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Ultrasonic atomization of acrylic acid monomer into an atmospheric pressure glow
discharge (APGD) leads to the deposition of structurally well-defined polymeric films. High
retention of the carboxylic acid group has been verified by XPS and FT-IR spectroscopy.
These films are found to exhibit low water contact angle values and display good adhesive
and gas barrier performance.

1. Introduction

Low-pressure glow discharges are a well-established
means for polymerizing volatile, organic molecules to
produce thin, pinhole free coatings.1 However, they
suffer from a number of drawbacks, which include the
requirement for vacuum, low deposition rates and quite
often poor control of reaction selectivity. For instance,
the plasma polymerization of acrylic acid at low pres-
sure has been extensively studied for technological
applications such as adhesion,2,3 biocompatability,4
membranes,5,6 and wettability.7

In this article, an ultrasonic nozzle is used to atomize
acrylic acid monomer (Structure 1) into an atmospheric

pressure glow discharge (APGD) to deposit polymeric
coatings.

Atmospheric pressure glow discharges (APGD) are a
relatively new class of plasma. They typically use a
helium diluent and operate at high frequency (>1 kHz),
leading to the formation of a homogeneous glow dis-
charge via a Penning ionization mechanism.8-11 These
plasmas are considered to be highly uniform compared

to other types of nonequilibrium atmospheric plasma
(such as coronas or dielectric barrier discharges, where
the reactive species are concentrated into narrow fila-
ments, leading to localized surface damage and degra-
dation12,13). The homogeneity of APGDs makes them
ideal for surface treatments such as wettability enhance-
ment,13-15 sterilization,16 metal reduction,17 surface
fluorination,9 and film deposition (organic10,18 and in-
organic30). Here, it is shown how the extent of monomer
fragmentation (commonly seen as a drawback for plasma
methods) can be minimized by injecting the polymeric
precursor into the APGD from an ultrasonic atomizing
nozzle. Ultrasonic nozzles operate on the principle of a
piezo-electric transducer converting liquid feed into an
atomized spray.19 Even nonvolatile precursors can be
vaporized, leading to extremely high deposition rates
since the monomer flux is not limited by vapor pressure
(as in conventional low-pressure plasma systems).

* To whom correspondence should be addressed.
(1) Yasuda, H. In Plasma Polymerisation; Academic Press: Orlando,

1985.
(2) Adamson, D. V. U.S. Patent 4902590, Feb. 20, 1990.
(3) Novis, Y.; Chaib, M.; Caudana, R.; Lutgen, P.; Feyder, G. Brit.

Polym. J. 1989, 21, 171.
(4) Ko, T.-M.; Cooper, S. L. J. Appl. Polym. Sci. 1993, 47, 1601.
(5) Huang, R. Y. M. U.S. Patent 4,892,661, Jan. 9, 1990.
(6) Chapiro, A.; Seidler, P. U.S. Patent 3,839,172, Oct. 1, 1974.
(7) Saotome, K. U.S. Patent 5,026,596, June 25, 1991.

(8) Kanazawa, S.; Kogoma, M.; Moriwaki, T.; Okazaki, S. J. Phys.
D: Appl. Phys. 1988, 21, 838.

(9) Okazaki, S.; Kogoma, M. Proc. Jpn. Symp. Plasma Chem. 1989,
2, 95.

(10) Kanazawa, S.; Kogoma, M.; Okazaki, S.; Moriwaki, T. Nucl.
Instrum. Methods Phys. Res. 1989, B37/38, 842.

(11) Yokoyama, T.; Kogoma, M.; Kanazawa, S.; Moriwaki, T.;
Okazaki, S. J. Phys. D: Appl. Phys. 1990, 23, 374.

(12) Greenwood, O. D.; Boyd, R. D.; Hopkins, J.; Badyal, J. P. S. J.
Adhesion Sci. Technol. 1995, 9, 311.

(13) Massines, F.; Gouda, G. J. Phys. D.: Appl. Phys. 1998, 31, 3411.
(14) Tsai, P. P.; Wadsworth, L. C.; Roth, J. R. Textile Res. 1997,

67, 359.
(15) Lynch, J. B.; Spence, P. D.; Baker, D. E.; Postlethwaite, T. A.

J. Appl. Polym. Sci. 1999, 71, 319.
(16) Kelly-Wintenburg, K.; Montie, T. C.; Brickman, C.; Roth, J.

R.; Carr, A. K.; Sorge, K.; Wadsworth, L. C.; Tsai, P. P. Y. J. Ind.
Microbiol. Biotechnol. 1998, 20, 69.

(17) Sawada, Y.; Tamura, H.; Kogoma, M.; Kawase, M.; Hashimoto,
K. J. Phys. D.: Appl. Phys. 1996, 29, 2539.

(18) Prat, R.; Koh, Y. J.; Babukutty, Y.; Kogoma, M.; Okazaki, S.;
Kodama, M. Polymer 2000, 41, 7355.

(19) Ultrasonic-nozzle Product Information, Sono-tek, U.S.A., 1996.

1466 Chem. Mater. 2003, 15, 1466-1469

10.1021/cm020289e CCC: $25.00 © 2003 American Chemical Society
Published on Web 03/11/2003



2. Experimental Section

The atmospheric pressure glow discharge (APGD) deposition
reactor consisted of a high-voltage 15-kHz ac power supply
applied across two aluminum electrodes spaced 12 mm apart
with the lower live electrode covered by a glass dielectric plate
(Figure 1). The plasma reaction zone is enclosed and electri-
cally isolated. An ultrasonic atomizing nozzle (Sono-tek, 8700-
120) was embedded flush within the upper, earthed electrode
and powered by a broadband ultrasonic generator (Sono-tek,
06-05108). Acrylic acid monomer (Aldrich, 99%) was introduced
into the ultrasonic nozzle using a syringe pump (Harvard
Apparatus) via a nonlubricated ball valve. APGD plasma
deposition entailed placing the substrates (glass slides, KBr
disks, Nylon, or polyethylene film) on top of the dielectric plate
and evacuating the chamber with a liquid-nitrogen trapped
rotary pump. Helium (BOC, 99.996%) was then admitted at a
flow rate of 1900 sccm and a pressure of 1020 mbar. After 10
min of purging, the monomer reservoir syringe pump was
switched on at a flow rate of 0.1 mL/h. When the acrylic acid
liquid reached the ultrasonic nozzle, the ultrasonic generator
was switched on (2.5 W) to initiate precursor atomization.
Subsequently, the APGD plasma was ignited by applying 1.5
kV across the electrodes. Following 10 min of deposition, any
labile material was pumped off by placing the samples under
vacuum for at least 20 min.

XPS analysis was performed using a Kratos ES300 electron
spectrometer equipped with an unmonochromated Mg KR
X-ray source and a concentric hemispherical analyzer operat-
ing in the fixed retard ratio (FRR) mode (22:1). Photoelectrons
were detected at a takeoff angle of 30° from the substrate
normal. The empirical sensitivity factors were taken as C(1s):
O(1s) equals 1.00:0.57. Complete coverage of the Nylon film
substrate was verified by the absence of a N(1s) signal. The
C(1s) spectra of the deposited polymeric layers were fitted
using Gaussian peaks, and sample charging was taken into
consideration by referencing all spectra relative to the C(1s)
hydrocarbon peak at 285.0 eV.20,21

FT-IR spectra were recorded in transmission mode using
100 scans at 4-cm-1 resolution on a Mattson Polaris spectrom-

eter. Plasma polymer films were deposited onto KBr disks
(Aldrich, analytical reagent), while a reference spectrum of the
monomer was acquired by placing neat liquid between two
NaCl plates. Conventionally polymerized poly(acrylic acid)
(Aldrich) was mixed with KBr powder and pressed into a disk.

Film thickness measurements used a spectrophotometer
(Aquila Instruments, nkd-6000). Transmittance-reflection
curves spanning the 350-1000-nm range were acquired and
fitted to the Cauchy model using a modified Levenburg-
Marquardt procedure.22 Repeatability and sample homogeneity
were assessed by obtaining multiple readings from several
different samples. A video capture apparatus (AST Products
VCA2500XE) was used to measure contact angle values using
sessile 2-µL droplets of de-ionized water.

Gas transport through the plasma-deposited films was
assessed by mass spectrometry. This entailed placing the
coated substrate between two drilled-out stainless steel flanges
and a viton gasket. The probe was attached via a gate valve
to a UHV chamber (base pressure of 5 × 10-10 Torr) and the
coated side exposed to an oxygen (BOC, 99.998%) pressure of
1000 Torr. Gas permeation across the substrate was monitored
by a UHV ion gauge (Vacuum Generators, VIG 24) and a
quadrupole mass spectrometer (Vacuum Generators SX200)
interfaced to a PC computer. The latter was used to carry out
compositional analysis of the permeant species. The quadru-
pole mass spectrometer’s response per unit pressure was
calibrated by introducing oxygen directly into the UHV
chamber and recording the mass spectrum at a predetermined
pressure of 4 × 10-7 Torr (taking into account ion-gauge
sensitivity factors).23 This then enabled the mean equilibrium
permeant partial pressure (MEPPP) of oxygen to be measured
in the steady-state flow regime.24 The barrier improvement
factor (BIF) for each coated sample was obtained by referenc-
ing with respect to the MEPPP value measured for the
untreated polyethylene substrate (LLDPE/LDPE blend, Dow
Corning, Dowlex 2045A/Dow 5004I).

Single-lap shear tests were used to evaluate the adhesive
characteristics of the APGD deposited layer.25 Poly(acrylic acid)
plasma polymer was deposited onto 10-mm-wide Nylon strips
(Goodfellow, 0.15-mm thick). Two opposing faces were then
overlapped to create a joint covering a 1-cm2 area and cured
under a 2-kg weight at 70 °C for 60 min. The adhesive strength
of each joint was then determined by pulling apart at a rate
of 5 mm min-1 using a tensilometer (Instron, 5543, 500 N static
load cell) and noting the maximum load reached prior to
failure. Control joints fabricated from pieces of uncoated Nylon
displayed no adhesive properties.

3. Results

The elemental abundances of the APGD deposited
film were consistent with the formation of poly(acrylic
acid) (Table 1). This similarity was corroborated by
peak-fitting the C(1s) XPS spectra and comparing with
conventional poly(acrylic acid). The binding energies of
the oxidized carbon functionalities were fitted as fol-
lows: (C-CO2H) at 285.7 eV, (C-O) at 286.6 eV, (CdO)
or (O-C-O) at 287.8 eV, and (CO2H) at 289.2 eV.20 The
large well-resolved feature at 289.2 eV was indicative
of carboxylic acid group retention (26.4%, compared to
a theoretical maximum of 33%) (Figure 2). The wetta-
bility of the plasma polymer surface toward water
provided further evidence for the presence of hydrophilic
CO2H groups (Table 1).
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Figure 1. Schematic of APGD deposition apparatus (ap-
proximate height 30 cm).
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FT-IR spectroscopy showed that acrylic acid monomer
possessed absorption bands due to CdC and dCH2 at
1637 and 984 cm-1 respectively (Figure 3).26,27 These
disappeared upon APGD activation, thereby signifying
the reaction of the carbon-carbon double bond. The
hydroxyl vibrational stretch also broadened toward
higher wavenumbers, which is most likely to be indica-
tive of water absorption.28 Several other characteristic
features of the monomer FT-IR spectra were lost or
modified by deposition: the C-OH bend at 1430 cm-1,
the C-O stretching doublet at ∼1260 cm-1, and the
O-H out-of-plane bend at 920 cm-1.29 Overall, the
strong similarity between the IR spectra of the plasma
polymer and commercial poly(acrylic acid) confirms that
APGD deposition can lead to the formation of polymeric
structures that resemble their conventional counterpart
(Figure 3).

The plasma-deposited poly(acrylic acid) layers also
exhibited appreciable gas barrier characteristics. A 2.3-
µm coating reduced oxygen permeation through poly-
ethylene film by a factor of 7.

Lap-shear tests demonstrated that the acrylic acid
plasma polymer layer exhibits adhesive characterisitics.
Self-adhered films withstood a maximum load of 74 (
11 N cm-2, prior to failure of the joint.

4. Discussion

The principle mechanism for activation within an
APGD is the Penning reaction involving metastable
helium.30 These excited species possess high internal
energies (23S, 19.8 eV; 21S, 20.7 eV)30 and are therefore
capable of precursor activation, on the basis that most
molecules undergo dissociation at approximately 5-10
eV.31 The deleterious effect of metastable helium atoms
upon organic surfaces is in fact utilized in techniques
such as CASING (cross-linking via activated species of
inert gases),13 neutral atom lithography,32 and atomic
beam imaging.33 Hence, the high level of structural
retention and low degree of cross-linking found in the
deposited plasma polymer in the present study may at
first sight appear somewhat surprising. A plausible
explanation for this phenomena is the inherent surface
specificity of APGD. Metastable helium atoms are
immediately quenched to their ground state upon
interaction with a solid surface, thereby becoming
incapable of further substrate damage.33 Furthermore,
electrons released from within the polymer by Penning
ionization possess short inelastic scattering lengths (<1
nm, assuming an electron energy of 10 eV), hence
limiting their potential for subsurface damage.32 The
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Table 1. XPS, Contact Angle, and Deposition Rate Measurements for Acrylic Acid Polymers

XPS

% C % O % CO2H
% CO2H
retention

contact angle
(deg)

deposition rate
(nm min-1)

theoretical
(from monomer)

60.0 40.0 33.3 100

poly(acrylic acid)
(commercial)

63.3 ( 0.2 36.7 ( 0.2 29.9 ( 0.2 89.6 ( 0.5 Wets (<15)

APGD plasma polymer 62.6 ( 0.6 37.4 ( 0.6 26.4 ( 1.9 79.3 ( 5.6 Wets (<15) 231 ( 95

Figure 2. C(1s) XPS spectra of (a) conventional poly(acrylic
acid) and (b) APGD deposited acrylic acid plasma polymer.

Figure 3. Transmission FT-IR spectra of (a) acrylic acid
monomer, (b) APGD polymerized acrylic acid, and (c) conven-
tional poly(acrylic acid).
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rapid deposition rate would augment this behavior,
screening the growing plasma polymer and protecting
it from postdeposition degradation. In contrast the
electrons and UV light instrumental in low-pressure
plasmas can cause deep, subsurface damage.1,33,34 An
additional plasma property which may further encour-
age structural retention is that the ion velocity within
an APGD is low, which means that the effects of ion
bombardment can be neglected.35

The appreciable gas barrier of the plasma-deposited
coatings is most likely to be attributable to interchain
bonding between carboxylic acid groups. Polar inter-
actions are known to increase the cohesive energy of

polymers, thereby decreasing their segmental mobility
and consequently the transmission of permeants (Table
2).36 These polar interactions are also likely to give rise
to the observed adhesive behavior of these films. Car-
boxylic acid group functionalized materials are re-
nowned for their ability to improve interpolymer bond-
ing, often finding application in pressure-sensitive
adhesives.37 Furthermore, the soft and flexible nature
of the poly(acrylic acid) helps to maximize the interfacial
contact between the two pieces of Nylon, thus compen-
sating for any surface asperities.

5. Conclusions

Ultrasonic atomization of acrylic acid into an APGD
gives rise to the rapid deposition of a highly function-
alized plasma polymer layer. XPS and FT-IR spec-
troscopies indicate that polymerization proceeds pre-
dominantly via the CdC bond. In addition to being
highly wettable, the poly(acrylic acid) plasma polymer
possesses good adhesive and gas barrier characteristics.
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Table 2. Gas Barrier Measurements

sample barrier improvement factor

polyethylene substrate 1.0 (by definition)
APGD plasma polymer 7.2 ( 0.9
poly(acrylic acid) (commercial) 1.1 ( 0.1
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