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ABSTRACT

We modified poly(hydroxybutyrate-co-9% hydroxyvalerate) film
surfaces with Ar, O,, H,0/0,, H,0, and H,0, vapor plasma treatments.
We measured the grafted oxygen concentration by XPS analyses and the
wettability by a 6,;,, contact angle method. Comparison between these
various plasma treatments seems to indicate a better surface wettability
correlated to C—OH bonds obtained with H,O and H,0, plasma than
with Ar and O, plasma which incorporate oxygen atoms in C=0O bonds
more easily.
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INTRODUCTION

Cold plasma treatments with low pressure gas have long been used to modify
surface properties and roughness of polymer materials. Usual practical applications
are found in the microelectronics industry, in improvement of surface adhesion, in
membrane permselectivity optimization, and in compatibility of materials with liv-
ing tissue [1]. Among the nonpolymerizable gas plasmas which are usually carried
out, argon plasma particularly induces materials’ cleaning and surface pretreatment.
Also, argon can be used as carrying gas in a gas mixture plasma. On the contrary,
the aggressiveness of oxygen plasmas lead to etching properties as well as an easy
functional grafting which causes an increase in the surface hydrophilicity.

Water-vapor plasma is relatively less often used although it adds low cost, easy
use, and its functional grafting capacity was unexpected, for example, in the case of
a polysulfone membrane [2]. Water-vapor plasma was also used to increase the
wettability of poly(methyl methacrylate) [3], a poly(etherurethane) film surface [4],
and to promote cell adhesion and growth onto various polymer surfaces [5] as well
as metal-polypropylene [6] and metal-polyimide [7] adhesion. Furthermore, its
etching and cleaning properties were reported for one occasion [8, 9].

On the other hand, hydrogen peroxide vapor plasma was never studied, to our
knowledge, within surface modification, and it would be interesting to determine its
possibilities.

Plasma treatment is especially carried out with biomaterials to enhance bio-
compatibility properties and to deduce a relationship with the surface energy. Poly-
hydroxyalcanoate material shows two exceptional biocompatibility and biodegrad-
ability properties [10]; however, only a few studies have been dedicated to its plasma
surface modification. In a previous report [11] we showed that no biocompatibility
alteration is obtained when a fluorocarbon layer of about 17 mN-m ~' is deposited
onto polyhydroxybutyrate (PHB) membranes.

For the present report we selected the copolymer poly(hydroxybutyrate-co-9%
hydroxyvalerate) [P(HB-co-9% HV)] whose mechanical properties are better than
those of PHB homopolymer.

In order to modify a P(HB-co-9% HYV) film surface and to increase the
surface energy, we used argon, oxygen, an oxygen-hydrogen peroxide mixture, and
hydrogen peroxide plasma. The plasma parameters study permitted us to select the
treatment which gives the best increase in wettability. The corresponding samples
were analysed by XPS. We will study the biocompatibility of P(HB-co-9% HV)
films in another report.

EXPERIMENTAL SECTION

Bacterial P(HB-co-9% HV), M,, = 564,600, was supplied by ICI. It was puri-
fied by dissolution in chloroform (CHCI;) and precipitation in diethylether. A 10
wt% polymer solution in CHCI, was cast on a glass plate. After solvent evaporation,
films were dried at 100°C for 48 hours and kept in a dry atmosphere. Contact angles
of the film surfaces were measured with a Kruss G1 apparatus 5 seconds after the
drop was deposited to avoid evaporation or absorption. Each given contact angle
value is the average of 10 measurements; the static method was used. By using water
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and a-bromonaphthalene, the Owens method [12] permitted us to calculate the
surface energy v, and its dispersive v¢ and polar y° components. The scanning
electron micrographs were taken with a Jeol 6300F with two magnifications, 2000
and 20,000.

XPS analyses were conducted on these films using a Perkin-Elmer Physical
Electronic model 5400 spectrometer. Samples were irradiated using the MgKa x-ray
source operated at 15 kKEv and 30 W. All binding energies have been charge cor-
rected to 285.0 eV for polymeric aliphatic carbon.

The process followed and the experimental set-up used for the plasma treat-
ments are described in a previous report [11]. The polymer samples were treated
with a radio frequency (RF = 13.56 Mz) glow discharge plasma-generating appara-
tus. The plasma treatment was performed in a glass bell-jar type reactor containing
two parallel plate electrodes and whose capacity is about 2.5 L. After the reactor
was degassed, the samples were exposed to the plasma for given times and powers.
The oxygen flow was continued for 10 minutes and then the system was again
degassed for 20 minutes. We verified that P(HB-co-9% HV) films do not absorb
water or hydrogen peroxide with identical pressure and time conditions with those
of plasma treatment without glow discharge. Indeed, the contact angle was not
modified when the power was turned off.

RESULTS AND DISCUSSION

The comparison of data in Tables 1, 2, and 3 concerning the effects of various
treatment parameters on the wettability shows the decrease of 6, contact angle
values with relatively short times of plasma treatment; it is lower than 5 minutes in

TABLE 1. Different Argon and Oxygen Plasma Treatments and
Contact Angle (8,0 = 1°) of a P(HB-co-9% HYV) Treated Surface.
Contact Angle of the Nontreated surface: 71°

Contact angle 8, , degrees
Plasma treatment parameters just after treatment

Power (W) Pressure (Pa) Time Argonplasma Oxygen plasma

45 50 40s 49 45
” ” 3 min 52 41
” ” 5 min 52 41
” ” 15 min 55 48
” ” 25 min 59 48
” " 30 min 59 49

75 50 40s 51 40
” ” 3 min 55 40
” ” 5 min 57 41
” ” 15 min 55 41
" ” 25 min 42 40

” ” 30 min 42 40
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TABLE 2. Different Water and Hydrogen Peroxide Plasma

MAS ET AL.

Treatments and Contact Angle (6,0 + 1°)of a P(HB-co-9% HV)
Treated Surface. Contact Angle of the Nontreated Surface: 71°

Plasma treatment parameters

Contact angle 6y, degrees

just after treatment

Power (W) Pressure (Pa) Time H,Oplasma H,0, plasma
45 100 40 s 55 38
” ” 5 min 43 41
" " 10 min 42 41
" " 15 min 42 43
" ” 25 min 50 46
” ” 30 min 52 46
TABLE 3. Different Plasma Treatment Parameters of

Water/Oxygen Mixture and Contact Angle (6,0 * 1°) of
a P(HB-co-9% HV) Treated Surface. Contact Angle of the

Nontreated Surface: 71°

Plasma treatment parameters

Power (W) Pressure (Pa) Time

Contact angle 6y, degrees

just after treatment:

H,0/0, mixture plasma

45

”

100/150

100/150

”
”
#”
”

”

40s

3 min

5 min
15 min
20 min
25 min
30 min
40s

3 min

5 min
20 min
25 min
30 min

40
41
37
39
40
42
40
41
42
45
43
41
40
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the case of O,, H,0, H,0,, and 0,/H,0 plasmas. This result is shown more effec-
tively in Figs. 1, 2, 3, and 4. Only the argon plasma needs a 30-minute time treat-
ment. The lowest 6y, values are obtained with the H,0, plasma (fy,, = 38°) and
the O,/H,0 plasma (0,0 = 37°). The power increase from 45 to 75 W has a
negligible effect on the H,0/0, plasma while it gives a weaker 6y, value with Ar
and O, plasmas.

The greatest surface energy values (v,) and the corresponding dispersive and
polar components (y¢ and +°, respectively) as measured just after each kind of
plasma treatment are listed in Table 4. The study of wettability evolution with
storage time at ambient temperature (Tables 5 and 6) shows that 8, , values increase
for each kind of treatment. However, some weeks after treatment the stabilized
value is lower than the nontreated film 6, , value. Also, the polar component of the
surface energy y° decreases. It was essentially responsible for the v, increase just
after plasma treatment because the variations of the dispersive component ¢ re-
main rather weak. Only the surface energy evolution of argon and oxygen plasma-
treated film is given (Table 5). Likewise, water/hydrogen peroxide and water/
oxygen plasmas lead to a similar effect.

XPS analysis permitted the assignment of binding energies according to the
indicated structure of the nontreated P(HB-co-9% HV) film surface (Table 7) and
of the O, treated one (Table 8). Oxygen plasma treatment leads to an increase in the
O/C atomic ratio corresponding to one additional oxygen for four monomer units:
O—CHR—CH,—CO, which is incorporated mostly as a C=0 bond. These resuits
are explained in greater detail in our previous report [13]. No increase in O/C is
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FIG.1. Argon-plasma-treated P(HB-co-9% HV) film surface. Influence of treatment
time on contact angle 6,, o value (£1°).
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FIG. 2. Oxygen-plasma-treated P(HB-co-9% HYV) film surface. Influence of treat-

ment time on contact angle 6y  value (£1°).
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FIG. 3. Water- and hydrogen-peroxide-plasma treated P(HB-co-9% HYV) film sur-

face. Influence of treatment time on contact angle

Oy,0 value (£1°).
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4. Water/oxygen-plasma-treated P(HB-co-9% HYV) film surface. Influence of

treatment time on contact angle 6 o value (+ 1°).

TABLE 4. Surface Energy v,, Dispersive ¢,
and Polar Components y° (+1 mN-m™') of
Various Plasma-Treated P(HB-co-9% HV)
Film Surfaces Just after Treatment (Day 1)

Plasma treatment s ve y?
Argon 57.9 38.8 19.1
Oxygen 63.5 425 21
Water 65.1 429 222
Hydrogen peroxide 63.8 39.5 243
Water/oxygen 66.7 41.1 25.6

Nontreated sample 48.5 422 6.3
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TABLE 5. Water Contact Angle 0,5 Values (+1°), Surface Energy
v, Dispersive v¢, and Polar Components y° (+1 mN-m™') of

Argon and Oxygen Plasma-Treated P(HB-co-9% HV) Film Surface
with Storage Time at Ambient Temperature. Nontreated Film Values:
0 = 71,7, = 48.5mN'-m™', y{ = 422mN- "', and y? = 6.3
mN-m™'. Day 1 Means 45 minutes after Plasma Treatment

Days after plasma treatment

Plasma treatment 1 10 20 50 90
Argon plasma

75 W50Pad0s 0,0 49 54 56 55 58

¥s 57.9 56.1 54.8 - -

~4 38.8 40.8 40.5 - -

v 19.1 15.3 14.3 - -

Oxygen plasma
75 W 50 Pa 5 min 04,0 40 45 48 59 62
s 63.5 61.8 623 53 -
74 2.5 419 456 40.2 —
P 21 19.9 16.7 12.8 -

TABLE 6. Water Contact Angle, 04,0, values (£1°) of Various
Plasma-Treated P(HB-co-9% HV) Film Surfaces. Evolution with Storage
Time at Ambient Temperature. Day 1 Means 45 minutes after Plasma
Treatment

Days after plasma
Plasma treatment conditions treatment

Power (W) Pressure (Pa) Time 1 10 20 30

H,0 45 100 Smin 43 66 68 68
H,0, 45 100 40s 38 52 68 68
H,0/0, 45 100/150  40s 40 48 52 62
H,0/0, 45 100/150  Smin 37 45 55 60
H,0/0, 45 100/150  30min 40 — 54 65
H,0/0, 75 100/150  40s 41 — 53 6l
H,0/0, 75 100/150  Smin 45 — S5 62
H,0/0, 75 100/150  30min 40 47 — 66

Nontreated film 71 71 71 71
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TABLE 7. XPS Analysis of P(HB-co-9% HV). Take-off Angle: 70°.
Binding Energy of C,, and O,; Functional Groups

CaH3
|
T:aHJ ﬁe CaH2 Oe
‘ | |
O, CH—CH,—C, O,CH—C,H,—C,
0.91 0.09
BE, eV 289.3 286.9 285.6 285 533.9 532.8
CH,
Functional C=0 O0—-C CH, C,H; 0—C C=0
group C, C. G, C, O; O,

obtained with argon plasma treatment for each take-off angle, 20 or 70°; moreover,
we can see a weak carbon contamination.

Based on the data averaged from two samples, water and hydrogen peroxide
vapor plasma treatments lead to an increase of the O/C ratio, corresponding respec-
tively to an additional oxygen for approximately 10 and for 6 monomer units (Table
9). Ratios between the carbonyl C or ether C,; and the hydrocarbon C, components
seem to show that oxygen is incorporated in the following O—C bond. This result is
evidenced without ambiguity in the case of Sample 2. Although we cannot conciude
definitively about an increase in the C=0 bond, we suggest an hydroxyl group
grafting which increases the ether C, value. Unfortunately, there is no direct evi-
dence to prove this because the energy difference between a carbon atom bonded to
an OH group (E¢-oy = 286.1 eV) and to an OC group (Ec-—oc = 286.4 eV) is very
weak. The Oy, spectrum deconvolution does not give more information.

The data analysis confirms the usual interpretation about the importance of
the kind of gas on polymer surface modification. Argon plasma treatment of a
P(HB-c0-9% HYV) film surface produces the thin cracks shown on the scanning
electron micrographs (Fig. 5) and is associated with contamination. The functional
groups grafted, which are characterized by the contact angle evolution, modify only
the upper part of the polymer surface. The XPS depth analysis of about 2 nm with

TABLE 8. XPS Analysis of Nontreated, Ar, and O, Plasma-Treated
P(HB-co-9% HYV) Film Surface. O/C Ratio Evolution with Take-off
Angle Values. The Values Shown Are the Average 3 Spots/Sample
with an Atomic Percentage Standard Deviation from 0.08 to 1.40%.

O/C ratio

Take-off angle: 20°  Take-off angle: 70°

Nontreated sample 0.44 0.46
Argon plasma 0.40 0.44
Oxygen plasma 0.52 0.55
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TABLE 9. XPS analysis of Nontreated, H,0, and H,0, Plasma-Treated
P(HB-c0-9% HYV) Film Surface. Take-off Angle 45°. Atomic Ratio Evolution
(see Table 7 for symbols)

Sample 1 Sample 2

o/C CyC,+C, C/C,+C, O/C CyC,+C, CJ/C,+C,

Nontreated

sample 0.49 0.43 0.52 0.51 0.41 0.47
H,O plasma  0.53 0.50 0.53 0.56 0.42 0.53
H,0, plasma 0.58 0.46 0.55 0.56 0.41 0.58

a take-off angle of 20° may not permit detection of the new atomic groups which
are responsible for the wettability improvement and are probably due to an oxygen-
induced grafting because they are in very low concentration.

Oxygen plasma treatment has a more important effect on the film surface than
does Ar plasma. The aggressiveness of the species created in the plasma phase
(Reaction 1) causes polar groups to graft, causes etching, and creates some small
aggregates (Fig. 5).

e '+ 0, 205 + 2!
e'+ 0, - 05
0; - O~ + O* (1)

Generally, etching increases with power and time treatment. Therefore, in
order to avoid etching, a few authors have used a flash discharge of 1/10 second
[14]. Scanning electron microscopy does not conclusively show a surface etching
with the water vapor plasma treatment. The C./C, + C, ratio increase (Table 9)
may be interpreted according to Reaction (2) where OH* radicals appear and pro-
duce C—OH bonds on the polymer film surface.

e’'+ HLO - H,0~
H,O™ - H™ + OH* 2)

A greater power would lead to etching by O* oxygen radical formation (Reac-
tion 3):

H,0™ > OH™ + H*
OH™ - O* + H™ )

Indeed, the presence of OH* and H* radical species in the water vapor plasn.a
was demonstrated by optical emission spectroscopy. A correlation between contact
angle, concentration of oxygen at the surface, and the intensity of the OH* radical
was established [2].

Also, some effects of water vapor added to oxygen are an increase in atomic
oxygen concentration and the production of OH* radical in the plasma {15] which
gives a lower 6y o contact angle value in the case of our polymer film (Figs. 2 and
4). Etching and grafting competition leads to classic curves with a minimum value
of 84,0 for particular power and time values (Figs. 3 and 4).
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FIG. 5. Scanning electron micrographs (magnification 2000 x and 20,000 x of (a)
nontreated P(HB-co-9%HYV) film surface, (b) argon-plasma-treated sample, and (c) oxygen-
plasma-treated sample.

These results can be applied to the hydrogen peroxide vapor plasma treatment
which should create a more significant amount of OH* radicals (Reaction 4) than
the water vapor plasma, so oxygen incorporation in C—QH bonds is greater.

-1

The wettability lost during storage after all kind of plasma treatment is gener-
ally attributed to macromolecular chains motions [16] and buried polar groups in
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the polymer bulk that minimize the interfacial energy. Although all of the results
are difficult to interpret, it seems that the 6y, values increase more rapidly with
H,O and H,0, plasma treatments than with Ar, O,, or H,0/0, ones (Table 6). This
would be due to the easier movement of grafted macromolecules in relation to the
kind of newly introduced polar groups. The weaker aggressiveness of the H,0,
plasma brings a minor perturbation of the crystalline state a few nanometers under
the surface, and the delay for the modified chains to organize and attain equilibrium
is shorter.

CONCLUSION

Wettability improvement of P(HB-c0-9% HV) film surfaces can be obtained
with Ar or O, plasmas and with the less used H,O or H,0, plasmas.

Ar and O, plasmas favor etching and increase the ease of oxygen atom incor-
poration which, in great part, is in C=0 bonds. However, H,0 and H,0, plasmas
increase the wettability more easily, with H,O, being better than H,O plasma with
regard to 6y, contact angle although the oxygen grafted is weaker. That would be
related to the greater mimber of C—OH bonds created, leading to the best surface
hydrophilicity.
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