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Ring Opening of Aromatic Polymers by Remote
Atmospheric-Pressure Plasma

Eleazar Gonzalez, II, Michael D. Barankin, Peter C. Guschl, and Robert F. Hicks

Abstract—An atmospheric-pressure oxygen and helium plasma
was used to treat the surfaces of polyetheretherketone, polyphenyl-
sulfone, polyethersulfone, and polysulfone. Water-contact-angle
measurements, mechanical pull tests, X-ray photoelectron spec-
troscopy (XPS), and atomic force microscopy were used to analyze
the change in polymer properties. Plasma treatment converted
all the materials from a hydrophobic to a hydrophilic state in a
few tenths of a second. The adhesive bond strength was increased
from 1.1 to 3.8 ± 1.0 MPa for polyetheretherketone and from
0.6 to 1.3 ± 0.2 MPa for polyphenylsulfone. XPS revealed that
plasma treatment oxidizes between 7% and 27% of the aromatic
carbon atoms on the polymer surfaces and converts them into
aldehyde and carboxylic acid groups. The degree of oxidation was
highest for polyetheretherketone, where the fraction of surface
carbon atoms attributable to carbonyl (ketone and aldehyde) and
carboxylic acid groups increased from 5% to 11% and from 0%
to 19%, respectively. It is concluded that the O atoms generated in
the atmospheric-pressure plasma oxidize and open the aromatic
rings available on the polymer chains and that this is responsible
for the increased adhesion.

Index Terms—Atmospheric plasma, bonding, plasma applica-
tions, plasmas, plastics, surface treatment.

I. INTRODUCTION

THERMOPLASTICS with aromatic polymer backbones
are being increasingly used for structural components in

aircraft, automobiles, electronics, and medical devices [1]–[6].
Polyetheretherketone (PEEK) is a desirable material for these
applications because it has high thermal stability, excellent
mechanical strength, and superior chemical properties [1]–[3].
A family of aromatic polymers containing sulfonated groups
has also received much attention by the industry [4]–[15].
Included in this group are polysulfone (PSU), polyethersulfone
(PES), and polyphenylsulfone (PPS). These polymers can be
used continuously at temperatures up to 200 ◦C without any
detrimental effect to their mechanical properties or chemical
resistance [4]–[6], [14], [15]. The structure of the polymers
is shown in Fig. 1. The rigid backbone, together with the
diarylsulfone groups, stabilizes the S–C bonds and provides the
desirable characteristics of these polymers [14].
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Fig. 1. Chemical structure of repeat units of (a) PEEK, (b) PES, (c) PPS, and
(d) PSU.

Despite having attractive properties, a problem with some
aromatic thermoplastics is their low surface energy, which
can result in poor adhesion [1], [2], [5], [8]. In order to
overcome this challenge, nonequilibrium plasmas have been
used to modify the surfaces of these polymers without af-
fecting their bulk properties [1], [3]–[6], [8], [10], [12], [14],
[16]. Our group has treated polyethylene terephthalate (PET)
and polyethylene naphthalate (PEN) with a low-temperature
atmospheric-pressure oxygen plasma [17]. It was found that
the aromatic rings were attacked by oxygen atoms and possibly
underwent ring opening and oxidation. In order to further test
this hypothesis, we have examined the atmospheric plasma
activation of PEEK, PPS, PES, and PSU. X-ray photoelectron
spectroscopy (XPS) of these materials confirms that ring open-
ing occurs with the formation of aldehyde and carboxylic acid
groups on the polymer chains. The results of this study are
reported hereinafter.

II. MATERIALS AND METHODS

A. Plasma Treatment

The plasma system used in these experiments has been
described previously [17]. A 2-in linear plasma source was fed
with 0.9 L/min of oxygen and 30.0 L/min of helium at 1 atm
and an applied RF power of 200 W. A flow of 30.0 L/min
of He was used because it produces a stable plasma. In addition,
it has been found that the exit velocity of the gas from the
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plasma source is approximately 2 × 103 cm/s, which gives
optimal contacting of the polymer with the reactive species
generated in the plasma. The oxygen flow rate was chosen by
maximizing the amount of oxygen that would allow the plasma
to remain stable. The source-to-substrate distance was 3 mm,
and unless otherwise noted, a scan speed of 10 mm/s was used.
Plasma exposure time was estimated using the same procedure
as described previously [17]: The effective plasma beam width
parallel to the scan direction was 2.1 cm. The exposure time
equals the beam width divided by the scan speed and multiplied
by the number of scans.

B. Materials

Polyetheretherketone, polysulfone (Udel), and polyphenyl-
sulfone (Radel R) with a thickness of 6.4 mm were obtained
from Boedecker Plastics Inc. For XPS analysis, PEEK, PES,
and PSU, approximately 0.1 mm thick, were obtained from
CS Hyde Company, Inc. Large sheets of these polymers were
cut into 3.8 × 3.8 cm2 squares and cleaned with isopropyl
alcohol. In order to remove any remaining solvent or water
from the surface, the squares were then baked on a hot plate
at 100 ◦C.

C. Surface Characterization

Water contact angles were recorded using a Krüss EasyDrop
goniometer. Ten droplets, 0.2 μL in volume, were measured
on each sample’s surface. For each sample, the mean and
standard deviation were calculated. XPS was used to analyze
the surface composition of the polymers before and after plasma
treatment. Core-level photoemission spectra of the C 1s, O 1s,
and S 2p lines were collected with a PHI 3057 spectrometer
using Mg Kα X-rays at 1286.6 eV. All XPS spectra were taken
in small area mode with a 7◦ acceptance angle and 23.5-eV
pass energy. The detection angle with respect to the surface
normal was 25◦. All spectra were referenced to the C 1s
peak of the graphitic carbon atom, with an assigned value of
285.0 eV. The surface atomic percentages were determined
from the integrated intensity of the C 1s, O 1s, and S 2p photo-
emission peaks, divided by their sensitivity factors of 0.30,
0.71, and 0.67, respectively. Finally, surface roughness was
measured using a VEECO DI3100 atomic force microscope.
The root-mean-square surface roughness of the samples was
obtained by using the software program Nanoscope V6.12r2.

D. Adhesion Testing

The pull strengths of epoxy to polyetheretherketone, poly-
sulfone, and polyphenylsulfone were measured using mechan-
ical pull tests as described previously [17]. The adhesive was
Hardman, Inc., epoxy (04004). The polymers were cut into
3.8 × 3.8 -cm2 squares and plasma treated using 0.9-L/min O2,
30.0-L/min He, 3-mm standoff distance, 200 W of RF power,
10-mm/s scan speed, and 4 total scans. The aluminum dollies
were also scanned using the exact same conditions in order
to increase adhesion to the dolly. The “control” sample was
cleaned and bonded. The rest of the samples were scanned four

Fig. 2. Dependence of the water contact angle upon plasma exposure time of
(a) PEEK & PES and (b) PSU & PPS.

times using the plasma parameters as previously mentioned.
The “plasma” sample was immediately bonded after treatment.
The “rinsed & aged” sample was rinsed with ethanol after treat-
ment in order to remove any possible low-molecular-weight
species [17]. This sample was dried with flowing nitrogen until
ethanol was no longer visible on the surface and then allowed
to continue drying for 90 min at 21 ◦C, thus aging the sample,
prior to adhesion. The “not rinsed & aged” sample was aged for
90 min at 21 ◦C and then bonded.

III. RESULTS

Fig. 2 shows the effect of atmospheric plasma exposure time
on the water contact angle of PEEK, PPS, PES, and PSU. The
surface of each polymer was scanned once with the 2-in-wide
plasma beam using scan speeds between 750 and 10 mm/s in
order to vary the plasma exposure time. The other operating
conditions are as described in the previous section. After a
few tenths of a second of plasma exposure, the water contact
angles drop to a constant low value that ranges between 24◦ for
polysulfone and 12◦ for polyethersulfone. The fastest change
obtained in water contact angle with time is for polyethersul-
fone, and the slowest is for polyetheretherketone

The data in Fig. 2 follow an exponential decay function that
is indicative of Langmuir adsorption kinetics [17]. The data
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TABLE I
RATE PARAMETERS FOR THE EXPONENTIAL DECAY EQUATION

Fig. 3. Effect of plasma treatment on the pull strength of polymers adhesively
bonded with epoxy.

were fitted as a function of exposure time τ with the following
equation:

WCA(τ)=WCA(∞)+[WCA(0)−WCA(∞)]∗ exp(−kτ)
(1)

where WCA(∞) is the water contact angle after maximum
plasma treatment, WCA(0) is the initial water contact angle,
and k is the adsorption rate constant. The lines in the figure are
the “best fits” of the equation to the data.

Table I lists the equation parameters for the “best fit” curves.
The final water contact angles obtained are 26.0◦ for PSU, 19.6◦

for PPS, 18.1◦ for PEEK, and 13.4◦ for PES. In addition, the
rate parameters for PET and PEN are included from previous
work [17]. The rate constants range from 56.5 to 8.4 s−1,
and they increase in order PEEK < PSU < PPS < PES. In a
previous study, the rate constants for PET and PEN were found
to be 15.6 and 4.6 s−1, respectively [17].

Fig. 3 shows the effect of plasma treatment on the pull
strength for polymers adhesively bonded with epoxy. In addi-
tion, the pull strengths and failure modes for these samples are
listed in Table II. All of the control samples fail at the adhe-
sive/plastic interface. The plasma-treated PEEK samples fail at
the adhesive/dolly interface and exhibit a fourfold increase in
adhesion from 1.1 to 3.8 ± 0.9 MPa. Within experimental error,
no difference is seen in adhesion for the rinsed or aged samples.
Due to failure occurring at the adhesive/dolly interface, the
strength of the bond may be underestimated by the pull test.
The plasma-treated PPS samples exhibit an increase in adhesion
from 0.6 to 1.3 ± 0.1 MPa. In this case, all the samples fail at the
adhesive/plastic interface. Finally, within experimental error, no

TABLE II
PULL STRENGTHS AND FAILURE MODES FOR POLYMERS ADHESIVELY

BONDED WITH EPOXY

Fig. 4. Carbon 1s XPS spectra of (a) control PEEK and (b) plasma-treated
PEEK.

significant change is seen in adhesion between the control and
the plasma-treated PSU samples, where pull strengths equal
3.3 ± 0.9 MPa.

Prior to XPS analysis, all samples were scanned four times
using the same conditions as stated in the experimental methods
section. The C 1s spectra of PEEK before and after plasma
treatment are shown in Fig. 4. The C 1s spectrum for the
original PEEK film was deconvoluted into three bands at 284.9,
286.4, and 287.2 eV, corresponding to carbon atoms in aromatic
rings, carbon atoms with C–O single bonds, and carbon atoms
with C = O double bonds (see inset diagram in Fig. 4) [18].
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TABLE III
CARBON 1S BINDING ENERGIES AND SURFACE COMPOSITION OF THE POLYMERS

After plasma treatment, a new band in the C 1s spectrum of
PEEK arises at 289.5 eV, which is attributed to carboxylic acid
groups (COOH) [2], [17]. In addition, the relative amount of
C = O groups on the surface increases significantly, while that
of the C–O groups falls.

Table III lists the C 1s binding energies and surface composi-
tion of the PEEK before and after plasma treatment. Plasma
oxidation causes the C:O ratio to drop from 5.6 to 2.0. For
the untreated PEEK, the aromatic fraction of the carbon atoms
(peaks 1 + 2) equals 95.2%, while the ketone fraction of the
carbon atoms equals 4.8%. These percentages agree with the
chemical formula for the polymer as well as with other XPS
studies of PEEK [3], [18]. Plasma treatment results in the
aromatic fraction decreasing to 70.1%, while that of the C = O
species increases to 10.8%. The latter species are attributable
to ketones and aldehydes. In addition, peak 4, which is not
present in the control sample, accounts for 19.1% of the total
C 1s spectrum. This latter peak is assigned to carboxylic
acid functionality and results from aromatic ring opening and
oxidation [2], [17].

The O 1s spectra of the control and plasma-treated PEEK are
shown in Fig. 5. The O 1s spectra are composed of two peaks
at 530.6 and 531.8 eV, corresponding to oxygen atoms with
C = O double bonds and with C–O single bonds, respectively.
The oxygen percentages are 33% for the former species and
67% for the latter species, as listed in Table IV. Plasma
treatment causes the relative amount of the C = O groups to
increase to 65.6%, while that of the C–O groups decreases
to 34.4%. These results are expected, as the C 1s spectra
of the plasma-treated PEEK show an increase in C = O and
(C = O)−O bonds.

Fig. 6 shows the C 1s spectra of polyphenylsulfone before
and after plasma exposure. The following peaks are observed

Fig. 5. Oxygen 1s XPS spectra of (a) control PEEK and (b) plasma-treated
PEEK.

for the control: 1) aromatic carbon atoms at 284.9 eV; 2) carbon
associated with C–S bonds at 285.4 eV; and 3) carbon as-
sociated with C–O bonds at 286.4 eV (see inset diagram in
Fig. 6) [6], [9], [11], [13]. After atmospheric plasma treatment,
two new bands arise at 287.4 and 289.5 eV, corresponding to
C = O and (C = O)−O functional groups, respectively [5], [6].
The C 1s spectra for untreated polyethersulfone and polysul-
fone exhibit the same peaks as those recorded for untreated
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TABLE IV
OXYGEN 1S BINDING ENERGIES AND SURFACE COMPOSITION

OF THE POLYMERS

Fig. 6. Carbon 1s XPS spectra of (a) control PPS and (b) plasma-treated PPS.

polyphenylsulfone. Moreover, both of these polymers show the
two new C 1s peaks at high binding energy following plasma
treatment.

The C 1s binding energies and surface composition of PPS,
PES, and PSU are presented in Table III. All three of the
sulfonated polymers yield similar results when exposed to the
atmospheric plasma. The C:O ratio of PPS drops from 5.1 to
1.8, while that of PES falls from 5.2 to 2.1 and that of PSU
falls from 6.0 to 2.3. The aromatic fraction of the carbon atoms
(peaks 1 + 2 + 3) in PPS, PES, and PSU initially equals 100%.
After plasma treatment, the aromatic fraction decreases to
86.0%, 89.9%, and 90.7%, respectively. Most significantly, at-
mospheric plasma oxidation produces aldehyde and carboxylic
acid groups on all three sulfonated polymers. The percentages
of these two groups are about equal, accounting for 14%,
10.1%, and 9.3% of the surface carbon on the treated PPS, PES,
and PSU, respectively. Note that for PSU, the three aliphatic

Fig. 7. Oxygen 1s XPS spectra of (a) control PPS and (b) plasma-treated PPS.

Fig. 8. Sulfur 2p XPS spectra of (a) control PPS and (b) plasma-treated PPS.

carbons present in the polymer chain have been lumped into
the aromatic fraction.

Fig. 7 shows the O 1s spectra of polyphenylsulfone before
and after exposure to the plasma. The spectra are deconvoluted
into two bands. For the control, the first peak at 531.9 eV is
attributed to S = O bonds, while the second peak at 533.4 eV
is assigned to C–O groups. After plasma treatment, peak 1 is
assigned to oxygen atoms with S = O and C = O double bonds,
since the O 1s binding energies for these species are identical
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TABLE V
SULFUR 2P BINDING ENERGIES AND SURFACE COMPOSITION

OF THE POLYMERS

[12]. Both polyethersulfone and polysulfone are deconvoluted
in the same manner. The O 1s binding energies and surface
composition of PPS, PES, and PSU are presented in Table IV.
Plasma activation causes peak 1 to decrease by 2.2%, 7.0%,
and 5.6% for PPS, PES, and PSU, respectively, while peak 2
increases by the same amount for each polymer.

The sulfur 2p spectra of polyphenylsulfone are shown in
Fig. 8. The control spectrum shows a doublet with binding
energies of 167.5 eV (2p1/2) and 168.9 eV (2p3/2) [4]. These
peaks are due to the sulfone species. After plasma treatment,
a new doublet is observed with binding energies of 168.5 and
169.9 eV. These bands are most likely due to sulphate species
(SO2−

4 ) [4]. These data indicate that a portion of the sulfur
groups are oxidized by the plasma. Table V shows the sulfur 2p
binding energies of PPS, PES, and PSU before and after plasma
treatment. All three polymers exhibit the same results. Plasma
treatment converts approximately 34% of the surface sulfone
groups into sulphate groups.

IV. DISCUSSION

The change in water contact angle with plasma exposure
time follows an exponential decay function as predicted for
Langmuir adsorption kinetics [see (1)] [17]. The adsorption rate
constants (k) range from 8.4 s−1 for PEEK to 56.5 s−1 for PES
as shown in Table I. These values may be compared to the rate
constants recorded previously for polyethylene terephthalate
and polyethylene naphthalate, which equal 15.6 and 4.6 s−1,
respectively [17].

We propose that the primary species attacking the polymer
chains are O atoms. The concentration of O atoms in the exit
beam of the plasma source is ∼1016 cm−3, as determined
previously by numerical modeling of the reaction kinetics and
by titration of the O atoms with NO [27]. The rate of the
adsorption of oxygen atoms is given by

Ra = 1/4 vS0CO(1 − θs) (2)

where v is the mean molecular speed of the oxygen atoms in
the gas (in centimeters per second), S0 is the zero coverage
sticking probability, CO is the concentration of oxygen atoms
in the gas above the surface (in moles per cubic centimeter), and
θs is the fraction of sites that have been attacked by the oxygen
atoms. The adsorption rate constant k is equal to Ra divided by

(1 − θs) · [Ls], where [Ls] is the density of reactive sites on the
polymer surface (in moles per square centimeter). Solving for
k from (2) yields

k = 1/4 vS0CO/[Ls]. (3)

Given that the plasma exposure conditions are the same in
each experiment, then the difference in the rate constants ob-
served for each polymer should be due to changes in either the
sticking probability, the density of reactive sites, or both. It may
be postulated that the density of reactive sites is proportional to
the number of aromatic rings per monomer unit, provided that
all the functional groups on the polymer chain are the same.
If this is the case, then one would expect the rate constant of
PEN to be half that of PET, and the rate constants of PSU and
PPS to equal one another and be half that of PES. Examination
of the data in Table I shows that the rate constants do follow
these trends. Furthermore, the fact that the rate constants are
all in the same range, between 5 and 50 s−1, suggests that the
reactive sticking probabilities are close to one another for this
family of aromatic polymers.

It is well known that plasma treatment can improve the
adhesive bond strength in cases where the polymer exhibits
poor adhesion to glue [17], [19]–[21]. In this paper, it was found
that exposure to the atmospheric-pressure helium and oxygen
plasma increased the bond strength of PEEK to epoxy by
3.5 times and of PPS to epoxy by 2.0 times, but had no effect
on PSU. In the latter case, this is due to the surface of PSU
already being activated enough that treatment by plasma does
not increase adhesion. The adhesively bonded control sample
for PSU has a pull strength of 3 MPa, approximately three times
higher than that of the PEEK and the PPS control samples.
It should be noted that the particular combination of adhesive
and polymer determines whether or not plasma treatment will
enhance bond strength. For example, we have found that plasma
treatment of polymethyl methacrylate can improve adhesion to
epoxy and silicone adhesives, but no change is seen for urethane
or acrylate glues [28].

The 3.5 jump in adhesion seen for PEEK is comparable to
that reported in the literature. Hicks et al. [22] observed a
significant increase in the lap shear strength of epoxy-bonded
PEEK composites after exposure to the atmospheric-pressure
helium and oxygen plasma. Comyn et al. [23], [24] were able
to double the bond strength of PEEK to an epoxy adhesive
film using a vacuum oxygen plasma and a corona discharge.
To our knowledge, no previous studies have been made on
surface activation and bonding of PPS. Note that no difference
in adhesion was seen for samples that were rinsed with ethanol
or aged for 90 min at room temperature. In addition, AFM of
PEEK was examined, and no significant change was observed
in the surface morphology upon plasma treatment, consistent
with previous studies [22], [23].

The changes observed in water contact angle and adhe-
sion result from the creation of new functional groups on
the polymer surfaces. Analysis of the plasma-treated PEEK
by XPS showed that the fraction of aromatic carbon atoms
on the surface decreased from 95.2% to 70.0%, while the
amount of carbonyl (ketone and aldehyde) and carboxylic acid
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Fig. 9. Proposed mechanism for the atmospheric-pressure plasma oxidation of PES.

groups increased from 4.8% to 10.8% and from 0.0% to 19.1%,
respectively. According to Inagaki et al. [3], the interaction
of an oxygen plasma with PEEK will result in cleavage of
the C–O bond at the phenyl-ether site and the C–C bond at
the benzophenone site, since these are the weakest bonds in the
polymer chain. This allows for the insertion of oxygen along
the polymer backbone. The only way to introduce (C = O)−O
functional groups without opening the aromatic ring is to add
oxygen to the ketone group after bond scission. The ratio of
ketone carbon atoms to aromatic carbon atoms in the chemical
structure of PEEK is 1:19 (∼5%). If this were the sole location
of newly created (C = O)−O groups, then at most 5% of the
carbon would be associated with these species after plasma
treatment. By contrast, our data show that there is four times
this amount. Therefore, we conclude that the aromatic rings are
attacked directly by the oxygen atoms in the plasma afterglow
and undergo ring opening with the formation of aldehydes and
carboxylic acids.

According to the XPS data, oxygen plasma treatment of
PES causes roughly 10% of the aromatic carbon atoms to be
converted into equal amounts of aldehyde and carboxylic acid
groups. Other researchers have detected “ester-like” groups on
the surface of PES after exposing it to an oxygen plasma in
vacuum [4], [5], [8]. Because all the carbon atoms on the
surface of PES are present in aromatic form, the C = O and
(C = O)−O species must arise from ring opening. Feng et al.
[4] also suggest that ring opening occurs on the surface of PES.
Analysis of PPS and PSU leads to the same conclusion, i.e.,
that about 10% of the aromatic carbons atoms are converted
into aldehyde and carboxylic acid groups by exposure to the
atmospheric-pressure oxygen plasma.

A proposed mechanism for the atmospheric plasma oxidation
of polyethersulfone is shown in Fig. 9. The same mechanism
should be operative for all four aromatic polymers. In the first
step, ground-state oxygen atoms insert into the aromatic double
bond, forming a three-member epoxy ring. This is analogous
to the mechanism observed for the oxidation of graphite [29]–
[32]. In step (2), the strain in the epoxy group is relieved by
breaking the C–C bond and forming a seven-member ring [29],
[30]. Step (3) consists of a resonance-stabilized rearrangement
of electrons with ring opening and the generation of an alde-
hyde on one end of the chain and a highly reactive carbene
group on the other end. In step (4), another aldehyde is created
by addition of an O atom to the carbene. In the last step, a third
O atom attacks the aldehyde and inserts across the C–H bond to
form the carboxylic acid. The mechanism proposed in Fig. 9 is
consistent with the organic chemistry literature, with the XPS
results, and with the high concentration of ground-state O atoms
in the afterglow of the atmospheric-pressure radio-frequency
plasma.

V. CONCLUSION

The surfaces of polyetheretherketone, polyphenylsulfone,
polyethersulfone, and polysulfone were activated using an
atmospheric-pressure helium and oxygen plasma. The pull
strength for plasma-treated PEEK and PPS increased 3.5 and
2.0 times, respectively, while no increase was seen for PSU.
The increase in adhesion may be attributed to oxygen atom
attack of the aromatic groups with ring opening and oxida-
tion to form aldehydes and carboxylic acids on the polymer
surfaces.

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on June 29, 2009 at 02:34 from IEEE Xplore.  Restrictions apply.



830 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 37, NO. 6, JUNE 2009

ACKNOWLEDGMENT

The authors would like to thank Dr. R. L. Garrell for the
valuable discussions of the polymer chemistry. One of the
authors, E. Gonzalez II, would like to thank the Department
of Homeland Security for a graduate research fellowship.

REFERENCES

[1] S. Kim, K. Lee, and Y. Seo, “Polyetheretherketone (PEEK) surface func-
tionalization by low-energy ion-beam irradiation under a reactive O2

environment and its effect on the PEEK/copper adhesives,” Langmuir,
vol. 20, no. 1, pp. 157–163, Jan. 2004.

[2] C. Henneuse-Boxus, C. Poleunis, A. De Ro, Y. Adriaensen, P. Bertrand,
and J. Marchand-Brynaer, “Surface functionalization of PEEK films
studied by time-of-flight secondary ion mass spectrometry and x-ray
photoelectron spectroscopy,” Surf. Interface Anal., vol. 27, no. 3, pp. 142–
152, Mar. 1999.

[3] N. Inagaki, S. Tasaka, T. Horiuchi, and R. Suyama, “Surface modification
of poly(aryl ether ether ketone) film by remote oxygen plasma,” J. Appl.
Polym. Sci., vol. 68, no. 2, pp. 271–279, Dec. 1998.

[4] J. Feng, G. Wen, W. Huang, E. Kang, and K. G. Neoh, “Influence of
oxygen plasma treatment on poly(ether sulphone) films,” Polym. Degrad.
Stab., vol. 91, no. 1, pp. 12–20, Jan. 2006.

[5] T. Vrlinic, A. Vesel, U. Cvelbar, M. Krajnc, and M. Mozetic, “Rapid sur-
face functionalization of poly(ethersulphone) foils using a highly reactive
oxygen-plasma treatment,” Surf. Interface Anal., vol. 39, no. 6, pp. 476–
481, Feb. 2007.

[6] D. S. Wavhal and E. R. Fisher, “Hydrophilic modification of poly-
ethersulfone membranes by low temperature plasma-induced graft
polymerization,” J. Membr. Sci., vol. 209, no. 1, pp. 255–269,
Nov. 2002.

[7] S. Belfer, R. Fainchtain, Y. Purinson, and O. Kedem, “Surface charac-
terization by FTIR-ATR spectroscopy of polyethersulfone membranes-
unmodified, modified and protein fouled,” J. Membr. Sci., vol. 172,
no. 1/2, pp. 113–124, Jul. 2000.

[8] H. Thelen, R. Kaufmann, D. Klee, and H. Hocker, “Development
and characterization of a wettable surface modified aromatic poly-
ethersulphone using glow discharge induced HEMA-graft polymeri-
sation,” Fresenius’ J. Anal. Chem., vol. 353, no. 3/4, pp. 290–296,
Jan. 1995.

[9] B. Pignataro, E. Conte, A. Scandurra, and G. Marletta, “Improved cell
adhesion to ion beam-irradiated polymer surfaces,” Biomoterials, vol. 18,
no. 22, pp. 1461–1470, Nov. 1997.

[10] C. Yeh, Y. Lin, S. Lin, Y. Wang, S. Chung, L. Huang, and T. Wen, “Plasma
treatment on plastic substrates for liquid-phase-deposited SiO2,” J. Vac.
Sci. Technol. B, Microelectron. Process. Phenom., vol. 25, no. 5, pp. 1635–
1639, Sep. 2007.

[11] J. A. Gardella, Jr., S. A. Ferguson, and R. L. Chin, “π∗ ← π shakeup
satellites for the analysis of structure and bonding in aromatic polymers
by x-ray photoelectron spectroscopy,” Appl. Spectrosc., vol. 40, no. 2,
pp. 224–232, Feb. 1986.

[12] D. S. Wavhal, K. R. Kull, M. L. Steen, and E. R. Fisher, “Hydrophilic
surface modification of microporous polymer membranes using a variety
of low-temperature plasma treatments,” in Proc. Mater. Res. Soc. Symp.,
2003, vol. 752, pp. AA3.1.1–AA3.1.6.

[13] P. Louette, F. Bodino, and J. Pireaux, “Poly(sulfone resin) XPS reference
core level and energy loss spectra,” Surf. Sci. Spectra, vol. 12, no. 1,
pp. 100–105, Feb. 2007.

[14] J. Hopkins and J. P. S. Badyal, “XPS and atomic force microscopy of
plasma-treated polysulfone,” J. Polym. Sci. A, Polym. Chem., vol. 34,
no. 8, pp. 1385–1393, 1996.

[15] K. Sahre, K. Eichhorn, F. Simon, M. Guenther, G. Suchaneck, and
G. Gerlach, “Characterization of chemical and sensoric properties of
ion-beam modified polyethersulfone layers,” in Proc. Mater. Res. Soc.
Symp., 2001, vol. 672, pp. O8.18.1–O8.18.6.

[16] F. D. Egitto, “Plasma etching and modification of organic polymers,” Pure
Appl. Chem., vol. 62, no. 9, pp. 1699–1708, 1990.

[17] E. Gonzalez, II, M. D. Barankin, P. C. Guschl, and R. F. Hicks, “Remote
atmospheric-pressure plasma activation of the surfaces of polyethylene
terephthalate and polyethylene naphthalate,” Langmuir, vol. 24, no. 21,
pp. 12636–12643, Nov. 2008.

[18] P. Louette, F. Bodino, and J. Pireaux, “Poly(ether ether ketone) (PEEK)
XPS reference core level and energy loss spectra,” Surf. Sci. Spectra,
vol. 12, no. 1, pp. 149–153, Feb. 2005.

[19] R. M. Thurston, J. D. Clay, and M. D. Schulte, “Effect of atmospheric
plasma treatment on polymer surface energy and adhesion,” J. Plast. Film
Sheeting, vol. 23, no. 1, pp. 63–78, Jan. 2007.

[20] M. J. Shenton, M. C. Lovell-Hoare, and G. C. Stevens, “Adhesion
enhancement of polymer surfaces by atmospheric plasma treatment,”
J. Phys. D, Appl. Phys., vol. 34, no. 18, pp. 2754–2760, Sep. 2001.

[21] J. Tynan, D. P. Dowling, G. Byrne, and D. Hughes, “Enhancing polymer
adhesion through surface activation using an in-line atmospheric pressure
plasma,” Int. J. Nanomanuf., vol. 1, no. 4, pp. 554–569, 2007.

[22] R. F. Hicks, S. E. Babayan, J. Penelon, Q. Truong, D. S. F. Cheng,
V. V. Le, J. Ghilarducci, A. G. Hsieh, J. M. Deitzel, and J. W. Gillespie, Jr.,
“Atmospheric plasma treatment of polyetheretherketone composites for
improved adhesion,” in Proc. SAMPE Fall Tech. Conf., Global Adv. Mater.
Process Eng., Dallas, TX, Nov. 6–9, 2006. lCD-ROM pp. 9.

[23] J. Comyn, L. Mascia, and G. Xiao, “Plasma-treatment of polyetherether-
ketone (PEEK) for adhesive bonding,” Int. J. Adhes. Adhes., vol. 16, no. 2,
pp. 97–104, May 1996.

[24] J. Comyn, L. Mascia, and G. Xiao, “Corona-discharge treatment of poly-
etheretherketone (PEEK) for adhesive bonding,” Int. J. Adhes. Adhes.,
vol. 16, no. 4, pp. 301–304, 1996.

[25] H. Nakamura, T. Nakamura, T. Noguchi, and K. Imagawa, “Photodegra-
dation of PEEK sheets under tensile stress,” Polym. Degrad. Stab., vol. 91,
no. 4, pp. 740–746, Apr. 2006.

[26] S. K. Brauman and J. G. Pronko, “Chemiluminescence studies of the
thermooxidation of PEEK,” J. Polym. Sci. B, Polym. Phys., vol. 26, no. 6,
pp. 1205–1216, Mar. 1988.

[27] J. Y. Jeong, J. Park, I. Henins, S. E. Babayan, V. J. Tu, G. S. Selwyn,
G. Ding, and R. F. Hicks, “Reaction chemistry in the afterglow of
an oxygen–helium, atmospheric-pressure plasma,” J. Phys. Chem. A,
vol. 104, no. 34, pp. 8027–8032, Aug. 2000.

[28] E. Gonzalez, II, M. D. Barankin, P. C. Guschl, and R. F. Hicks, “Surface
activation of PMMA via remote atmospheric pressure plasma,” Plasma
Process. Polym., Mar. 2009. to be submitted.

[29] J. Li, K. N. Kudin, M. J. McAllister, R. K. Prud’homme, I. A. Aksay, and
R. Car1, “Oxygen-driven unzipping of graphitic materials,” Phys. Rev.
Lett., vol. 96, no. 17, p. 176 101, May 2006.

[30] P. M. Ajayan and B. I. Yakobson, “Oxygen breaks into carbon world,”
Nature, vol. 441, no. 15, pp. 818–819, Jun. 2006.

[31] Z. H. Zhu, J. Finnerty, G. Q. Lu, and R. T. Yang, “A comparative study
of carbon gasification with O2 and CO2 by density functional theory
calculations,” Energy Fuels, vol. 16, no. 6, pp. 1359–1368, Sep. 2002.

[32] N. Chen and R. T. Yang, “Ab initio molecular orbital study of the unified
mechanism and pathways for gas–carbon reactions,” J. Phys. Chem. A,
vol. 102, no. 31, pp. 6348–6356, Jul. 1998.

Eleazar Gonzalez, II received the B.S. degree in
chemistry from the California State University of
Bakersfield, Bakersfield, in 2004, and the M.S.
degree in chemical engineering from the University
of California, Los Angeles (UCLA), in 2008. He is
currently working toward the Ph.D. degree in the
Department of Chemical and Biomolecular Engi-
neering, UCLA.

His research interests include atmospheric plasma
treatment of polymers.

Michael D. Barankin received the B.S. degree
in chemical engineering from the University of
California, Los Angeles (UCLA), in 2002, and the
M.S.Ing. degree (with honors) in chemical engineer-
ing from the Technical University of Delft, Delft,
The Netherlands, in 2004. Since 2004, he has been
working toward the Ph.D. degree at the UCLA.

He has authored or coauthored 6 journal papers
and 12 international conference presentations on
topics related to atmospheric plasma discharges and
their applications.

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on June 29, 2009 at 02:34 from IEEE Xplore.  Restrictions apply.



GONZALEZ et al.: RING OPENING OF AROMATIC POLYMERS BY REMOTE ATMOSPHERIC-PRESSURE PLASMA 831

Peter C. Guschl received the B.S. degree in chemi-
cal engineering from Pennsylvania State University,
University Park, in 1998, and the Ph.D. degree in
chemical engineering from Iowa State University,
Ames, in 2002.

From 2003 to 2007, he was a Senior Research
Scientist with Magnequench Intl. Inc. He is currently
an Applications Engineer with Surfx Technologies
LLC, Culver City, CA.

Robert F. Hicks received the B.S. degree in chem-
ical engineering from the University of Delaware,
Newark, in 1977, and the Ph.D. degree in chemical
engineering from the University of California,
Berkeley, in 1984.

He has been with the faculty at the University
of California, Los Angeles, since 1985, where he
is currently a Professor of chemical engineering
with the Department of Chemical and Biomolecular
Engineering. He has authored over 150 scientific
papers throughout his career. His research interests

include physics, chemistry, and engineering of materials processes.
Dr. Hicks is a member of the AVS, TMS, and AIChE. In 2001, he was

elected a fellow of the American Vacuum Society. In 1999, he received an R&D
100 Award for coinvention of the atmospheric-pressure plasma jet.

Authorized licensed use limited to: Univ of Calif Los Angeles. Downloaded on June 29, 2009 at 02:34 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


