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An efficient approach for tailoring surface properties of polymers is presented, which enables rapid modification
leading to superhydrophilic properties. The approach is based on vacuum-ultraviolet radiation (VUV) pretreat-
ment of the surface to create reactive dangling bonds. This step is followed by a second treatment using neutral
oxygen atoms that react with the dangling bonds and form functional groups. The beneficial effect of VUV
pretreatment for enhanced functionalization was clearly demonstrated by comparing VUV pretreatment in
plasmas created in different gases, i.e., hydrogen, nitrogen, and oxygen, which differ in the intensity of VUV/UV
radiation. The emission intensity of VUV radiation for all gases was measured by vacuum ultraviolet spectros-
copy. It was shown that VUV has a strong influence on the treatment time and final surface wettability. A
superhydrophilic surface was obtained only if using VUV pretreatment. Furthermore, the treatment time was
significantly reduced to only a second of treatment. These findings show that such an approach may be used to
enhance the surface reaction efficiency for further grafting of chemical groups.

1. Introduction

Plasmas are nowadays often used for improving the surface wetta-
bility of materials, especially polymers [1]. The obtained hydrophilicity
depends on the treatment conditions and also on the type of polymer
material [2]. The surface of some polymers is rather easily changed to
hydrophilic or even superhydrophilic by plasma treatment, however,
some other polymers still maintain moderate hydrophobicity. Especially
aromatic polymers are prone to modification of their surface to very
hydrophilic because of the possibility of the destruction of the aromatic
ring and the formation of highly oxidized functional groups [2]. How-
ever, unlike aromatic polymers, aliphatic do not show such a pro-
nounced change in hydrophilicity, especially if they belong to the group
of halogen polymers [3].

Non-equilibrium gaseous plasma can be sustained by various dis-
charges in a broad range of pressures. Of particular interest is a low-
pressure radio-frequency (RF) plasma. The absorption of power sup-
plied by an RF generator involves complex mechanisms, which are
explained in [4]. The RF discharge can be sustained in various modes,
such as capacitively and inductively coupled [5]. The Inductively
coupled plasma can be sustained either in the E or H mode. The E-mode
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(“electrostatic mode™) stands for the predominant capacitive character
of the discharge impedance, while the H-mode stands for the inductive
character [6]. The transition between the modes occurs abruptly as a
critical power is supplied by the RF generator and is observed with the
naked eye because the plasma luminosity is several orders of magnitude
larger in the H-mode than in the E-mode [7]. The density of neutral
radicals, however, is not so sensitive to the transitions because a rather
low discharge power is needed to obtain a large dissociation fraction of
simple molecular gases like oxygen [8]. Therefore, the inductively
coupled RF plasma in the H-mode is an intense source of radiation, while
the predominant reactants in the E-mode are neutral reactive plasma
species, which are useful for polymer functionalization [9].

Plasma treatment is a complex process because of the presence of
various reactive plasma species as well as radiation that are involved in
plasma-polymer interaction processes [10]. However, also the densities
and fluxes of reactive species to the polymer surface may vary signifi-
cantly depending on plasma geometry, excitation, power, pressure etc.
[10-12]. Furthermore, the type of reactive species and radiation de-
pends on the type of gas used for plasma excitation. For polymer surface
activation and improving wettability, often oxygen-containing plasmas
are used to introduce polar oxygen functional groups to the surface [1].
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Fig. 1. Schematic of the treatment process.
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Fig. 2. Schematic setup of plasma system for modification of PVC with VUV pretreatment and O-atom post-treatment.

Oxygen plasmas are a source of neutral oxygen atoms in the ground
state, metastables of oxygen molecules and ions [10]. Among these
species, oxygen atoms are the most important for the surface modifi-
cation of polymer materials [13]. Consequently, instead of using oxygen
glows, treatments are often performed in afterglows which lack other
particles and thus allow controlled oxidation of materials at room
temperature [14]. Therefore, afterglows can be successfully used for the
hydrophilization of especially aromatic polymers, but if other types of
polymers are needed to be functionalized, a different approach must be
used to increase hydrophilicity.

Plasmas are also a source of radiation with different wavelengths
ranging from visible to ultraviolet (UV) range (200 — 400 nm) and
further down to vacuum (VUV) ultraviolet range (10 — 200 nm) [15-17].
High-energy photons of UV and VUV radiation can cause polymer bond
scission, formation of dangling bonds, and initiation of photochemical
reactions [18-20], thus triggering the propagation of free-radical re-
actions [21]. Therefore, the energetic fluxes of VUV photons may be
important for the processing of materials [21,22]. Especially hydrogen
and also nitrogen plasmas are good sources of UV/VUV radiation [17].
However, oxygen plasmas that are usually used for functionalization
with polar functional groups are not rich in UV/VUV radiation. This
obstacle can be overcome by exposing the polymer to VUV radiation
originating from Hj or N plasma to create dangling bonds before further
treatment with oxygen atoms. We have recently shown for the case of
polytetrafluoroethylene (PTFE) that using a two-step approach,
involving exposure of PTFE to VUV radiation first, followed by O-atom
treatment can produce highly wettable surfaces [23].

In this paper, we present the influence of VUV pretreatment on
functionalization of polymer PVC with plasma. The surface effect of such
a two-step treatment was compared to treatment using oxygen atoms
only. For this investigation, polyvinyl chloride polymer was chosen for
two reasons: (i) it is used for urinary medical catheters which need to be
plasma-activated to improve the adhesion of antibacterial coatings, and
(ii) there are only a few reports on modification of surface properties of
this polymer by plasma treatment in comparison to numerous publica-
tions dealing with polymers used in more widespread applications.

2. Experimental
2.1. Polymer treatment conditions

Unplasticized polyvinyl chloride (PVC) polymer foil with a thickness
of 0.2 mm was purchased from Goodfellow Ltd. The polymer was
functionalized in oxygen afterglow created by inductively coupled
radio-frequency plasma (ICP-RF). However, before performing oxygen
functionalization, pretreatment of PVC was first carried out using
plasma rich in VUV radiation such as hydrogen and nitrogen. A sche-
matic of the treatment process is shown in Fig. 1.

Experiments were performed in the plasma system shown in Fig. 2.
The plasma system consisted of an 80 cm long borosilicate glass
discharge tube pumped with a two-stage rotary pump with a nominal
pumping speed of 80 m3/h. The diameter of the tube was 4 cm. For
sustaining the plasma, a coil with 6 turns was used, which was con-
nected to the RF generator (13.56 MHz) via a matching network. The
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Table 1
Overview of plasma treatment conditions.

1st step — VUV pretreatment
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Gas Power (W) Pressure & Flow

2nd step — Functionalization

Treat-ment time Sample posit-ion Gas Power (W) Pressure & Flow Treat-ment time Sample posit-ion

1. H, 400 25 Pa 1s glow Oy 500 30 Pa 1-300s after-glow

100 scem 75 scem
2. Ny 400 33 Pa 1s glow [e73 500 30 Pa 1-300s after-glow

100 sccm 75 sccm
3. 0, 400 33 Pa 1s glow [e2% 500 30 Pa 1-300s after-glow

100 sccm 75 scem
4. No pretreatment (023 500 30 Pa 1-300s after-glow

75 scem

power was adjusted to run the plasma in the H-mode, where the glowing
plasma was concentrated in the center of the coil. Because the transition
from the E- to H-mode appears at high powers, which also depends on
the gas type and pressure, we had to choose different treatment condi-
tions for each gas. To avoid thermal damage to the sample, we chose the

After pretreatment, the sample was moved to the afterglow region
without opening the vacuum system and further treated with oxygen
atoms for different treatment times. The list of experiments and corre-
sponding treatment conditions are shown in Table 1.

lowest power where the plasma was still operating in the H-mode (400
W). When performing pretreatment in Hy, O or N5 gas, the sample was
placed inside the coil, where the intensity of VUV radiation was
maximal. The treatment time was 1 s to avoid thermal degradation.

2.2. Plasma characterization

The difference in UV/VUV radiation from Hy, N3 and O, plasma was
characterized by vacuum-ultraviolet spectroscopy. The spectroscopic
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Fig. 3. Wettability of PVC exposed to: (a) O atoms without pretreatment, (b) VUV radiation from H, plasma followed by O-atom treatment, (c) VUV radiation from

N, plasma followed by O-atom treatment, (d) VUV radiation from N, plasma (different times) followed by O-atom treatment for 10 s, and (e) VUV radiation from O,
plasma followed by O-atom treatment. The points marked with arrows were also analysed by XPS (see Table 2).
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Fig. 4. (a) Vacuum ultraviolet spectra of Hy, N and O, plasmas (400 W, 100 sccm) that were used for VUV pretreatment and (b) integrated values for different

UV ranges.

system for VUV measurements consisted of a VS7550-VUV spectrometer
with a krypton wavelength calibration lamp (VS-CLS-6LP) from Reso-
nance Ltd. Spectrometer has a laminar flow purge system, which allows
operation down to the window short-wavelength cut-off. MgF, window
with 112 nm wavelength cut-off was used. Nitrogen was used as a
purging gas. The integration time was 6 ms, and 10 averages were made.
The grating angle was set to — 4°, and the slit to 25 pm so that the
resolution was around 0.2 nm. The aperture was set to F8.4.

The density and flux of oxygen atoms were determined with a cobalt
catalytic probe which is described in [24]. The O-atom density was 4.1
x 10! m~3, whereas the O-atom flux was 6.4 x 102 m 2.

2.3. Polymer characterization

The effect of surface treatment conditions was monitored with water
contact angle measurements (WCA) using Drop Shape Analyser DSA 100
(Kriiss GmbH). A static contact angle was measured using a sessile drop
method. The volume of a drop was set to 2 uL. MiliQ water was used for
the determination of wettability. Five measurements were made for each
sample.

A standard method for the evaluation of the surface kinetics upon
treatment of polymer materials with gaseous plasma is X-ray photo-
electron spectroscopy (XPS). A sample is mounted into an ultra-high
vacuum chamber and illuminated with X-rays. The X-rays cause the
emission of photoelectrons in a broad range of electron energies coming
from the surface film with a thickness of a few nm. The relative intensity
of photoelectrons’ current arising from elements will reveal the con-
centration of these elements, while the shape of specific peaks will
indicate the functional groups. Determination of functional groups re-
quires the acquisition of specific peaks in a narrow energy region with a
higher resolution which can be altered by changing the pass energy to
allow only electrons of a given energy, i.e. pass energy, to be focused at a
detector slit. Lower pass energy results in a better energy resolution.
Selected samples were characterized by XPS using an instrument model
TFA XPS (Physical Electronics). The samples were irradiated with
monochromatic Al Ka; 5 radiation with a photon energy of 1486.6 eV.
Spectra were measured at an electron take-off angle of 45°. Survey
spectra were acquired at a pass energy of 187 eV using an energy step of
0.4 eV. High-resolution Cls spectra were measured at a pass energy of
29.35 eV using an energy step of 0.125 eV. An additional electron gun
was used for compensation for the accumulation of surface charge. The
main Cls peak was set a value of 285 eV. Measured spectra were
analyzed using MultiPak v8.1c software, which was supplied with the
spectrometer. A Shirley-type background subtraction was used.

3. Results and discussion
3.1. Influence of VUV pretreatment on the surface wettability

In the first experiment, the afterglow of Oy plasma was used for the
treatment of PVC polymer as usually performed by researchers. The
wettability was measured to monitor the effect of this treatment. Fig. 3a
shows the water contact angle (WCA) of PVC exposed to O atoms for
various treatment times. The curve shows a typical trend that is usually
observed for plasma-treated polymers —i.e., a very fast drop of the WCA
at initial treatment times followed by a steady state where the polymer
surface is saturated with functional groups. The minimum WCA was
approximately 40°, and it was obtained after approximately 100 s of
treatment.

In the second experiment, PVC was first pretreated in Hy plasma for
very short time 1 s, moved to the afterglow without exposing it to the air,
and then treated with O atoms. Such a treatment procedure caused a
completely different trend in surface wettability as shown in Fig. 3b.
Opposite to Fig. 3a, the WCA in Fig. 3b dropped from the initial value of
82° to almost zero (immeasurably low) already in the first second of
treatment. This treatment, therefore, caused not just obtaining a
superhydrophilic surface but also the time needed to modify the surface
was reduced from 100 to just 1 s. Moreover, another difference can be
observed in Fig. 3b with respect to Fig. 3a. If treatment with O atoms was
too long, the WCA increased and reached the same plateau of approxi-
mately 40° as in Fig. 3a. The explanation for this effect is the surface
etching, as proved by XPS and explained further below.

In the next step, the experiment shown in Fig. 3b was repeated.
However, instead of using Hy plasma for pretreatment, the polymer was
rather pretreated with Ny plasma (again for just 1 s) and then exposed to
O atoms. The wettability of this surface is shown in Fig. 3c. The curve is
similar to the one in Fig. 3b: i.e. (i) the minimum wettability was ob-
tained already after 1 s of treatment with O atoms, and (ii) at longer
treatment times, the WCA increased and stabilized at 40°. The minimum
WCA in Fig. 3c was 10° so not as low as in Fig. 3b, which is a conse-
quence of different doses of VUV radiation received in 1 s of pretreat-
ment with Hy or N plasma, respectively. This was proved with a further
experiment shown in Fig. 3d. Here, we changed the pretreatment time in
Ny plasma from 1 to 10 s to expose the surface to a higher dose of VUV
radiation, whereas treatment with O atoms was kept constant at 10 s
(this time corresponds to the minimum WCA in Fig. 3c). Fig. 3d shows
that also N3 plasma pretreatment can help to obtain a superhydrophilic
surface as in the case of Hy pretreatment, however, the Ny treatment
time must be longer (more than 2.5 s). From this result, we can conclude
that both pretreatment procedures can lead to the same final result if the
received dose of radiation is high enough. Because VUV radiation in Ny
plasma is less intense than in Hy plasma, also the optimal time needed to
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Table 2
XPS surface composition of the samples.
Sample C N (o} Si Cl o/C  Cl/
C

untreated 79.0 9.8 0.9 10.3 0.12 0.13

Pretreated in H, (1 s) 92.0 6.0 0.9 1.2 0.06 0.01

Pretreated in Ny (1 s) 79.1 41 126 20 22 016 0.03

Pretreated in N5 (5 s) 69.7 12.9 13.8 1.5 2.1 0.20 0.03

Pretreated in O, (1 s) 68.4 21.7 0.4 9.7 0.32 0.14

Only O, treated (plateau) 61.6 240 11 120 039 0.19

H, pretreated + O, treated 66.6 29.7 1.0 2.7 0.45 0.04
(minimum)

H, pretreated + O, treated 63.9 22.6 0.2 13.3 0.35 0.21
(plateau)

N, pretreated (1 s) + O, 63.2 39 298 00 31 047 0.05
treated (minimum)

N, pretreated (1 s) + Oy 64.3 1.6 222 05 11.3 0.35 0.18
treated (plateau)

N, pretreated (5 s) + Oz 70.6 2.4 24.5 0.8 1.7 0.35 0.02
treated (minimum)

O, pretreated (1 s) + Oy 63.5 26.2 0.0 10.3 0.41 0.16

treated (minimum)

receive the required dose is higher.

It should also be mentioned that in the pretreatment procedure,
which was performed in the glowing plasma, the samples were not only
exposed to VUV radiation but also to ions and other species, which may
also have an influence on the pretreatment step. Therefore, in yet
another experiment, the pretreatment was performed in O, glow which
is poor in UV/VUV radiation, to prove the importance of UV/VUV ra-
diation. These results are shown in Fig. 3e. Because of poor UV/VUV
radiation of Oz glow, the pretreatment with glowing O, plasma caused
only a minor improvement of the surface wettability. The results in
Fig. 3 thus clearly support the importance of UV/VUV pretreatment for
bond scission and the creation of free radicals that can then further react
with oxygen atoms and form new functional groups.

3.2. VUV emission intensity of Ha, No, and Oz plasmas

For the estimation of the UV/VUV irradiation dose received by the
samples, we measured VUV-UV emission from Hy, Ny and O, plasma. A
comparison of the VUV spectra of all three plasmas is shown in Fig. 4.
The VUV spectrum of Hy plasma is dominated by the intense radiation of
molecular hydrogen in the Lyman band (resonant B-X transitions, 130 —
170 nm) and Werner band (resonant C-X transitions, below 130 nm)
[17]. In the VUV spectrum of N3 plasma, Lyman-Birge-Hopfield system
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is dominant. Fantz et al. have shown that the radiant power of N5 plasma
is only half of the radiant power emitted by Hy plasma which also ex-
plains the lower effectivity of Ny pretreatment in comparison with Hy
unless if the pretreatment times were prolonged. Compared to Hy and
N, O, plasma is a poor emitter in the VUV range. In the spectrum of O,
plasma in Fig. 4a only one small peak at around 130 nm, which corre-
sponds to 5° to 3P transition, is observed. However, these spectra were
not calibrated for spectral response, so this emission line is probably
much higher because, according to NIST simulated spectra presented in
[25], it is the most intensive line of Oy plasma. There is also one band
with a bandhead around 184 nm, which could be an emission from O,
Schumann-Runge system.

To compare the emission of Hy, Ny and O, plasmas, spectra were
integrated in four different UV ranges: the VUV range from 100 to 200
nm, the UV-C range from 200 to 280 nm, the UV-B range from 280 to
315 nm, and the UV-A range from 315 to 400 nm. The results are pre-
sented in Fig. 4b. In the VUV region, H, plasma emits 2.6 times and 25
times more than N3 and O, respectively. These ratios are quite similar in
the UV-C region, whereas in the UV-B and UV-A region, the N plasma is
the most intense emitter. The ratio in the VUV region correlates perfectly
with the results in Fig. 3. In N plasma, the superhydrophilic surface was
achieved with about 2.5 times longer treatment time than in H, plasma.
This means that the dose of VUV light was the same for the samples
treated for 1 s in Hy plasma and samples treated for 2.5 s in N3 plasma.

3.3. Influence of VUV pretreatment on the chemical composition

The surface chemical composition of the untreated and VUV-
pretreated samples was also investigated by XPS to gain a further un-
derstanding of the role of the pretreatment procedure. Selected samples
(marked with the arrows in Fig. 3) were analyzed. The measured surface
composition is shown in Table 2 and summarized in Fig. 5. A remarkable
drop in Cl concentration can be observed for the samples pretreated in
Hy and Ny plasma but not for the one pretreated in Oy glow. The Cl
concentration dropped from the original 10 at.% to just 2 at.% or even
less in Hy plasma. The pretreatment step in Hy or N3 plasma with strong
UV/VUV radiation has therefore an important effect on the dehydro-
chlorination of the surface (elimination of HCI).

Functionalization of Ho— or Ny—plasma pretreated PVC with O atoms
caused a noticeable increase of the concentration of oxygen on the PVC
surface. The maximum O concentration (approximately 29 at.%) was
found for the samples exhibiting minimum WCA in Fig. 3b, c. Also, the
surface concentration of Cl for these samples is still very low. The

0.5 <1°
<1°
| 40°  26° O/C g
o/C
04 | 0/c / 40° 40° <t
o/C o/C  0ojcC
‘O
£ 03 -
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Fig. 5. O/C and Cl/C ratio for (a) pretreated samples and (b) selected samples functionalized with O-atoms which are marked with the arrows in Fig. 3. The

wettability of these samples is shown in red.
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Fig. 6. HRES XPS spectra of the (a) untreated PVC, (b) Hp-plasma pretreated, (c) Np-plasma pretreated, (d) Os-plasma pretreated, (e) Hy pretreated and func-

tionalized with O atoms, (f) functionalized with O atoms without pretreatment.

minimum WCA is thus not only related to a high O content but also to a
low ClI content. For example, the sample pretreated in O3 plasma has a
high O concentration but also a high Cl concentration, therefore, its
wettability is not the best.

Opposite to the surface composition of the samples exhibiting low
WCA, we can observe that for all samples with WCA of approximately
40° (the plateau), the O concentration was lower (22-24 at.%),
regardless of using pretreatment or not. An important observation is that
the concentration of Cl for these samples increased back to values
similar to the untreated PVC. This again proves that surface concen-
trations O and Cl have a synergistic role in the wettability of the samples.
This is further shown in Fig. 5, where the ratio of O/C and Cl/C is
plotted. Here we can see that all pretreated samples (Fig. 5a) as well as
the samples with the minimum wettability (Fig. 5b) have the lowest Cl/
C ratio.

Variations in the elemental composition (i.e. dehydrochlorination
and oxygen functionalization) are also reflected in the shape of carbon
high-resolution (HRES) spectra, which are shown in Fig. 6 for different
treatments. For the untreated PVC (Fig. 6a), three peaks are observed.
The major two peaks correspond to C-C and C-Cl, whereas the third
minor peak can be associated to carbon-oxygen contamination. The
sample exposed to VUV radiation from Hj plasma clearly shows signs of
dehydrochlorination (Fig. 6b). The peak C-Cl almost disappeared;
therefore, this sample is characterized by a distinct C-C peak. Opposite
to Hp plasma, VUV radiation from Ny plasma (Fig. 6¢) gives the
impression that no dehydrochlorination is present. But this observation
is misleading, as several new peaks are observed that appear at a similar
binding energy as C-Cl. These peaks are a consequence of slight sample
oxidation during No-plasma treatment because of the presence of water
vapor, which is dissociated in plasma to OH radicals that may react with
the dangling bonds. If PVC is treated with VUV from O glow (Fig. 6d)
also some surface oxidation occurs, however, the intensity of oxygen-
related peaks is not high. Opposite to that, the sample pretreated by
Hy and then exposed to O-atoms (Fig. 6e) shows pronounced peaks
related to different oxygen functional groups. As a comparison, we also
show the spectrum of PVC treated only with O atoms without

pretreatment, where the efficiency of incorporation of oxygen atoms is
much lower because of missing dangling bonds (Fig. 6f). Fig. 6 thus
correlates well with the previous results showing the best functionali-
sation of the sample treated by Hy (VUV) and O, plasma.

3.4. Discussion on the reaction mechanism of VUV photons for surface
modification

We can therefore conclude that pretreatment has a significant effect
on the elimination of Cl atoms from PVC and the formation of dangling
bonds, as already shown schematically in Fig. 1. PVC is a polymer known
to be sensitive to UV solar radiation causing its degradation. It was re-
ported that the main photodegradation of PVC is dehydrochlorination
(Reaction (2)), followed by crosslinking and chain scission [26]. Dehy-
drochlorination can also lead to the formation of polyene (-CHy =
CHj-), sequence chains (see Reaction (3)) [27]. Therefore, for UV/VUV
plasma-treated PVC by, the following reaction mechanisms leading to
dehydrochlorination and formation of free radicals can describe PVC
modification:

—CH, —CHCl— 2, —CH,—~CH— + CI )
—CH, — CHCI — +Cl— — CH — CHCI — + HCI (2)
_CH, — CHCl — ™, _CH = CH — + HCI 3)

This is in agreement with our results which clearly prove that the
dehydrochlorination process leads to the formation of the chlorine-
depleted layer, which is more susceptible to further interaction with
oxygen atoms than the untreated PVC polymer. Upon exposure to oxy-
gen plasma species, the following reactions may appear:
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The reactions (4-6) may follow different propagation paths until
their termination, as described in [13].

These reactions enabled polymer functionalization with oxygen
groups and thus the formation of a superhydrophilic surface, which was
the case at short treatment times. Opposite to short treatment times,
long treatment times caused recovery of the Cl concentration, indicating
the removal of the Cl-depleted layer because of the etching effect of O
atoms, producing a surface similar to the sample without pretreatment.
This also explains obtaining the same value of WCA (40°) at long
treatment times independent if pretreatment was used or not. Also
Wertheimer et al. [21] proposed the reaction scheme of a polymer with
free radicals generated by VUV photons if exposed to oxygen-containing
plasmas. The reaction scheme led to the formation of a wide variety of
oxidation products which was shown in the case of polyethylene (PE).
Wertheimer also reported that the absorption coefficient for various
polymers differs, being the simplest for polymers containing - CHj -
backbone such as polyethylene (PE) and similarly also polypropylene
(PP), however, polymers with multiple bonds and aromatic polymers
have much stronger absorption. Because of the different absorption
coefficients for various polymers, also the penetration depth of VUV
differs, being of the order of 60 nm for PE, and over 100 nm for O-
containing functional groups, whereas for UV photons, the penetration
depth can exceed 1 pm [21].

The absorption of photons for various polymers was investigated by
Onari et al. [28], who found a strong absorption dependence on their
wavelength. For PVC, there was an enormous increase in the absorption
of UV at wavelengths below 160 nm [28]. Also for other types of poly-
mers, it was found that a threshold value for huge absorption of photons
was at wavelengths lower than either 160 or 180 nm [28]. Absorption
lower than 160 nm was typical for simple alkanes, whereas for func-
tionalized polymers like polyethylene glycol and poly-
methylmethacrylate, the threshold was approximately 180 nm.
Moreover, some polymers exhibited additional absorption features at
higher wavelengths. E.g. various styrene types of polymers and alkenes,
such as polybutadiene, showed another maximum of absorption at
approximately 200 nm [28]. Therefore, we can conclude, that the in-
fluence of photons on polymer modification to initiate reactions, which
is presented here for the case of PVC, also applies to other polymers.

Furthermore, as reported by Hollander at al., molecular oxygen ab-
sorbs photons with wavelengths between 135 and 170 nm [29]. Such
absorption leads to the dissociation of the O, molecule into the ground-
state oxygen atom (O3P) and an excited atom (OlD). This means that in
the presence of Oy molecules in plasma, only radiation with wavelengths
below 135 nm and above 170 nm can reach the polymer surface and
cause its modification. The experiment performed by Hollander also
proves that the surface reactions are substantially accelerated by
simultaneous VUV irradiation. For polyethylene (PE) treated with Hj,
Ho/He, and Hy/O, plasma, the rate of oxidation and the maximum
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Table 3
Literature review of PVC wettability obtained by other authors.
REF Treatment Gas WCA initial — XPS ratio
conditions* final 0O/Cand Cl/
C initial —
final
[42] Atmospheric DBD air 86°— 65° 0/C =
0.149 —
0.265
Cl/C=0.03
— 0.03
[30] Capacitive RF, Ar ion ~90° -»~15° 0/C=
- 50-125W, 1 h treatment after 1 day 0.087 - 0.5
Cl/C=
0.63 —
0.083
after 1 day
RF ICP, 30-120 W, 10 Ny ~85° -»~25° at Cl/C=
(31 Pa, 60 s the highest power  0.144 —
0.014
0/C=
0.116 —
0.301
RF ICP, 30-180 W, remote AE 107°— 22° remote
1431 20 em®/min, direct AR (29°direct) ift >  O/C = 0.06
0.5-3.5 min 3 min and — 018
60-180 W Cl/C=
0.14 - 0.01
direct
0/C =0.06
— 0.15
Cl/C=
0.14 - 0.03
. Plasmotron 2860 air or UV 88.5°— 17°: air /
(32] MHz, air, 0.04 mbar, irradiation and
140 mA, 10 s, 88.5°— 54°: UV
or UV Mercury lamp
254 nm,1h
[33] Ion implantation 0, or H,O 97.2°— 21.7° for 0/C=
o up to 1500 W, up to 1 ion 05, 1000 W, 30 0.068 —
h, 35 scem, 5 x 107 treatment min 0.334 02
Torr, 30 Hz, bias 4 kV 97.2°— 29.9° for 0/C =
H-0, 600 W, 30 0.068 —
min 0.563 H20
RF 13.56 MHz, 60 cm O, remote / 0/C =
441 remote, 100 W, 60 0.152 -
cm®/min, 60 s 0.228
Cl/C=
0.14 - 0.03
[45] Atmospheric DBD, air 107°— 57° 0/C=0.12
- 20 W, 30-37 kHz - 0.21
Cl/C=
0.01 - 0.05
Atmospheric SBD, air 85.9°— 64.9° 0/C=0.15
1461 200w, 1.1, 155 - 0.26
Cl/C=
0.03 - 0.03

*Abbreviations: DBD — dielectric barrier discharge, SBD — surface barrier
discharge, RF — radiofrequency, ICP — inductively coupled.

oxygen concentration was the highest when treating the polymer with
Hy plasma emission, followed by Hy/He plasma emission and the
smallest for Hy/Oy plasma. If additional Oy was added, the rate of
oxidation decreased. Based on the order of the oxidation rates in these
three experiments, the authors concluded that the radiative excitation of
PE was more important for the oxidation reaction than the attack of the
inactivated polymer by atomic oxygen, which is in agreement with the
results presented above.

The results above thus clearly show that the pretreatment step can
significantly improve the final surface activation of polymers. However,
one should be aware that if using Ny plasma as a source of VUV for
surface pretreatment, it can also cause incorporation of nitrogen atoms
from plasma [31,32]. This has happened also in our case as shown in
Table 2. Incorporation of nitrogen is, of course, absent in the case of Hj
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Fig. 7. Wettability of PVC versus the O/C ratio as obtained by other authors (green symbols) and our results (pink symbols).

plasma treatment. It may happen that traces of nitrogen may be unde-
sirable for some applications, so in that case, it is better to use Hy pre-
treatment. However, in industrial applications, where Hy is not the
preferred gas because of security reasons, Hp may be replaced with Ny if
nitrogen traces do not pose a problem for the particular application.

At the end, it is also worth mentioning the results regarding the
surface wettability and composition of PVC obtained by other authors,
which are summarized in Table 3 and Fig. 7. It can be summarized that
most of the treatments were performed either in atmospheric DBD
plasma or low-pressure RF plasma. Rangel et al. [30] and Xiao-Jing et al.
[31], who used RF plasma created in argon or nitrogen, respectively,
found that WCA decreased with increasing power up to 125 W. Xiao-
Jing has also found that chlorine concentration decreased with
increasing power, whereas oxygen was increasing. He was using nitro-
gen plasma which is a source of UV/VUYV radiation, therefore, a decrease
in WCA can be related to increased radiant power. Kaczmarek et al. [32]
compared air plasma treatment with UV radiation from a Mercury lamp
(254 nm). He found better wettability of PVC after air-plasma treatment
than after UV-lamp treatment, indicating that a radiation dose from a
Mercury lamp was not as efficient as radiation from air plasma,
including synergistic effects of ions. Some authors have also performed
the treatment with ions (ion implantation), which, like irradiation, led
to the formation of a surface with good hydrophilicity [30,33]. How-
ever, for plasma ion implantation, treatment times were much longer of
the order of an hour, whereas, for regular plasma treatments, it was
minutes or a few tens of seconds. There is no report on obtaining a
superhydrophilic surface in a few seconds of treatment, as in our case.

Finally, it is worth mentioning that the creation of free radicals as a
consequence of irradiation and their decay has been already investi-
gated by some authors using electron spin resonance (ESR) [31,34-38].
The dangling bonds are usually just temporally stable, so they do not last
long, because several radical recombination mechanisms can occur: (1)
random diffusion of radicals in polymer until combined together by
molecular radical termination reaction, and (2) recombination of radi-
cals near the surface with gas species [34]. Most often it was reported
that radicals can be stable for minutes or several hours, which also de-
pends on the storage condition and temperature [34,36,39-41].

4. Conclusions

The influence of VUV and UV radiation on the degree of polymer
surface modification was investigated. The source of radiation was Hy,
N,, and O, plasma. These plasmas were chosen because of a large dif-
ference in the intensity of radiation in VUV and different UV regions. As
shown by VUV spectroscopy measurements, the most intensive radiation
was found for hydrogen and nitrogen. Hydrogen radiation dominated in
VUV and UV-C regions, whereas nitrogen dominated in UV-A and UV-B
regions. Oxygen radiation was very poor and mostly in the UV-B region.
The effect of VUV/UV radiation on the dangling bond formation and on
the enhancement of the efficiency of further surface modification was
investigated in the case of PVC polymer. PVC polymer was first pre-
treated with VUV radiation to make dangling bonds before further
functionalization with neutral oxygen atoms. It was found that pre-
treatment of polymer in plasma rich with radiation in the VUV range can
significantly improve treatment efficiency in terms of obtaining better
hydrophilicity in very short treatment times. For example, 1 s of pre-
treatment in hydrogen plasma followed by 3 s of treatment with neutral
oxygen atoms was already enough to obtain a superhydrophilic surface.

CRediT authorship contribution statement

Alenka Vesel: Writing - original draft, Writing - review & editing,
Supervision, Data curation, Validation, Project administration, Funding
acquisition. Rok Zaplotnik: Conceptualization, Methodology, Investi-
gation, Formal analysis, Validation. Miran Mozetic: Supervision,
Writing - review & editing. Nina Recek: Visualization, Investigation,
Formal analysis.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.



A. Vesel et al.

Acknowledgment

The authors acknowledge the financial support from the Slovenian
Research Agency (research core funding No. P2-0082) and project L2-
3163 “DemoCat”.

References

[1]

[2]
[3]
[4]
[5]
[6]

[7]

[8

—

[91

[10]

[11]

[12]

[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

R. Ghobeira, P.S. Esbah Tabaei, R. Morent, N. De Geyter, Chemical characterization
of plasma-activated polymeric surfaces via XPS analyses: a review, Surf. Interfaces
31 (2022) 102087.

A. Vesel, M. Mozetic, New developments in surface functionalization of polymers
using controlled plasma treatments, J. Phys. D Appl. Phys. 50 (2017), 293001.
G. Primc, Recent advances in surface activation of polytetrafluoroethylene (PTFE)
by gaseous plasma treatments, Polymers 12 (2020) 2295.

M.A. Lieberman, V.A. Godyak, From fermi acceleration to collisionless discharge
heating, IEEE Trans. Plasma Sci. 26 (1998) 955.

P. Chabert, T.V. Tsankov, U. Czarnetzki, Foundations of capacitive and inductive
radio-frequency discharges, Plasma Sources Sci. Technol. 30 (2) (2021) 024001.
X. Zhang, P.-C. Yu, Y.u. Liu, Z. Zheng, L. Xu, P.i. Wang, J.-X. Cao, The transition
mechanisms of the E to H mode and the H to E mode in an inductively coupled
argon-mercury mixture discharge, Phys. Plasmas 22 (10) (2015) 103509.

A. Draskovic-Bracun, et al., E- and H-mode transition in a low pressure inductively
coupled ammonia plasma, Plasma Process. Polym. 15 (2018) 1700105.

R. Zaplotnik, et al., Transition from E to H mode in inductively coupled oxygen
plasma: Hysteresis and the behaviour of oxygen atom density, Europhys. Lett. 95
(2011) 55001.

J.-P. Booth, et al., Foundations of plasma surface functionalization of polymers for
industrial and biological applications, Plasma Sources Sci. Technol. 31 (2022),
103001.

K. Kutasi, et al., Active species downstream of an Ar-O surface-wave microwave
discharge for biomedicine, surface treatment and nanostructuring, Plasma Sources
Sci. Technol. 20 (2011), 035006.

K. Kutasi, et al., Theoretical insight into Ar-O surface-wave microwave
discharges, J. Phys. D Appl. Phys. 43 (2010), 175201.

K. Kutasi, et al., Tuning the afterglow plasma composition in Ar/N5/O, mixtures:
characteristics of a flowing surface-wave microwave discharge system, Plasma
Sour. Sci. Technol. 25 (2016), 055014.

R. Dorai, M.J. Kushner, A model for plasma modification of polypropylene using
atmospheric pressure discharges, J. Phys. D Appl. Phys. 36 (2003) 666.

E.A. Bernardelli, T. Belmonte, D. Duday, G. Frache, F. Poncin-Epaillard, C. Noél,
P. Choquet, H.-N. Migeon, A. Maliska, Interaction mechanisms between Ar-O,
post-discharge and stearic acid I: behaviour of thin films, Plasma Chem. Plasma
Process. 31 (1) (2011) 189-203.

J. Golda, et al., Vacuum ultraviolet spectroscopy of cold atmospheric pressure
plasma jets, Plasma Process. Polym. 17 (2020) 1900216.

P. Tian, M.J. Kushner, Controlling VUV photon fluxes in low-pressure inductively
coupled plasmas, Plasma Sources Sci. Technol. 24 (2015), 034017.

U. Fantz, et al., Quantification of the VUV radiation in low pressure hydrogen and
nitrogen plasmas, Plasma Sources Sci. Technol. 25 (2016), 045006.

K. Cho, et al., Effects of irradiation with ions and photons in ultraviolet-vacuum
ultraviolet regions on nano-surface properties of polymers exposed to plasmas, Jpn.
J. Appl. Phys. 51 (2012) 01AJ02.

A.J. Knoll, P. Luan, E.A.J. Bartis, V.S.S.K. Kondeti, P.J. Bruggeman, G.S. Oehrlein,
Cold atmospheric pressure plasma VUV interactions with surfaces: effect of local
gas environment and source design, Plasma Process. Polym. 13 (11) (2016)
1069-1079.

Y. Zhang, et al., Polyethylene terephthalate (PET) surface modification by VUV and
neutral active species in remote oxygen or hydrogen plasmas, Plasma Process.
Polym. 16 (2019) 1800175.

[21]

[22]

[23]
[24]
[25]

[26]

[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]
[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

Journal of Photochemistry & Photobiology, A: Chemistry 443 (2023) 114876

M.R. Wertheimer, A.C. Fozza, A. Hollander, Industrial processing of polymers by
low-pressure plasmas: the role of VUV radiation, Nucl. Instrum. Methods Phys. Res.
B 151 (1-4) (1999) 65-75.

M.J. Titus, et al., Effects of vacuum ultraviolet photons, ion energy and substrate
temperature on line width roughness and RMS surface roughness of patterned 193
nm photoresist, J. Phys. D Appl. Phys. 44 (2011), 085204.

D. Lojen, et al., Optimization of surface wettability of polytetrafluoroethylene
(PTFE) by precise dosing of oxygen atoms, Appl. Surf. Sci. 598 (2022), 153817.
G. Primg, et al., Microwave discharge as a remote source of neutral oxygen atoms,
AIP Adv. 1 (2011), 022129.

R. Zaplotnik, M. Mozeti¢, Frontiers in the interaction of chemically reactive species
from gaseous plasma with hydrophobic polymers, Front Phys. 10 (2022).

W. Shi, et al., Influence of UV absorber on photodegradation processes of poly
(vinyl chloride) with different average degrees of polymerization, Polym. Eng. Sci.
47 (2007) 1480.

W. Shi, et al., Different photodegradation processes of PVC with different average
degrees of polymerization, J. Appl. Polym. Sci. 107 (2008) 528.

S. Onari, Vacuum ultraviolet absorption spectra of synthesized polymer films,

J. Physical Soc. Japan 26 (1969) 500.

A. Hollander, et al., Vacuum-ultraviolet-induced oxidation of polyethylene,
Macromolecules 27 (1994) 2893.

E.C. Rangel, et al., Treatment of PVC using an alternative low energy ion
bombardment procedure, Appl. Surf. Sci. 258 (2011) 1854.

L. Xiao-jing, et al., The effect of surface modification by nitrogen plasma on
photocatalytic degradation of polyvinyl chloride films, Appl. Surf. Sci. 254 (2008)
6568.

H. Kaczmarek, et al., Surface modification of thin polymeric films by air-plasma or
UV-irradiation, Surf. Sci. 507-510 (2002) 883.

W. Zhang, et al., Effects of O and H,O plasma immersion ion implantation on
surface chemical composition and surface energy of poly vinyl chloride, Appl. Surf.
Sci. 252 (2006) 7884.

M. Haupt, J. Barz, C. Oehr, Creation and recombination of free radicals in
fluorocarbon plasma polymers: An electron spin resonance study, Plasma Process.
Polym. 5 (1) (2008) 33-43.

B. Ranby, Photochemical modification of polymers - Photocrosslinking, surface
photografting, and lamination, Polym. Eng. Sci. 38 (1998) 1229.

M. Kuzuya, et al., Peroxy radical formation from plasma-induced surface radicals of
polyethylene as studied by electron spin resonance, Macromolecules 31 (1998)
3230.

M. Kuzuya, et al., Nature of plasma-induced surface radicals of powdered
polyethylene studied by electron spin resonance, Macromolecules 26 (1993) 1990.
B. Pavel Yu, et al., Electron spin resonance spectra, conformation, and chemical
properties of free radicals in solid polymers, Russian Chem. Rev. 38 (1969) 290.
M. Kuzuya, et al., Spectrochemistry of plasma-induced free radicals in cellulose
derivatives, Chem. Pharm. Bull. 43 (1995) 2037.

M. Kuzuya, et al., Plasma-induced free radicals of polycrystalline carbohydrates as
spin probe for plasma diagnosis of plasma treatment, Thin Solid Films 345 (1999)
85.

L. Lapcik, et al., Electron paramagnetic resonance study of free-radical kinetics in
ultraviolet-light cured dimethacrylate copolymers, J. Mater. Sci. Mater. Med. 9
(1998) 257.

A. Asadinezhad, et al., Polysaccharides coatings on medical-grade PVC: A probe
into surface characteristics and the extent of bacterial adhesion, Molecules 15
(2010) 1007.

L. Ru, C. Jie-rong, Studies on wettability of medical poly(vinyl chloride) by remote
argon plasma, Appl. Surf. Sci. 252 (2006) 5076.

H. Miao, C. Jierong, Inactivation of Escherichia coli and properties of medical poly
(vinyl chloride) in remote-oxygen plasma, Appl. Surf. Sci. 255 (2009) 5690.

0. Galmiz, et al., Hydrophilization of outer and inner surfaces of Poly(vinyl
chloride) tubes using surface dielectric barrier discharges generated in ambient air
plasma, Plasma Process. Polym. 14 (2017) 1600220.

M. Sowe, et al., Analysis and characterization of printed plasma-treated polyvinyl
chloride, Int. J. Polym. Analysis Charact. 14 (2009) 641.



