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ABSTRACT: Chemical modification of the argon plasma-pretreated Si(100) surface by UV-induced surface
graft polymerization with either glycidyl methacrylate (GMA) or glycidyl acrylate (GA) was carried out.
The GA graft polymerized Si substrate was further subjected to coupling reaction with aniline (An) and
finally oxidative graft polymerization of An. The composition and microstructure of the graft-polymerized
Si(100) surfaces were studied by X-ray photoelectron spectroscopy (XPS) and imaging XPS, respectively.
The graft concentrations of the GMA polymer, GA polymer, and An polymer increased with increasing
concentration of the respective monomer used for graft polymerization. The graft polymerization efficiency
of GA on the Ar plasma-pretreated Si(100) was much higher than that of GMA. Ethanol, when used as
a solvent, catalyzed the coupling reaction of the epoxide groups of GA with An and should be of more
than 40 vol % in concentration to achieve the optimum effect. The protonation-deprotonation
characteristics, interconvertible intrinsic redox states, and metal reduction behavior of the polyaniline
(PANI) chains, obtained from subsequent oxidative graft polymerization of An on the modified Si(100)
surface, were grossly similar to those of the PANI homopolymer. The resistance of the modified Si(100)
surface from consecutive graft polymerization with GA and An was on the order of 107 Ω/sq.

Introduction

Considerable attention has been paid to the deposition
of functional thin films on silicon surfaces because of
the importance of the process to the development of
advanced materials for applications ranging from mi-
croelectronics to solar cells.1 The method of chemical
vapor deposition (CVD) has been used for synthesizing
insulators, conductors, high-temperature superconduc-
tors, and diamond thin films on semiconductor sur-
faces.2-4 However, the CVD method is used mainly for
depositing inorganic and molecular films on silicon
surfaces. In many cases during the production of
microelectronics devices, the silicon surfaces need to be
modified to introduce stable thin films of polymers and
organic compounds. For example, the introduction of an
organic adhesion promoter on silicon surface to improve
its adhesion with dielectric materials, such as poly-
imides and poly(tetrafluoroethylene), is desirable.5 The
common methods for introducing stable organic films
on silicon surfaces include the coupling of highly reactive
compounds, such as the silanes,6,7 and the adsorption
of substances having specific polar groups, such as the
proteins.8

On the other hand, the methods for chemical modi-
fication of polymer surfaces are more well-known and
have been reviewed recently.9 The main approaches to
chemically modified polymer surfaces are those of wet
chemical oxidation, plasma treatment, and attachment

of polymer chains. Among the techniques available,
surface modification via grafting and graft copolymer-
ization is one of the most promising techniques, as it
allows the molecular redesign of most substrate surfaces
to impart new and specific functionalities.10-17

Recently, polyaniline (PANI) has been of particular
interest because of its environmental stability, control-
lable electrical conductivity, and interesting redox prop-
erties associated with the chain nitrogen.18,19 PANI also
exhibits crystallinity and solution- or counterion-
induced processability.20,21 Furthermore, the electrical
properties of PANI can be substantially improved
through secondary doping22 and proper molecular match-
ing among the polymer, dopant, and solvent molecules.
PANI has potential applications not only in the areas
of corrosion protection of metals,23 light-emitting de-
vices,24 control of electromagnetic reaction, and the
dissipation of electrostatic charges25,26 but also as bio-
compatible materials27,28 and materials for catalysts,
electrodes, and sensors.29,30

In this study, we report on a novel method for the
chemical deposition of the polyaniline onto the Si(100)
surface. The method involves initially surface modifica-
tion of the Ar plasma-pretreated silicon via UV-induced
graft polymerization of glycidyl acrylate (GA) or glycidyl
methyl acrylate (GMA). The epoxide functional groups
of the grafted GA polymer chains on the silicon surface
are subsequently reacted with aniline. The silicon
surface with the covalently coupled aniline is then
subjected to oxidative graft polymerization of aniline to
result in a covalently grafted PANI layer.

* To whom correspondence should be addressed. Fax (65) 779-
1936; E-mail cheket@nus.edu.sg.
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Experimental Section
Materials. The single-crystal Si(100) wafers polished on one

side and 6 in. in diameter were purchased from Hitachi Inc.,
Japan. The silicon wafers were sliced into rectangular strips
of about 0.5 cm × 1.0 cm in size. To remove the organic
residues from the surface, the silicon substrates were cleaned
using the “piranha” solution, a mixture of 70% concentrated
sulfuric acid and 30% hydrogen peroxide. The cleaned silicon
strips were then washed with distilled water and dried under
reduced pressure for the subsequent surface modification. The
glycidyl methacrylate (GMA) and aniline (An) monomers were
obtained from Aldrich Chemical Co. of Milwaukee and were
used as received. The glycidyl acrylate (GA) was purchased
from Polyscience Inc. and was used as received. The structures
of GMA and GA are shown below:

The solvents, such as 1,4-dioxane, acetone, ethanol, and
N-methylpyrrolidinone (NMP), and other chemicals were of
reagent grade. They were also obtained from the Aldrich
Chemical Co. and were used as received.

Plasma Pretreatment and Surface Graft Polymeriza-
tion. A cylindrical quartz glow discharge cell, model SP-100,
manufactured by Anatech Ltd., was used for the plasma
pretreatment of the silicon substrate. The glow discharge was
generated at a frequency of 40 kHz and a plasma power of 35
W. The pressure in the quartz cell was maintained at ∼0.58
Torr of argon while the polymer films were exposed to the glow
discharge for 0-60 s. The Ar plasma-pretreated silicon was
exposed to air for about 10 min to facilitate the formation of
surface peroxides and hydroperoxides for the subsequent UV-
induced surface graft polymerization process.12,31

The surface modification of silicon by graft polymerization
of GMA or GA and aniline was carried out in three steps. The
first step involved the UV-induced graft polymerization of
GMA or GA on the Ar plasma-pretreated silicon substrate. The
second step involved the coupling reaction between the epoxide
groups of the graft-polymerized GA and aniline. The last step
involved the surface oxidative graft polymerization of aniline
on the modified silicon surface via the covalently immobilized
aniline sites.

The UV-induced surface graft polymerizations of GMA and
GA on the Ar plasma-pretreated Si(100) surfaces were carried
out in a Riko rotary model RH 400-10W photochemical reactor,
manufactured by Riko Denki Kogyo of Chiba, Japan. The
reactor was equipped with a 1000 W high-pressure Hg lamp
and a constant temperature water bath. All UV-induced graft
copolymerization was carried out at a constant temperature
of 28 °C. The Ar plasma-pretreated silicon was immersed in a
1,4-dioxane solution of either GMA or GA in a Pyrex tube.
Each reaction mixture was thoroughly degassed before being
sealed under a nitrogen atmosphere. It was then subjected to
UV irradiation for 15-120 min. After each grafting experi-
ment, the silicon strip was washed with copious amounts of
1,4-dioxane to remove the residual monomer and the adsorbed
homopolymer. The GMA or GA graft-polymerized silicon
(GMA-g-Si or GA-g-Si) substrates were then dried under
reduced pressure. The epoxide-ring-opening reaction with the
aniline (An) monomer was carried out in ethanol solution,
containing the GA-g-Si substrate and An. The reaction tem-
perature was varied in the range 25-70 °C and the reaction
time in the range 2-10 h. The An concentration in ethanol,
on the other hand, was varied between 20 and 100 vol %. After
the covalent coupling of An to the epoxide group, the silicon
substrate was washed thoroughly with copious amounts of

NMP to remove the unreacted An monomer. The residual NMP
on the An-coupled GA-g-Si (An-GA-g-Si) substrate was, in turn,
removed by washing with ethanol.

The oxidative graft polymerization of aniline via the aniline
moiety of the An-GA-g-Si substrate was carried out in 0.5 M
H2SO4 solution containing 0.01-0.2 M aniline and the corre-
sponding amount of (NH4)2S2O8 oxidant to achieve an aniline
monomer to oxidant molar ratio of 1:1. The reaction was
allowed to proceed at 0 °C for 5 h. The method was thus similar
to that reported in the literature for the oxidative homopo-
lymerization of aniline to produce the conductive emeraldine
(EM) salt.32,33 The grafted EM salt on the silicon surface was
converted to the neutral EM base form by immersing and
equilibrating the substrate in copious amounts of doubly
distilled water. The surface-modified silicon was subsequently
immersed in a large volume of NMP (a good solvent for EM
base) for at least 24 h with continuous stirring to remove the
adhered and physically adsorbed EM base polymer. During
the washing process, the NMP solvent was changed every 8
h. The polyaniline (PANI)-grafted silicon surface was further
washed with distilled water to remove the residual NMP before
being dried under reduced pressure (the PANI-An-GA-g-Si
surface). The EM state of the grafted PANI on the Si(100)
surface was reduced to the LM state by exposure to hydrazine
for 1 h, followed by thoroughly rinsing with distilled water,
before being dried under reduced pressure.32,33 For the elec-
troless deposition of Pd metal, the PANI-An-GA-g-Si surface
with the PANI in its LM state was immersed in the palladium
nitrate solution (100 mg dm-3 Pd(II) ions in 0.05 M HNO3) for
10 min. After removal from the Pd nitrate solution, the Pd
laden Si substrate was rinsed thoroughly with deionized water
before being dried under reduced pressure.

Characterization of the Surface-Modified Silicon. The
graft-modified silicon surfaces were characterized by X-ray
photoelectron spectroscopy (XPS), imaging XPS, and conduc-
tivity measurements. XPS measurements were made on a
Kratos Analytical AXIS HSi 165 spectrometer with a Mg KR
X-ray source (1253.6 eV photons). The X-ray source was run
at a reduced power of 150 W (15 kV and 10 mA). The EM
samples were mounted on the standard sample studs by means
of double-sided adhesive tapes. The core-level spectra were
obtained at the photoelectron takeoff angle (R, with respect to
the sample surface) of 90°. The pressure in the analysis
chamber was maintained at 10-8 Torr or lower during each
measurement. To compensate for surface charging effects, all
binding energies were referenced to the C 1s hydrocarbon peak
at 284.6 eV. In peak synthesis, the line width (full width at
half-maximum or fwhm) of Gaussian peaks was maintained
constant for all components in a particular spectrum. Surface
elemental stoichiometries were determined from peak area
ratios and were accurate to within (10%. The chemical maps
of the graft-modified silicon surfaces were obtained from the
Kratos analytical AXIS HSi 165 spectrometer with a mono-
chromatized Al KR X-ray source (1486.6 eV photons). The
range scanned was from -0.3 to +0.3 mm at 60 lines and 60
points resolution.

The conductivity of the graft-modified silicon surface was
measured by the two-probe method, using a Hioki model 3265
digital electrometer. For each conductivity value reported, at
least three sample measurements were averaged.

Results and Discussion

The processes of surface modification of silicon by
argon plasma treatment, UV-induced graft polymeri-
zation with GA (or GMA), reactive coupling of the
epoxide functional groups of the grafted GA polymer
with aniline, and finally oxidative graft polymerization
of aniline via the surface-bonded aniline moieties are
shown schematically in Figure 1. Each process is
described in detail below.

UV-Induced Surface Graft Polymerzations of
GA and GMA on the Ar Plasma-Pretreated Si
Surfaces: GA-g-Si and GMA-g-Si Surfaces. The
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effect of Ar plasma pretreatment under similar experi-
mental conditions on the surface composition of the
silicon substrate has been reported earlier, and the
optimum Ar plasma pretreatment time is between 10
and 20 s.31 The glow discharge results in the formation
of surface activated Si species. The subsequent exposure
of the Ar plasma-pretreated surface to air causes oxygen
to be incorporated onto the silicon surface, leading to
surface oxidation and the formation of peroxide and
hydroperoxide species. The peroxide and hydroperoxide
species can readily initiate the surface free radical
polymerization in a mechanism generally proposed for
the UV-induced surface graft polymerization.12,31,34

Figure 2 shows the respective wide scan and C 1s
core-level spectra of the pristine Si (100) surface (parts
a and b), the 10 s argon plasma-pretreated silicon
surface after the UV-induced graft polymerization in 20
vol % GMA solution for 1.5 h (parts c and d), and the
15 s argon plasma-pretreated silicon surface after the
UV-induced graft polymerization in 20 vol % GA solu-
tion for 15 min (parts e and f). Parts a and b in Figure
2 reveal the presence of trace amounts of organic
contaminant on the pristine Si surface. After graft
polymerization, the presence of surface-grafted GMA
and GA polymers can be deduced from the three C 1s
peak components with binding energies (BE’s) similar
to those of the glycidyl homopolymers,35 viz., 284.6 eV
for the C-H species, 286.2 eV for the CO species, and
288.7 eV for the COO species. The graft concentration
can be defined in this case as the [epoxide]/[Si] ratio, or
the equivalent [COO]/[Si] ratio, and derived from the
COO spectral component to Si 2p core-level spectral
area ratio, as each GMA or GA molecule has one COO
species and one epoxide unit. The graft concentrations
of the above GMA-g-Si and the GA-g-Si surfaces are 0.21
and 0.30, respectively. After graft polymerization, the
presence of the GA and GMA polymers on the Si
surfaces has resulted in an increase in the C 1s core-
level signal intensity and a decrease in the Si 2p core-
level signal intensity, as shown in the wide scan spectra
of Figure 2c,e. Comparison of parts c and e of Figure 2

reveals that the intensity of the Si 2p signal in Figure
2e is lower than that in Figure 2c. The observation is
consistent with the difference in graft concentrations
(0.21 vs 0.30 for the two Si surfaces). The CH:CO:COO
peak area ratio for the GMA graft-polymerized surface
(Figure 2d) is about 4.3:3.0:1, which differs somewhat
from the CH:CO:COO peak area ratio of 3:3:1 for the
GMA homopolymer. Thus, part of the CH component
in Figure 2d may have been contributed by carbon

Figure 1. Schematic representations of the chemical deposition processes and the surface structures of the silicon substrates
with grafted GA (or GMA) and aniline polymers.

Figure 2. Wide scan and C 1s core-level spectra of the pristine
Si(100) surface (a, b), 10 s Ar plasma-pretreated Si(100) surface
after the UV-induced graft copolymerization in 20 vol % GMA
solution for 1.5 h (c, d), and 15 s Ar plasma-pretreated Si-
(100) surface after the UV-induced graft copolymerization in
20 vol % GA solution for 15 min (e, f).
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signal from the pristine Si surface. On the other hand,
the CH:CO:COO peak area ratio for the GA graft-
polymerized surface (Figure 2f) is about 2.1:2.7:1, which
is fairly close to the theoretical ratio of 2:3:1 dictated
by the chemical structure of the GA polymer. The
composition of the GA-g-Si surface thus suggests that
the surface of silicon is covered to a large extent by the
grafted GA polymer.

Figure 3 shows the effect of Ar plasma pretreatment
time of the silicon substrate on the graft concentrations
of the GMA and GA polymers. The graft concentration
of each polymer increases with increasing Ar plasma
pretreatment time of the silicon substrate. Increasing
the Ar plasma pretreatment time results in more
activated sites on the silicon surface. The increase in
active sites, in turn, leads to the formation of more
peroxide and hydroperoxide species, upon exposure to
air, for the subsequent UV-induced surface graft poly-
merization. However, when the Ar plasma pretreatment
time is greater than 15 s, the graft concentrations for
both polymers decrease with increasing Ar plasma
pretreatment time. It has been reported previously that
prolonged plasma or corona treatment of polymer
surfaces does not result in the introduction of a large
amount of oxygen atoms or peroxides during the sub-
sequent atmospheric exposure.12 A similar phenomenon
has been observed for the argon plasma-treated Si(100)
surface.31 The optimum peroxide concentration was
found to be at the argon plasma treatment time between
10 and 20 s. Thus, the optimum graft concentration
observed for each polymer at the Ar plasma pretreat-
ment time of about 15 s coincides with the optimum
peroxide concentration on the Si surface. The decrease
in the graft concentration observed at the Ar plasma
pretreatment time above 15 s is probably due to the fact
that the active species formed initially on the Si surface
have been partially removed by the etching effects of
the plasma upon increasing the plasma treatment time.
Figure 4 shows the effect of UV graft polymerization
time on the graft concentration of the GMA and GA
polymers for the 10 s Ar plasma-pretreated silicon
surfaces. The graft concentrations for both the GMA and
GA polymers increase with increasing UV graft polym-
erization time, albeit not at the same rate.

From the data in Figures 3 and 4, it can be concluded
that the graft polymerization efficiency of GA is much
higher than that of GMA. In Figure 3, although the GA

monomer concentration is lower that for GMA (10 vol
% vs 20 vol %) and the UV graft polymeriation time for
GA is much shorter than that for GMA (10 min vs 1.5
h), the graft concentration of the GA polymer is still
comparable to that of the GMA polymer. In Figure 4,
the graft concentration of the GA polymer is everywhere
higher that that of the GMA polymer even though the
GA monomer concentration is lower than the GMA
monomer concentration (10 vol % vs 20 vol %). At the
GA monomer concentration of 20 vol % or above and
UV graft polymerization time of 30 min, excessive
homopolymerization in the reaction mixture prevents
the recovery of the Si substrate. The difference in the
graft polymerization efficiency between the GA and
GMA probably arises from the difference in their
chemical structures. The GMA molecule is sterically
more hindered toward addition polymerization due to
the presence of disubstituted vinyl group and is thus
expected to polymerize with lower efficiency.

Based on the observed effects of Ar plasma pretreat-
ment time, monomer structure, monomer concentration,
and UV graft polymerization time on the graft concen-
tration, the GA-g-Si substrates prepared under the
optimum conditions of 15 s of Ar plasma pretreatment
time, 20 vol % GA monomer concentration, and 15 min
of UV graft polymerization time are used for the
subsequent coupling reaction with aniline. Under this
set of optimum conditions, the graft concentration,
expressed as [epoxide]/[Si] ratio, is about 0.3, as shown
in Figure 2e,f.

Figure 5 shows the chemical (elemental) maps of the
pristine Si (100) surface (parts a and b) and the GA-g-
Si surface (parts c and d) within an area of 0.3 mm ×
0.3 mm. The C 1s and Si 2p XPS core-level signals were
used to obtain these maps. For the pristine silicon
surface, it can be seen from Figure 5a,b that the surface
appears to be generally homogeneous in composition.
The minor nonuniformity in Si distribution is probably
due to the different extents of oxidation throughout the
Si surface and the presence of residual organic contami-
nants. The presence of the latter is consistent with the
presence of a weak carbon signal on the surface of the
pristine silicon, as shown in Figures 2b and 5a. When
the silicon surface is graft polymerized with GA, the
intensity of the C 1s component increases, while that
of the Si 2p component decreases substantially, as
shown in parts c and d of Figure 5, respectively.

Figure 3. Effect of the Ar plasma pretreatment time of the
Si(100) substrate on the graft concentration, expressed as the
[epoxide]/[Si] ratio of the GA and GMA polymer.

Figure 4. Effect of UV-induced graft copolymerization time
on the graft concentration, expressed as the [epoxide]/[Si] ratio
of the GA and GMA polymer.
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Reactive Coupling of Aniline with the Epoxide
Moieties of the Grafted GA Polymer: An-GA-g-Si
Surface. The GA graft-polymerized silicon surface can
be further functionalized through reactions with amines,
including the less reactive aromatic amine, such as
aniline (An). The reaction is allowed to proceed in
ethanol since alcohols can act as catalysts in the ring-
opening reaction of the epoxides.36 Figure 6 shows the
respective C 1s and N 1s spectra of the GA-g-Si surface
after reactive coupling with An in pure aniline (parts a
and b) and in a 60 vol % ethanol solution of An (parts c
and d). The coupling reaction was allowed to proceed
at 30 °C for 4 h. The extent of reaction can be expressed
as the [N]/[Si] molar ratio, determined from the cor-
rected N 1s and Si 2p core-level spectral area ratio. The
XPS results in Figure 6 indicate that the coupling
reaction is greatly affected by the presence of ethanol
as a solvent. In the absence of ethanol, the extent of
the coupling reaction is reduced by almost half, despite
the use of pure aniline. This phenomenon is consistent
with the fact that alcohol can promote the ring-opening
reaction of the epoxides.37 Furthermore, the coverage
of the GA-g-Si substrate surface by the coupling reaction
with aniline leads to a decrease in the relative signal
intensities of the CO and COO species, as shown in
Figure 6a,c, in comparison to those in Figure 2f.
Moreover, the N 1s core-level spectra in Figure 6b,d
suggest that the reaction between the epoxide groups

and aniline involves only the primary amine. The
coupled amine functional groups probably do not un-
dergo further reaction with the epoxide groups, as the
N 1s core-level spectra are dominated by the NH peak

Figure 5. C 1s and Si 2p chemical maps in a 0.3 mm × 0.3 mm area of the pristine Si(100) surface (a, b) and the GA-g-Si surface
([epoxide]/[Si] ) 0.3) (c, d).

Figure 6. C 1s and N 1s core-level spectra of the GA-g-Si
surface ([epoxide]/[Si] ) 0.3) after reaction with aniline at 30
°C for 4 h in pure An (a, b) and in 60 vol % ethanol solution of
aniline (c, d).
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component at the BE of about 399.4 eV.37 The phenom-
enon probably has resulted from the presence of a high
concentration of aniline, which contains primary amine,
in the reaction mixture and the fact that the reactivity
of the primary amine toward the epoxide is higher than
that of the secondary amine.

The effect of aniline concentration on the extent of
the coupling reaction between the epoxide groups of the
GA polymer and aniline is shown in Table 1. For
coupling reaction carried out at the temperature of 30
°C for 4 h on the GA-g-Si surface with an [epoxide]/[Si]
ratio of 0.3, the [N]/[Si] ratio does not change ap-
preciably when the aniline concentration is increased
from 20 to 60 vol %. On the other hand, however, when
the aniline concentration is increased to above 60 vol
%, the [N]/[C] ratio begins to decrease. The solvent effect
becomes less important at ethanol concentration below
40 vol %. The effect of temperature and reaction time
on the extent of the coupling reaction between the
epoxide groups of the GA polymer and aniline is also
summarized in Table 1. Thus, the extent of the reaction,
expressed as the [N]/[Si] ratio, increases with increasing
temperature. At temperatures above 60 °C, the effect
of temperature on the extent of the reaction diminishes.
Furthermore, as the boiling point of ethanol is only
about 78 °C, the highest reaction temperature chosen
for the coupling reaction in this study is 70 °C. For the
effect of reaction time on the extent of the coupling
reaction, the reaction was carried out at the tempera-
ture of 60 °C and the aniline concentration of 60 vol %
on the GA-g-Si surface with an [epoxide]/[Si] ratio of
0.3. The extent of the coupling reaction, expressed as
the [N[/[Si] ratio, increases only marginally at reaction
time above 2 h. This result indicates that the reaction
is not limited by the rate of diffusion of aniline to the
epoxide groups of the GA polymer, and all the epoxide
functional groups probably have been consumed.

Based on the observed effects of the experimental
variables on the extent of the coupling reaction between
the epoxide groups of the grafted GA polymer and
aniline, a set of optimum conditions for achieving the
maximum extent of the coupling reaction appears to be
60 °C for the reaction temperature, 60 vol % for the
aniline concentration, and 6 h for the reaction time.
Based on the above reaction conditions, the extent of
the coupling reaction, expressed as the [N]/[Si] ratio, is
about 0.41. The pendant aniline groups on the surface
of An-GA-g-Si serve as sites for the subsequent covalent

anchoring of the polyaniline chains onto the silicon
substrate.

Oxidative Graft Polymerization of Aniline on
the An-GA-g-Si Surface: PANI-An-GA-g-Si Sur-
face. Oxidative graft polymerization of aniline were
carried out on the An-GA-g-Si surface which had a
[N]/[Si] ratio of about 0.41. The high surface concentra-
tion of the immobilized aniline units will help to promote
the subsequent oxidative graft polymerization of aniline.
Figure 7a-c shows the respective C 1s, N 1s, and Si 2p
core-level spectra of the An-GA-g-Si surface after the
oxidative graft polymerization in 0.5 M H2SO4 contain-
ing 0.05 M aniline. The surface-grafted polyaniline
(PANI) salt has been deprotonated by equilibrating in
copious amounts of distilled water to covert the PANI
salt to its neutral emeraldine (EM) base form, as
protonation-deprotonation in PANI is an equilibrium
process.32 The C 1s, N 1s, and Cl 2p core-level spectra
of the PANI-An-GA-g-Si surface after reprotonation by
1 M HClO4 (protonation level or [Cl]/[N] ) 0.45) are
shown in Figure 7d-f. The graft concentration is defined
as the number of aniline repeat units per substrate Si
atom (within the probing depth of the XPS technique)
and can be expressed as the [N]/[Si] molar ratio. The N
1s core-level spectrum of the deprotonated PANI-An-
GMA-g-Si surface in Figure 7b shows predominantly the
presence of the quinonoid imine (dN- structure) and
benzenoid amine (-NH- structure). The two species
correspond to peak components with BE’s at about 398.2
and 399.4 eV, respectively.37 The presence of about
equal proportion of the imine and amine nitrogen in the
N 1s core-level spectrum of the deprotonated surface is
consistent with the intrinsic redox state of the EM base
form ([)N-]/[-NH-] ratio ∼ 1) of PANI.37 The residual
high BE tail in the N 1s spectra probably has originated
from the surface oxidation products or weak charge-
transfer complex oxygen.38 Comparison of the N 1s core-
level spectrum in Figure 7b to that of the reprotonated
PANI-An-GA-g-Si surface in Figure 7e suggests that the
grafted EM base on the Si surface can be effectively
reprotonated by HClO4, as indicated by the disappear-
ance of the -N) component and the appearance of the
corresponding proportion of the positively charge nitro-
gen. For the EM base form of the aniline homopolymer,
protonation occurs preferentially at the imine units.32

Thus, the deprotonation-reprotonation behavior of the
grafted PANI chains on the Si surface is not unlike that
of the aniline homopolymer.

Figure 8 shows the increase in the graft concentration
of PANI with increasing aniline concentration used for
the oxidative graft polymerization. When the aniline
concentration is above 0.05 M, the increase in graft
concentration becomes moderate. The PANI graft con-
centration ([N[/[Si] ratio) on the An-GA-g-Si surface for
oxidative graft polymerization carried out in 0.20 M
aniline can reach about 3.8. The substantially enhanced
[N]/[Si] ratio over that of the starting An-GA-g-Si
substrate, which has a [N]/[Si] of 0.41, confirms the
oxidative graft polymerization of aniline on the An-GA-
g-Si surface. The process is shown schematically in
Figure 1.

The successful grafting of the PANI chains is further
confirmed by the preservation of their deprotonation-
reprotonation behavior and electrical properties. Figure
8 also shows the resistance of the PANI-An-GA-g-Si
surface after reprotonation by 1 M HClO4. Generally,
the surface resistance decreases with increasing aniline

Table 1. Effect of Temperature, Aniline Monomer
Concentration, and Reaction Time on the Coupling

Reaction between GA and Anilinea

temp
(°C)b [N]/[Si]

aniline
monomer

concn (vol %)c [N]/[Si]

coupling
reaction
time (h)d [N]/[Si]

25 0.11 35 0.13 2 0.37
40 0.30 50 0.14 4 0.40
50 0.31 60 0.22 6 0.41
60 0.35 80 0.13 8 0.42
70 0.38 100 0.12 10 0.42

a Coupling reaction of aniline with the epoxide groups of GA
on the GA-g-Si surface (graft concentration or [epoxide]/[Si] ) 0.3).
The extent of coupling reaction, expressed as the [N]/[Si] mole
ratio, was determined from the curve-fitted N 1s and Si 2p core-
level spectral area ratio. b Other reaction conditions: aniline
monomer concentration ) 20 vol %, coupling reaction time ) 4 h.
c Other reaction conditions: temperature ) 30 °C, coupling reac-
tion time ) 4 h. d Other reaction conditions: temperature ) 60
°C, aniline concentration ) 60 vol %.
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concentration (and thus the graft concentration of
PANI). At the aniline concentration of 0.2 M used for
the oxidative graft copolymerization, the surface resis-
tance is about 107 Ω/sq. The bulk conductivity of the
protonated PANI films, on the other hand, is on the
order of 1-10 S/cm.38 The relation between surface
resistance (Rs) and bulk resistivity (F) is given by Rs )
F/t, where t is the thickness of the grafted PANI film.
Thus, using 7.5 nm (the probing depth of the XPS
technique in an organic matrix)39 as the approximate
thickness of the grafted aniline polymer layer, the bulk
resistivity is on the order of 1 Ω‚cm, which is equivalent
to a bulk conductivity value (σ) on the order of 1 S/cm,
as σ ) 1/F. The preservation of equivalent bulk conduc-
tivity of PANI after graft polymerization on Si surface
makes the present surface modification technique po-
tentially valuable for antistatic applications and in

shielding of electromagnetic interference (EMI). Fur-
thermore, the surface resistance of the PANI-An-GA-
g-Si can be changed by varying the protonation level
since the deprotonation-reprotonation behavior of the
grafted PANI is not unlike that of the PANI homopoly-
mer.40 Moreover, the chemical states and physical
properties of the PANI grafted on the Si surface are also
similar to those of the aniline homopolymer, as shown
by the data in Figure 7. Finally, although the surfaces
of the PANI-An-GA-g-Si samples are grafted with a
layer of PANI, the Si signal is still discernible, indicating
that the polymer layer is only in the order of the
sampling depth of the XPS technique (∼7.5 nm in an
organic matrix).39

The EM base of the grafted PANI on the Si(100)
surface can also be readily reduced to the leucoeraldine
(LM) state. Parts a and b of Figure 9 show respectively
the C 1s and N 1s core-level spectra of the PANI-An-
GA-g-Si surface after reduction by hydrazine. The N 1s
core-level spectrum of the reduced PANI-An-GA-g-Si
surface is dominated by the -NH- peak component at
the BE of about 399.4 eV,40 as shown in Figure 9b. The
residual imine species may be attributed to the incom-
plete reduction of the imine nitrogen of EM to the amine
nitrogen by NH2NH2, while the residual high BE
component above 400 eV may have resulted, at least in
part, from surface oxidation products or weak charge-
transfer complexed oxygen and is consistent with the
reactive nature of most conjugated polymer surfaces.40

The fact that PANI can exist in a large number of
interconvertible intrinsic oxidation states suggests that
by coupling the metal reduction process in acid solution
to an increase in the intrinsic oxidation state of the
polymer and the subsequent reprotonation and reduc-
tion of the oxidized polymer in the acid medium,
spontaneous and sustained reduction of certain metal
ions to their elemental form can be achieved.41,42 Parts
c and d of Figure 9 show the respective N 1s and Pd 3d
XPS core-level spectra for the fully reduced PANI-An-

Figure 7. C 1s and N 1s core-level spectra of an An-GA-g-Si surface ([N]/[Si] ) 3.4) after oxidative graft polymerization in 0.05
M aniline solution, followed by deprotonation with distilled water (a, b), and the C 1s, N 1s, and Cl 2p core-level spectra for the
corresponding surface after reprotonation by HClO4 (c, d).

Figure 8. Effect of aniline monomer concentration used
during the oxidative graft polymerization on the graft concen-
tration of PANI, expressed as the [N]/[Si] ratio, on the PANI-
An-GA-g-Si surface and on the corresponding surface resis-
tance.
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GA-g-Si surface after equilibrating in a palladium
nitrate acid solution containing initially 100 mg dm-3

of Pd ion for about 10 min. Comparison of parts d and
b of Figure 9 suggests that there is an increase in the
proportion of the imine nitrogen after the metal uptake.
The result is consistent with an increase in the intrinsic
oxidation state of the grafted PANI in its LM state upon
metal reduction. The Pd 3d core-level spectrum in
Figure 9c can be curve-fitted with a major and a minor
spin-orbit split doublet. The major doublet with the
BE’s for the Pd 3d5/2 and Pd 3d3/2 peak components lying
at about 335 and 340 eV, respectively, are assigned to
the Pd(0) species.43 The minor doublet with the BE’s
for the Pd 3d5/2 and Pd 3d3/2 peak components lying at
about 338.2 and 343.5 eV, respectively, are assigned to
the Pd2+ ion.43 Thus, the ability of the reduced PANI-
An-GA-g-Si surface to become coupled with the metal
reduction process is identical to that of the fully reduced
LM state of the aniline homopolymer.40-42

The valence band photoemission spectra of protonated
PANI samples have been studied by ultraviolet photo-
electron spectroscopy (UPS).44 Comparing the observed
spectra with the band calculations,45-47 the spectra
contain structural features at the BE around 3.5 eV for
the π band, at around 8 eV for the π and σ band, and
13.5 eV for the σ band. Figure 10 shows the XPS valence
band spectra from 0 to 20 eV for the deprotonated (part
a) and reprotonated (part b) PANI-An-GA-g-Si surfaces.
The corresponding spectra for the deprotonated and
reprotonated EM base of the aniline homopolymer are
shown in parts c and d of Figure 10, respectively.
Although the finite spectral intensity at the Fermi level
(EF) is small, it can still be detected for the protonated
PAN-An-GA-g-Si surface and the protonated EM ho-
mopolymer. However, the emission intensity at EF is
not detectable for the deprotonated PANI-An-GA-g-Si
surface and EM base homopolymer. The origin of the
density of states near EF is the polaron band, as no finite
intensity is expected near EF in the case of bi-
polarons.45-48 The relatively weak spectral intensity at
EF for the protonated PANI-An-GA-g-Si surface and

protonated EM homopolymer corresponds to the much
localized electronic state with a high degree of disorder.
As the photoemission spectrum at EF provides informa-
tion on the state of electronic localization in conducting
polymers, the valence band results in Figure 10 suggest
that the state of electronic localization in the grafted
PANI chains on the modified Si surface is not unlike
that of the aniline homopolymer.

Finally, it is appropriate to emphasize that the graft
polymerized aniline chains are covalently tethered onto
the Si surface. The grafted PANI chains cannot be
removed by extraction with organic solvents. The chemi-
cal deposition of the aniline polymers with well-
preserved intrinsic structures and oxidation states on
the Si substrate as a result of surface molecular design
make the present method a viable and promising
approach to the preparation of electroactive surface
structure and molecular composites.

Conclusion
Argon plasma-pretreated Si(100) surfaces were sub-

jected to surface modification via UV-induced graft
polymerization with GMA and GA (the GMA-g-Si and
GA-g-Si surfaces, respectively). The epoxide groups of
the grafted GA chains were reactively coupled with
aniline (the An-GA-g-Si surface) and then subjected to
oxidative graft polymerization of aniline (the PANI-An-
GA-g-Si surface). The composition and microstructure
of the graft-polymerized Si surfaces were characterized
by XPS and imaging XPS, respectively. The extent of
the coupling reaction between the epoxide ring in the
grafted GA chain and aniline increased with increasing
temperature and reaction time. Ethanol, the solvent
used for the coupling reaction, served as the catalyst to
promote the coupling reaction when present in more
than 40 vol %. When the An-GA-g-Si surfaces were
subjected to the oxidative polymerization of aniline, the
graft concentration increased with increasing aniline
concentration. The intrinsic oxidation states, protona-
tion-deprotonation behavior, metal reduction ability,
electrical conductivity, and electronic/valence structures
of the aniline polymer were preserved in the PANI
chains covalently tethered on the Si surface.

Figure 9. C 1s and N 1s core-level spectra of the LM state of
the grafted PANI on the Si(100) surface after immersed in
NH2NH2 for 1 h (a, b) and N 1s and Pd 3d core-level spectra
of the corresponding surface after equilibrating in 100 mg dm-3

Pd(NO3)2 nitric acid solution for 10 min (c, d).

Figure 10. Valence band spectra (0-20 eV) for the deproto-
nated and reprotonated states of the PANI-An-GA-g-Si surface
([epoxy]/[Si] ) 3.4) (a, b) and the EM base homopolymer
(c, d).
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