Applied Surface Science xxx (2016) XXX-XXX

=

LSEVIER

I

Contents lists available at ScienceDirect

applied
surface science

Applied Surface Science

journal homepage: www.elsevier.com

Permanent hydrophilic modification of polypropylene and poly(vinyl

by vacuum ultraviolet radiation

Guilherme Kretzmann Belmonte,” German Charle:s,b Miriam Cristina Strumia,b Daniel Ed

* Instituto de Quimica, Universidade Federal do Rio Grande do Sul (UFRGS), Avenida Bento Gongalves 9500, 91501-970 Porto Ale,
Departamento de Quimica Organica, Facultad de Ciencias Quimicas, Universidad Nacional de Cérdoba, Haya de la Torre y Medina

Universitaria, Cordoba 5000, Argentina

films

ARTICLE INFO ABSTRACT

Article history:

Received 19 January 2016

Received in revised form 11 April 2016
Accepted 14 April 2016

Available online xxx

Keywords: with typical plasma treatments were a rapid hydro
Polypropylene data showed the presence of new functionalities o
Poly(vinyl alcohol) —_ . . .
Vaeuum ultraviolet O and C==C functional groups. Finally, grafti
Hydrophilic confirmed that only in the VUV irradiated regj
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1. Introduction

Polypropylene (PP) is a commodity and thermoplastic p
widely used in the industry and daily life. PP shows excellg
chanical properties and a high adaptability to complicated s
and in consequence it is used in a broad range of applicati;

and therefore additional treatments are required
face free energy.

Recently the use of polymers, such us PP
ith syn-
d out to find
the contrary,
1c polymer, rela-
plications, agricul-

Poly(vinyl alcohol) (PVA) is a biodegra
tively harmless [3] and it is used in packa

used as a biomaterial in
tissue engineering applications [4,5]" 1, some aspects must be
enhanced in PVA, such aggthe highYeost of synthesis and low
iggar biodegradable polymers
present in many cases relatively lo rface free energy which will
determine low cellular adhesion and degradation rates [7-9].
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er our experimental conditions. It was observed
anent in both polymers. These results contrasted
ith aging time is usually observed. UPS and XPS

” Our results showed the potential use of VUV treatment for surface modi-
ores in the UV region.
© 2016 Published by Elsevier Ltd.

PPgnd PVA lack of a UV chromophere and a simple UV photo-
al treatment cannot be used. The surface properties of syn-
and biodegradable polymer are usually modified by different
niques, such as: plasma treatment [1,10,11], plasma polymeriza-
tion [12-14], corona-discharge [15], grafting [16], graft co-polymer-
ization [17] and nuclear radiation [18,19]. Dry techniques as low
power radio-frequency (RF)-plasma treatments have been extensively
used to improve the surface properties of polymer materials. The ex-
tensive set up used in plasma techniques, which employ radiation and
discharges, and the regression to the almost untreated state after the
treatments are the main disadvantage of those techniques [20]. A
polyolefin like PP treated with plasma sources have shown rapid hy-
drophobic recovery with aging time in a few days or weeks [10,21
—25]. Detailed studies about the aging mechanisms that originate the
hydrophobic recoveries in plasma or Vacuum Ultraviolet (VUV)
treatments of several common polymers have carried out in the past
[21,22,26]. Those investigation have concluded that the main mecha-
nisms of aging are adsorption of low-energy contaminants from the
atmosphere, outward diffusion of light oligomers or additives, in-
ward-diffusion of low molecular weight oxidized species and reorien-
tation of side chains or pendant groups on the macromolecules. Inter-
esting results by Rutherford Back Scattering experiments of Argon
plasma treated PP showed that oxygen was observed up to the depth
of about 60 nm with the oxygen concentration decreasing from the
surface to the bulk. But nevertheless the power of the plasma dis-
charge used, the full contact angle restoration was achieved after
about 3 days of aging [10]. Recently, a series of studies suggested
that the hydrophobic recovery after plasma treatment is due to di-
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pole—dipole interactions of treated polymer with molecules of the
nearby medium [27]. Those mechanisms may combine to produce a
hydrophobic recovery in PP and other polymers adding cost in the
production line.

The use of UV light as a simple, dry and economic excitation
source has showed in many cases similar results to plasma treatments
[28-31]. PP and PVA films are transparent to UV light or absorb
weakly if especial additives are added. Therefore UV treatment can-
not be use efficiently to modify the surface of polymers that lack of
UV chromophores. In this sense VUV radiation appears as an inter-
esting alternative to plasma treatments due to the simple set up and
control of the experimental parameters. Most plasmas are emitters of
photons in the UV and VUV and automatically include a fraction of
UV and VUV-induced contribution to the final outcome [32]. VUV
photons have high energies (6-12 eV) well in excess of those of co-
valent bonds in most polymers given rise to complex photochemical
processes [33,34]. After VUV treatment of the surface of the pristine
polymer, grafting reactions can be carried out easily to modify per-
manently the surface properties of the polymer film to meet specific
technical requirements.

In the present contribution we report the surface treatment of PP
and PVA films using VUV light of 162 nm to induce permanent hy-
drophilic properties to the film surfaces. Additionally, grafting reac-
tions of styrene on PP treated surfaces were carried out. Water Con-
tact Angle (WCA) measurements, Fourier Transformed Infrared
Spectroscopy in Attenuated Total Reflectance mode (FTIR-ATR),
X-ray Photoelectron Spectroscopy (XPS), Near-edge X-ray Absorp-
tion Fine Structure (NEXAFS), Ultraviolet Photoelectron Spec-
troscopy (UPS) and Optical Profilometer measurements were used
for the characterization of the chemical structure of the treated PP
and PVA films.

2. Experimental
2.1. Materials

Styrene was supply by Sigma with 99% of purity. Toluene 99.9
and isopropyl alcohol 99.9% were obtained from Merck (Brazil) Jy

sity and 10 g/10 min melt flow) were processed by inje
cleaned in ultrasonic bath with acetone for 30 mig

ment, the films were washed ultrasoni
water for 15 min and then dried at room te .

Poly(vinyl alcohol) (PVA), Sigma Aldrich
cionized water (10~* mol/
jon until complete disso-
chniques: spin coating and
prepare films by spin coat-
ing in heated polished stainless substrate (1 cm X 1 cm) at
70 °C. The casting film was prepared on Teflon plate at room temper-
ature overnight. After that the films were dried at vacuum oven dur-
ing 24 h. The spin coating films were only used when synchrotron

radiation was the excitation source. The thickness of the spin coated
and casted films was between 200 and 400 nm and (29 +4) um re-
spectively.

2.2. Water contact angle measurements

The wettability was measured by the sessile d where
2 uL drops of deionized water were gently depg e surface at
room temperature using a microsyringe. The e captured
using the “Drop Shape Analysis System” equip 8s DSA. All

the measurements were repeated at least
tions. The images were captured using affligi ;
alyzed for contact angle measurements@sing Sugfens 3.0 software.
WCAs measurements were carrie Mgiggabout 15 min of the
VUV treatments.

2.3. Fourier transformed infrared 3
reflectance mode)

roscopy (attenuated total

Fourier transformed in spectroscopy measurements (FTIR)
were performed using an Alpha-Rgodel, Bruker, with a spectral res-
olution of 4 cm™" ang cans. The method of Attenuated Total Re-
flectance (ATR) wj pd prism was employed at an incidence
angle of 45°.

tained in a conventional electron spectrome-
d with a high performance hemispherical en-

f pass energy. In the spectra, the position of the C—C/
specified, and other peaks of different carbon environ-
fixed relative to this peak, set at 285.0 eV. The angle be-

'y background using Gaussian-Lorenzian peak shapes obtained
the CasaXPS software package.

2.5. Near edge X-ray absorption fine structure (NEXAFS) and
ultraviolet photoelectron spectroscopy (UPS)

NEXAFS and UPS experiments were carried out at the Brazilian
Synchrotron Light Source (LNLS), Campinas, Brazil. The SGM
(Spherical Grating Monochromator) beam line, for ultraviolet and
soft X-ray spectroscopy (250-1000 eV), which gives a spectral reso-
lution (E/AE) better than 2000, was used as the monochromatic pho-
ton source for NEXAFS measurements. NEXAFS spectra were ob-
tained by measuring the total electron yield (electron current at the
sample) simultaneously with a photon flux monitor (Au grid). The fi-
nal data were normalized by this flux spectrum to correct for fluctua-
tions in beam intensity. UPS spectra were obtained at the TGM
(Toroidal Grating Monochromator) beam line which covers a photon
energy range from 12 to 310 eV. For particular photodegradation
tests, the films were irradiated by synchrotron radiation (SR) during a
fix period of time under UHV conditions. Broadband SR (zero-order
light from the beamline) was used for the polymer degradation. After
irradiation, one atmosphere of oxygen was introduced into the UHV
chamber for 30 min following a methodology already utilized in pre-
vious studies [35-38]. UPS spectra were obtained at the photon en-
ergy of 150 eV before and after the treatments.
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The experimental set ups include a XYZ sample manipulator
housed in an ultra high vacuum (UHV) chamber with a base pressure
of 1077 Pa. The substrates were directly attached to the sample holder
by using conducting double sided tape. The synchrotron beams were
slightly defocused to avoid or minimized sample charging during ac-
quisition.

2.6. Optical profilometer measurements

Surface roughness measurements were carried out using an optical
profilometer, Contour GTK 3D Optical Profiler. The software “Vi-
sion64” was used for data analyze and the root mean squared rough-
ness (RMS) was calculated. Each value corresponds to an average of
5 measurements at four different positions of the surface.

2.7. Vacuum ultraviolet (VUV) treatments

VUV irradiation was carried out by a Deuterium almost mono-
chromatic source (162 nm) of 140 W from Hamamatsu, Japan. The
irradiations were performed in a homemade stainless steel reactor fit-
ted with the excitation source. A scheme of the apparatus is shown in
Fig. S1 in Supporting information. During irradiation a constant flow
of inert nitrogen atmosphere at 5 mL/s enter the photochemical reac-
tor. When it was necessary a reactive gas, such as oxygen was intro-
duced after the irradiation period. The distance between the samples
and the source was kept constant in 2.5 cm (see Fig. S1 in Supporting
information). The substrates were directly fixed to the sample holder
that was situated in front of the Lamp.

2.8. Styrene grafting

For the styrene grafting experiments commercial atactic PP films
of 60 um thickness and injection moulding PP sticks of 2 mm thick-
ness were used. The commercial films were received with a previous
corona treatment (see Section 2.1) and were slightly hydrophobic
(WCA =89°). The VUV irradiated PP films were exposed to air fo
I min and after about 5 min they were immersed 30 min in t
styrene monomer, which had been previously bubbled in dry nj
gen. Finally, the films were washed in toluene and isopropyl a
and dry before characterization.

3. Results and discussion

3.1. Polypropylene VUV treatments

Untreated PP sticks showed a WCA of (106
these substrates were treated by VUV photons (i
phere) and oxygen gas was introduced into the
tochemical treatment, the WCA decreased
superhydrophilic condition (see inset of Fi
equal or higher than 30 min, an approxi
was obtained. Aging measurements sho
covery of the VUV treated films was ve
lized in a permanent hydrophilic
months. Fig. 1 shows the dep
treated samples retained their hydro
ter 12 months of the treatme
out. This result is very difficul btajfl’using traditional techniques
such as plasma treatment, where the ace recovers the hydrophobic
properties within a few hours or days after the treatments [21-23,39].
The rapid hydrophilic conversion of the surface wettability of the PP
samples is a known effect already observed under vy

hydrophobic re-
and the films stabi-
out 40° for several
the WCA on aging. PP
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Fig. 1. WCA dependence on the aging tim&for PP treated substrates with VUV light

arried out in an inert N, atmosphere and after irradia-

formation of volatile fragments, such as hydrogen and
rbons. These fragments can also react to form C=—=C

to ablation. Those processes are the source of so-called ag-
ere the concentration of chemically-bonded oxygen resulting
VUV exposure increase with irradiation and exposure to the
bient atmosphere.
The chemical state of the VUV-irradiated surfaces was examined
in more detail using FTIR-ATR and XPS measurements. FTIR-ATR
analysis of treated PP films by VUV (See Fig. S2 in Supporting
information) showed that after 30 min of VUV irradiation new bands
appeared in the spectrum. A broad band located between 3600 and
3100 cm™! is characteristics of the hydroxyl groups stretching (—
OH) [41] and a peak at about 1720 cm”! can be assigned to stretching
of carbonyl groups (C==0) [41]. Both main signals show the effect
of the VUV irradiation and oxidation of the PP film surface. More
surface sensitive chemical information of the changes produced by
the VUV treatments on the surface region of the PP films was ob-
tained by XPS analyses. Untreated PP films showed almost not oxy-
gen content at the surface with only the presence of some atmos-
pheric contamination. When the PP films were irradiated for 30 min
and then expose to air, the O/C signal ratio increased from about
0.01% for a pristine PP film to 0.13% (See Fig. S3 in Supporting
information). The increase in the oxygen content on the polymer sur-
face after irradiation showed the extent of surface oxidation by the
combination of VUV light and exposure to the oxygen atmosphere.
New functionalities in the polymer surface were observed after
the VUV treatments. Peak-fitting of the Cls XPS spectrum of a PP
film without treatment (Fig. 2a) shows only the typical PP contribu-
tions of C——C/C—H bonds with a very simetric peak. After
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Fig. 2. C 1s XPS core-level spectra of PP samples untreated (a) and treated with VUV
irradiation for 30 min in N, atmosphere (b). After irradiation the PP films were expo-
sure to air. Finally, after VUV treatment styrene was grafted on the PP substrates only
in the irradiated area (c) (see Section 3.2 for details).

VUV irradiation and air exposure (Fig. 2b), the Cls signal showed
the appearance of contributions of photoelectrons related to new
functionalities present on the PP surface that can be assigned to CO!
(289 eV), C=0 (288 ¢eV), C—0 (286 eV) and C—C (283.5¢
in minor amounts [31,41].

3.2. Styrene grafting

In the last decades the use of surface modification te:
came essentials to change the surface properties of pol
als according to tailor-made specifications designed for
cations. One of the usual ways to modify polymers p
ing, which is a method wherein monomers are cog#
the polymer chain. In Section 3.1 it was shown th
films was converted to a permanent hydrophili
treatments. To test the efficiency of grafting
and later exposure to oxygen atmospherefor air, i
and commercial PP substrates were used. CQu i
received with a previous coron:

manent hydrophobic character. Both types of films were irradiated
using a mask, where the irradiation area corresponded to the central
region (a) in Fig. 3i. After treatment with VUV light and oxygen ex-
posure, the PP samples were immersed in styrene (ST) #lonomer. The

for 30 min.
Table 1 resumes the WCA measurements a
tests. As can be seen from the results presente

measured (see Fig. 3iv and Table 1). O
gion (b) in Fig. 3i) there was not gra
measured corresponded to the same va
(see Fig. 3ii and Table 1). The resu,

adtatton plus contact with an
lted reactive species on the sur-

pectroscopy were used. Due to the
Qb treated substrates was very thin,

1s treated with VUV light and return to a
d O/C ratio of 0.10 when ST monomers are

spectra of a PP film without and with treatment showed
ions of a high C=C signal in the ST grafted film (see

ers on the VUV PP films the contributions of electrons related
O groups almost disappeared and the C==0O signal strongly
deCreased confirming the changes on the surface after ST grafting.

In order to corroborate the presence of ST monomers or probably
a ST polymerized film on the VUV treated PP surface, NEXAFS
analyses were carried out. NEXAFS spectroscopy is a powerful sur-
face sensitive technique to identify and distinguish electronic transi-
tions of molecular groups in different chemical environment [42,43].
Fig. 4 shows a typical NEXAFS spectrum of untreated commercial
PP film where it is possible to assign the following contributions to
the total spectrum: Cls — ¢*—; (287.0 eV) and C 1s — ¢ *c—
(291.7 eV) [44,45]. When the commercial PP films were grafted with
ST the spectrum changed slightly the shape with the appearance of a
new peak localized at 284.8 eV (see inset of Fig. 4). That signal is a
typical transition from a core C 1s to a p*c=— bond. The C

Is - m*c=—= resonance at 284.8e¢V observed in the ST

Fig. 3. Styrene grafting in commercial PP films untreated and treated with VUV radiation for 30 min in an inert N, atmosphere. After photolysis the irradiated samples were ex-
posed to pure oxygen. (i) Scheme of the mask use for the experiments where (a) corresponded to the irradiated area and (b) to the area without irradiation; (ii) commercial PP film
without VUV irradiation; (iii) commercial PP film with 30 min of VUV irradiation; (iv) idem (iii) plus grafting with styrene.
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Table 1

WCA measurements of untreated injection molding and commercial PP films treated

with VUV for 30 min and immersed in styrene (ST) monomer.

Area of
analyses
Sample (see Fig. 3-1) WCA (degrees)
Commercial PP Injection molding PP
films substrates
Untreated - 89+2 102+ 4
vuv a 69+2 ~11
treated
VUV+ST a 120+ 1 123+1
VUV+ST b 89+1 100 +2
1.5 1 T IBEREEEES REEE Ry
"7| —u— Untreated film
.Il - —u— WUV treated
L + ST grafting
\
r A
] L]
L 1
1,04 gl E
3 -
3 k
1
> o7l -
0 I3 |
o " g R
— " oso{y = .
£ Floa \ .
M = L Cls—n
054 J 5 -+
b i I ]
b ! ..'-....»-"'
[} (]
Fl I.r ] "'\-._.-"l
[ ] ———
= N 83 o 285 L
\" Photon Enery (aV)
0.0

T T T T T T
2B4 2B6 ZBR 290 262 294 296 298 300

Photon Energy (eV)

grafted films (Fig. 4) matched exactly the value
ments of plasma-polymerized styrene films obtai ppropri-
ate choice of external plasma parameters, suc,
troscopy confirm the efficient grafting of
VUV irradiated area of the commercial PP

3.3. Poly(vinylalcohol) VUV treatm

PVA was also exposed to V
of nitrogen. After the photolysis of |
into the chamber during 15 g to oxidie the irradiated surface. A
Pristine PVA film has a WCA 2°. WCA of the irradiated
films showed a continuous decrease when the VUV exposure time in-
creased. For example, for the VUV irradiation times of 10 and 20 min
the measured WCAs were 42 + 2° and 14 £ 1° respectively. Further-
more, it was possible to observe that after 30 min of irradiation

in an inert atmosphere
ms, oxygen was introduced

the PVA surface changed from hydrophilic to superhydrophilic
reaching WCAs lower than 10°.

Changes in chemical surface composition of PVA films treated
with VUV light were investigated by FTIR-ATR
troscopy. Fig. 3 shows the FTIR-ATR spectra of p,
treated PVA films. The main feature observed in Fig®
of an intense signal at 1703 that can be assigg

a wide VUV range
line to know de-
anges in function-
a of untreated PVA

tails about the photodegradation mecha
alities that occur after irradiation. The

troscopy data on polyethylene a

tion of C—O functional grou

is associated mainly with the car-
ain chain. After irradiation and

irradiation a disti;
of new C—C

efpolymer chain [47,48]. Fig. 6 shows that
oulder seems to decrease slightly and af-
irradiation the C=C contribution complete

As data shows that the hidrophilicity of the treated PVA
s increased when the VUV irradiation time at 162 nm increased,
cachifig a superhydrophilic state at 30 min of irradiation. In spite
-ATR and UPS data (see Figs. 5 and 6, respectively) show a
clear presence of hydrophilic groups on the surface; the fact that the

A —— Unireated

—— VUV 30 min

Absorbance (a. u.)

L e e e LA B B e e L B
4000 3500 3000 2500 2000 1500 1000

Wavenumber(cm)

Fig. 5. FTIR-ATR spectra of pristine and VUV treated PVA films. Irradiation time:
30 min. After the irradiation the films were exposure to an oxygen atmosphere for
15 min.
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] ! ! ] non-irradiated areas (~1.2 mm?” scanned area), was 89 5 um. Fig.
b ] W'lhnul irmdlauon 7a shows a quite homogenous roughness of the untreated PVA film.
1,0k - Cas Following exposure with VUV light and oxygen the surface morphol-
1 ogy of PVA changed significantly and distinct self g#Sembled like
50004 CH; CM channels, of 50-70 pm were formed over the illu rea (see
0.0 ] - _)‘ Fig. 7b). The roughness of the irradiated re; decreased
1 (RMS =59 + 9 um) compared to the pristine P ith an
600.0 - even larger decrease in roughness for the top the struc-
1 tures.
300.0 « Previous independent studies using 157 n
1 gested that important morphological 0
@ 0.0 PMMA films formed by spin coating o
0 6,0k - increasing the number of VUV laser pul
1 was observed that the surface morphelogy
4.0k - organization and that the surface g \
2.0k 4 terial increases as the laser dosg A@ @A detailed report on the
] PMMA film thickness dependence the absorption and desorption
0,0 ~rrrr of water at different vapor pj e non-irradiated and irradi-
10,0k o ated samples showed the fice of the water absorption during
1 the process [50]. The absorp of water molecules within the poly-
5.0k mer film was responsible for filiMghickness increase compared to the
) non-irradiated samplesaeoncluding that the higher swelling was due
1 ation and porosity increment following
0.0 ents can be used for our experiments
5 .

Binding energy (eV) iti i ion of polar groups and large morpholog-

Fig. 6. Photodegradation of PVA films measured by UPS. Zero order light from the SR try led to the observed superhydrophilic re-
beam line was used to degrade the polymer. After each irradiation time 1 atm of pure irradiation times.

oxygen was introduced in the UHV chamber to oxidize the irradiated films. Excitation 3 aging study was carried out on PVA films treated with
energy: 150 eV.

treated surface with 30 min of irradiation reached a state of total wet-
tability means that additional effects of surface capillarity may exist.
To get insight into the morphology of the surface before and after the
VUV treatments profilometry measurements were carried out and the
results are presented in Fig. 7. The typical surface roughness of t

GITLIRE

1.26 mm

SEATITAY A

Fig. 7. Profilometry images of PVA films before (a) and after VUV irradiation (b). Irradiation time: 30 min. RMS: 89 = 5 yum (a) and 59 £ 9 um (b).
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PP films (see Fig. 1), VUV treatment of PVA films retained a high
degree of hydrophilicity during several months after the treatments.

4. Conclusions

A synthetic (PP) and a biodegradable polymer (PVA) without UV
chromophores, were efficiently surface modified by a combination of
VUV electromagnetic irradiation with exposure after irradiation in an
oxygen atmosphere. Using a combination of WCA, optical profilom-
etry, FTIR-ATR, XPS, UPS and NEXAFS techniques a detailed char-
acterization of the chemical effects of the VUV radiation in PP and
PVA films was obtained. PP and PVA films treated with VUV for
30 min reached superhydrophilic conditions (WCA <10°). Differ-
ently to what it is usually observed in typical plasma treatments of
polymers, it was confirmed that the changes produced by VUV irra-
diation on the PP and PVA films resisted aging for very long periods
of time. Additionally, it was shown in commercial and injection
moulding PP films that the surface chemical modification and mor-
phological changes produced by the VUV treatments led to an effi-
cient styrene grafting mechanism. The grafting was only observed in
the irradiated region of the PP films.

The obtained results also showed the potential of the VUV treat-
ments that would allow the processing of a polymer surface in indus-
trial applications at later stages. The obtained results that showed no
hydrophobic recovering of the treated surfaces in months after the
treatments would be of great interest for the industry. Furthermore,
implementation of the process at industrial scale does not require
great economical investments and the process can be easily carried as
a pre-treatment operation.
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