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ABSTRACT

Fibrous mats were fabricated from polyamideimide (PAI) by electrospinning. The PAI fibrous mats were
treated by atmospheric pressure plasma and the effects of the treatment power on the surface physi-
cal and chemical properties of the PAI fibrous mats were examined by attenuated total reflection Fourier
transform infrared, X-ray photoelectron spectroscopy and scanning electron microscopy. The results indi-
cated an optimum treatment condition for the surface modification of PAI fibrous mats by atmospheric
pressure plasma. The concentration of chemical groups including oxygen and the surface roughness on
the PAI fibrous mats increased with increasing atmospheric pressure plasma power, except at 300 W. The
surface of the PAI fibrous mats became uneven after the atmospheric pressure plasma treatment, but the
unevenness decreased at high plasma power. The chemical and morphological changes to the PAI fibrous
mat surface before and after the atmospheric pressure plasma treatments were caused mainly by the

Atmospheric pressure plasma

ATR FT-IR etching effects and oxidative reactions induced by plasma processing.

Etching effects and oxidative reactions

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nano-fiber technology is one of the most important research
topics (Chinthaginjala, Thakur, Seshan, & Lefferts, 2008; Liao, Wang,
Chen, & Lai, 2011; Seo & Park, 2009). Fibrous mats are porous
permeable materials composed of individual non-woven polymer
nano-fibers orientated randomly on a mat plane (Ma et al., 2011;
Pant et al., 2011). Fibrous mats are used widely on account of their
high surface area, small fiber diameter, potential to incorporate
active chemistry, filtration properties, layer thinness, high perme-
ability, and low basis weight (Ramaswamy, Clarke, & Gorga, 2011;
Tan, Huang, & Wu, 2007; Nataraj et al., 2008). In recent years, the
development of fibrous mats has attracted considerable research
attention.

Of the many techniques for fabricating polymeric fibrous mats,
electrospinning is a simple and inexpensive method for produc-
ing continuous polymeric fibers with diameters ranging from 3 nm
to >5wm compared to conventional fiber spinning (Bhardwaj &
Kundu, 2010; Ramakrishna, Fujihara, Teo, Lim, & Ma, 2005). Electro-
spinning has two major advantages for the production of advanced
polymer fibers that can lead to broad applications in traditional
markets. A large quantity of nanofibers can be produced without

* Corresponding author.
E-mail address: sjpark@inha.ac.kr (S.-]. Park).

expensive fabrication and the fiber diameter, surface-to-volume
ratio, aspect ratio and pore size as non-woven fabrics can be con-
trolled. In addition, electrospinning is applicable to a wide range
of polymers, such as those used in conventional spinning, i.e.
polyolefine, polyamides, polyester, aramide and acrylic. Recently,
electrospinning was applied to high temperature-resistant organic
polymers, such as polyamide (PA) and polyimide (PI) (Arshad,
Naraghi, & Chasiotis, 2011; Schueren, Mollet, Ceylan, & Clerck,
2010; Cho, Cho, Ko, Kwon, &, Kang, 2007).

Polyamideimide (PAI) as a thermoplastic resin, is a major class
of high performance engineering plastics that are used widely in
electronic materials, adhesives, composite materials, fibers, and
film materials as well as other engineering materials due to the
excellent characteristics of the polyamides and polyimides present
in its backbone, e.g. dimensional stability, thermal and mechani-
cal properties (Margolis, 2006; Sarkar, More, Wadgaonkar, Shin, &
Jung, 2007). In particular, PAl is easier to process and has better heat
resistant properties than polyimide and polyamide. Many studies
have examined the applications of PAI, such as filtration media,
electrical insulating wires and reinforcements (Rajesh, Maheswari,
Senthilkumar, Jayalakshmi, & Mohan, 2011).

Considerable research effect has been made to improve inter-
facial properties and achieve fibrous mats with good properties.
From this point of view, surface treatment is generally used to
improve the adhesion and filtration properties at the interface
between nano-fibers (Guo et al,, 2009). Atmospheric pressure
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Fig. 1. Chemical structure of PAIL

plasma treatment is currently used for chemical modification of
polymer materials owing to its low cost, good environmental sus-
tainability, high efficiency and low energy consumption (Kuoa,
Chang, Hung, Chen, & Inagaki, 2010; Shi et al., 2011). The effects of
the atmospheric pressure plasma power on surface characteristics
of fibrous mats have received less attention and there are no reports
on the surface properties of atmospheric pressure plasma treated-
fibrous mats using attenuated-total-reflection Fourier-transform
infrared (ATR FT-IR) imaging (Cheng et al., 2010; Jiang et al., 2009).

In this study, electrospinning was used to prepare fibrous mats
from a PAI solution. The effects of an atmospheric pressure plasma
treatment on the surface characteristics of PAI fibrous mats were
investigated by ATR FT-IR spectroscopy and scanning electron
microscopy (SEM). The surface chemical composition and surface
functionality of the PAI fibrous mats were analyzed by X-ray pho-
toelectron spectroscopy (XPS).

2. Experimental
2.1. Materials

PAI was synthesized according to the method reported by Hong,
Suh, Kim, and Choi (1998), using diimide diamines (DIDA) and
terephthalic acid (TPA) as a diacid by direct polycondensation
from an equimolar amount of thionyl chloride (TC) in N-methyl-
2-pyrrolidone (NMP) at room temperature. All organic starting
materials used for synthesis were purchased from Aldrich Chemi-
cal Co. and Merck Co. and all reagents were used as received. Fig. 1
shows the chemical structure of PAIL PAI was dissolved in dimethyl
formamide (DMF) and stirred for 3 h at approximately 60°C. The
PAI concentration in DMF was approximately 25 wt.%.
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Fig. 2. 'H NMR spectrum of PAL

Table 2
Chemical characterization.

Table 1
Conditions used for atmospheric pressure plasma.
Conditions
Gas Helium (15 L/min)/air (0.5 L/min)
Nozzle distance 3mm

Plasma power 100W, 200W, 300 W

2.2. Synthesis of PAI

A two-step method was used to synthesize PAI preparation
of the monomer intermediate and polymerization, followed
by a typical procedure. 2,2-Bis[4-(4-aminophthalimidophenoxy)
phenyl]|propane (BAPP) as the monomer for the synthesis of PAI
was prepared using the method reported by Hong et al. (1998) as
follows.

Thionyl chloride (13.08 g, 0.11 mol) was added to NMP (200 mL)
in an ice-water bath and stirred for 10 min. TPA (8.31 g, 0.05 mmol)
in NMP (200 mL) was then added at once, and the resulting mixture
was stirred at room temperature for 40 min. Subsequently, 35.09 g
(0.05 mmol) of BAPP in 200 mL of NMP was added. An exothermic
reaction occurred but the reaction temperature was maintained
at room temperature for 4 h. The by-product, HCl, was removed
by adding propylene oxide (11.02 g, 0.22 mmol) and the reaction
was allowed to proceed at room temperature for 2 h. The resulting
viscous mixture was poured rapidly, into methanol with constant
stirring in a Waring Blender. The final products were washed with
water and methanol, collected by filtration and dried at 120°C
under reduced pressure for 24 h.
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Fig. 3. FT-IR spectrum of PAL

Analysis method Chemical characterization

FT-IR (KBr, cm~1)
TH NMR (DMSO-ds)

1721 (UC:O), 1663 (Uc:o), 1601 (Uc—N), 1374 (U(—N), 3431 (UN—H)
2.49 (s, H), 7.00 (s, H), 7.15 (s, H), 7.27 (s, H), 7.46 (s, H), 7.75 (s, H), 7.96 (s, H), 8.16-8.22 (d, 2H), 8.45 (s, H), 8.61 (s, H), 10.65 (s, NH)
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Fig. 4. ATR FT-IR spectroscopic images. (a) Raw PAI fibrous mats; (b) PAI fibrous mat treated by 100 W; (c) PAI fibrous mat treated by 200 W; (d) PAI fibrous mat treated by

300W.

2.3. Electrospinning process

Electrospinning was carried out at room temperature using a
10 mm inner diameter glass syringe with a 15 cm working distance.
The resulting polymer solution was spun into a fiber web using an
electrospinning apparatus equipped with a power supply (SHV-200
Series 200 W, Conver Tech Co.). The solution was ejected from a
syringe tip onto aluminum foil that had been wrapped on a metal
drum rotating at approximately 300 rpm. Electrospinning was car-
ried out at 19 kV and the fibers were dried at room temperature for
24h.

2.4. Atmospheric pressure plasma treatment

An atmospheric pressure plasma treatment of the electrospun
PAI fibrous mats was carried out at different plasma powers. The
PAI fibrous mats were placed in the center of the chamber at atmo-
spheric pressure. Helium was used as a carrier gas and air was used
as the reactive gas. Both gases were of 99.99% purity. The treatment
was carried out in a helium (15 L/min)/air (0.5 L/min) atmospheric
pressure plasma discharge for up to 1 min. The sample to nozzle dis-
tance was 3 mm. The samples were treated with the atmospheric
pressure plasma at between 100 and 300 W. The conditions used
for atmospheric pressure plasma treatment are listed in Table 1.

2.5. ATR FT-IR spectroscopic imaging

ATR FT-IR (PerkinElmer Spectrum Spotlight 400) analyses were
performed to examine the effect of the atmospheric pressure
plasma power on the surface properties of the PAI fibrous mats.
The spectra were recorded over the 4000-680cm~! range with

Table 3
Atomic composition of PAI fibrous mat surfaces before and after atmospheric pres-
sure plasma treatment.

Sample Atomic conc.%

Cis O1s 015/Cys
Raw PAI fibrous mats 84.73 15.27 0.1802
PAI fibrous mat treated by 100 W 79.30 20.70 0.2610
PAI fibrous mat treated by 200 W 83.14 16.86 0.2028
PAI fibrous mat treated by 300 W 83.65 16.35 0.1955

a resolution of 2cm~! and 32 scans. The imaging area was
50 pm x 50 pm.

2.6. XPS

The elemental composition of the electrospun PAI fibrous
mats after the different surface treatments was examined by XPS
(Thermo Scientific K-Alpha) using monochromated Al Ko X-rays
(1486.6eV). The analyzer pass energy was 200eV for the high-
resolution core-level spectra and the beam spot was 400 pm.

2.7. SEM

The morphology and structure of the electrospun PAI fibrous
mats were observed by SEM (Hitachi S-4200).

3. Results and discussion

3.1. Characterization of synthesized PAI as a precursor for fibrous
mats

PAI was prepared from an equimolar amount of BAPP and
terephthalic acid via a direct polycondensation reaction using
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Fig. 5. XPS spectra of the PAI fibrous mats.
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Fig. 6. High-resolution spectra of the O;5 peaks. (a) Raw PAI fibrous mats; (b) PAI fibrous mat treated at 100 W; (c) PAI fibrous mat treated at 200 W; (d) PAI fibrous mat

treated at 300 W.
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Fig. 7. SEM images of the PAI fibrous mats. (a) Raw PAI fibrous mats; (b) PAI fibrous mat treated at 100 W; (c) PAI fibrous mat treated at 200 W; (d) PAI fibrous mat treated

at 300 W.
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thionyl chloride (TC) in NMP at room temperature. The structure
of the monomer was confirmed by 'H nuclear magnetic resonance
("H NMR), FT-IR spectroscopy and elemental analysis. Figs. 2 and 3
show 'H NMR and FT-IR spectra of the synthesized PAI, respec-
tively, and the results are summarized in Table 2.

As shown in Fig. 2 and Table 2, the '"H NMR spectra of the PAI
exhibited a multiplet between 6.55 and 8.75 ppm corresponding
to the aromatic protons of BAPP and TPA, and the proton signal
of amide N—H appeared in the range, 10.65 ppm. FT-IR revealed
absorption bands at 3431 (amide, N—H), 1780 (imide, symmetric
C=0 stretching), 1721 (acid C=0 stretching and asymmetric imide
C=0 stretching), 1374 (C—N stretching vibration), 1186 (imide ring
deformations), and 732 cm~! (imide ring deformations), confirm-
ing the presence of an imide ring and carboxylic acid group in the
structure.

3.2. ATR FT-IR spectroscopic imaging

ATR FT-IR spectroscopy was used to determine the effects of the
atmospheric pressure plasma treatment of the PAI fibrous mats.
This method can be used to determine the change in functional
groups of a substance (Josepha et al., 2010). Many functional groups
changed in this atmospheric pressure plasma system, and each has
different absorption bands that can be used for identification. The
bands of hydroxyl group were used to confirm the effect of the
atmospheric pressure plasma treatment on surface characteristics
of the PAI fibrous mats.

The band corresponding to the stretching modes of hydroxyl and
ether groups (3600-3200, 1100-1000cm~') was used to monitor
the surface characteristics of the PAI fibrous mats at 100-300 W.
Fig. 4 shows the images converted using these bands at different
atmospheric pressure plasma powers. The uniform distribution of
hydroxyl and ether groups can be distinguished easily using this
method from the spectral intensity differences. The atmospheric
pressure plasma-treated PAI fibrous mats showed a significantly
higher absorption intensity of hydroxyl and ether groups than the
raw PAI fibrous mats, except 300 W.

The absorption intensity of the PAI fibrous mat treated at 100 W
was higher than that of the other PAI fibrous mats. On the other
hand, the PAI fibrous mats treated at 100 W showed a hydroxyl and
ether group-rich region (areas A of image (b) in Fig. 4) that was dis-
tributed non-uniformly. In contrast, the absorption intensity of the
PAI fibrous mats treated at 200 W (image (c) in Fig. 4) showed a low
absorption intensity of hydroxyl groups but a more uniform distri-
bution. The spatial distribution of hydroxyl groups did not show
any noticeable change when the PAI fibrous (image (d) in Fig. 4)
was exposed to 300 W. Therefore, the intensity of hydroxyl and
ether groups showed a maximum at 100 W, and the distribution of
hydroxyl and ether groups in the PAI fibrous mats became more
uniform with increasing atmospheric pressure plasma power.

3.3. XPS

XPS was used to confirm the ATR FT-IR measurements by exam-
ining closely the surface characteristics of the atmospheric pressure
plasma-treated PAI fibrous mats. Fig. 5 presents the XPS spectra of
the PAI fibrous mat surfaces before and after the atmospheric pres-
sure plasma treatment. The atomic composition of the untreated
and the atmospheric pressure plasma-treated PAI fibrous mats was
determined from Fig. 5, and the results are listed in Table 3.

As shown in Table 3, the untreated PAI fibrous mats con-
tained 15.27% oxygen and 84.73% carbon, whereas the atmospheric
pressure plasma-treated PAI fibrous mats contained 16.35-20.70%
oxygen and 83.65-79.30% carbon. This suggests that the O5/Cy;
ratios of the atmospheric pressure plasma-treated PAI fibrous mats
were higher than those of untreated PAI fibrous mats. This result is

due to the facts that the air gas as a reactive gas promotes surface
oxidation and hydroxylation on PAl fibrous mats. On the other hand,
the 015/Cy ratio of the atmospheric pressure plasma-treated PAI
fibrous mats showed a maximum ratio at 100 W, which decreased
with further increases in atmospheric pressure plasma power.

The high-resolution XPS spectra of the O;5 peaks were examined
closely to identify the chemical groups introduced to the surface of
the PAI fibrous mats by the atmospheric pressure plasma treatment.
The core level spectra were fitted to mixed Gaussian-Lorentzian
components (Fig. 6). The O15 XPS peak of the PAI fibrous mat sur-
faces before and after the atmospheric pressure plasma treatment
was observed at 528-542eV, and was composed of three main
components. Peak 1, at a binding energy of ~532 eV, was assigned
to carbonyl oxygen (C=0 or —COOH) of the PAI fibrous mats and
“free” carbonyl groups generated by the plasma treatments. Peak
2, at a binding energy of ~535eV, corresponded to the bridging
oxygen atoms (C—0—C) of the PAI fibrous mats. Peak 3 of Oqs,
at a binding energy of ~536eV, was attributed to ether groups
(C—0—C) and hydroxyl groups (—OH) generated by the plasma
treatments.

As shown in Fig. 6, the intensity of peaks 1 and 3 increased
when exposed to the atmospheric pressure plasma up to 200W,
but the intensity of peak 3 decreased significantly above 300 W.
This is because high plasma power can interrupt the linkage of the
ester chain and the formation of hydroxyl groups on the surface of
the PAI fibrous mats (Josepha et al., 2010). Therefore, at 300 W, the
peak for carbonyl oxygen (C=0 or —COOH) increased but that of
the ether groups (C—0—C) and hydroxyl groups (—OH) generated
by the plasma treatments decreased.

3.4. SEM

SEM was used to determine the effect of the atmospheric pres-
sure plasma power on the surface morphology of the of PAI fibrous
mats. Fig. 7 presents SEM images before and after the atmospheric
pressure plasma treatment.

As shown in Fig. 7, the surface of the PAI fibrous mats after the
atmospheric pressure plasma treatment (Fig. 7(b)-(d)) was uneven
and clearly different from that of the untreated PAI fibrous mats
(Fig. 7(a)), which was clean and smooth. After the fiber was treated
by atmospheric pressure plasma, the surface of the PAI fibrous mats
appeared uneven with apparent bulges and ruts. In contrast, at high
plasma power (Fig. 7(d)), the surface became less uneven due to
etching effects and oxidative reactions (Yoon, Moon, Lyoo, Lee, &
Park, 2009). This shows that high power plasma treatment induces
etching effects and oxidative reactions on the surface of the PAI
fibrous mats.

4. Conclusion

A high power atmospheric pressure plasma treatment (300 W)
produced a uniform distribution of chemical groups on PAI fibrous
mats but the content of chemical groups including oxygen was
lower than that produced at lower powers. The surface roughness
of PAl fibrous mats increased with increasing the atmospheric pres-
sure plasma power, except at 300 W. The changes to the PAI fibrous
mat surface before and after the atmospheric pressure plasma
treatments were caused mainly by etching effects and oxidative
reactions induced by plasma processing.
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