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ABSTRACT: Surfaces of the expanded poly(tetrafluoroethylene) (ePTFE) sheets were chemically modified
with the assistance of CO; cold plasma generated by antenna coupling guided microwave. The plasma
pretreated ePTFE surface did not obviously change in terms of morphology of nodes structure but increased
surface tension and promoted subsequent capability to graft polymerization with acrylic acid (AAc). The
modified ePTFE were then characterized using FTIR-ATR and X-ray photoelectron spectroscopy (XPS).
Morphologies of ePTFE surfaces and the cross-sectioned side of AAc-grafted ePTFE were examined by
SEM and FTIR microscopy. Experimental results indicated that AAc penetrated to a depth of ca. 60 um
and bonded on the surfaces of nodes and fibrils. Generation of COF species on the ePTFE surfaces by
CO; plasma contributed to this initiation effect. Current data also supported that plasma generated by
the CO, antenna-coupling microwave system could efficiently activate the exposed ePTFE surfaces of
interior fibrils and nodes. The variations of IR vibrational modes, binding energies of functional groups,
and surface tensions were correlated with the chemical modifications applied on the ePTFE sheet. The

mechanical strength of the pAAc-grafted ePTFE sheet appeared to be enhanced.

Introduction

Poly(tetrafluoroethylene) (PTFE) provides unique
properties, such as low friction coefficient, high electrical
resistance, low surface energy, and good thermal and
chemical stability. On the other hand, the expanded
PTFE (ePTFE) in sheet form has been widely used for
separator in tightly pressed and varied chemical envi-
ronments, owing to its hydrophobic surface, elasticlike
characteristic, and porous property. By controlling the
expanded pore sizes, the ePTFE sheets have valuable
applications for biomedical-related purposes, such as
semipermeable matters, selective membranes, and ar-
tificial blood vessels.1~3 Nevertheless, the hydrophobic
characteristic, which causes weak bonding capability for
initiating surface adhesion with desired materials, has
restricted the fluoropolymers for certain applications.
Modification of fluorine-containing polymers has thus
received extensive attention in terms of creating new
chemistries that allow surface functionalization.?4

Meanwhile, the use of plasma-associated techniques
for polymer surface modification has recently grown
rapidly.5~° The cold plasma technique is used to activate
only the outmost surface of a material, without affecting
its dimensions in a clean process. One characteristic of
the plasma-induced radiation to polymers is to create
short-lived free radicals and allow the effective energy
of ionized species to transfer to the polymer surface.610.11
Previous studies have discussed the possible function
of free radicals and ionized species in plasma for
reacting with polymeric chains.®1212 Several compara-
tive studies using various gas plasma treatments and
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surface-sensitive analytical instruments have been evalu-
ated by Ratner,® Kang,”® lkada,® and Tran Minh et
al.»*1> Among various plasma generation sources, the
radio-frequency types (~13.56 MHz) have been more
commonly used. However, microwave types (~2.45 GHz)
have the advantage of short treatment time to obtain a
high degree of activated sites on a solid polymer.
Although some results on the microwave plasma treat-
ment of PTFE have been published, few results have
been reported for the porous ePTFE.15:16

The comparison of antenna coupling microwave plasma
with bias plates as capacitor containing radio-frequency
plasma has been reported elsewhere.?17 It revealed that,
under a similar distribution of supplying power, they
differ in plasma ionization density by more than 10
times. Consequently, from the perspective of physical
chemistry, the former plasma source would be relatively
efficient to modify the matrix of ePTFE. In this work, a
modified antenna-coupling microwave plasma system,
which is also capable of providing a large valid treating
area and uniform and high density ionized plasma, was
used to activate the surfaces of a selected ePTFE sheet.
The plasma pretreated ePTFE sheet was further grafted
with acrylic acid (AAc) to increase its hydrophilicity.
Chemical changes and wettability of the ePTFE surface
were examined. Also investigated herein were the
bonding and the depth of the graft copolymerization in
the ePTFE matrix, which possibly influence its mechan-
ical and chemical properties, as well as application
potentials. Furthermore, cross-sectioned morphologies
of the grafted samples were also studied to elucidate
the penetration effect of AAc monomer.

Experimental Section

Sample Preparation. The ePTFE sheets used were com-
mercially available from YMT Co., Ltd. Taiwan, designated
as YMT1126, with specific gravity of 2.1 g/cm?, melting point
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of ca. 380 °C, and average pore size of ca. 1.0 um. The sample
sheets were prepared by Soxhlet extraction with methanol for
6 h followed by drying under reduced pressure. Synthesis-
grade anionic monomer, AAc, from Aldrich Chem. Co. was
vaporized, carried out by N, and used for graft polymerization.

Plasma Pretreatment. The equipment for performing the
plasma treatment included a microwave plasma generator
with maximum power of 2 kW, extensible 12 x 12 arrayed
antenna elements, and a separated dielectric discharge cham-
ber. The operating parameters were CO; gas flow rate of 5—10
mL/min, working pressure of 0.2 Torr, and plasma generation
power of 600 W. Before the process, the chamber was purged
with CO; for 6 min to clean out atmospheric ingredients.

Graft Polymerization. The ePTFE sheets of 3 cm x 10
cm treated by CO; plasma for 60 s were immersed in an
aqueous solution of AAc (20 wt %) and stirred constantly under
N, atmosphere at 65—80 °C for 1—24 h. Following graft
copolymerization, the modified ePTFE sheets were washed
with deionized water using a Soxhlet apparatus to remove
pAAc homopolymer residue. Thereafter, the samples were
rinsed and soaked in a gently stirred water bath at 80 °C for
overnight, before finally being dried at 45 °C under a vacuum.

Measurements. Static contact angles were evaluated in air
at 24 + 1 °C using the sessile drop method. For each sample,
every contact angle calculated was an average of 10 measure-
ments with a standard deviation below 1°.

The element functionalities and new chemical bonding were
investigated by using X-ray photoelectron spectroscopy
(XPS): Physical Electronics/ESCA PHI 1600: Mg Ko 1253.6
eV, type 10-360 spherical capacitor analyzer with multichannel
detector and AE/E of 0.1—0.8%. The takeoff angle was fixed
at 42.5°.

Surface morphologies were examined by using scanning
electron microscopy (SEM, JEOL-JSM-6300). Meanwhile,
modes of molecular vibrations were detected by using a Fourier
transformed infrared spectrometer (FTIR, Jasco-7000), equipped
with attenuated total reflection (ATR, Jasco-500/M). The IR
information on the cross-sectioned samples was evaluated
using FTIR microscopy (Jasco-200) to determine the penetra-
tion depth of pAAc. For this measurement, a microtome of
Universal Microtome Cryostat DDM-P500 was used to prepare
the cross-sectioned thin film. Finally, mechanical properties
of the ePTFE sheets were measured according to ASTM D-638
using Q Test V (MTS Ltd.).

To examine the morphologies of the cross-sectioned ePTFE
samples using SEM, the sheet-form specimen was frozen in
liquid nitrogen first and then split. It was then mounted onto
a sample holder and gold-coated before examined using SEM.
For FTIR microscopy measurements, a polypropylene film was
used to envelope a pAAc-grafted ePTFE sheet to avoid
contamination. The sample was mounted on the end of a slit
dowel and immersed in epoxy resin in a silicone rubber cup.
After the epoxy hardened, the silicone rubber cup was stripped
away, and the chip-in-epoxy sample was sliced along the cross
section to obtain a 15 um thick thin film with a microtome.
This thin film was straightened and flattened by pressing it
between two 0.3 mm thick KBr plates before the experiments.

Results and Discussion

Chemical Changes of the Modified ePTFE Sur-
faces. Chemical changes to the modified ePTFE sur-
faces were determined with FTIR and XPS measure-
ments. The IR-active vibrational modes of the untreated
ePTFE resembled those of PTFE in different forms
reported elsewhere.1318.19 The characteristic absorption
bands of CF3 deformation were found at 620—640 cm~1.
The strong absorbance at 1150 cm~! was assigned to
CF; stretching, while the absorbance at ca. 1240 cm™?
was assigned to CF; stretching. These absorbances
remained unchanged after the modification. Meanwhile,
as Figure 1 shows, a small absorbance is observed at
1881 cm™1, indicating a slight presence of COF in the
original ePTFE sheet due to the expansion process
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Figure 1. FTIR-ATR spectra of the ePTFE sheet with varied
CO, microwave plasma treatment time: (a) untreated, (b) 1
min, (¢c) 3 min, (d) 10 min, and (e) 30 min.
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Figure 2. FTIR-ATR spectra of the pAAc-grafted ePTFE
sheet with 60 s of CO; plasma pretreatment.

under high temperature. The absorbance is enlarged for
the CO, plasma treated sample and slightly increases
with treatment time. This increase is attributed to the
production of COF species by the reaction of CO, plasma
with the scissioned C—F bonds.

The graft polymerization of AAc with the plasma-
pretreated ePTFE was confirmed by the main charac-
teristic bands of pAAc at 3500 cm~! (O—H stretching),
2980 cm™! (C—H stretching), 1710 cm~! (C=0 stretch-
ing), 1020 cm~! (C—0O stretching), and 800 cm~! (COOH
out-of-plane deformation) as Figure 2 shows. The pres-
ence of these bands and the significant decrease of the
1881 cm™! absorbance band implies that reactive or
attractive forces existed between the AAc and COF
species generated by the CO, plasma pretreatment. The
attractive force may increase the penetration of AAc into
the porous ePTFE matrix.

To monitor the graft polymerization of the pretreated
ePTFE, the IR absorbance peaking at 800 cm~! (COOH
stretching) was compared with that at 638 cm™! (C—F
deformation) as described elsewhere.?® As shown in
Table 1, the ratio of the absorbance at 800 and 638 cm™1
increased with grafting time and reached a maximum
at ca. 12 h, revealing that the amount of pAAc increased
with grafting time and reached saturation at ca. 12 h.
Meanwhile, the weight increase in the ePTFE sample
was estimated by graft density using the gravimetric
method, and this figure is listed in Table 1. A linear
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Table 1. Graft Density, FTIR-ATR Absorbance Ratio, and
XPS Atomic Ratio of the EPTFE Sheet with Respect to
Grafting Time

XPS atomic ratio

graft graft density A (800 cm~1)/

time (h) (uglem?) A@638cm Y2 [FI[C]  [OVIC]
0 0 0 2.14 0.022

1 1.2 0.46 1.43 0.083

2 45 0.54 1.23 0.117

3 10.6 0.67 1.21 0.142

4 6.8 0.72 1.07 0.140

6 20.3 0.76 1.09 0.129

12 24.6 0.85 1.03 0.123
24 26.8 0.86 0.98 0.124

a The ratio of the peak area at 800 and 638 cm~1.
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Figure 3. Relationship between the graft density measured
by the gravimetry method and the IR absorbance ratio of the
pAAc-grafted ePTFE sheet.

CF
C-H
COOH /\ c

b

F

C-C,C=C,C-O A

B

1 1 1 1 1 }
270 275 280 285 290 295 300

—

a

Binding Energy

Figure 4. C 1s XPS spectra of (a) the untreated ePTFE sheet,
(b) CO; plasma pretreated ePTFE sheet (60 s), and (c) the
pAAc-grafted ePTFE sheet (1 h).

relationship between the absorbance ratio and graft
density shown in Figure 3 reveals that the data obtained
from the two methods agree well.

The elemental compositions of the ePTFE surfaces
before and after modification were analyzed using XPS
measurements. Figure 4a displays the C 1s core peak
for the characteristic C—F bond of the untreated ePTFE
at the binding energy of ca. 292.5 eV, which is taken as
a reference. In Figure 4b, slight chemical shifts of the
binding energies between 290.0 and 283.0 eV are
observed for the CO; plasma treated sample, indicating
that the treatment of CO, plasma involves oxygen-
associate functions. This phenomenon resembles the
result reported by Vasilets et al. for the PTFE film, in
which the formation of COF-related species was sug-

Macromolecules, Vol. 33, No. 15, 2000

120
\A

3 110 Wa, e a

&

3

< 100}

=N

!

g oof

=

8
gl
0 20 40 60 80 100 120 140

plasma treatment time(sec)

Figure 5. Plot of static contact angles of CO, plasma
pretreated ePTFE sheet vs plasma treatment time.
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Figure 6. Static contact angles of the pAAc-grafted ePTFE
vs grafting time.

gested.’® Meanwhile, for the pAAc grafted ePTFE
sample, the strong peak of C 1s at 285.0 eV (Figure 4c)
and the presence of O 1s at 532.0 eV (not shown)
confirmed the grafting of pAAc. Furthermore, the peak
intensity of F 1s at 689.5 eV decreased after plasma
pretreatment and subsequent graft polymerization, as
expected. As listed in Table 1, the F/C ratio dropped
from 2.14 to 1.03 for the grafting time of 12 h, while
the O/C ratio increased from 0.022 to 0.124, mainly
because of the presence of pAAc. This finding corre-
sponds to the result of previous IR measurements of
pAAc on the ePTFE surfaces. Owing to the detection
limit, the data were only meaningful for possible varia-
tion in the content of C, O, and F elements before and
after the modification. Therefore, this result does not
intend to interpret the depth of pAAc into the ePTFE
matrix.

Modification of ePTFE Matrix. To evaluate the
degree of modification of the ePTFE matrix, static
contact angle measurements, SEM, and FTIR micros-
copy were utilized. After CO; plasma treatment, the
static contact angles of the ePTFE sheet decreased from
ca. 118° to ca. 108° , as illustrated in Figure 5. The
decrease was relatively large given such a short treat-
ment time (60 s). This phenomenon may be attributed
to the high ionization density of the plasma source used
and the COF species generated. A further decrease of
ca. 16° (from 108° to 92°) was obtained for the pAAc-
grafted samples, as illustrated in Figure 6, and at-
tributed to the hydrophilicity of the pAAc grafted on the
surface of the sample.

Morphological change is generally a concern for
pursuing surface modification. As Figure 7a displays,
the SEM micrograph shows that the untreated ePTFE
sheet is comprised of evenly distributed pores and nodes,
interconnected three-dimensionally with the stretched
fibrils formed during the biaxial expansion.?! Figure
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(b)

Figure 7. SEM micrographs of the ePTFE sheet: (a) un-
treated; (b) CO, plasma treated (60 s).

7b reveals no obvious change for the CO, plasma-
modified ePTFE surfaces. However, the nodes began to
be gradually dented by plasma treatment when expo-
sure time exceeded 60 s. This phenomenon indicates
that the surfaces of ePTFE were modified by CO,
plasma, as exhibited by the decrease of static contact
angles discussed above, but the morphology remained
largely unaltered. With longer treatment, structural
remolding, such as etching and cross-linking, became
evident, and a thermal effect (for example, energy
accumulation inside the matrix) could not be excluded.

Following graft polymerization with AAc, the mor-
phology of the ePTFE sample differed from those of the
untreated and the plasma treated samples. As Figure
8a shows, grafted pAAc was evenly deposited on the
surfaces of the nodes and fibrils. This pattern implies
that the CO, plasma used could distribute evenly on the
surfaces of nodes and fibrils of the ePTFE sheet and
hence activate the surfaces consistently. The degree of
AAc polymerization increased with grafting time, as did
the density (or accumulation effect) of the deposited
pAAc and the amassing of the nodes and fibrils by the
grafted pAAc, as shown in Figure 8b,c.

To further understand the penetration capability of
the ionization plasma and AAc monomers beneath the
surface of the ePTFE sheet, the samples were split
under Ny to obtain a cross section of the ePTFE sheet.
In Figure 9, the SEM micrographs show that after graft
polymerization the nodes and fibrils by layers close to
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Figure 8. SEM micrograph of the pAAc-grafted ePTFE sheet
with grafting time of (&) 1 h, (b) 2 h, and (c) 3 h.
the outmost surface are closely attached by the grafted
pAAc, and the apparent density decreases gradually
with sheet depth. This observation demonstrates that
the inside surfaces of nodes and fibrils were also
activated by the penetrated CO, plasma. With increas-
ing depth, the migration of AAc monomers into the
ePTFE matrix decreased because of the decrease of
ionization density of the CO, plasma. SEM micrographs
suggest a penetration depth of roughly ca. 60 um.

To accurately measure the depth of pAAc penetration
into the ePTFE matrix, the cross-sectioned surface of
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Figure 9. SEM micrograph of the cross section of (a) the
untreated ePTFE sheet and (b) the pAAc-grafted ePTFE sheet.
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Figure 10. FTIR-ATR microscopy spectra along the cross
section of pAAc-grafted ePTFE sheet: (a) 0 um, (b) 15 um, (c)
30 um, (d) 45 um, and (e) 60 um beneath the outer surface of
the ePTFE sheet.

pAAc-grafted ePTFE was analyzed using FTIR micros-
copy (as shown in Figure 9). This technique combines
visible light microscopy with the ability to collect
infrared spectra from microscopic areas and is particu-
larly used for trace analyses.?? The outer layers were
examined separately, revealing different contracting
images from the inner part of the sheet, each 15 um
wide. Figure 10 displays the IR spectra of the five outer
layers. The main characteristic bands of pAAc at 3500
cm 1 (O—H stretching), 2930 cm ~! (C—H stretching),
1723 cm ~1 (C=0 stretching), and 1020 cm 1 (C-O
stretching) are observed for all spectra. The decrease
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Figure 11. Yielding stress of the pAAc-grafted ePTFE sheet
vs grafting time.
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Figure 12. Elongation rate of the pAAc-grafted ePTFE sheet
vs grafting time.

of absorbance with increased depth reveals a gradual
decrease of pAAc, corresponding to the graft density
gradient found in SEM micrographs of the cross section.
This finding also confirms that the grafted pAAc is
detectable in the ranges of ca. 60 um beneath the surface
of the porous ePTFE sheet.

Mechanical Properties of the ePTFE Sheets.
Surface modification to a certain depth may involve the
alternation of mechanical properties and its yielding
stress and elongation rate vary. Generally, cold plasma
treatment onto a material has only a superficial effect
(<10 nm) and should not significantly change the bulk
strength. This study found only slight variation in the
mechanical properties for the ePTFE sheet after the CO,
plasma treatment. Nevertheless, grafting of pAAc to the
ePTFE matrix may influence the bulk properties. Fig-
ures 11 and 12 display the variations of the yielding
stress and the elongation rate with respect to grafting
time for the pAAc-grafted ePTFE sheet. The yielding
stress increases by ca. 20%, while the elongation rate
decreases by ca. 30%, starting from the grafting time
of 3 h. However, further increase of grafting time does
not obviously change such mechanical properties. This
experimental result indicates that although pAAc grafted
only ca. 60 um to the ePTFE, the mechanical strength
of the modified sheet was significantly enhanced.

Conclusion

With CO; antenna-coupling plasma treatment, the
ePTFE sheet has been effectively activated at surface.
The treatment promoted the penetration capability of
AAc monomers as well as the graft polymerization of
AAc with the ePTFE. The result of FTIR-ATR and XPS
measurements suggested that COF species were formed
after CO; plasma treatment. The plasma-induced ePT-
FE surfaces exhibited little structural alteration, and
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the morphology of the nodes and the stretched fibrils
in the ePTFE also remain unchanged. The wettability
of the ePTFE surface was increased by the CO, plasma
treatment and was further increased by subsequent
grafting of pAAc. Closely examining SEM micrographs
and the corresponding spectra obtained from FTIR
microscopy along the cross section of pAAc-grafted
ePTFE surface revealed that the depth of the grafted
layers beneath the surface is ca. 60 um. With 60 s of
plasma treatment and 3 h grafting time, the yielding
stress increased by 20%, and the elongation rate de-
creased by 30% for the pAAc-grafted ePTFE sheet.
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