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The surfaces of high-density polyethylene (HDPE), poly(methylmethacrylate) (PMMA), and polyethersulfone (PES)
were treated with a low-temperature, atmospheric pressure oxygen and helium plasma. The polymers were exposed to
the downstream afterglow of the plasma, which contained primarily oxygen atoms and metastable oxygen molecules
(1Δg O2), and no ions or electrons. X-ray photoelectron spectroscopy (XPS) of HDPE revealed that 20% of the carbon
atoms were converted into oxidized functional groups, with about half of these being carboxylic acids. Attenuated total
reflection infrared spectroscopy of all three polymers was obtained in order to determine the types of functional groups
formed by atmospheric plasma exposure. It was found that the polymers were rapidly oxidizedwith addition of alcohols,
ketones, and carboxylic acids to the carbon backbone. Chain scission occurred onHDPE and PMMA,while on PES the
aromatic groups underwent ring-opening and insertion of carboxylic acid.

Introduction

Plastics are widely used in industry because of their desirable
properties.1-10 Despite having several advantages, one major
problem with polymers is their low surface energy.1,2,5,11-14 This
problem can be remedied by exposing the surfaces of the polymers
to either vacuum or atmospheric pressure plasmas. Plasma
treatment of polymers quickly increases their surface energy to
>70 dyn/cm.3,11-13,15 During this process, the polymer may be
placed downstream of the discharge and exposed mainly to
neutral reactive species.3,11-13,15

Previous work in our group has focused on analysis of polymer
surfaces when exposed to remote atmospheric pressure helium
and oxygen plasmas.11-13 It was found that, by exposing poly-
(methyl methacrylate) to the afterglow for times between 1 and
30 s, a 10-fold increase in adhesive bond strength could be
achieved.13 X-ray photoelectron spectroscopy (XPS) of plasma-
treated poly(methyl methacrylate) showed that the O atoms

produced by the discharge attacked the methyl and methylene
groups in the polymer, resulting in chain scission.13 Furthermore,
the C 1s peak located at 289.0 eV increased by about 8%. This
peak was attributed to carboxylic acid groups, but a definitive
assignment could not be made.

The surfaces of aromatic polymers, such as poly(ethylene
terephthalate), polyetheretherketone, and polyethersulfone, have
been treated with atmospheric pressure helium and oxygen
plasma.11,12 The bond strength to several adhesives was enhanced
by up to 7-fold for some of the polymers.11 Surface analysis by
XPS showed that the reactive species in the afterglow of the
plasmaoxidized and openedup the aromatic rings on the polymer
chains.11,12 Additionally, the emergence of a peak at 289.5 eV,
corresponding to (CdO)-O groups, was observed after treat-
ment. Based on the XPS analysis alone, it was not possible to
identify the specific types or distribution of functional groups on
the oxidized polymer surfaces.

In this Article, we report on the surface modification of high-
density polyethylene (HDPE), poly(methyl methacrylate)
(PMMA), and polyethersulfone (PES) by remote treatment with
oxygen and helium plasma in open air. The dynamic change in
surface composition of these polymers with plasma exposure has
been analyzed for the first time using attenuated total reflection
infrared spectroscopy. Analysis of the infrared spectra has
allowed us to determine the functional groups that are created
on the surface of polymers when exposed to the atmospheric
pressure plasma.

Experimental Methods

The polymer samples were treated with a Surfx Atomflo
plasma system equipped with a 200 wide linear beam source, as
described previously.11-13 The plasma was operated at 200 W of
RF power, 30.0 L/min of industrial grade helium, and 0.9 L/min
of ultrahigh purity oxygen, with a 5 mm source-to-substrate
distance and a 10 mm/s scan speed. The gas flow rates are given
at a nominal temperature and pressure of 25 �C and 1 atm. The
relative humidity in the environment was approximately 65%.
The 20 0 plasma beam was repeatedly translated over the polymer
samples using a robot. During this process, the substrates were
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treated with the afterglow of the plasma. The samples were
exposed to open air before, during, and after plasma treatment.

Poly(methyl methacrylate) (PMMA), with Mw ∼ 120 000,
anhydrous toluene (99.8%), and chloroform (99.8%) were ob-
tained fromSigmaAldrich. Polyethersulfone (PES) film, approxi-
mately 0.1 mm thick, was purchased from CS Hyde Company,
Inc. High-density polyethylene (HDPE) film, approximately
0.4 mm thick, was purchased fromMcMaster-Carr.

Solutions of PES/chloroform and PMMA/toluene were pre-
pared with weight concentrations ranging between 1 and 10%.
The ZnSe ATR crystal was cleaned with isopropyl alcohol and
baked on a hot plate at 100 �C for 15min. Once the crystal cooled
to room temperature, it was placed on the chuck inside the spin-
coater. A glass syringe was used to “flood” the ZnSe crystal with
the polymer solution prior to spinning. The sampleswere spun for
60 s at 1000 rpm. Once coated with the polymer, the crystal was
baked at 120 �C for 15 min in open air. A similar procedure was
followed for the spin-coating of HDPE using toluene. However,
the solvent had to be boiled in order for the polymer to dissolve in
it. Furthermore, the glass syringe and ZnSe crystal also had to be
heated above 100 �C. The thickness of the spin-coated films was
measured using a Veeco Dektak 8 profilometer. Part of the film
was masked with kapton tape, and the film was etched with
chloroform in order to create a step. Surface roughness of the
spun-on PMMA was measured using a VEECO DI3100 atomic
force microscope. The root-mean-square (rms) surface roughness
and total surface area of the samples were obtained by using the
software program Nanoscope V6.12r2.

The surface composition of HDPE was analyzed by X-ray
photoelectron spectroscopy. The samples were placed in the XPS
chamber and evacuated to low pressure within 2min after plasma
treatment. Core level photoemission spectra of the C 1s and O 1s
lines were collected with a PHI 3057 spectrometer using Mg KR
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 at 285.0 eV. The surface atomic percentages were deter-
mined by dividing the integrated areas of the C 1s and O 1s
photoemission peaks by their sensitivity factors, 0.30 and 0.71,
respectively. After plasma treatment and analysis, the HDPE
sample was left in the vacuum chamber at a pressure below 5 �
10-10 Torr and allowed to age for 1 and 2 weeks. At several time
intervals, new XPS spectra were obtained.

The change in the surface composition of the polymers with
plasma exposure time was analyzed by attenuated total reflection
infrared spectroscopy, using a Bio-RadFTS-40A instrumentwith
a DTGS detector. For these measurements, the polymers were
spin-coated onto zinc selenide internal reflection elements that
were 5.0 cm long by 1.0 cm wide by 0.2 cm thick with 45� beveled
edges. The coated ZnSe substrate was used as the ATR crystal.
The plasma-treated sampleswere placed in the IRbox and purged
withN2 immediately after treatment. The spectrawere collected at
4 cm-1 resolution, signal-averaging 512 scans. The infrared
spectrum was obtained by taking the ratio of the single-beam
spectrum of the crystal and the film minus that of the blank
crystal. The films were scanned with the plasma, and IR spectra
were recorded repeatedly as the films were slowly etched away.
The spectra of the plasma-treated samples were increased by a
multiplication factor in order to have a reference. The multi-
plication factor was chosen so that the fingerprint region
(∼500-1500 cm-1) of the plasma spectrumwas of equal intensity
to that of the control sample. One of the PMMA samples was
rinsed with methanol after treatment in order to remove any low-
molecular-weight species.11,16-18 This sample was dried with

flowing nitrogen until the solvent was no longer visible on the
surface and then allowed to continue drying for 24 h at 21 �C.
Following this procedure, the infrared spectrum was acquired
again.

During attenuated total reflectance (ATR) spectroscopy, the
infrared beam travels through the ATR crystal and penetrates the
sample as an evanescent wave. The depth of penetration dp of the
evanescent wave is defined as35

dp ¼ λ

2πnIRE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 Θ-ðns=nIREÞ2

q ð1Þ

where λ is the wavelength of the incident radiation,Θ is the angle
of incidence, and nIRE and ns are the refractive indices of the ATR
crystal and the sample, respectively. Figure 1 shows the calculated
dependence of the evanescent wave penetration depth on wave-
number for the particular setup used in these experiments. As can
be seen in the figure, the depth that the evanescentwavepenetrates
the polymer film falls with wavelength.

Theamplitude of thewavedecays exponentiallywith increasing
distance from the reflecting interface according to the following
equation:35

E ¼ E0 exp½-d=dp� ð2Þ
whereE0 is the amplitude at the surface (d=0), d is the depth, and
dp is the depth of penetration. Because of the exponential decay of
the evanescent wave,Mirabella states that the ATR spectrum can
be seen to consist of decreasing contributions from deeper layers
in the sample as dp is approached.

36

Results

Figure 2 shows the XPS survey spectra of high-density poly-
ethylene before and after plasma treatment and aging. The
polymer was scanned 16 times using the same conditions as stated
in the Experimental Methods section. After plasma exposure, a
strong peak arises at around 533 eV corresponding to the O 1s
state. After 1 week of aging in vacuum (<5� 10-10 Torr), the O
1s peak begins to decrease. The same peak decreases even more
after 2 weeks of aging.

The C 1s spectra of HDPE before and after plasma treatment
can be seen in Figure 3. The C 1s curve of the original HDPE film
was deconvoluted into three peaks at 285.0, 286.5, and 287.5 eV,
corresponding to aliphatic carbons (C-C), carbon atoms with

Figure 1. Calculated dependence of the evanescent wave penetra-
tion depth on wavenumber.
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C-O single bonds, and carbon atoms with CdO double bonds,
respectively.19 After exposure to the plasma, the two peaks at
286.5 and 287.5 eV increase in area. Additionally, a new peak at
289.0 eV arises, which is believed to be due to carboxylic acid
groups (COOH).11,12

The XPS analysis of HDPE before and after plasma treatment
and aging is summarized in Table 1. Plasma oxidation causes the
O/C ratio to increase by 14� from 0.02 to 0.28. After 1 and 2
weeks of aging, the O/C ratio remains at 0.20 and 0.15, respec-
tively. For the untreated HDPE, the aliphatic carbon atoms
(peak 1) account for 98.7 ( 0.2% of the total area of the C 1s
band, while the C-O single bond (peak 2) andCdOdouble bond
(peak 3) account for 0.7 ( 0.3% and 0.6 ( 0.3%, respectively.
These percentages show that the HDPE sample is essentially free
of contamination. After plasma exposure, peak 1 accounts for
78.9 ( 0.2% of the area of the C 1s band, while peaks 2 and 3
account for 7.2( 0.3% and 2.9( 0.3%, respectively. In addition,
peak 4, which arose after plasma treatment, accounts for 11.0 (
0.3% of the C 1s band area. As stated above, this latter peak is
attributed to carboxylic acid groups.11,12,19 Aging of the samples
by 2 weeks causes peaks 2 and 3 to change by less than 1%.
However, peak 4 decreases from 11.0( 0.3% to 6.1( 0.3% after
1 week and to 4.5 ( 0.3% after 2 weeks. Concurrently, peak 1
increases from 78.9 ( 0.2 to 82.6 ( 0.2% after 1 week and to
85.1 ( 0.2% after two weeks.

Figure 4 shows the O 1s spectra of the control and plasma-
treated high-density polyethylene. The O 1s spectra are deconvo-
luted into two peaks at 532.3 and 533.8 eV, which correspond to
oxygen atoms with CdO double bonds and C-O single bonds,
respectively. The two species each account for approximately
50% of the oxygen, as listed in Table 1. Plasma exposure causes
the relative amount of CdO double bonds to decrease to 47.1 (
0.3%, while the amount of C-O single bonds increases to 52.9(
0.2%. After aging, the percentage of CdO groups falls to 43.9(
0.3%, while that of the C-O groups rises to 56.1 ( 0.2%.

Figure 5 shows the ATR Fourier transform infrared (FTIR)
spectra of high-density polyethylene before and after plasma
treatment. The polymer was treated using the plasma conditions
described in the Experimental Methods and with a total of 148
scans. The infrared spectrum of the plasma-treated sample was
magnified 2.5 times for better comparison to the infrared spec-
trum of the control sample. Peak 1, consisting of the doublet at
719 and 731 cm-1, corresponds to the C-C rocking mode of the
CH2 groups, while peak 4 at 1463 and 1473 cm-1 corresponds to
C-H deformations for the same group (refer to Table 2).20-22

Peaks 7 and 8, located at 2848 and 2916 cm-1, are due to C-H
symmetric and asymmetric stretches, respectively.20,22 The C-O
stretch of alcohol groups and CdO stretch of ketones can be seen
at 1150 and 1730 cm-1, respectively. By magnifying the plasma
spectrum 2.5 times, peaks 1, 2, 7, and 8 of the CH2 groups
superimpose on those for the untreated sample.

Exposure ofHDPE to the afterglowcauses several new features
to arise. Peak 3, found at 1318 cm-1, corresponds to the O-H in
plane deformation of C-OH groups. The broad band between
3100 and 3600 cm-1 (no. 9) is due to the O-H stretch of alco-
hols.21,23,24 The band at 1640 cm-1 (no. 5) is assigned to the CdO
stretch of hydrogenbonded carboxylic acid groups.21,23,24 It could
be due to CdC stretches, but this is thought to be less likely given
the nature of the plasma treatment. According to Shikova et al.,23

CdC double bonds can form on the surface of plasma-treated
polyethylene when hydrogen atoms are abstracted by bombard-
ment with UV irradiation and charged particles. However, the

Figure 2. XPS survey ofHDPE (a) control, (b) plasma-treated, (c)
plasma-treated andaged1week, and (d) plasma-treated and aged2
weeks.

Figure 3. Carbon 1s spectra of (a) control HDPE and (b) plasma-
treated HDPE.
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afterglow from the atmospheric pressure plasma only contains
neutral species, and there is little UV irradiation from the source.
Furthermore, if CdC bonds were created on the surface of the
polymer, the O atoms present in the afterglow would react with
the π electrons, insert into the double bonds, and oxidize the
alkenes.33

The ATR-FTIR spectra of PMMA before and after plasma
treatment are shown in Figure 6. The polymer was treated using
the plasma conditions described in the Experimental Methods
with a total of 80 scans. The infrared spectrum of the plasma-
treated filmwasmagnified by 5 times for better comparison to the
control. The -CH2- rocking mode can be seen at 750 cm-1,
while the -CH2- twisting modes are observed at 965 and
990 cm-1 (cf. Table 3).20,23 Peak 2 at 847 cm-1 is attributed to
the symmetric C-O-C stretch, while the peaks at 1240 and

1270 cm-1 (no. 5) are due to the asymmetric C-O-C stre-
tches.25,26 The ester CdO stretch is observed at 1730 cm-1, while
the doublet at 1149 and 1192 cm-1 shows the C-H bending
modes for the same functional group.27,28 The triplet seen at 1435,
1449, and 1486 cm-1 (no. 6) is due to theC-Hdeformation of the

Table 1. C 1s and O 1s Binding Energies and Surface Composition of HDPE before and after Plasma Treatment and Aging

fraction of total element present (%)

plasma aged

peak no.
binding

energy (eV) assignment control plasma 1 week 2 weeks

C 1s 1 285.0 C-C 98.7 78.9 82.6 85.1
2 286.5 C-O 0.7 7.2 8.2 7.0
3 287.5 CdO 0.6 2.9 3.1 3.3
4 289.0 (CdO)-O ; 11.0 6.1 4.5

O 1s 1 532.3 CdO 50.4 47.1 43.5 43.9
2 533.8 C-O 49.6 52.9 56.5 56.1

O/C Ratio 0.02 0.28 0.20 0.15

Figure 4. Oxygen 1s spectra of (a) control HDPE and (b) plasma-
treated HDPE.

Figure 5. Infrared spectra of high-density polyethylene before and
after plasma treatment.

(25) Sivakumar, M.; Subadevi, R.; Rajendran, S.; Wu, N. L.; Lee, J. Y. Mater.
Chem. Phys. 2006, 97, 330–336.

(26) Buckles, J. M.; Garay, J. C.; Kaufman, D. J.; Layson, A. R.; Columbia, M.
R. Chem. Educ. 1998, 3, 1–11.

(27) Ramesh, S.; Leen, K. H.; Kumutha, K.; Arof, A. K. Spectrochim. Acta,
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O-CH3 group.27 Peaks 9 and 10 at 2840 and 2950 cm-1,
respectively, are attributed to the C-H symmetric and asym-
metric stretches of methyl and methylene groups,21,27 while the
bandat 2995 cm-1 corresponds to theC-Hasymmetric stretch of
O-CH3 groups.

21,29 Plasma treatment of PMMA results in the
appearance of a peak at 1620 cm-1 (no. 7), corresponding to
theCdOstretch of hydrogenbonded carboxylic acid. In addition,
another broad band (no. 12) appears between 3100 and
3600 cm-1 which is due to hydroxyl groups.21

Figure 7 shows the ATR-FTIR spectra of PMMA before and
after plasma treatment and rinsing with methanol. As can be seen
in the figure, solvent rinsing of the sample causes most of the

carboxylic acid and hydroxyl peaks to disappear, thus removing a
large fraction of these species from the surface of the polymer.

The infrared spectra of PES before and after plasma treatment
are shown in Figures 8 and 9. The film was treated using the
plasma conditions described in the Experimental Methods with a
total of 84 scans. The spectrum of the plasma-treated sample was
magnified by 3� for better comparison to the control. The peaks
at 840 and 880 cm-1 are attributed to aromatic out-of-planeC-H
deformations, while peak 3 at 1006 cm-1 is due to aromatic in
plane C-H deformation (cf. Table 4). The aromatic C-S stretch

Table 2. Infrared Peak Assignments for High-Density Polyethylene

peak no.

wavenumber

(cm-1) assignment ref

1 719, 731 C-C rocking mode (-CH2-) 20-22

2 1150 C-O stretch (C-OH) 22

3 1318 O-H in plane deformation (C-OH) 21, 22

4 1463, 1473 C-H deformation (-CH2-) 20-22

5 1640 CdO stretch of hydrogen

bonded carboxylic acid

21, 23, 24

6 1730 CdO stretch of ketone 21

7 2848 C-H symmetric stretch (-CH2-) 20, 22

8 2916 C-H asymmetric stretch (-CH2-) 20, 22

9 3100-3600 O-H stretch (C-OH) 23

Figure 6. Infrared spectra of PMMA before and after plasma
treatment.

Table 3. Infrared Peak Assignments for PMMA

peak

no.

wavenumber

(cm-1) assignment ref

1 750 C-C rocking mode (-CH2-) 25

2 847 symmetric C-O-C stretch 25

3 965, 990 C-C twisting mode (-CH2-) 25

4 1149, 1192 C-H bend in ester 28

5 1240, 1270 asymmetric C-O-C stretch 26

6 1435, 1449, 1486 C-H deformation (O-CH3) 27

7 1620 CdO stretching of hydrogen

bonded carboxylic acid

21, 23, 24

8 1730 CdO stretch of ester 27

9 2840 C-H symmetric stretch (CH2/CH3) 21

10 2950 C-H asymmetric stretch (CH2/CH3) 27

11 2995 C-H asymmetric stretch (O-CH3) 21, 29

12 3100-3600 O-H stretch (C-OH) 21

Figure 7. Infrared spectra of PMMA before and after plasma
treatment and rinsing.

(29) Wang, J.; Chen, C.; Buck, S. M.; Chen, Z. J. Phys. Chem. B 2001, 105,
12118–12125. (30) Elabd, Y. A.; Napadensky, E. Polymer 2004, 45, 3037–3043.
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is observed at 1073 cm-1.21,30,31 The bands at 1486 and 1578 cm-1

are due to aromaticC-C stretches, and the features at 3036, 3068,
and 3090 cm-1 are assigned to aromatic C-H stretching vibra-
tions.14,21,32 Peaks 6 and 8, located at 1108 and 1241 cm-1,

respectively, are assigned to symmetric and asymmetric C-O
stretches of the ether groups.14,33 Additionally, the doublet at
1150 and 1165 cm-1 is attributed to symmetric SdO stretches,
while the doublet at 1295 and 1323 cm-1 corresponds to asym-
metric SdO stretches.14,21

Oxygenplasma treatment of PES causes new features to appear
in the absorbance spectrum: that is, peaks 2, 4, 10-12, 14-17, and
19-22. Peak 2 is due to out-of-planeC-Hdeformation of ameta-
substituted ring, while peak 12 corresponds to C-C stretching of
a para-disubstituted aromatic ring.21 The substitution is a direct
result of the oxidation of the aromatic ring. Further ring oxida-
tion is notedwith the appearanceofpeak11,which is attributed to
a combination of O-H deformation and C-O stretches of
phenols.21 Oxidation of the sulfone groups is evidenced by peak
4, which is due to SO3

- symmetric vibrations.32 Sulfone oxidation
is further corroborated by peaks 10 and 20, which correspond
to the asymmetric SO2 stretch and hydroxyl stretch in
R-(SO2)-OH, respectively.21,34 Peaks 15 and 16 at 1685 and
1725 cm-1, respectively, indicate that aromatic and aliphatic
ketones form on the surface of PES.21 The peak at 1640 cm-1 is
due to the CdO stretch of hydrogen bonded carboxylic acid.21

The area between 2700 and 3000 cm-1 contains multiple peaks
due to the C-H stretch of aldehydes and ketones.21

The spectrum between 3000 and 3600 cm-1 was deconvoluted
into four peaks, as seen in Figure 9. The peaks are located at 3080,
3230, 3396, and 3535 cm-1, and they correspond to the O-H
stretch of hydrogen bonded carboxylic acid, R-(SdO)-OH
groups, hydrogen bonded hydroxyls (O-H), and hydroxyls
(O-H) hydrogen bonded to an aromatic ring, respectively.21,32,34

Figure 10 shows part of the reflectance spectrum of PMMA
before plasma treatment and after 272 and 332 plasma scans. As
the number of plasma scans increases, the intensities of the peaks
at 1435, 1449, and 1486 cm-1 decrease while the peak at
1620 cm-1 increases. The former peaks are due to C-Hdeforma-
tions, while the latter is due to the CdO stretch of hydrogen
bonded carboxylic acid. The dependence of the film thickness as a
function of scans is shown in Figure 11. In order to completely
etch the film away, approximately 400 scans are required. The
etch rate is 5.1 nm per scan.

Figure 12 shows the dependence of the normalized peak areas
on number of scans. Three different trends are observed in the
figure. The normalized area of the peak at 847 cm-1, which
corresponds to the symmetric C-O-C stretch, decreases linearly
with the number of plasma scans. This first trend documents the
etching of the polymer with each scan. The peaks located at 750,
965, and 990 cm-1, corresponding to the C-C rocking and
twistingmodes, follow the same linear decrease. The second trend
in Figure 12 is seen with the band located at 1730 cm-1, which is
attributed to the CdO stretch of the ester group.27 The peak area
remains relatively constant up to 180 scans, corresponding to a
film thickness of 1100 nm. After this, the peak area decreases
linearlywith the number of scans.With the exception of the bands
at 1620 and 3300 cm-1, the rest of the bands exhibit the same
behavior. The final trend seen in the figure is for the peak at 1620
cm-1, which is attributed to theCdO stretch of hydrogen bonded
carboxylic acid. The area of this band does not change until 260
scans, corresponding to a film thickness of 740 nm. Subsequently,
the area increases linearly with more scans, up to about 320, and
thereafter remains constant.

Figure 8. Infrared spectra of PES before and after plasma treat-
ment.

Figure 9. Infrared spectra of PES showing the hydroxyl peaks
before and after plasma treatment.

(31) Zhang, G.; Fu, N.; Zhang, H.;Wang, J.; Hou, X.; Yang, B.; Shen, J.; Li, Y.;
Jiang, L. Langmuir 2003, 19, 2434–2443.
(32) Belfer, S.; Fainchtain, R.; Purinson, Y.; Kedem, O. J. Membr. Sci. 2000,

172, 113–124.

(33) Sahre, K.; Eichhorn, K.; Simon, F.; Guenther,M.; Suchaneck, G.; Gerlach,
G. Mater. Res. Soc. Symp. Proc. 2001, 672, O18.18.1–O18.18.6.

(34) Rivaton, A.; Gardette, J. L. Polym. Degrad. Stab. 1999, 66, 385.
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Atomic force microscopy images of PMMA exposed to the
atmospheric plasma are presented in Figure 13. All six AFM

images have a projected surface area of 25.0 μm2. One can see that
the roughness of the treated surfaces increases, decreases, and
increases againwith increasing numberof plasma scans.The root-
mean-square (rms) roughness and surface area measurements for
the samples are presented in Table 5. Exposure of PMMA to 80
scans caused the rms roughness to rise from4.2( 1.8 to 16.1( 0.2
nm, while the surface area of the sample rose 12% from 25.2( 0.1
to 28.2( 0.3 μm2. A drop in roughness and surface area is noted
at 208 scans, as these values fall to 5.9 nm and 25.5 μm2,
respectively. Finally, the surface roughness increases to 16.9 (
0.6 nm after 320 scans, while the surface area rises to 25.7 μm2.

Discussion

A 2 μm thick film was used to study the dynamic change in
composition of PMMA when treated with the plasma. During
plasma exposure, the surface of the film was functionalized and
etched away simultaneously. Infrared spectra were collected
throughout this process, and as illustrated in Figure 12 three
characteristic trends are observed. The first trend is seen for peaks
with a wavenumber below 1000 cm-1. The area of these bands

Table 4. Infrared Peak Assignments for PES

peak no. wavenumber (cm-1) assignment ref

1 840, 880 aromatic out-of-plane C-H deformation 21
2 910 out-of-plane C-H deformation of meta-substituted ring 21, 34
3 1006 aromatic in plane C-H deformation 21, 38
4 1045 SO3

- symmetric vibration 32
5 1073 Aromatic C-S stretch 21, 31
6 1108 symmetric C-O stretch of ether 33
7 1150, 1165 symmetric SdO stretch 14
8 1241 asymmetric C-O stretch of ether 14
9 1295, 1323 asymmetric SdO stretch 21
10 1360 asymmetric SO2 stretch of R-(SO2)-OH 21
11 1412 O-H deformation/C-O stretch combination of phenols 21
12 1428 C-C stretch of para-disubstituted aromatic ring 21
13 1486, 1578 Aromatic C-C stretch 14, 32
14 1640 CdO stretch of hydrogen bonded carboxylic acid 21
15 1685 CdO stretch of aromatic ketones 21
16 1725 CdO stretch of aliphatic ketones 21
17 2700-3000 C-H stretch of aldehydes and alkenes 21
18 3036, 3068, 3090 Aromatic C-H stretch 21, 32
19 3080 O-H stretch of hydrogen bonded carboxylic acid 21
20 3230 O-H stretch of R-(SdO)-OH 21, 34
21 3396 O-H stretch of hydrogen bonded hydroxyl 21, 32, 34
22 3535 O-H stretch of hydroxyl hydrogen bonded to aromatic ring 21

Figure 10. Infrared spectra of PMMA before plasma treatment
and after several plasma scans.

Figure 11. Dependance of PMMA film thickness on number of
plasma scans.

Figure 12. Dependence of normalized peak areas on number of
scans.
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decreases linearly with the number of scans. According to
Figure 1, the evanescent wave penetrates at least 2.0 μm when
the frequency is below 1000 cm-1. Therefore, the linear decrease
in the areaof these bands is due to polymer etching. This process is
accurately recorded because the evanescent wave samples the
entire film. The second trend is observed for all the bands above
1000 cm-1, except for the two centered at 1620 and 3300 cm-1.
Here the peak areas initially remain constant because the electro-
magnetic wave does not completely penetrate the filmuntil a large
fraction of the material has been etched away. Once this occurs,
the etching reaction is revealed by the progressive decrease in peak
area.

A third trend is seen in Figure 12 for the peak at 1620 cm-1,
which is due to carboxylic acid groups. Initially, the relative peak
area is near zero, because the evanescent wave does not penetrate
through the polymer film to the surface. After about 260 scans,
the area of the peak increases as the film thickness decreases. At
this point, the infrared beam is penetrating through the film and
detecting this functional group. As etching continues, the film

surface moves closer to the interface where the evanescent wave is
more intense.36 This tends to increase the intensity of the band at
1620 cm-1 relative to those emanating from the bulk film.
However, when the film thickness reaches 350 nm, the peak area
remains constant. According to Harrick, when a film is much
thinner than the depth of penetration, the electric field can be
assumed to be constant throughout the entire layer.37 At this
point, the absorbers on the surface make a steady contribution to
the infrared spectrum of the film and do not change in relative
intensity with further etching. Previous analysis by XPS, which
samples about 10 nm into the film, has shown that 8% of the
carbon atoms on the surface of PMMA are oxidized by plasma
treatment.13 However, when the treated surface is rinsed with
methanol, the oxidized functional groups are no longer de-
tected.13 These data indicate that the plasma treatment affects
the polymer surface only, with oxidation occurring most likely in
the first 20 nm of the film.

According to the XPS data, about 20% of the C-C bonds on
the high-density polyethylene are oxidized by the plasma. Ana-
lysis by infrared spectroscopy shows that plasma exposure of the
surface leads to the formation of alcohol (C-OH), ketone
(CdO), and carboxylic acid (COOH) groups. Other researchers
have observed carboxylic acid groups on the surface of HDPE
after exposing it to an oxygen plasma in vacuum.19,23 In addition,
Wang et al.24 exposed HDPE to an atmospheric pressure
dielectric barrier discharge (DBD) and detected carboxylic acids
by infrared analysis. However, note that, in this lattermethod, the
polymer was placed in between the electrodes, such that the
surface was exposed to electrons, ions, excited species, and UV
radiation.23 Egitto et al.42 state that oxygen atoms produced in

Figure 13. Atomic forcemicrographsofPMMA(a) untreated, (b) scanned80 times, (c) scanned 144 times, (d) scanned 208 times, (e) scanned
272 times, and (f) scanned 320 times.

Table 5. Surface Roughness and Surface Area of PMMA before and

after Several Plasma Scans

total no. of plasma scans rms roughness (nm) surface area (μm2)

0 4.2( 1.8 25.2( 0.1
80 16.1( 0.2 28.2( 0.3
144 8.8( 0.3 25.9( 0.1
208 5.9( 0.0 25.5( 0.0
272 8.9( 0.7 25.6( 0.1
320 16.9( 0.6 25.7( 0.0

(35) Schulz, U.; Munzert, P.; Kaiser, N. Surf. Coat. Technol. 2001, 142-144,
507–511.
(36) Mirabella, F. M.Modern techniques in applied molecular spectroscopy; John

Wiley and Sons, Inc.: New York, 1998.
(37) Harrick, N. J. Internal Reflection Spectroscopy, Harrick Scientific Corpora-

tion; John Wiley and Sons, Inc.: New York, 1979.
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lowpressure plasmas can reactwith saturatedhydrocarbons, such
as those in HDPE, to form alcohols and carbonyl groups.
Furthermore, in order for any appreciable etching to occur, a
large flux of O atoms at the surface is required.42

In order to obtain a (CdO)-OH group on the surface of the
polymer, chain scission must occur. This is consistent with the
observation of polymer etching by the plasma. Shikova et al.23

detected etching of HDPE during low pressure oxygen plasma
treatment. By using an atom trap, these authors exposed the
polymer solely tometastable oxygenmolecules butwere unable to
detect etching. They concluded that this reaction may be attrib-
uted to the flux of oxygen atoms to the surface. In the case of
atmospheric pressure plasma treatment of HDPE, chain scission
and etching are also likely due to polymer oxidation by oxygen
atoms.11-13

Figure 14 shows a proposedmechanism for this process. In the
first step, a ground-state oxygen atom inserts across a C-Hbond
to form a hydroxyl species.12,13 This is repeated to form a diol.
The diol may lose water to form a ketone,39 or it can rearrange
and cause chain scission in conjunction with the formation of a
carboxylic acid. The mechanism presented in the figure is con-
sistent with the C 1s XPS data, which show the appearance of
peaks due to C-O single bonds, CdO double bonds, and COO
“ester-like” groups. The infrared spectra also document the
formation of alcohols and carboxylic acids with characteristic
bands at 1318, 1640, and 3100-3600 cm-1.

Plasma treated samples of HDPE were kept under ultrahigh
vacuum conditions for a period of 1 and 2 weeks. Under these
conditions, theO/C ratio dropped from0.28 to 0.15 after 2 weeks.
Because the surface of the polymer changes without being
exposed to ambient conditions, agingmust occur throughmotion
of the polymer chains. Banika et al.39 have proposed that the
aging phenomenon is due to the diffusion or reorientation of
polar groups into the bulk matrix. It should be noted that the

2 week aging decreased the amount of carboxylic acid groups on
the surface by only 6%.

Infrared spectroscopy of PES has revealed that a number of
new functional groups are generated on the surface by atmo-
spheric pressure plasma treatment. The O atoms from the plasma
oxidize the sulfone groups and convert them into R-(SO2)-OH.
In addition, the atomic oxygen attacks the aromatic rings forming
disubstituted phenols, aldehydes, and carboxylic acids. These
results are consistent with previous work by our group on atmo-
spheric plasma oxidation of aromatic polymers.12 Egitto et al.42

state that atomic oxygen can add to unsaturated carbons. In
particular, O atoms react with benzene rings to form phenols. A
proposed reactionmechanism is shown inFigure 15. Phenolsmay
be formed when atomic oxygen inserts across the aromatic C-H
bond. This can account for the appearance of the IR peaks at 910
and 1428 cm-1 due to ring substitution, and also for the band at
1412 cm-1, which is attributed to phenols.

Atomic oxygen can also insert into the C-C π bonds forming
three-member epoxy rings.40-42 In order to relieve the strain
created by the epoxy structure, the C-C bond is broken and a
seven-member ring is formed. A resonance-stabilized rearrange-
ment of electrons results in opening of the aromatic ring and the
generation of a carbonyl and a highly reactive carbene. Addition
of an oxygen atom to the carbene produces the aldehyde. Finally,
the carboxylic acid is generated by insertion of another O atom

Figure 14. Proposed mechanism for the atmospheric plasma oxi-
dation of HDPE.

Figure 15. Proposed mechanism for the atmospheric plasma oxi-
dation of PES.

(38) Kill, C.; Hunter, D. H.; McIntyre, N. S. J. Polym. Sci., Part A: Polym.
Chem. 1996, 34, 2299–2310.
(39) Banika, I.; Kima, K. S.; Yuna, Y. I.; Kimb, D. H.; Ryub, C.M.; Park, C. S.;

Surd, G. S.; Park, C. E. Polymer 2003, 44, 1163–1170.

(40) Li, J.; Kudin, K. N.; McAllister, M. J.; Prud’homme, R. K.; Aksay, I. A.;
Car1, R. Phys. Rev. Lett. 2006, 96(17), 176101.

(41) Ajayan, P. M.; Yakobson, B. I. Nature 2006, 441(15), 818–819.
(42) Egitto, F. D.; Vukanovic, V.; Taylor, G. N. Plasma etching of organic

polymers.Plasma deposition, treatment, and etching of polymers; d'Agostino, R., Ed.;
Academic Press, Inc.: New York, 1990; pp 321-422.
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across the aldehyde C-H bond. Atomic oxygen may also react
with the carbonyl CdOdouble bond to form a dioxirane, which is
analogous to the reaction of O atoms with ketones.38 The
dioxirane transforms into an ester-like compound, thereby oxi-
dizing the sulfone group.Themechanismpresented inFigure 15 is
consistent with the infrared data obtained for PES. After plasma
treatment, the peaks recorded at 1685 and 1725 cm-1 are
attributed to the CdO stretch of ketones, while the broad band
between 2700 and 3000 cm-1 is due to the C-H stretches of
aldehydes and ketones. The formation of carboxylic acid is
evidenced by the appearance of the CdO stretch at 1640 cm-1

and the O-H stretch at 3080 cm-1. Finally, oxidation of sulfone

is observed with the emergence of the peaks at 1045, 1360, and
3230 cm-1.

In Figure 16, a reaction mechanism is proposed for the atmo-
spheric pressure plasma oxidation of PMMA. Oxygen atoms
insert across the C-H bonds of the methylene group to form an
alcohol and then a diol. A rearrangement of the bonds leads to
chain scission and the formation of a terminal carboxylic acid
group. This mechanism is consistent with the observation of
carboxylic acids by X-ray photoemission13 and infrared spectro-
scopy. Exposure to the afterglow of the plasma causes the
appearance of the CdO stretch of hydrogen bonded carboxylic
acid at 1620 cm-1 and the O-H stretch between 3100 and
3600 cm-1. The mechanism proposed in Figure 16 also explains
how etching proceeds by chain scission, and how low-molecular-
weight species are generated that can then be removed by rinsing
the polymer in methanol.

Conclusions

The surfaces of high-density polyethylene, poly(methyl
methacrylate), and polyethersulfone have been activated using
atmospheric pressure helium and oxygen plasma in open air.
Attenuated total reflection infrared spectroscopy reveals that
alcohols, carbonyls, and carboxylic acids are formed on the
surface of each polymer film. Furthermore, the sulfone groups
on PES are oxidized by the plasma. For HDPE and PMMA,
chain scission occurs, while for PES the aromatic groups undergo
ring-opening.
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Figure 16. Proposed mechanism for the atmospheric plasma oxi-
dation of PMMA.


