the O/C ratio for oxygen plasmas (Fig. 10). The O/C ratio
decreases, however, with an increasing flow rate for argon plasmas (Fig. 10).

DISCUSSION

The effect of the main plasma parameters (time, power, pressure, and gas
flow) on surface modification is variable and depends on the thickness of the layer
under consideration. When the uppermost layer was studied by contact angle mea-
surements (Fig. 1), three important results emerged which will be discussed below:
argon plasma is more efficient than oxygen plasma in terms of a surface energy
increase; CyH,, contains more functional groups than does OOD; and, for a given
sample-gas combination, none of the plasma parameters affects chemical modifica-
tion, i.e., within experimental error, the surface energy data are identical.

It is surprising that more oxygen functions are incorporated into the surface
by an argon plasma than by an oxygen plasma. The modification processes are very
different in the two plasmas. With an Ar plasma, the first step is the formation of
radicals at the surface by interaction with the active species of the plasma [25-29].
These radicals can react with each other to cause crosslinking or branching. They
can also produce unsaturations by the reaction [30]:
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The hydrogen atom can react with another hydrogen atom to give the main
degradation product which is H, [17]. In our opinion, degradation reactions are
only those reactions which induce a loss of weight of the sample by ejection of
matter. At the end of the plasma treatment, some radicals remain trapped in the
sample and react with oxygen in air when the plasma chamber is opened. When
alkyl radicals react with molecular oxygen, the set of principal reactions shown in
Scheme 1 has been proposed [31, 34, 35].

Ketones and hydroperoxides can react with each other to give essentially alco-
hols, ketones and ethers according to the different reactions described by Gugumus
[31]. For OOD, it is possible that carbonyl radicals are also trapped. In this case,
the formation of acids according to Scheme 2 cannot be excluded.

RI-CHZ—E +0, —> Rl—CHZ-@-O-O

R, H R, -CH, -0-0

R, + Rl-CHZ-g-OOH R3—@H +0, + Rl-CHZ-@—OH

Rl—CHz-k—OH + (R -E-OH

SCHEME 2.
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If the modification observed in the case of an argon plasma results only from
the reaction between trapped radicals and oxygen in the air, then ketones, alcohols,
and ethers should be mainly found on the hexatriacontane while the acid concentra-
tion should be higher on OOD. It is also possible that oxygen traces (less than
0.2%) remaining in the chamber contributed to the functionalization as reported by
Clark et al. [15], who showed that oxygen incorporation was higher in a helium-
oxygen (95-5%) mixture than in a pure oxygen plasma. These functions, which
may be different in number and nature on C;;H,, and OOD, may explain why the
surface energy of OOD is smaller than that of C;H,,, although oxygen incorpora-
tion is equivalent for both samples. This hypothesis should be supported by the
determination of radical and acid function concentrations.

With an oxygen plasma, the production of radicals in the sample also occurs
during the first step. However, the evolution of these radicals is different because
they are able to react not only with molecular oxygen but also very quickly with
atomic oxygen. This can give rise to an extremely complex set of reactions in which
(as demonstrated by gravimetry, mass spectrometry and optical emission spectrome-
try [17]) degradation is very important; it is 15 times faster in oxygen than in argon
and is close to 26 ug/cm? min. The functional groups which form in an oxygen
plasma may subsequently react with other plasma active species, in particular, pho-
tons. Photons can activate the hydroperoxide, ketone, and aldehyde functions
formed (Scheme 1) and induce numerous other reactions leading to cleavage of an
a-ketone chain:

R—C—R +mw—->R-—C + R
) )
and the formation of acid functions according to Scheme 2.

A small number of radicals may also remain trapped at the end of treatment
and react with oxygen in the air., Therefore, due to the importance of degradation
reactions in an oxygen plasma, the incorporation of oxygen functions is less marked
than in an argon plasma. Similar results were obtained by other authors, such as
Blythe et al. [32] who observed a higher O/C ratio for Ar than for air and Chen
[27] who recently showed that the efficiency of a plasma to create radicals decreases
in the order CO > Ar > N, > O,.

Another phenomenon could also contribute to the difference between argon
and oxygen plasmas. Plasma-modified surfaces may reorganize to become thermo-
dynamically more stable by migration away from the surface of the highly polar
low molecular weight species. The oxygen plasma, because of higher degradation,
produces a higher proportion of low molecular weight, mobile species than the
argon plasma which tends to lock the surface through crosslinking [14]. By the time
the measurements are made, some of the oxygen-containing mobile species pro-
duced in the oxygen plasma may have migrated toward the bulk. This migration
would be less likely at the surface of the argon-treated sample because of a lack of
mobility. However, this interpretation is difficult to verify.

In an oxygen plasma, the QOD is less functionalized than CyH,, and more
degraded due to the presence of the ester function {17]. Moreover, in an Ar plasma,
oxygen can be extracted from the OOD sample and will then participate in further
degradation reactions. Most likely it is because of faster degradation reactions that
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OOD is less functionalized than C;,H,. This has been confirmed by other studies.
Yasuda et al. [33] showed that oxygen incorporation is less pronounced in polymers
which already contain some oxygen (PET, POM, PAG6, cellulose acetate) as com-
pared to polymers without oxygen (PE, PS, PTFE).

After 10 seconds of treatment, the composition and topography of the upper-
most surface layer depends only on the sample-gas couple. In an argon plasma, an
equilibrium is reached between the processes which create radicals and the reactions
which make them disappear. In the O, plasma, a fast equilibrium is reached between
oxygen incorporation and ejection of oxygen-containing species. Fast equilibrium is
no longer observed when thicker surface layers are considered. When layers in the
range below 70 A (XPS sampling depth) are studied, the effects of the plasma
parameters become significant. These effects will be discussed in the following
sections.

Influence of the Time of Treatment

In the layer probed by ESCA, the evolution versus time of the O/C ratio is
the same for hexatriacontane and OOD.

In the case of an oxygen plasma, incorporation of oxygen results from reac-
tions taking place in the plasma, and the decrease observed after a 5-second treat-
ment should be due to the attack of the oxygenated functions just formed by the
active species of the plasma. The plateau which is then reached corresponds to an
equilibrium between the formation and the degradation of the functions. This result
agrees with that reported by Clark [13, 14] for polyethylene treated in an oxygen
plasma.

In an argon plasma, reactions between trapped radicals and air are claimed
[25-28] to be responsible for oxygen incorporation. During the treatment, a radical
formed by the breaking of a bond can be consumed by recombination or dispropor-
tionation as long as its mobility is sufficient. A radical can migrate along the chain
by intermolecular and intramolecular chain transfer, but it is not consumed until it
encounters another radical. The mobility of a radical is reduced either because of
the crystalline moieties or because of the crosslinking taking place which increases
with treatment time. Both effects work toward radical trapping. According to the
evolution data shown in Fig. 2, the trapped radical concentration reaches a maxi-
mum after 20 seconds in the layer probed by ESCA. Since the degradation rate is
constant over time [17], the subsequent decrease of oxygen incorporation between
20 and 30 seconds can be due to the formation of a more compact network gener-
ated by bond breaking. Afterwards, an equilibrium between radical trapping and
degradation should be reached. This decrease can also be explained by the fact that
the hydroperoxides formed after treatment are not very stable. In addition, al-
though samples are stored at room temperature, as the concentration of oxygenated
functionalities increases, their decomposition or reaction with neighboring ketones
cannot be excluded.

When a thicker surface layer is studied (ATR sampling depth, around 0.5 pm)
(Figs. 4 and 5), the difference due to the two gases becomes striking in the case of
OOD. For an argon plasma, there is a very slight change in the shape of the IR
absorption band around 1700 cm™' as a function of treatment time (Fig. 5). A
weak absorption peak appears around 1720-1690 cm™', characteristic of acids,
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«,B-unsaturated acids, and aldehydes. Nevertheless, its intensity is negligible as
compared to the evolution observed in an oxygen plasma where the global absorp-
tion intensity in the range 1780-1680 cm ™' is six times greater. This can be due to a
modified surface layer which is very thin or to the formation of functions which do
not absorb in this wavelength range. When oxygen is used in the plasma, there is a
marked effect of time (Fig. 4) which indicates that the evolution detected in the
depth probed lasts longer than in that detected by ESCA.. The equilibrium between
the formation and the degradation of the chemical functions seems to be reached
faster in the layer probed by ESCA than in the depth seen by IR in the case of
OOD. Nguyen et al. [37] also found an increase of carbonyl absorption for 10
minutes in the low-density polyethylene treated in an oxygen plasma, but in our
work with C;H,,, the absorption of carbonyl functions was too low for its evolution
to be followed, at least for the first minute.

This can be due to the diffusion of atomic oxygen toward the bulk of the
sample during plasma treatment. The diffusion process is time-dependent, but an
explanation for the lack of diffusion of oxygen-active plasma in C, H,, cannot be
given.

Influence of the Power

The treatment time was maintained at 60 seconds, which is sufficient to reach
a steady amount of oxygen incorporation in the 70-A thick layer (Fig. 2). An
increase of power of the plasma increases the number of active species and therefore
induces a rise of the rates of the reactions responsible for chemical modification;
functionalization, degradation, and crosslinking.

In the case of an oxygen plasma, the emission of atomic oxygen species in-
creases as P>, where P is the power [17]. Assuming that the curve shapes shown in
Fig. 2 do not depend qualitatively on power, the slopes of the increase and the
location of the maxima are probably power-dependent [26]. However, in the power
range studied, the equilibrium between the formation of functional groups and
their degradation appears to be independent of power, at least in terms of oxygen
incorporation. This does not mean that the nature and the number of each function
found after treatment are exactly the same over the entire range.

On the other hand, for an argon plasma, although the evolution is weak, the
level of the plateau increases with the power (Fig. 6). The Ar-excited species emis-
sion increases as P**, more slowly than the atomic oxygen emission in an oxygen
plasma. Therefore, it is possible that the level of radicals trapped after 1 minute can
increase in the power range studied and will reach a constant value beyond 1 minute.

At higher thicknesses (Fig. 7), the power rise increases with the concentration
of atomic oxygen in the plasma, which in turn increases the diffusion of atomic
oxygen toward the bulk. Thus, functionalization is increased in the surface layer
sampled by ATR. However, the degradation rate (Ry) increases linearly with power
{Pw) according to

Ry = 0.27Py + b,

Above 60 W, the competition between degradation and oxygen incorporation
induces a decrease in the global functionalization of the layer analyzed by IR. This
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evolution agrees well with the results of Nguyen et al. [37] and Urban and Stewart
[38] in their FTIR-ATR studies of PE treatment by an O, plasma.

Influence of the Pressure

The number of species in the plasma increases with pressure. When the power
remains constant, these species share a constant energy, and thus the concentration
of active species decreases. Reactivity threshold effects are likely to appear. Figure
8 shows the O/C atomic ratio in the 70-A thick layer. For argon, despite the increase
in the total number of species, the proportion able to create radicals seems to remain
constant. For oxygen, functionalization starts to increase, reaches a maximum at
0.65 torr, and then, as too many species share a constant amount of available
energy, the number of species able to create radicals decreases. The difference
between C,H,, and OOD is apparent at greater depths. In the case of OOD (Fig.
9), a complex pattern is observed. When the pressure increases, diffusion is expected
to increase. At the same time, the distribution of the various kinds of activated
species changes with pressure. The rate of diffusion is probably different for the
different kinds of oxygen species. Furthermore, the reactivity of the diffusing spe-
cies tends to decrease with increasing pressure. The balance between these opposite
effects evolves in a complicated way with pressure. This may explain the peculiar
pressure dependence observed in Fig. 9. The influence of pressure on evolution in
the layer probed by IR is small compared to that of power or time. A regular
decrease of the —C=0 absorption intensity was observed by Nguyen et al. [37] for
a longer reaction time (10 minutes). The reactor used was an electrodeless discharge,
and the results cannot be compared directly. Nevertheless, the decrease observed by
these authors agrees better with the ESCA results where the maximum will most
likely depend on the mean energy input per gas molecule, which differs in the two
reactors.

Influence of the Flow Rate

The effect of an increase in the flow rate is a decrease in the residence time of
the species in the plasma and at the surface of the sample. This does not affect the
reactions at the uppermost surface, as mentioned above. To interact with and mod-
ify the inside of the sample, a species has to diffuse. Before diffusing, a species has
to adsorb in some fashion at the surface. This adsorption process may be affected
by changes in the flow rate. As the flow rate increases, adsorption may become
hindered to a certain extent, and this could explain the diminution of functionaliza-
tion in the 70-A layer for an argon plasma (Fig. 10).

CONCLUSION

This work on model compounds deals with the influence of the introduction
of an ester group on the functionalization of a hydrocarbonated surface by cold
plasmas. The main results of this work can be summarized as follows.
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An argon plasma is more efficient than an oxygen plasma for the introduction
of oxygen functionalities at the surface of our model compounds. The difference in
the oxygen incorporation mechanisms accounts for this apparent paradox.

A model compound containing an ester group (OOD) is less easily functional-
ized than a paraffinic one (C;sH,,). This is due to the fact that an oxygen-bearing
site has a greater probability of undergoing a set of reactions leading eventually to
extractable degradation products.

Functionalization varies very much with depth. After 10 seconds of treatment,
the uppermost surface layer reaches a state of saturation with oxygen totally inde-
pendent of the plasma parameters as observed by contact angle measurements. By
using ESCA, the effect of the parameters becomes observable in the first 70 A thick
layer. When IR is used, a greater depth can be investigated but we observed a
modification only in the case of an OOD sample treated with an oxygen plasma; this
can be due to the diffusion of atomic oxygen inside the sample during treatment.

Analysis of the effect of the plasma parameters allows good insight into the
plasma-surface interaction mechanisms. We have proposed several interpretations,
but they remain speculative to a considerable extent. This is due to a lack of precise
information on the characteristics of the plasma and also on the modified surface.

This work will be followed by a study of the corresponding polymers which
will take into account their crystallinity. We plan to compare high density polyethyl-
ene to C;sH, and a polyester, polycaprolactone [—(CH,);COO—1],, to OOD. This
comparison should allow for a further step in our understanding of plasma-surface
interactions.
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