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ABSTRACT: Plasma treatment of poly(dimethyl siloxane)
(PDMS) leads to changes in the surface composition that can
be followed by X-ray photoelectron spectroscopy (XPS). Pro-
longed plasma treatment in argon or hydrogen leads to an
increase in oxygen, a decrease in carbon, and only minor
changes in the silicon content. The extent of the change in
elemental composition is dependent on the plasma condi-
tions (e.g., the power and pressure during the treatment).
We have determined how these parameters influence the
surface composition of PDMS exposed to argon and hydro-
gen microwave plasma as a function of treatment time. A
model has been developed describing the extent of change in
surface composition under different plasma conditions. The

power had a large impact on the rate of change in elemental
surface composition, whereas the pressure had only a minor
influence. We show that the rate of change in elemental
composition can be described by one factor common for all
treatments and one factor specific for each plasma condition
of power, pressure, and gas. Using this model we can de-
termine the plasma parameters and treatment time to obtain
any desired extent of surface modification. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 90: 1378-1383, 2003
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INTRODUCTION

Silicone elastomers are well-established materials
used in fields ranging from biomaterials to electrical
outdoor insulation. In many of these applications, the
surface properties are crucial for the performance of
the product. Plasma treatment is one of the methods
used to alter the surface without changing the bulk
properties of the material. Regardless of the purpose
of the modification, its characterization is important
for the ability to design a process leading to desired
surface properties. The processes taking place must be
understood and the parameters affecting the results
should be identified. It is also important to quantify to
what extent the parameter settings affect the surface
composition. Some of the reports of earlier surface
modification processes we have developed to obtain
surfaces for use as biomaterials also include quantita-
tive information as to how the most important process
parameters affect the surface structure.” This knowl-
edge has enabled us to obtain the desired surface
compositions in a straightforward way.

We are currently interested in plasma surface mod-
ification followed by a grafting step.® This procedure
for grafting onto the surface of poly(dimethyl silox-
ane) (PDMS) using microwave plasma treatment in
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argon illustrates the importance of further investiga-
tions of how the surface is affected by the different
conditions.*” Hydrogen plasma treatment is also po-
tentially interesting for this type of surface modifica-
tion.°

Our aim is to tailor the surface composition by
plasma treatment of silicone elastomers with subse-
quent grafting of molecules suitable as biomaterials. In
this article, we present a method to choose suitable
parameters to obtain desired elemental surface com-
positions of PDMS plasma treated in argon or hydro-
gen. The influence of the different plasma conditions
on the resulting surface was followed by X-ray pho-
toelectron spectroscopy (XPS). Using methods based
on the ternary XPS diagrams previously reported, we
have been able to quantify to what extent the param-
eters of power and pressure in argon and hydrogen
plasma affect the surface composition as a function of
treatment time.” A simple mathematical model of the
extent of change in surface composition has been de-
veloped. This makes it possible to choose suitable
parameters to obtain the surface compositions we de-
sire.

EXPERIMENTAL
Materials

The raw materials for the PDMS sheet, (30-35%)meth-
ylhydro—(65-70%)dimethylsiloxane copolymer (PS123),
vinyldimethyl-terminated poly(dimethyl siloxane) (P5442)
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and platinum-divinyltetramethyldisiloxane catalyst
(PC072), were purchased from United Chemical Tech-
nologies (Bristol, PA) and were used as received. An-
alytical reagent grades of hexane from Labscan Ltd.
(Dublin, Ireland) were used as received. Argon
(=99.996%) and hydrogen (=99.9999%) were pur-
chased from AGA (Stockholm, Sweden).

PDMS sheet

PS123 (9 g), PS442 (205 g), and PC072 (50 nL) were
mixed thoroughly to give a SiH : vinyl ratio of approx-
imately 2.° The mixture was cast onto petri glass
dishes to a thickness of 3 mm and cured at room
temperature for 7 days. The sheet was cut into 10-mm
strips and Soxhlet-extracted in hexane over 7 days,
followed by deswelling and drying in air and vacuum
before storage at ambient conditions.
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Plasma treatment

The plasma treatment was carried out in a V15-G
plasma system from Plasma-Finish GmbH
(Schwedt, Germany) operated at 2.45 GHz micro-
wave frequency. The system was connected to a
Pfeiffer DUO 035 DC vacuum pump. The plasma
treatment chamber was subjected to a cleaning pro-
cess involving at least 20 min of oxygen plasma
treatment before use. Each sample was subjected to
at least three degassing cycles where the pressure
was decreased below 1 Pa followed by flushing with
the treatment gas (argon or hydrogen) to a pressure
exceeding 100 Pa. The plasma treatment was con-
ducted at a preset power, pressure, and treatment
time. The chamber was immediately flushed with
hydrogen for 300 s at a pressure of about 80 Pa
before ventilation to ambient pressure.

Hydrogen plasma | 100 W

300 W

25 Pa

75 Pa

Figure 1 Elemental composition of hydrogen plasma-treated PDMS at different treatment times for four combinations of

power and pressure.
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Argon plasma 100 W
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Figure 2 Elemental composition of argon plasma-treated PDMS at different treatment times for four combinations of power

and pressure.

X-ray photoelectron spectroscopy (XPS)

An AXIS-HS X-ray photoelectron spectrometer (Kratos
Analytical, Manchester, UK) was used with a monochro-
matic Al-K, X-ray source operated at 15 kV and 20 mA.
The take-off angle with respect to the sample surface was
90°. All spectra were acquired at a pass energy of 80 eV.
To minimize the possible effects of hydrophobic recov-
ery and oxidation resulting from exposure to air, the
specimens were transferred to the XPS vacuum chamber
within 4 h after the plasma treatment and analyzed on
the following day at a pressure below 10~® Pa. Back-
ground subtractions were made by drawing a straight
line between two suitable points.’

RESULTS AND DISCUSSION

The surface composition of hydrogen- and argon-mi-
crowave-plasma—treated polydimethylsiloxane (PDMS)

was determined by XPS. The investigated plasma pa-
rameters were power (100 and 300 W), pressure (25 and
75 Pa), and treatment time (0, 5, 15, 30, 45, 60, 120, and
240 s). The elemental percentages after the plasma treat-
ments were plotted in ternary XPS diagrams as previ-
ously described,” using the present XPS data for PDMS
treated in hydrogen plasma at 100 W and 25 Pa. Each set
of elemental percentages of carbon, silicon, and oxygen
is plotted in a ternary diagram as a single data point, and
this makes it possible to study the changes in surface
composition in a straightforward way.

Elemental percentage

Figure 1 shows the elemental percentages of the
PDMS surfaces treated in hydrogen plasma for differ-
ent times for different combinations of power and
pressure.
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Figure 3 Stoichiometric distance (R) representing the change in surface composition of hydrogen plasma-treated PDMS
under different conditions of power and pressure plotted against treatment time.

The original surface composition is close to what is
expected from the stoichiometric composition: 50%
carbon, 25% silicon, and 25% oxygen. The general
trend in all cases is that the carbon decreases, the
oxygen increases, and the silicon concentration
changes to only a minor extent. Similar changes are
observed for PDMS treated in argon plasma, as shown
in Figure 2.

Although both the argon and the hydrogen were
substantially free from oxygen-containing species, a
remarkable increase in the proportion of oxygen in the
surface was observed. Removal of methyl groups will
result in a higher oxygen concentration, but if this
were the only process taking place the silicon concen-
tration would also increase substantially. This has not
been observed. The argon data points appear to be
more scattered than the data points from the hydrogen

60

plasma-treated PDMS. One possible explanation for
this behavior is that hydrogen to some extent can
participate in reactions during the plasma treatment,
whereas the reactive sites formed during argon
plasma treatment have to be terminated by internal
surface reactions.

Stoichiometric distance

The elemental percentages of carbon, silicon, and ox-
ygen are plotted in a ternary diagram and a vector is
defined as

v, = (AC,, ASi,, AO,) (1)

where AC,, = C,, — C,, ASi,, = Si,, — Siy, and AO,, = O,
— Oy. The subscripts 0 and #n denote untreated and
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Figure 4 Stoichiometric distance (R) representing the change in surface composition of argon plasma-treated PDMS under
different conditions of power and pressure plotted against treatment time.
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treated samples, respectively. We define the stoichio-
metric distance R, in the ternary diagram as

R, = |v,| = JACZ + ASi2 + AO? (2)

which is the length of the vector v,. This makes it
possible to characterize the extent of change in ele-
mental surface composition with a single value. Téth
et al.' introduced a similar expression for the stoichi-
ometric distance for modified silicone rubber surfaces
where the silicon content was not included.

The stoichiometric distance according to our defini-
tion is a measure of the overall change in elemental
surface composition. This stoichiometric distance for
hydrogen plasma-treated PDMS under different con-
ditions of power and pressure is plotted against treat-
ment time in Figure 3.

The stoichiometric distance increases gradually as
the treatment time is extended until a limiting value of
about 50% is obtained. With a higher power, the
change in composition is more rapid but the effect of
pressure is much less by comparison. The stoichiomet-
ric distance for argon plasma-treated PDMS presented
in Figure 4 shows a similar pattern of behavior.

The relations between the stoichiometric distances
for the different plasma conditions are discussed fur-
ther in a later section.

Kinetic study

The stoichiometric distance R shows the magnitude of
the change in the total elemental composition. This
can be used to follow the change in surface composi-
tion as a function of treatment time. It is also possible
to compare the rates at which different plasma condi-
tions change the surface composition. However, in-

Pressure

[Pa]

Figure 5 The constant A for different power and pressure
conditions for argon plasma treatment.
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Pressure
[Pa]

Figure 6 The constant A for different power and pressure
conditions for hydrogen plasma treatment.

stead of performing a visual comparison of the curves,
it is desirable to be able to obtain values that charac-
terize the shape of the curve. This leads to a “kinetic”
understanding of how the plasma treatment affects
the composition of the surface. The shapes of the
curves in Figures 3 and 4 suggest the expression

R = Rpa(l —e™)

where R, is the asymptotic stoichiometric distance
approached with long treatment time, ¢ is the treat-
ment time and A is a constant specific for each plasma
condition. The experimental data was fitted to eq. (3)
using a least-squares minimization procedure to de-
termine the values of R,,, and A. Each plasma con-
dition (i.e., gas, pressure, and power) was assigned an
individual value A. All conditions were given the
same value R ,,. This resulted in R, ,, = 50.2. The
values of A obtained for the argon plasma treatment
are shown in Figure 5 and the corresponding values
for the hydrogen plasma treatment are presented in
Figure 6.

The constant A can be interpreted as a measure of
how fast the elemental composition changes under
given plasma conditions. The power is found to have
a large impact on the rate of change in surface com-
position. The value of A is about three times higher at
300 than at 100 W. The pressure is found to have little
impact on the rate. In Figure 7 the experimental stoi-
chiometric distances for all the treatments presented
in Figures 3 and 4 are plotted against At.

Figure 7 shows that the rate constant A is sufficient
to describe the kinetic behavior of all the investigated
plasma treatment processes regardless of gas (hydro-
gen or argon), power (100 or 300 W), or pressure (25 or
75 Pa). In combination with the fact that the stoichio-
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Figure 7 Experimental stoichiometric distance plotted against At.

metric angles of the different treatments are similar,
this clearly indicates that all the investigated treat-
ments follow the same general trends in terms of
elemental surface composition as the treatment
progresses. The main difference between the treat-
ments is in the kinetic behavior, that is, the rate of
change in composition under the given conditions.

CONCLUSIONS

Controlled surface composition of silicone elastomers
by plasma treatment in argon and hydrogen is ob-
tained using a method to determine the influence of
the plasma parameters power, pressure, and treat-
ment time. The plasma treatment of PDMS argon or
hydrogen was followed by XPS and the results were
plotted in ternary diagrams. The change in surface
composition on prolonged treatment follows the same
trend for all plasma conditions: the carbon decreases,
the oxygen increases, and the silicon content varies
only a little. The rate of change in elemental compo-
sition is dependent on the plasma conditions: the type
of gas, power, and pressure. The influence of the dif-
ferent parameters is quantified using a simple model
describing the rate of change as a function of treat-
ment time for the different plasma conditions. The
power had a large influence on the rate of change in
surface composition, whereas the effect of the pressure
was only minor. The model also makes it possible to

compare the different conditions in terms of stoichio-
metric distance. The similarities between the two
gases in this respect are remarkable. Regardless of the
gas, power, or pressure used during the plasma treat-
ment, the changes in elemental composition can be
described by a parameter common to all treatments
and a parameter specific for each plasma condition.
The model describing how the elemental composition
changes with different plasma conditions can be used
to choose plasma conditions for tailoring surfaces to a
desired structure.

References

1. Wirsen, A.; Albertsson, A.-C. ] Polym Sci Part A: Polym Chem
1995, 33, 2039.

2. Ohrlander, M.; Wirsen, A.; Albertsson, A.-C. ] Polym Sci Part A:
Polym Chem 1999, 37, 1643.

3. Olander, B.; Wirsen, A.; Albertsson, A.-C. Biomacromolecules
2002, 3, 505.

4. Gaboury, S. R.; Urban, M. W. Adv Chem Ser 1993, 236, 777.

5. Lai, J. Y.; Lin, Y. Y.; Denq, Y. L.; Shyu, S. S. Chen, J. K. ] Adhes
Sci Technol 1996, 10, 231.

6. Gaboury, S. R.; Urban, M. W. Polymer 1992, 33, 5085.

7. Olander, B.; Albertsson, A.-C. Surf Interface Anal 2002, 33, 541.
8. Wrobel, D. In: Organosilicon Chemistry; Auner, N.; Weis, |,
Eds.; VCH: Weinheim, Germany, 1996; Vol. I, pp. 633-648.

9. Seah, M. P. In: Practical Surface Analysis; Briggs, D.; Seah, M. P.,

Eds.; Wiley: Chichester, UK, 1990; p. 233.
10. Toth, A.; Bertoti, I.; Blazso, M.; Banhegyi, G.; Bognar, A.;
Szaplonczay, P. ] Appl Polym Sci 1994, 52, 1293.



