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ABSTRACT. A complete and permanent hydrophilic modification of poly
(ethyleneterephthalate) (PET) films is achieved by argon-plasma irradiation,
subsequently grafting acrylic acid (AA) in vapor phase onto their surface. Both Ar
plasma irradiation alone and post grafting AA rendered a complete hydrophilicity to
PET surfaces. However, the hydrophilicity of the PET surface, only treated with the
Ar plasma, is not permanent. In contrast, PET films, irradiated by the Ar plasma,
exposed to air, and subsequently grafted with AA monomer, are permanently
hydrophilic. Degradation of polymer chains on the plasma-irradiated surface is
proportional to time of exposure. Electron spectroscopy for chemical analysis (ESCA)
confirmed the grafting of AA onto the film surface, which results in a large amount of
incorporated oxygen-containing functional groups like carboxylic (O 0 C" = O) and
carbonyl (C° = O). The morphology of grafted surfaces, observed by scanning
electron microscopy (SEM), displays some large area of microporosity compared to
relative smooth morphology of the control one. Grafted functional groups and surface
microporous structure are the main factors to enhance hydrophilicity of the PET films.
Keywords: Plasma-induced graft polymerization, polymer degradation, oxygen-
containing functional groups, hydrophilicity, microporosity and electron spectroscopy
for chemical analysis (ESCA).

1. Introduction

Polymeric materials hold considerable interest in the field of biomaterials for
scientists in recent years. Tissue engineering culture, minimizing protein adsorption to
prevent membrane-fouling for protein ultrafiltration, immobilization of biologically
active molecules and living cells, etc., are rather closely related to hydrophilic
characters of polymer surfaces [1-3]. Surface hydrophilicity of the polymer can be
achieved by the incorporation of oxygen-containing functional groups, such as — COOH
and — OH, which are usually not coupled with molecular chains of the polymer surface.
Surface modifications could enhance mechanical interlocking, and create functional
groups, improving wetting and/or chemical bonding of a polymer surface. Synthetic
polymers, therefore, often require selective modifications to introduce specific
functional groups onto surfaces for proper purposes, ex. binding of biomolecular, gas
barrier, etc.

The conventional methods (wet chemistry) for the hydrophilic modification of
polymer surfaces have been performed by various chemical treatments, usually
accompanied by damaging polymer bulk, hence affecting its properties. In contrast to
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the wet chemistry, the polymer surface, exposed to plasma, can be modified to enhance
its hydrophilicity, compatibility and biofunctionality. Moreover, the modified surface is,
in general, confined to a top-surface layer less than several hundred nanometers
through polymer thickness. Therefore, desirable properties of bulk layers are usually
maintained. However, on most polymer surfaces, the gained hydrophilicity is usually
not permanent, and disappears or diminishes significantly after only plasma
irradiation. The irradiated surface gradually restores its hydrophobicity due to
fragmented low-polymer chains on surface layers, tending to reorient into bulk layers.
This resulted in decrease in a number of functional groups, thereby decreasing its
hydrophilicity. Post-graft copolymerization can fix radicals by grafting a hydrophilic
monomer onto the irradiated surface, therefore, raising the lifetime of surface
hydrophilicity. In addition, the grafting of a specific monomer makes a surface modified
with suitable chemical functionality for biomaterial applications [4-7].

In previous paper [8], hydrophilic improvement of PET fibers in moisture
absorption and dyeing performance has been reported. Absorption enhancement are
due to the existence of carboxyl groups: O — C = O, incorporated on to PET fiber
surfaces, furthermore, the conditions of the plasma irradiation as well as graft-
polymerization have considerably effects on the hydrophilic durability of PET fibers.

This paper describes PET films, irradiated with a mixture of inert gases like
helium/argon (He/Ar) at pressure of one-atmosphere, then subsequently graft-
polymerized with acrylic acid in vapor to enhance theirs hydrophilic durability over
time. Effects of irradiation time on a weigh loss ratio and grafting degree of PET’s films
were investigated. Oxygen-containing functional groups, characterized by electron
spectroscopy for chemical analysis (ESCA), were used to roughly estimate hydrophilic
capability of the grafted surface. Surface morphology of the grafted surface was
observed by scanning electron microscopy (SEM). Influence of the grafted functional
groups and surface morphology upon surface hydrophilicity will be discussed.

2. Experimental Procedures
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molecular chain absorbs plasma-energy from activated species and ultraviolet rays
during the plasma irradiation. The principle of plasma reaction occurring between two
electrodes is described in figure 1. Glow discharge plasma at one-atmosphere was
generated in a plasma reactor (manufactured by Pearl Kogyo Co. Ltd, Osaka, Japan)
coupled with parallel plate electrodes, which were covered by dielectric barrier-
ceramic, and operating at radio frequency of 13.56 MHz. A PET film sample of 0.2 mm
in thickness, provided by Asahi Glass Fibers Co. Ltd. (Japan), was placed between two
electrodes, and then irradiated with the mixture of He/ Ar inert gases, introduced by
the constant flow rate of 850ml /150ml min' (STP), and introduced into a plasma
chamber. Irradiated from 10 sec to 3 min, with plasma power-density of 1.75 W/cm?, at
electrode surface temperature of about 70°C - 80°C, each sample was removed from the
plasma chamber, then immediately weighted to estimate degradation state of surface-
layers. The irradiated sample was then grafted with acrylic acid (AA) of 99.5% conc. in
a glass tube evacuated to 133 Pa at two level of constant temperature: 60°C as well as
70°C; the grafting process lasted for 8 hours and 1 hour, respectively. Taken from the
glass tube, the sample was extracted by hot methanol in a Soxhlet extractor for 2 hours
to remove unreacted remaining monomer and homopolymers.

2.2. ESCA characterization of modified surface

ESCA measurement was performed on a Kratos ESCA-3300 spectrometer,
employing MgK a (1253.6 eV) X-ray source. The electron take-off angle was adjusted
around 60°C with respect to the film surface. The pressure in the analysis chamber was
maintained at about 10® Pa during the data acquisition. The X-ray source was run at
the anode voltage of 8 kV and current of 30 mA.

2.3. Surface morphology observed by SEM

Surface morphology of the grafted films was observed by a scanning electron
microscope (SEM), model JEOL JSM-5200. For better electric conductivity, a sample’s
surface was coated with thin gold layer before the examination. The observation was
performed to determine the quality of polymer depositions, and especially to check
whether micropores appear on the grafted surface.

3. Results and Discussion

3.1 Degradation of plasma-irradiated surface

The degradation of the film surface irradiated by plasma seems to be
predominant effects of the discharge interaction between its surface and activated
species like ions, particles, etc. This process led to an almost complete breakdown of C
— H or C — C bonds, producing carbon radicals on irradiated surfaces. The polymer
degradation can be described as follows:
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Where: C- is a radical grown by the degradation of a molecular chain on the PET
surface. The polymer degradation, characterized by weight-loss ratio, was calculated in

the following expression:

Wi (%) =-100* (W, - Wo) / W, D

Where: Wy, (%) is the weight-loss ratio; W, and W, are the weight of a sample
before and after the GDP treatment. The minus mark is denoted as the weight loss of
the molecular chains due to the degradation.

The degradation of the
molecular chains on the irradiated
surface layers versus the time of
exposure is indicated in the Fig. 2. It
is clearly that the weight loss ratio,
indicating the level of the
degradation, went up with further
exposure time. Large dispersion of
the weight loss is ascribed to the
effect of the density of activated
species, which collided with the film
surface as well as the cross-linking
of radicals generated on the PET
surface during the plasma
irradiation. The similar results have
also been found in the report of
Yasuda et. al.[9]. Exposed to air,
these radicals were reacted with
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Fig. 2. Degradation of polymer surface versus
the time of irradiation

oxygen in air to produce peroxides and (— COOH) hydroperoxides. These peroxides,
being initiators for the subsequent graft polymerization were formed as following
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3.2 Effects of the exposure time on grafting degree

Owing to thermally-induced degradation coincident with the presence of the AA
monomer in vapor, CO+* and *OH radicals, decomposed from the hydroperoxides, were
then graft- polymerized in a glass tube, evacuated to 133 Pa at temperature of 60°C for
8 hrs as well as 70°C for 1 hr. Grafted with the AA monomer of 99.5% conc., these CO*
radicals, initially serving as activate sites, reacted with the monomer to create
copolymers while *OH radicals, also reacted with the same monomer, were changed
into homopolymers.

0) (‘) H H ) Thermally (H) (H) I-‘I I-‘I
Il \ \ \ - induced ]
O*C4:FCf0*C*C _— O*C%:FCfO*CfC + OH
| |
HOO H ‘O H
o o H H) Acnylic o (H) P‘I P‘I
I I | acid |
o—c@c—o—‘c—c —>» to—cC C—0—C—C
‘0 n-) Ordft o 1‘1

\
Copolymers [CH2 - CH] CHZ_ ‘CH

COOH COOH

. AA .
OH —> HO—CHz— CH- COOH Homopolymer

The wettability of the grafted > ® 70°C. 1 hr
sample, reflected by grafting degree, .
C, 8 hr:
was calculated as follows: — 4 "o °
R
G (%) = 100* (W, - W)/ W, ) E 3
<
Where: W; and W, are the E‘)
sample’s weight measured before and “‘5 )
after the graft polymerization, respectively. 5
Fig. 3 shows the grafting degree of 1
the graft polymerized PET film surface
as a function of the exposure time at 0 ‘ ‘ ‘ ‘ ‘
different grafting temperatures. The 0 30 60 90 120 150 180

highest grafting degree was achieved at Exposure time (sec)

30-sec of the exposure time. With further Fig. 3. Relationship between the grafting degree

plasma irradiation, the grafting degree & exposure time of the PET film surface
gradually went down, then leveled off at
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over 90-sec. Hence, the longer irradiation time than 30-sec might cause unfavorable
etching, cross-linking and degradation of the PET surface, which resulted in a no net
gain of active species on the irradiated surface for subsequent graft-polymerized
process.

Although the polymerization time diminished to 1 hour, the higher grafting
degree coincident with the higher amount of homopolymers was gained at grafting
temperature of 70°C. This can be assigned to a large number of decomposed radicals,
CO-* and *OH, owing to the thermally induced degradation, reacted with the AA
monomer. The same tendency of the grafting degree versus the time of exposure has
also been reported by Choi et. al. [10].
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Fig. 4. Wide-scan spectra of a) the control surface & b) the surface irradiated for 30-sec,
subsequently grafted at 70°C for 1 hour

3.3. ESCA characterization

The chemical compositions of the Surface chemical compositions, %

PET film surface were analyzed by an  Treatment C,, 0, 0,/C,,
ESCA technique. Figure 4 shows wide-

scan spectra of a) the control and b) the
surface irradiated for 30-sec subse-
quently grafted at 70°C for 1 hour. Grafted 67.3 327 48.6

Peaks of carbon and oxygen binding

energies are located at 285 eV and 532 Table 1. Atomic compositions on the surface

eV, respectively. It is noteworthy that ;. qiated for 30-sec and subsequently grafted at
the relative surface-atomic concentrations 70°C for 1 hour

Untreated 73.1 26.9 36.7
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of oxygen and carbon were significantly altered: the Cls peak of the grafted surface is
lower than that of the control one while O1ls peak of the grafted surface is little higher
than that of the control surface (Fig. 4 & Tab. 1). Moreover, the O,./C;, ratio, shown in
table 1, went up from 36.7 % to 48.6 % for the control and grafted surface, respectively.
Furthermore the oxygen content rose from 26.9% to 32.7% corresponding to the control
and grafted surface, respectively. The considerable increase in oxygen atomics (O,,) is
assigned to a large amount of oxygen-containing groups incorporated onto PET grafted
surface. Figure 5 shows high resolution scans of the C,, core-level spectra for the
surface, irradiated for 30-sec subsequently graft-polymerized at 70°C for 1 hour and the
control one.

Line-shape analysis by the deconvolution indicates that the C,, spectrum of the
control surface is composed of three distinct peaks at binding energy (BE) of 285.0,
286.5 and 289.1 eV, assigned to the C"— H, C*— O (e.g., ether, ester) and O — C*' =0
(e.g., carboxylic acid, ester) groups, related to an aromatic ring C;H,—, CH,— CH, —
O and CO — O groups, respectively. These assighments are also in good agreement
with the structure of a PET repeating unit:

—0—CO0—CH,—CO—0—CH,—CHy,—),.
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Fig.5. Line-shape & high-resolution analysis of the C1s peak spectra for (a) the control surface and
(b) the surface irradiated for 30-sec subsequently grafted at 70°C for 1 hour

The relative chemical compo- sitions of C,, spectra on the grated surface are
shown in table 2. There is a relative increase in the content of O — C"= O carboxyl
groups from 11.6 to 16.9% and the C"= O carbonyl group is 9.4 % while the content of
C"— H linkage in the aromatic ring and C* — O groups decreased from 67.5 to 56.6 %
and from 20.9 to 17.1 %, respectively. These data suggest that the graft-
polymerization mainly involves in the modification of — C;H,— and — CO — groups.
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Moreover, post-plasma reaction in air of
free radicals, generated by broken
molecular chains and dehydrogenation
mechanisms, led to the formation of Treatment C*-H C*-0 0-C*=O Cc*=0
carbonyl functional groups: C' = O at Untreated 675 209 11.6

Decomposition of the C,, peak

C,, component, %

287.9 eV, a new linkage from the C"— O _Crafted 56.6 171 16.9 9.4
group created by oxidation PTOCESSES.  Table 2. Relative chemical compositions of C,
Clearly, the PET surface was oxidized spectra on the surface irradiated for 30-sec
due to a large amount of oxygen- subsequently grafted at 70°C for 1 hour
containing functional groups

incorporated onto the PET film surface. These functional groups increase hydrogen
bonding force and the surface free energy of the film surface. Hence, hydrophilicity of
the grafted PET surface was considerably enhanced.

3.4. Morphologies of PET film surface

Figure 6 shows surface morphologies of the control and grafted surfaces. The
control surface (Fig.
6, left) looks like
smooth while the
modified one (Fig. 6,
right) seems to be
rough with regular
corn-structure. The
morphological
distinction is
attributed to the
fragmentation of
polymer chains
caused by the
surface etching, and to
grafting AA monomer

Fig.6. SEM micrographs of the film surface irradiated for 30-sec
: subsequently grafted at 70°C for 1 hour, (left) the control surface,
onto the radicals, de- and (right) the grafted one
composed from the
hydroperoxides. It is assumed that the roughed surface is one of main factors that

enhance hydrophilicity of the PET surface.

4. Conclusions

Plasma-induced graft-polymerization of acrylic acid onto the poly(ethylene
terephthalate) (PET) film surface significantly improved its hydrophilicity. The PET
surface, irradiated for 30-sec and subsequently grafted with the AA monomer at 70°C,
shows the highest grafting degree. The characterization of the grafted surface clearly
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confirmed the large amount of oxygen-containing functional groups were incorporated
onto the PET film in the form of O — C" = O and C" = O, being the clear indication of
the hydrophilic surface. Shown by SEM micrographs, film surfaces, grafted by
copolymers, show their surface morphology like the regular corn-surface that is clear
evidence in microporous structure. This suggests that hydrophilic enhancement is
closely related to oxygen-functional groups incorporated onto the PET surface and its
microporous morphology.

Acknowledgements

The research work was a part of the National Research Project, granted by New
Energy & Development Organization (NEDO), and carried out at Department of
Organic Materials, Advanced Institute of Science & Technology (AIST)-Kansai, Japan
(1998-2000). The author gratefully acknowledges the Osaka Science & Technology
Center (OSTEC), Japan for awarding the postdoctoral fellowship and research grant.
Special thanks are also due to Dr. Seiichi Kataoka, a former scientist of the Organic
Materials Department, AIST-Kansai, Japan for his useful discussion on the experiment
of the graft-polymerization. Finally, this work did not well run if without the support of
Prof. Susumu Yoshida, former Dean of Organic Materials Dept., AIST-Kansai, at
present, working at Institute of Advanced Energy (IAE), Kyoto University, Japan.

REFERENCES

1. J.H. Lee, HW. Jung, LK. Kang & H.B. Lee: Cell behavior on polymer surfaces with
different functional groups. Biomaterials, 15 (1994) 705-711.

2. Y. Ikada: Surface modification of polymers for medical applications. Biomaterials, 15 (1994)
725-736.

3. P.B. Wachem, T. Beugeling, J. Feijen, A. Bantjes, J. P. Detmers & W. G. van Aken:
Interaction of cultured human endothelial cells with polymeric surfaces of different
wettability. Biomaterials, 6(1985) 403-408.

4. C. Wang: Oxidation of polyethylene surface by glow discharge & subsequent graft
copolymerization of acid acrylic. J. Appl. Polym. Sci., Polym. Chem. Ed., 31 (1993) 1307.

5.  D.S. Wavhal & E.R. Fisher: Hydrophilic modification of polyethersulfone membranes by
low temperature plasma-induced graft polymerization. J. Membr. Sci., 209 (2002) 255-269.

6. M. Mori, Y. Uyama & Y. Ikada: Surface modification of polyethylene fiber by graft
polymerization. J. polym. Sci.Polym. Chem., 32 (1994) 1683.

7. LK. Kang, I1L.K. Kang, O.H. Kwon, Y.M. Lee & Y.K. Sung: Preparation & surface
characterization of functional group-grafted and heparin-immobilized polyurethanes by
plasma glow discharge. Biomaterials, 17 (1996) 841-847.

8. N.K. Cuong, N. Saeki, S. Kataoka & S. Yoshikawa: Hydrophilic improvement of PET fiber
using plasma-induced graft polymerization at atmospheric pressure. Hyomen Kagaku,
Journal of Surface Science Society, Japan, Vol. 23, No. 4 (2002) 202-208.

VNU. Journal of Science, Nat., Sci.,& Tech., T.XXIII, Ny, 2007



56 Nguyen Kien Cuong

9. H. Yasuda: Plasma Polymerization. Academic Press, New York, 1985.

10. H.S. Choi, Y.S. Kim, Y. Zhang, S. Tang, S.W. Myung & B.C. Shin: Plasma-induced graft
copolymerization of acrylic acid onto the polyurethane surface. Surface & Coating
Technology, 182 (2004) 55-64.

TAP CHi KHOA HOC BHQGHN, KHTN & CN, T.XXIll, S6 1, 2007

TRUNG HQP & CAY GHEP AXIT ACRYLIC VAO BE MAT PHIM
POLY(ETHYLENE TEREPHTHALATE) BANG PLASMA: BIEN TINH
THAM UGT

Nguyén Kién Cuong
Khoa Héa hoc, Dai hoc Khoa hoc Tuw Nhién, DHQGHN

Bién tinh tham uwét cta poly(ethyleneterephthalate) (PET) phim, 6n dinh theo thoi
gian, c6 thé duge thuc hién bing phuong phéap chiéu xa khi agon-plasma, va trang hop
ghép vé6i hoi axit acrylic (AA). C4 hai phuong phéap chiéu xa plasma va tring hgp ghép
AA monome déu ting kha ning tham uét cia bé mit PET phim. Tuy nhién néu xt 1y
bé mit PET béng cac phuong phap trén nhung riéng ré, thi tinh tham uét caa PET
phim bi suy gidm theo thdi gian. Trong khi d6 két hgp c& hai phuong phéap xii 1y trén sé
cho phép PET phim duy tri tinh thadm uét theo thoi gian. Két qiia nghién ciu da chi ra
riang su phéan ra cta cac chudi phan ti 16p bé méit polyme ty 1& thuan véi thoi gian
chiéu xa. Phd ESCA da cho thiy su ghép-trung hgp cia AA monome da cho mot sd
lugng 16n cac nhém chitc nhu: (O — C* = O) carboxylic & (C" = O) carbonyl, dudc cay
ghép vao bé mat PET phim. Hinh thai bé mét cia bé mat PET phim duge xti 1y 1a mang
copolyme c6 d6 day vai tram nanomét, c6 dic tinh tham uét, c6 ciu tric 16 x6p va lién
két hoa hoc véi 16p PET nén. Diéu d6 cé thé quan sat bing kinh hién vi dién t& quét
(SEM). Ghép-trung hgp cac nhém chtic va cdu tric 16 x6p cia bé mit phim sau khi xt
1y 1a nhiing nhéan t& chinh dé ting kha ning tha&m uét caa PET phim.

T khod: Trung hop ghép bang chiéu xa plasma, dit mach chubi polyme, nhém
chiic, tinh tham wot, vi 16 & phé tia X cho phdn tich hod hoc (ESCA).
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