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Surface Activation of Poly(methyl
methacrylate) via Remote Atmospheric
Pressure Plasma
Eleazar Gonzalez II, Michael D. Barankin, Peter C. Guschl, Robert F. Hicks*
An atmospheric pressure oxygen and helium plasma was used to activate the surface of
poly(methyl methacrylate) (PMMA). The plasma physics and chemistry was investigated by
numerical modeling. It was shown that as the electron density of the plasma increased from
3� 1010 to 1� 1012 cm�3, the concentration of O atoms and
metastable oxygen molecules (1Dg) in the afterglow increased
from 6� 1015 to 1� 1017 cm�3. Exposing PMMA to the afterglow
for times between 0 and 30 s led to a 358� 38 decrease in water
contact angle, and a ten-fold increase in bond strength to several
adhesives. X-ray photoelectron spectroscopy of the polymer
revealed that after treatment, the surface carbon attributable
to the methyl pendant groups decreased 5%, while that due to
carboxyl acid groups increased 7%. The numerical modeling of the
afterglow and experimental results indicate that oxygen atoms
generated in the plasma oxidize the polymer chains.
Introduction

Poly(methyl methacrylate) (PMMA) is a polymer with

many desirable characteristics. It has excellent optical

properties, environmental stability, and low cost.[1] In

recent years, PMMA has replaced glass products in many

optical applications where high impact resistance, chemi-

cal inertness, lowweight, andflexibility are important.[2] In

addition, PMMA can be used in optical components due to

its low refractive index, high transparency in the visible
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region, and reduced reflection losses.[3] This polymer also

finds application in biomedical devices[4] and gate dielec-

trics.[5]Despite theseattractiveproperties, PMMAexhibitsa

low surface energy, which can result in poor adhesion.

Plasmas have beenwidely utilized to treat polymers and

increase their surface energy.[2,3,6–22] Plasma treatment can

be performed in vacuum or at atmospheric pressure.

Operation at ambient pressure offers several advantages:

the equipment is simpler, since it does not require

chambers, load locks, or vacuum pumps. The plasma

treatment can be integrated with other process steps, such

as adhesive dispensing or powder spray. Moreover, in

vacuum, the surface of thematerial is subjected to a variety

ofphenomena including ionbombardment, electron impact,

chemical reactions, ultraviolet irradiation, implantation,

and redeposition of etched species.[19] Because of the

abundance of surface interactions, it can be difficult to

understand the mechanism of surface modification. By
DOI: 10.1002/ppap.200900113
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contrast,whenanatmospheric pressureplasma is used, the

polymer is placed downstream of the electrodes, and is

subjected primarily to chemical interactions with neutral

species.

In this study, a low-temperature, atmospheric pressure,

oxygen, and heliumplasmawere used to remotely activate

the surface of PMMA. The polymer was placed below the

plasma source and exposed to O atoms, metastable O2

molecules (1Dg and
1Sþ

g ), andozone from theplasma.[23] The

instantaneous change in surface energy and water contact

angle with time has been measured. Adhesive pull tests

were carried out, and X-ray photoelectron spectroscopy

(XPS) and atomic forcemicroscopywere utilized to analyze

the surface composition and topography of the polymer

following treatment. Finally, a mechanism has been

proposed for the surface activation of PMMA with the

atmospheric pressure plasma.
Experimental Part

Polymer sampleswere treatedwithaSurfxAtomfloplasmasystem

equipped with a 2’’-wide linear beam source, as described

previously.[24] Two different conditions were used for surface

activation: Plasma 1 was operated at 150W of RF power,

30.0 L �min�1 of industrial grade helium and 0.8 L �min�1 of

ultra-high purity oxygen, with a 3mm source-to-substrate

distance, a 40mm � s�1 scan speed, and four total scans. Plasma 2

was operated at 200W of RF power, 30.0 L �min�1 of industrial

grade helium and 0.8 L �min�1 of ultra-high purity oxygen, with a

5mm source-to-substrate distance, a 10mm � s�1 scan speed, and

16 total scans. The gas flow rates are given at nominal temperature

and pressure of 25 8C and 1 atm. A robot translated the 2’’ plasma

beam over the PMMA sample, which was mounted on an

aluminum substrate holder. The scan speeds used for the two

plasma conditions were selected by choosing the slowest speed

thatwould allow for treatment of the samplewithout anymelting

or deformation of it.

The PMMA was aerospace grade Polycast Poly 2000 and was

obtained fromProfessional Plastics, Inc. Largesheetsof thepolymer

were cut into 4� 4 cm2 and cleaned with isopropyl alcohol. Any

remainingsolventorwateronthepolymersurfacewasremovedby

baking the samples on a hot plate at 80 8C for 15min. For the aging

experiments, the treated sampleswere stored in plastic containers

and covered.

A Krüss EasyDrop goniometer was used to measure contact

angles of the test liquids, which include distilled water and

diiodomethane. For each sample, themeanand standard deviation

of ten droplets, 2mL in volume, were obtained. The surface energy

was calculated for the control samples, the plasma treated samples

immediately after exposure, and plasma treated samples aged for

five months.

Surface composition was analyzed by XPS. Core level photo-

emission spectra of theC1s andO1s lineswere collectedwitha PHI

3057 spectrometer usingMgKaX-rays at 1286.6 eV.All XPS spectra

were taken in small area mode with a 78 acceptance angle and

23.5 eVpass energy. The detection anglewith respect to the surface
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normal was 258. All spectra were referenced to the C 1s peak of the

graphitic carbon atom at 285.0 eV. The integrated areas of the C 1s

and O 1s photoemission peaks, divided by their sensitivity factors,

0.30 and 0.71, respectively, were used to determine surface atomic

percentages. Finally, surface roughness was measured using a

VEECO DI3100 atomic force microscope. The root-mean-square

(RMS) surface roughness and total surface area of the sampleswere

obtained by using the software program, Nanoscope V6.12r2.

The pull strengths of adhesives to PMMAwere measured using

mechanical pull tests as described previously.[24] Four adhesives

were tested: Hardman, Inc., epoxy (04005); Hardman, Inc., D-50

urethane (04022); NuSil Technology medical grade silicone

adhesive (MED1-4013); and 3M Scotch-Weld acrylic adhesive (DP

805). Samples with a thickness of 1.2 cm were cut into

3.8 cm�3.8 cm and scanned using the previously described

conditions. Immediately after treatment, 20mm diameter

plasma-treated aluminum dollies were bonded to the sample

surfaces. Bondline thickness was controlled by mixing 1% glass

beads (150–200mmdiameter) into theadhesive.A24-h curing time

was allowed prior to adhesion testing.

Two polymer samples were treated simultaneously using the

conditions for Plasma 2. After treatment, one sample was rinsed

withethanol inorder to removeanypossible low-molecularweight

(LMW) species.[25] This sample was dried with flowing nitrogen

until ethanolwasno longervisibleon thesurface, and thenallowed

to continue drying for 90min at 21 8C, prior to adhesion. After the

drying period ended, surface energy measurements, XPS spectra,

and epoxy adhesion pull tests were obtained for both samples.
Numerical Modeling

The experimental conditions used to operate the Atomflo were

simulated by numerical modeling following the method outlined

in other work.[23,26] The model included ground-state O atoms,

ozone, metastable molecules and atoms (O2(
1Dg), O2(

1Sþ
g), O(

1D),

He�, and He2
�), ions (Oþ

2 , O
�
2 , O

�, Oþ, Heþ2 , and Heþ), and free

electrons. An electron temperature of 1.5 eV was assumed, which

was taken as an average of the literature values for the RF

plasma.[26,27–32] The gas mixing was assumed to obey ‘‘plug flow,’’

inwhich the change in concentrationof species iwithdistancewas

equal to its net rate of consumption or production by each of the

elementary reactions in themechanism. Thematerial balanceused

for each species in the model was:
dCi

dz
¼ 1

v0

X
Rj (1)
where Ci is the concentration of species i (mol � cm�3), z is the

distance the gas flows in the plasma zone (cm), v0 is the velocity of

the gas (cm � s�1), and Rj is the rate of reaction j that either

produces or consumes i (moles � cm�3 s�1). The velocity v0 is equal

to the volumetric flow rate, given at NTP and corrected to the gas

temperature in the plasma, divided by the cross-sectional area of

the plasma region. The calculated valueswere 414 and 456 cm � s�1

at 150 and 200W, respectively. Additionally, the distance z was

calculated to be 1.12 cm, which is representative of the particular

plasma source used in these experiments. Polymath was used to

solve the set of coupled-first order differential equations. A partial
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Table 1. Partial list of reactions and rate constants for the helium and oxygen plasma.

Reaction Rate constant (cm3/s) Footnote Reference

eþO2!OþOþe 4.2� 10�9e�5.6/Te [55]

eþO2!Oþ
2 þ2e 9.0� 10�10Te0.5e�12.6/Te [55]

eþO2!O�þO 8.8� 10�11e�4.4/Te [55]

eþO2!O�þOþþe 7.1� 10�11Te0.5e�17/Te [55]

eþO2!OþOþþ2e 5.3� 10�10Te0.9e�20/Te [55]

eþO2!O2(
1Dg)þe 1.7� 10�9e�3.1/Te [55]

eþO2!OþO(1D)þe 5.0� 10�8e�8.4/Te [55]

eþO2!O2(
1Sþ

g)þe 8.14� 10�11 [34]

eþO2(
1Dg)! eþO2 5.6� 10�9e�2.2/Te [55]

O2(
1Dg)þO!O2þO 1.7� 10�16 [35]

O2(
1Dg)þM!O2þM 8.0� 10�21 [35]

O2(
1Dg)þO2(

1Dg)!O2(
1Sþ

g)þO2 1.8� 10�18(T/300)3.8e700/T [34]

O2(
1Dg)þO2! 2O2 5.0� 10�18e�280/T [35]

O(1D)þO2!OþO
ð1
2 Dg) 1.0� 10�12 [55]

O(1D)þO2!OþO2(
1Sþ

g) 2.56� 10�11e67/T [34]

O(1D)þO2!OþO2 7.0� 10�12e67/T [55]

OþOþO2!O2þO2 2.5� 10�31T�0.63 a [35]

O2(
1Sþ

g)þM!O2þM 4.0� 10�17 [34]

O2(
1Sþ

g)þO2! O2(
1Dg)þO2(

1Dg) 2.4� 10�18(T/300)3.8e�3080/T [34]

eþO3!OþO2þe 6.0� 10�10 [34]

eþO3!O(1D)þO2(
1Dg)þe 4.4� 10�9 [34]

OþO3!O2(
1Sþ

g)þO2 2.8� 10�15e�2300/T [34]

OþO3!O2(
1Dg)þO2 1.0� 10�11e�2300/T [34]

O2(
1Dg)þO3! 2O2þO 6.0� 10�11e�2853/T [35]

O3þO!O2þO2 1.8� 10�11e�2300/T [35]

O3þM!OþO2þM 7.3� 10�10e�11400/T [35]

O�þO2!O3þe 5.0� 10�15 [55]

OþO2þO2!O3þO2 6.9� 10�34(300/T)1.25 a [35]

OþO2þM!O3þM 1.9� 10�35e1057/T a [35]

O3þO2!O2þO2þO 7.3� 10�10e�11400/T [55]

eþHe!Heþþ2e 2.6� 10�12Te0.68e�24.6/Te [33]

eþHe!He�þe 2.3� 10�10Te0.31e�19.8/Te [33]

eþHe�!Heþe 1.1� 10�11Te0.31 [33]

eþHe�!Heþþ2e 4.7� 10�10Te0.6e�4.8/Te [33]

a)Rate constant is in cm6 s�1.
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list of the reactions used in the mechanism is shown in Table 1.

The complete set of elementary reactions (>100) can be found in

other work.[36]

The afterglow of the discharge was also simulated using the

samemodel of the plasma. However, reactions involving both free

electrons and ions were neglected because their concentrations
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were assumed to be zero in the afterglow.[37] The neutral gas

temperature (Tg) of the helium and oxygen discharge was

measured using a thermocouple at the exit of the plasma beam,

and found to be 125�5 and 165�5 8C for the plasma operated at

150and200W, respectively.A temperatureprofilewas taken in the

afterglow region and added into the model. The initial concentra-
DOI: 10.1002/ppap.200900113
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tions of the species in the afterglowmodelwere obtained from the

final concentrations of these species in the plasma model.
Figure 2. Log–log plot of the change in contact angle of surface-
activated polymethyl methacrylate with time.
Results

Effect of Plasma Treatment on Contact Angle and
Surface Energy

The dependence of the water contact angle of PMMA with

plasma exposure time can be seen in Figure 1. Plasma

exposure time was estimated using the same procedure as

described previously.[24] The effective plasma beam width

parallel to the scan directionwas 2.1 cm. The exposure time

equals the beam width divided by the scan speed and

multiplied by the number of scans. The samples were

treated with 0.8 L �min�1 O2, 30.0 L �min�1 He, 150W, a

3mm standoff distance, and a scan speed of 250mm � s�1.

Prior to exposure to the plasma, the water contact angle of

PMMA was measured to be 748� 58. With plasma treat-

ment, the water contact angle dropped to a final value of

408� 28 in less than 2.6 s. A second set of experimentswere

conducted in which the flow of oxygen was reduced by an

order of magnitude to 0.08 L �min�1. In this case, the data

overlapped that shown in Figure 1 with no significant

difference in the rate of surface activation.

An exponential decay equation was fitted to the water

contact angle data as a function of exposure time:
Fig
me

Plasma

� 2010
WCA tð Þ ¼ WCA 1ð Þ þ WCA 0ð Þ �WCA 1ð Þ½ �

� exp �kexpt
� �

(2)
where WCA(1) is the minimum contact angle obtained,

WCA(0) is the initial water contact angle, and kexp is the

experimental rate constant. Fitting Equation (2) to the data
ure 1. Dependence of the water contact angle of polymethyl
thacrylate upon plasma exposure time.
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leads to the following result:
WCA tð Þ ¼ 43:7þ 29:7� exp �5:2tð Þ (3)
When the O2 flow rate was reduced by an order of

magnitude to 0.08 L �min�1, a nearly identical curve was

obtained as the one shown in Figure 1. In this case, the

experimental rate constant, kexp, was calculated to be

5.5 cm � s�1.

Aging experiments performed on the treated polymer

samples can be seen in Figure 2. These samples were

scanned four times at 40mm � s�1. The PMMA exposed to

theplasmahadaninitial valueof468� 48andslowly rose to

about 578� 48 after 4 000h. This final WCA was approxi-

mately 208 less than the untreated value. The fitted

equation for the aging of the PMMA was
DWCA ¼ 46:8� t0:025 (4)
Table 2 lists the surface energies of the PMMA samples,

along with their dispersive and polar components. After

exposure to Plasma 1, the surface energy of PMMA

increased from 41.4 to 54.2 dyne � cm�1. The polarity of

the sample more than tripled after activation, increasing

from 7.8 to 27.6 dyne � cm�1. After 4 000h of aging, the

surface energy of PMMA dropped back down to

47.2 dyne � cm�1. However, the polar component of the

aged sample remained at 21.3 dyne � cm�1, more than

2.5 times theamountof theuntreated sample. Treatmentof

PMMAwithPlasma2gavesimilar results for surfaceenergy

measurements as those of Plasma 1. After rinsing with

ethanol, the polar component of the sample dropped from

27.6 to 10.9 dyne � cm�1. Nevertheless, the polarity of the

rinsed sample was still about 7% higher than that of the

control sample.
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Table 2. Polymer surface energies before and after plasma treatment and rinsing.

Experiment Surface energy Dispersive Polar Polarity

dyne � cm�1 dyne � cm�1 dyne � cm�1 %

Control 41.4 33.6 7.8 18.9

Plasma 1 54.2 26.6 27.6 50.9

Plasma 1 ageda) 47.2 25.9 21.3 45.1

Plasma 2 55.4 27.8 27.6 49.9

Plasma 2 rinsed 42.3 31.4 10.9 25.7

a)Approximately 4000h after plasma treatment.
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Effect of Plasma Treatment on Adhesive Bonding

Figure 3 shows the effect of plasma treatment on the pull

strength for adhesively bonded PMMA. Adhesive pull

strength was increased ten-fold for the epoxy and four-

fold for the silicone adhesive. For all samples, adhesive

failure was obtained at the adhesive/plastic interface.

Rinsing of the polymer with ethanol after treatment with

Plasma 2 caused the epoxy adhesion to increase by 7�
instead of 10�.
Surface Composition and Morphology

Figure 4 shows the C 1s XPS spectrum of PMMA before and

after plasma treatment. The plasma treated sample was

scanned 16 times at 10mm � s�1 using 0.8 L �min�1 O2,

30.0 L �min�1 He, 5mm standoff distance, and RF power of

200W (Plasma 2). The C ls spectrumwas deconvoluted into

four peaks, which were assigned as follows: 1) methyl

(�CH3) and methylene (�CH2�) carbon atoms at 285.0 eV;

2) main-chain carbon atoms linking the chain and the

pendant methyl and methyl ester groups
Figure 3. Effect of plasma treatment on the pull strength for
adhesively bonded PMMA.
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[�C(CH3)(COOCH3)�] at 285.7 eV; 3) methyl group single

bonded to an oxygen [�COOCH3] at 286.7 eV; and 4) ester

carbon [�COOCH3] at 286.7 eV. Refer to the inset diagram in

Figure 4 for the labeling of the carbon. Note that these

assignments are consistent with previous studies of

PMMA.[38] A comparison of the data before and after

plasma treatment revealed a 5–10% increase in the area of

the peak for type 4 carbon. This is attributed to the

formation of carboxylic acid groups.[24,25] In addition,

the area of the peak due to type 1 carbon, methyl and

methylene groups, decreased by about 5%. Furthermore,
Figure 4. Carbon 1s XPS spectra of a) control PMMA and b) plasma
treated PMMA.

DOI: 10.1002/ppap.200900113
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Table 3. Carbon 1s and oxygen 1s binding energies and surface composition of PMMA before and after plasma treatment and rinsing.

Peak # Binding

energy

Fraction of total element present

Control Plasma 1 Plasma 2 Plasma

2 Rinsed

eV % % % %

C1s 1 285.0 39.4 35.8 34.7 39.2

2 285.8 20.3 19.6 19.7 19.5

3 286.9 20.0 19.2 16.9 19.9

4 288.9 20.4 25.4 28.6 21.4

O1s 1 532.3 50.6 51.1 49.9 49.3

2 533.8 49.4 48.9 50.1 50.7

C:O ratio 2.6 2.1 1.5 2.2

Figure 5.Oxygen 1s XPS spectra of a) control PMMA and b) plasma
treated PMMA.
after plasma activation no new peaks were observed at

higher binding energies.

The binding energies and atomic percent of total carbon

for PMMAare listed in Table 3. For the control sample, peak

1 accounts for 39.4% of the total C 1s peak area, while peaks

2,3, and4eachaccount forabout20%of the total area. These

results are in good agreement with Louette et al.[38].

Treatment by Plasma 1 caused peak 1 to drop to 35.8%,

while treatment by Plasma 2 caused it to decrease to 34.7%.

In addition, peak 4 increased to 25.4 and 28.6% after

exposure by Plasma 1 and Plasma 2, respectively. These

results show that plasma treatment createsmore (C�O)¼O

bonds on the surface of PMMA. It should be noted that

surface activation by Plasma 1 causes the C:O ratio to drop

from 2.6 to 2.1, while for Plasma 2, the C:O ratio fell to 1.5.

Ethanol rinsing of the sample treatedwith Plasma 2 caused

the C:O ratio to increase to 2.2. Also, the distribution of

carbon species on the surface of the rinsed PMMA is close to

that of the control sample.

The O 1s spectra for PMMA before and after Plasma 2

treatment can be seen in Figure 5. The peak was

deconvoluted into two peaks. Their binding energies

and atomic percentages can be seen in Table 3. The first

peak, which is located at 532.3 eV, is attributed to the

C¼O double bond, while the second peak at 533.8 eV is

attributed to the C�O single bond. Before and after plasma

treatment, both peaks accounted for approximately 50% of

the total O 1s peak area. The relative amount of C�O and

C¼O bonds does not change with exposure to the oxygen

plasma.

Atomic force microscopy images of untreated, plasma

treated, and plasma treated and rinsed samples of PMMA

are presented in Figure 6. All four AFM images have a

projected surface area of 25.0mm2. From these images, one

can see that surface treatment by Plasma 2 results in a

rougher surface. The RMS roughnessmeasurements for the
Plasma Process. Polym. 2010, 7, 482–493
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samples are presented in Table 4. Exposure of PMMA to

Plasma 1 resulted in no change in surface roughness,

while exposure to Plasma 2 caused the RMS roughness to

increase from 6.5� 0.2 to 10.2� 1.6 nm. Furthermore, the

actual surface area of the sample rose from 25.1� 0.1

to 26.7� 0.2mm2, an increase of about 6%. Rinsing of

the sample with ethanol caused the RMS roughness and

surface area to drop to 8.9� 1.2 nm and 25.9� 0.2mm2,

respectively.
www.plasma-polymers.org 487
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Figure 6. Atomic force micrographs of PMMA (a) untreated, b) treated with Plasma 1, c) treated with Plasma 2, and d) rinsed after Plasma 2
treatment.

Table 4. Surface roughness and surface area of PMMA before and
after plasma treatment and rinsing.

PMMA Roughness RMS Surface area

nm mm2

Control 6.5� 0.2 25.1� 0.1

Plasma 1 5.2� 1.2 25.2� 0.1

Plasma 2 10.2� 1.6 26.7� 0.2

Plasma 2 rinsed 8.9� 1.2 25.9� 0.2

Table 5. Literature values of plasma density (ne) and electron tempe

Group Plasma gas Electron

Wan-Li et al. Pure He

Yuan et al. Pure He

Moravej et al. Pure He 0.

Laimer et al. Pure He

Li et al. Pure He 1.

Laimer et al. Contaminated He

Park et al. He/O2 1.

Park et al. He/O2
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Numerical Modeling

Numerical modeling was done in order to determine the

concentration of reactive species in the afterglow of the

plasma. A list of literature values of the plasma density (ne)

and the electron temperature (Te) of atmospheric pressure,

radio frequency, helium plasmas is shown in Table 5. It can

be seen that the reported Te for pure He andHe/O2 plasmas

ranged between 1 and 2 eV. Therefore, a value of 1.5 eVwas

chosen as the electron temperature for our simulations.

Additionally, the plasma density reported by the various

groups ranged between 8.0� 1010 and 1.3� 1012 cm�3.
rature (Te) of RF atmospheric plasmas.

temperature Electron density Reference

eV T1011 cm�3

2.0 13.0 [29]

1.0 1.0–3.0 [30]

9–1.3 9.0 [26]

– 0.9–2.4 [39]

4–1.8 0.8–2.0 [31]

– 2.2 [32]

6–1.8 4.0–10.0 [27]

1.9 2.9 [37]

DOI: 10.1002/ppap.200900113
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Figure 7. Dependence of the concentration of reactive species at
the exit of the He/O2 plasma on electron density for 30 L �min�1

He, 0.8 L �min�1 O2 and a) 150W and b) 200W.

Figure 8. The dependence of the concentration of species with
distance from the plasma exit at 200W, 30 L �min�1 He, and
0.8 L �min�1 O2.
Hence, the modeling was done using a plasma density

ranging between 3� 1010 and 1� 1012.[26,27,39] Figure 7

shows the dependence of the concentration of reactive

species in the helium and oxygen plasma on electron

density. At 150W, the concentration of O atoms and

metastable oxygen molecules (1Dg) in the afterglow

increased from 9� 1015 to 1� 1017 cm�3 as the electron

density of the plasma increased from 3� 1010 to

1� 1012 cm�3. Additionally, the concentration of ozone

remained constant at �1� 1016 cm�3. Similar results were

obtained for the plasmamodeled at 200W, except that the

amount of O atoms increased relative to the O2 (1Dg)

molecules, and the concentration of ozone ranged from

5� 1015 to 2� 1015 cm�3.

Since the polymer samples are exposed to the afterglow

of the plasma, it is important to identify the concentrations

of the species in the afterglow. The dependence of the

concentration of neutral species in the afterglow on the

distance fromtheplasmaexit canbe seen inFigure8,which

was modeled using an electron density of 7� 1011 cm�3.

The most abundant specie in the afterglow, ground-state
Plasma Process. Polym. 2010, 7, 482–493

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
molecular oxygen, has a concentration of 5� 1017 cm�3,

while the least abundant specie,metastable O2(
1Sþ

g), has a

concentration of 2� 1015 cm�3 at the beginning of the

afterglow and quickly drops to 2� 1013 cm�3 after 2mm.

Both atomic oxygen and metastable O2(
1Dg) exhibit

concentrations of 9� 1016 cm�3 from 0 to 10mm down-

stream of the plasma exit. By comparison, the amount of

ozone is an order of magnitude less than that of the atomic

oxygen and metastable O2(
1Dg). The same trends in

concentration versus distance were obtained when the

afterglow was modeled using electron densities ranging

from 3� 1010 to 1� 1012 cm�3.

The dependence of the concentration of reactive species

onelectrondensityat3mmdistance in theafterglowcanbe

seen in Figure 9. These simulations were performed using

150Wand30 L �min�1He (NTP).When theoxygenflowrate

was set to 0.8 L �min�1 (NTP), the most abundant reactive

intermediate was metastable O2(
1Dg). Its concentration

increased from 1� 1016 to 1� 1017 cm�3 as the electron

density increased. The concentration of atomic oxygen

ranged from 4� 1015 to 6� 1016 cm�3, while that of ozone

was between 1� 1016 and 2� 1016 cm�3. In comparison,

when the oxygen flow rate was set to 0.08 L �min�1 (NTP),

the most abundant reactive intermediate in the afterglow

became atomic oxygen. Its concentration increased from

2� 1015 to 3� 1016 cm�3 as the electron density increased.

The concentration of metastable O2(
1Dg) increased from

1� 1015 to 5� 1015 cm�3, while ozone decreased from

3� 1014 to 2� 1013 cm�3 over the same range.
Discussion

After plasma treatment, the water contact angle of PMMA

dropped to aminimumof about 408, which agreeswith the

results found by Sladek et al.[7] using an atmospheric
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Figure 9. Dependence of the concentration of reactive species at
3mm distance in the afterglow on electron density for a 150W
plasma operated with 30 L �min�1 He and a) 0.08 L �min�1 O2 and
b) 0.8 L �min�1 O2.
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pressure plasma needle. Figure 2 shows the change in the

water contact angle with aging time. After approximately

4 000h, the contact angle has not returned to its original

value. When compared to other atmospheric pressure

plasmas which activate the surface for several days,[16,22]

thedeviceused inourexperimentsprovidesa longer lasting

treatment. After the aging period, the surface energy of the

polymer is still higher than that of the control sample.

Additionally, the polarity remains three times higher

compared to the untreated surface. This phenomenon

suggests a permanent change to the polymer.[24] According

to Koh,[40] the increase in polarity for a polymer is mainly

due to the formation of polar groups such as �(C�O)�,

�(C¼O)�, and �(C¼O)�O. This is consistent with the XPS

results inwhich a 5%–8% increase in carbon attributable to

carboxylic acid groups is observed (cf., Figure 3).

Atomic forcemicroscopymeasurementsof PMMAbefore

and after plasma treatment showed that the RMS rough-

ness changed from 6.5 to 10.2 nm. It has been found that if

the roughness on the substrate is below 100nm, than its
Plasma Process. Polym. 2010, 7, 482–493
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influence on the contact angle may be ignored.[6,41] In the

present study, the values for the surface roughness do not

appear to correlatewith themeasuredwater contact angles

or surface energies. Lim et al.[6] also observed a minimal

increase in surface roughness after treating PMMA with a

lowpressureoxygenplasma.Borciaetal.[42] exposedPMMA

to an atmospheric pressure, dielectric barrier discharge fed

with helium and nitrogen. They noticed an RMS roughness

increase from 5.1 to 9.2 nm after treatment. However, it

should be noted that the plasma used by Borcia et al.[42] is a

direct process inwhich the substrate is placed between the

electrodes, and is subjected to electron and ion bombard-

ment.

The results of the adhesive tests show that the atmo-

spheric pressure plasma treatment of PMMA increased

adhesive bonding by up to ten times. In previous work, the

adhesive bond strength of polyethylene terephthalate to

epoxy was increased seven times by treatment with the

downstream helium and oxygen plasma.[24] Thurston

et al.[15] were also able to obtain enhanced adhesion after

atmospheric plasma treatment of polyethylene and poly-

styrene bonded with silicone and epoxy adhesives. Plasma

activation does not seem tohave an effect on the bonding if

the initial bond before plasma treatment is already strong,

as is the case forurethaneandacrylate adhesives onPMMA.

However, if the initial adhesive bond is weak, plasma

activation isanexcellentmethodforactivating thepolymer

surface.

Plasma treatment of PMMA followed by rinsing with

ethanol caused the surface energy to decrease by

12dyne � cm�1, while the polarity decreased by 25%.

Additionally, surface roughness decreased from 10.2� 1.6

to8.9� 1.2 nmand the surfaceareadropped from26.7� 0.2

to 25.9� 0.2mm2after solvent rinsing. Finally, the adhesive

bond strength with epoxy dropped from 10 to 7MPa. We

conclude that LMW species are created on the surface by

the plasma treatment, and these are removed by the

ethanol rinse.[24] Since the LMW species are oxidized and

soluble in thePMMA,onewouldexpect themtohelpanchor

the epoxy adhesive and increase the bond strength.

The simulations of the He/O2 plasmawere performed to

identify the reactive species present in the afterglow that

may be activating the PMMA. Plasma densities between

3� 1010 and 1� 1012 cm�3 were examined to cover the

range of values reported in literature, as listed in

Table 5.[26,27–32,39] It has been shown that as power

increases, plasma density also increases.[27,39] Therefore,

it is reasonable to say that at 150Wthemodeling results are

valid for the lower range of plasma densities (3� 1010–

5� 1011 cm�3). Conversely, at 200W, the concentrations

predicted by the model at the higher density range

(3� 1011–1� 1012 cm�3) should hold. At these latter con-

ditions, the plasma produces 0.5–1.0� 1017 cm�3 O atoms.

Plasma modeling by Jeong et al.[23] predicted a concentra-
DOI: 10.1002/ppap.200900113
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Table 6. Adsorption rate constants of several polymers.

kexp

s�1

PMMA (0.08 L �min�1 O2) 5.5

PMMA (0.8 L �min�1 O2) 5.2

PETa) 15.6

PENa) 4.6

PEEKb) 8.4

PSUb) 18.3

PPSb) 24.8

PESb) 56.5

a)[24]; b)[25].
tion of O atoms of up to 1� 1016 cm�3, which is lower than

obtained herein. However, their results were obtained for a

neutral gas temperature of 140 8C,which is about 258 lower

than the value measured for the 2’’ linear beam plasma.

Jeong et al.[23] reported that the concentration of O atoms

increased as the power and neutral gas temperature

increased. If his results are extrapolated for gas tempera-

ture, then better agreement is achieved between the two

studies.

The results presented in Figure 8 and 9 reveal that in the

afterglow, the delta metastable oxygen molecules are

present inabout thesameconcentrationas thegroundstate

Oatoms,between5� 1015and8� 1016 cm�3.Amechanism

for surface oxidation of PMMA should take both of these

species into consideration. In previous studies, itwas found

that O2 (1Dg) reacts rapidly with the unsaturated carbon–

carbon bonds in olefins, adding carbonyl groups to the

organic molecules.[43,44] However, saturated polymers,

such as PMMA, are relatively unaffected during exposure

to singlet delta oxygen.[44] Therefore, it seems reasonable to

assume that the O atoms are the primary species

responsible for surface activation of PMMA.[45–49] Further-

more, Egitto et al.[50] states a large flux of O atoms at the

surface is necessary for any appreciable etch rate to occur.

Thus, atomic oxygenmust be responsible for any observed

increase in roughness.

The experimental decay in water contact angles with

time, seen in Figure 1, is indicative of Langmuir adsorption

kinetics. This same behavior in contact angle versus time

has been observed for other polymers.[24,25] Amass balance

for irreversible adsorptionof atomic oxygenon thepolymer

surface is
Plasma

� 2010
Ls½ �d uv½ �
dt

¼ �kad O½ �uv (5)
where kad is the Langmuir adsorption rate constant, [O] is

the concentration of oxygen atoms, [Ls] is the surface site

density, and uv is the fraction of unreacted sites. This

expression can be integrated to give
uv ¼ exp �kad O½ �t=Lsð Þ (6)
This equation has the same form as Equation (3) in the

Results section. Comparison of these two equations reveals

that the adsorption rate constant, kad, is related to the

experimental rate constant, kexp, as follows:
kad ¼ kexp Ls½ �= O½ � (7)
Table 6 lists the experimental rate constants determined

forPMMAandotherpolymers.[24,25]Athighand lowoxygen

flow rates and 150WRF power, the rate constantmeasured
Process. Polym. 2010, 7, 482–493
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for PMMAwas 5.4� 0.2 s�1. Changing the oxygen flow rate

does not significantly affect the surface activation rate. The

rate constant for PMMA is about the same as that of

polyethylene naphthalate and polyetheretherketone, but

3–11 times less than that of poly(ethylene terephthalate),

polysulfone, polyphenylsulfone, and polyethersul-

fone.[24,25]

It has been proposed that the O atoms are the primary

species that attack the polymer chains.[24,25] The exit beam

of the plasma source has an O atom concentration of

approximately1016 cm�3, as canbeseen inFigure7–9. From

collision theory, the Langmuir adsorption rate constant is

given by[51]
kad ¼ 1=4vS0 (8)
where v is the mean molecular speed of the oxygen atoms

in the gas (cm � s�1) and S0 is the zero coverage sticking

probability. Assuming a mean molecular speed of

6.3� 105 cm � s�1 for the oxygen atoms at 25 8C and a

sticking probability of 1, kad is calculated to be

1.5� 104 cm � s�1. The adsorption rate constant in Equation

(7) can be calculated by using the experimental rate

constant for PMMA in Table 6 (5.4 s�1), an O atom

concentration of 1� 1016 cm�3 from the modeling, and

assuming a surface site density of approximately

1� 1015 cm�2. When these values are used, the adsorption

rate constant, kad, is equal to 0.54 cm � s�1. This is 4 orders

of magnitude less than the value calculated from Equation

(8). The large discrepancy between the two values may be

due to the sticking probability, which could be much less

than 1.0. Moreover, the concentration of O atoms used in

Equation (7) might be lower in the vicinity of the polymer

surface than the amount predicted by the numerical

model. If the amount of atomic oxygen decreases, the

value for kad will increase and also cause the two
www.plasma-polymers.org 491
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adsorption rates to be closer to each other. A combination

of lower sticking probability and lower O atom concentra-

tion can easily explain the difference between the rate

constants calculated from Equation (7) and (8).

In Figure 10, two mechanisms are proposed for the

atmospheric pressure plasmaoxidation of PMMA.Mechan-

ism (i) begins with a ground-state oxygen atom inserting

across the C�Hbond of themethyl pendant group, forming

a hydroxyl species.[25,52] The process is repeated in the next

step, resulting in the formation of a diol. In the third step,

thediol loseswater to formamorestablecarbonylgroup.[53]

In the final step, an oxygen atom reacts oncemorewith the

polymer and forms a hydroxyl species, giving the final

carboxylic acid functional group.[52] In mechanism (ii), an

oxygen atom inserts across the C�Hbond of themethylene

backbone carbon.[52] This process repeats across the

remaining C�H bond, forming the diol. Finally, a rearran-

gement of electrons leads to chain scission and the
Figure 10. Proposed surface activation mechanism for plasma
oxidation of PMMA initiating with i) the methyl pendant group
and ii) the methylene backbone carbon.
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formation of a carboxylic acid. Other groups have observed

the breaking of the C�C bonds in organic molecules when

exposed to O atoms.[45,47,54] Mechanism (ii) can account for

the LMW species that were created by the plasma and

removed after solvent rinsing. Both mechanisms are

consistent with the XPS data, which showed that the

methyl and methylene carbon atoms are attacked by

the oxygen atoms in the plasma, forming carboxylic acid

groups.
Conclusion

Remote atmospheric plasma treatment of PMMAcauses an

exponentialdecay in thewater contactangleof thepolymer

with time. This behaviormaybeexplainedby the Langmuir

adsorption of oxygen atoms with an experimental rate

constant of 5.4 s�1. The O atoms react with the methyl and

methylene groups of PMMA, converting them into car-

boxylic acids. Attack of the methylene carbon leads to

polymer chain scission.
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