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ABSTRACT: Chitosan/polyaniline (PANi) semi-interpen-
etrating network (semi-IPN) polymers were prepared under
the condition of HCl aqueous solution (pH � 1). The struc-
ture and half oxidation state of emeraldine base PANi, ad-
justed to pH � 1, underwent changes of structure and
electrical properties. Changes of structural properties were
investigated using FTIR spectroscopy, solid-state 13C-NMR,
and wide-angle X-ray diffraction. Spectroscopic studies re-
vealed that the PANi was converted to its pH-switched

emeraldine salt form. The surface conductivity of the semi-
IPN depended on the chitosan/PANi weight ratio and the
pH condition. The conductivity of the semi-IPNs increased
with increasing PANi content with adjusted pH � 1. © 2005
Wiley Periodicals, Inc. J Appl Polym Sci 96: 867–873, 2005
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INTRODUCTION

Polyaniline (PANi) is an important air-stable electri-
cally conducting polymer and has been studied exten-
sively.1,2 It has appeared as one of most promising
organic conducting polymers because of its high ther-
mal and chemical stability, electrical and optical prop-
erties, facile redox and pH-switching behavior, and
low cost.3–5 An important characteristic of PANi is an
interesting material that undergoes two distinct redox
processes as well as pH switching between unproto-
nated and protonated states (Fig. 1).6 PANi can be
rapidly “switched” by the addition of acids and bases
that protonate and unprotonate the base sites within
the polymer. This leads to the dependency of the
polymer states, and thus the reactions, upon the pH of
the solution. In solutions of pH � 4, PANi loses it
electroactivity entirely because the emeraldine salt
(ES), the only conducting form of the polymer, is
dedoped to form the insulator emeraldine base
(EB).7–9 However, PANi, like many other conductive
polymers, is insoluble in common solvents and infus-
ible because it decomposes before melting.10–12 More-
over, PANi has rather poor mechanical and general
physical properties. The potential for the use of PANi
in a wide range of applications has already been dem-
onstrated. Among the most numerous applications of

PANi are its uses in rechargeable batteries,13 corrosion
protection of metals,14 gas-separation membranes,15

and molecular sensors.16

PANi has four different forms, in which its repeat-
ing units contain two different entities at different
relative weights: fully reduced leucoemeraldine base,
half-oxidized EB, fully oxidized pernigraniline base,17

and doped in a protonic acid that is designated ES.18

Among other forms of PANi, EB is of particular inter-
est because it can be rendered conductive by protona-
tion with a sufficiently strong protonic acid such as
hydrochloric acid (HCl).19,20 However, the conductiv-
ity of the protonated PANi depends on the type of
doping acid and solvent used in the protonating me-
dium and on the processing condition. In the recent
literature, simple acid–base interactions between the
dopant and PANi are called primary doping,21 with
respect to the characterization of PANi-enhanced elec-
trical conductivity by simple change of pH condition.

Chitosan, a high molecular weight carbohydrate
polymer, is manufactured from chitin,22,23 which owes
it cationic nature to the free amino groups left by the
partial removal of the acetyl groups of chitin. Chitosan
appears to be more useful than chitin for biomedical
applications and in the dehydrations of aqueous solu-
tions because it has both hydroxyl and amino groups
that can be easily modified.24,25 Chitosan has many
useful features, such as hydrophilicity, biocompatibil-
ity, and antibacterial properties.26

In general, the composites obtained by incorporat-
ing a rigid conducting polymer (such as PANi) into
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flexible matrix can combine the good processability of
the matrix and the electrical conductivity of the con-
ductive polymer. The approach we have taken to
achieve PANi with good mechanical properties and
good processibility is to form a semi-interpenetrating
polymer network (semi-IPN) in which the main poly-
mer has the requisite properties of ability to form
strong films and other forms, chemical stability to-
ward dopants, thermal stability, and insolubility un-
der readily accessible conditions. We selected the chi-
tosan for reasons explained later. Recently, conducting
polymers, such as PANi, have been considered for
microelectronics applications. The combination of tun-
able chemical properties with the electronic properties
of conducting polymer has also had a tremendous
impact on the development of new sensors. The use of
conducting polymers in sensors has recently been re-
viewed.

In this article, we report details of the effect of pH
condition on the properties of a PANi/crosslinked
chitosan semi-IPN. The FTIR spectrum, solid-state
13C-NMR, and WAXD were used to characterize the
structures of the resulting chitosan/PANi semi-IPN. It
is expected that, with respect to the surface conduc-
tivity of these samples, there is an increase in electrical
conductivity when adjusted to pH � 1.

EXPERIMENTAL

Materials

The chitosan (average molecular weight � 2.0 � 105;
degree of deacetylation � 76%) was provided from
Jakwang Co. (Ansung, Kyonggi, Korea). Glutaralde-

hyde (GA; 25 wt % solution in water) was purchased
from Yakuri Chemical Co. (Osaka, Japan). Acetic acid
and methanol were supplied by Duksan Pure Chem-
ical Co. Ltd. (Ansan, Korea). PANi EB [average mo-
lecular weight � 6.5 � 104 (undoped form, minimum
assay 99.5%)], HCl, and NMP (1-methyl-2-pyrroli-
done) were purchased from Aldrich Chemical Co.
(Milwaukee, WI).

Doping of PANi EB powder

PANi EB powder was doped by immersion in dopant
solutions, HCl aqueous solution (pH � 1), for 24 h,
followed by drying under dynamic vacuum at room
temperature.27

Preparation of semi-IPN hydrogels

The chitosan was dissolved completely in 2 wt %
acetic acid (the solid content in solution was 2 wt %)
for 24 h. PANi was dissolved in NMP (0.5 wt %) and
adjusted to acidity of pH � 1 by HCl aqueous solu-
tion. An amount of chitosan/PAN mixed solution,
adjusted to pH � 1 by HCl aqueous solution, was
obtained by mechanical stirring for 24 h. The detailed
composition and designation of the chitosan/PANi
semi-IPNs are listed in Table II (see below). The mixed
solutions were poured into petri dishes and dried in a
vacuum oven at 50°C for 48 h. Crosslinking of a sam-
ple was carried out by immersing the film in glutar-
aldehyde solution (methanol : deionized water � 1 : 1,
adjusted to pH � 1) at room temperature. The residual
NMP in the film and residual material was further

Figure 1 Protonation and redox reactions between the various forms of polyaniline (H�A�, H�C� is acidic solution).
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washed by methanol solution (methanol : deionized
water � 1 : 1 adjusted of pH � 1) and dried under
vacuum for more than 24 h.

Characterizations

FTIR spectroscopy of the samples was carried out on a
Nicolet Model Magna IR 550 spectrometer (Nicolet
Instrument Technologies, Madison, WI) for which
samples were pelletized with KBr powder. Solid–state
13C-NMR spectra were obtained by using a Varian
Unity Inova 300 spectrometer (Varian Associates, Palo
Alto, CA), with a solids accessory. Experimental con-
ditions were: 13C (300-MHz frequency); zircon cell
(length: 2 cm; internal diameter: 5 mm). Wide-angle
X-ray diffraction (WAXD) scans for samples were ob-
tained using a D/MAX Rint 2000 diffractometer
model (Rigaku, Tokyo, Japan). Nickel-filtered copper
radiation (K�) was incident on the sample, which was
scanned at the rate of 1°/min in the reflection mode
over a range of 2� from 5 to 50. The surface conduc-
tivities of chitosan/PANi semi-IPN films were mea-
sured using a custom-built dc linear four-point probe
apparatus with a CMT-SR1000N sheet resistance mea-
surement system. Under these conditions the surface
conductivity � can be calculated using the following
equation28:

� � �� �

ln2�t�V
I ��

�1

(1)

where t is the film thickness, V is the voltage drop
across the inner two probes, and I is the current driven
through the sample.

RESULTS AND DISCUSSION

The FTIR spectra of PANi EB, doped PANi, and CP-31
semi-IPNs, adjusted to pH � 1 and unadjusted, are
shown in Figure 2. The prominent absorption peaks at
1589 and 1500 cm�1 are attributed to the quinoid and
benzenoid unit stretching modes of EB [curve (a)] and
the relative intensity of these two bands gives an
indication of the oxidation state of EB. The band at
1164 cm�1 is attributed to the quinoid unit stretching
mode of EB and the vibrations at 1240 and 1303 cm�1

are attributed to CON stretching and the benzenoid
unit stretching mode of EB, respectively. The band at
829 cm�1 in the spectrum from EB is from the COH
bending mode of benzenoid unit. The FTIR spectrum
of the CP-31 semi-IPN [curve (d)] is similar to the
spectrum from the EB form of PANi [curve (a)]. The
new absorption peaks of curves (c) and (d) are attrib-
uted to the chitosan in semi-IPN.

The doped PANi [curve (b)] causes a slight shift of
all bands and a change in intensities of the bands. The
characteristic peaks of doped PANi appear in the com-
posite, at 1558, 1484, 1289, 1241, 1117, and 802 cm�1,
respectively, and the band at 1117 cm�1 is attributed
to quinoid unit doped PANi. The FTIR spectrum of
the doped PANi with HCl aqueous solution [curve
(b)] is similar to that reported previously for doping
PANi (PANi emeraldine salt)29 as well as being very
similar to the FTIR spectrum from the CP-31 semi-
IPN, adjusted to pH � 1 [curve (c)]. These character-

Figure 2 FTIR spectra of (a) PANi EB; (b) PANi doped with
HCl; (c) CP-31 semi-IPN, adjusted to pH � 1; and (d) CP-31
semi-IPN, unadjusted.

Figure 3 FTIR spectra of (a) chitosan; (b) CP-31 blend,
adjusted to pH � 1; and (c) CP-31 semi-IPN, adjusted to pH
� 1.
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istic peaks are identical to those of doped PANi and
CP-31 semi-IPN, adjusted to pH � 1, prepared in a
common condition. On the other hand, PANi in CP-31
semi-IPN, adjusted to pH � 1, shows a structure sim-
ilar to that of the proposed chemical structure of
doped PANi.

Figure 3 shows the FTIR spectra of crosslinked chi-
tosan and CP-31 blend adjusted to pH � 1 and CP-31
semi-IPN adjusted to pH � 1. Characteristic peaks of
crosslinked chitosan [curve (a)] are located at 3500–
3450 cm�1, attributed to stretching peaks of the –NH2
and hydroxyl group, 1637 and 1313 cm�1 for amide I
and amide III, respectively. A peak at 1637 cm�1 is
attributed to the amide I band caused by the remain-
ing acetamide group in chitosan. In a comparison of
the CP-31 semi-IPN [curve (c)] with the CP-31 blend
[curve (b)], a new peak appears at 1654 cm�1, attrib-
uted to imine bonds (CAN) formed by a crosslinking
reaction between amino groups in chitosan and alde-
hyde groups in glutaraldehyde. The Schiff’s reaction
of glutaraldehyde with primary amine groups to pro-

duce covalent glutaraldehyde crosslinking has been
studied in many circumstances to discover the pres-
ence of free amine organic functions in simple or
complex inorganic and organic compounds.25,30

The 13C-NMR spectra of PANi EB powder and
doped PANi powder are shown in Figure 4. Table I
shows the assignments for CP-31 blends, adjusted to
pH � 1 and unadjusted, PANi EB, and doped PANi,
respectively. The spectrum from PANi EB [curve (a)]
has peaks near 124 ppm from the protonated benze-
noid unit, peaks near 144 ppm from nonprotonated
benzenoid unit, a peak at 137 ppm the protonated
carbons of the quinoid unit, and a peak at 159 ppm
from the imine carbon (unprotonated quinoid unit).
The doped PANi [curve (b)] causes a slight shift of all
peaks. Doping PANi and CP-31 semi-IPN (adjusted to
pH � 1) results in acidic doping in the intensity of the
peak from the imine carbons (159 ppm) with a con-
comitant increase and shifts in the peak from the
protonated carbons of the quinoid unit (138 ppm).31

PANi can be doped by protonic acids, leading to a

Figure 4 Solid-state 13C-NMR spectrum and structure of (a) PANi EB and (b) PANi doped with HCl.

TABLE I
Observed Solid-State 13C-NMR Chemical Shifts and Peak Assignments of EB PANi, PANi Adjusted to pH < 1, and

Chitosan/PANi Semi-1PNs

Assignment
(polyaniline)

PANi EB
(ppm)

PANi
(adjusted to pH � 1)

CP-31 semi-IPN
(unadjusted pH � 1)

CP-31 semi-IPN
(adjusted to pH � 1)

C-6, C-2, C-3 124 126 125 126
C-1, C-4, C-5 144 144 143 142
C-7 159 — 158 —
C-8 137 132 136 131
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conductive form, the ES. PANi is doped by protonic
acid, leading to a conductive form, the emeraldine salt.
Consistent with the FTIR data, the spectrum from the
doping PANi film shows characteristics of a chemical
structure that are identical to those of the CP-31 semi-
IPN, adjusted pH � 1.

Usually, PANi EB consists of amine (–NH–) and
imine (AN–) sites in equal proportions. The imine
sites are protonated by HCl acid to the bipolaron
(dication salt) form. Although theoretical calculations
have predicted that the bipolaron state is energetically
more favored than the polaron, it is widely agreed that
polarons are the charge carriers responsible for the
high conductivity in PANi. It has been proposed that
the presence of coulombic interactions, dielectric
screening, and local disorder in the PANi lattice act to
stabilize the delocalized polaron state. On the other
hand, this undergoes a further rearrangement to form
the delocalized polaron lattice, which is a polyse-
miquinone radical-cation salt. It has also been shown
that bipolaron states do exist in PANi, but they are few
in number and are not associated with the conducting
regions of the polymer.6

Table II shows the assignments for chitosan, CP-31
blend (adjusted to pH � 1), and CP-31 semi-IPN (ad-
justed to pH � 1), respectively. The 13C-NMR pattern
of crosslinked chitosan in semi-IPN is less well re-
solved than that of its raw form. The signals observed
on the spectra, at 25 and 173 ppm, were attributed to
the signals of –CAO and –CH3, respectively. More-
over the C-1 signal is broad, and C-3 and C-5 signals
overlap, forming a shoulder at the bottom of the C-4
signal. The C-2 and C-6 signals are also less well
resolved and it appears that the C-2 signal decreases.
With the crosslinking of chitosan, C-1, C-3, C-5, and

C-6 peaks are enlarged and there is decreased over-
lapping in the neighboring C-2 and C-4 peaks. Glutar-
aldehyde grafting produces new alkyl groups that
cause the appearance of a new broad peak. Thus,
additional signals appear at 141 ppm. This band is
related to the appearance of new bonds between
amine functions and aldehyde groups.32 Crosslinked
chitosan is produced by Schiff’s base reaction of amino
groups in chitosan and aldehyde groups in glutaral-
dehyde.10

WAXD patterns of PANi EB and doped PANi, as
well as those of CP-31 semi-IPNs (adjusted to pH � 1
and unadjusted) are shown in Figure 5. For the PANi
EB, there is only one broad amorphous single peak at
2� � 20°. The peak centered at 2� � 20° may be
ascribed to periodicity parallel to the polymer chain,
whereas the latter peaks may be attributed by the
periodicity perpendicular to the polymer chain.33 Af-
ter doping with HCl, PANi became more crystalline
and its XRD pattern showed peaks of increasing in-
tensity. With the doped PANi, the PANi EB became
more crystalline and was reflected in the presence of
several diffraction peaks at 2� � 9, 22, 26, and 31°,
indicating a crystalline structure. It was reported that
emeraldine salt (PANi–HCl) was partly crystalline,
whereas emeraldine base (undoped PAN) was essen-
tially an amorphous polymer.27 It was also reported
that n-methyl-2-pyrrolidone (NMP)-p-PAN films,
doped with aqueous HCl solution, were partly crys-
talline. The disappearance of the two WAXD peaks for
semi-IPN confirms that in those cases the PANi was
completely embedded in the chitosan matrix.

WAXD patterns of chitosan/PANi semi-IPNs of
various contents are shown in Figure 6. The X-ray
diffractograms of the semi-IPN show distinct crystal-

TABLE II
Observed Solid-State 13C-NMR Chemical Shifts and Peak Assignments of Chitosan, CP-31 Blend (Adjusted to pH

< 1) and CP-31 Semi-IPN (Adjusted to pH < 1)

Assignment (chitosan)
Chitosan

(ppm)
CP-31 blend

(adjusted to pH � 1)
CP-31 semi-IPN

(adjusted to pH � 1)

C-1 105 102 104
C-2 58 57 —
C-3, C-5 75 76 72
C-4 79 79 —
C-6 63 62 61
Imine bond (–NACH–) — — 141
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line peaks attributed to the chitosan and PANi, indi-
cated by the presence of a broad peak at 12.8°, in
agreement with the characteristic diffractogram of the
original chitosan.31 The wide peak, appearing at about
20°, was assigned to overlapping of chitosan and
PANi, and the peak became sharp with increasing
content of PANi in the semi-IPN. The crystallinity
decreased with increasing amount of crosslinked chi-
tosan by glutaraldehyde in the solid gel formed in the
semi-IPN.

Table III shows the surface conductivity of the PANi
EB, chitosan/PANi blend, and semi-IPNs, adjusted to
pH � 1 and unadjusted. The values of surface con-
ductivity of the chitosan/PANi samples are within the
range 10�7 to 10�4 S cm�1, which is much higher than
that of PANi EB. This is because the acidification of the
chitosan/PANi samples that were adjusted to pH � 1
becomes greater. The CP-21 semi-IPN shows the high-
est surface conductivity. The conductivity of the semi-
IPN samples increased with increasing weight content
of PANi in the semi-IPNs. The increase in the surface
conductivity, caused by interaction of the compo-
nents, also reflects the charge transfer being associated
with the acidic doping of PANi. When the semi-IPN is
compared with blend, the lower conductivity value
found for the crosslinked semi-IPN may be explained
by two distinct reasons. The first is related to the lower
HCl diffusivity inside the more compact three-dimen-
sional structure of the material, which may result in
being partially doped. The other reason is related to
the different morphology assumed by the polymer.34

A conducting polymer, such as PANi, can be useful
for sensor application, where the conductivity ranges
from 10�7 to 103 S/m. The combination of chemical
properties with the electrical properties of the chi-
tosan/PANi semi-IPN system is expected to promote
the development of new sensors. The electrical signals
measured can be current flow, change in capacitance,
or change in resistance. The area of biosensors has
proven particularly interesting in this regard because
conducting polymer systems have been shown to be
capable of in situ control of antibody–antigen interac-
tions, making them reversible under selected condi-
tions.6

CONCLUSIONS

The effects of pH condition of chitosan/PANi semi-
IPNs on the changes in chemical and conductivity
properties were investigated. The semi-IPNs based on
PANi and crosslinked chitosan were found to depend
strongly on the synthesis conditions, such as the pH
condition. FTIR and NMR studies also revealed that

Figure 5 WAXD patterns of (a) PANi EB; (b) PANi doped
with HCl; (c) CP-31 semi-IPN, adjusted to pH � 1; and (d)
CP-31 semi-IPN, unadjusted.

Figure 6 WAXD patterns of (a) CP-21 semi-IPN, adjusted
to pH � 1; (b) CP-31 semi-IPN, adjusted to pH � 1; and (c)
CP-21 semi-IPN, unadjusted.

TABLE III
Conductivities of PANi EB and Chitosan/PANi Sample

Sample
Weight ratio

[chitosan/PANi] at pH � 1a
Conductivity

(S/cm)

PANi EBb — � � 10�10

CP-21 semi-IPN 2 : 1 E 1.0 � 10�4

CP-31 semi-IPN 3 : 1 E 2.9 � 10�5

CP-41 semi-IPN 4 : 1 E 2.1 � 10�6

CP-31 blend 3 : 1 E 3.4 � 10�5

CP-31 blend 3 : 1 � 3.9 � 10�7

a �, adjusted to pH � 1; E, adjusted to pH � 1.
b From Lee et al.15
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the structure of the semi-IPNs, adjusted to pH � 1 by
HCl aqueous solution, is similar to that observed for
doping PANi (emeraldine salt form). WAXD patterns
show a greater degree of crystallinity of HCl-treated
samples than that of the untreated sample. The con-
ductivity of the semi-IPNs increases with increasing
PANi contents, adjusted to pH � 1, formed a blended
structure. The observed increase in the electrical con-
ductivity caused by interaction of the components also
reflects the charge transfer being associated with the
acidic doping of PANi. As a result, PANi EB can be
switched by protonic acid solution (adjusted to pH
� 1 by HCl aqueous solution), leading to a conductive
form, the emeraldine salt form. Therefore, the present
chitosan/PANi semi-IPN system can be useful for
microelectronics applications such as biosensors,
chemical sensors, and molecular sensors.

The study was supported by a grant of the project “Devel-
opment of the Core Technology of Medical Devices for the
Elderly,” Ministry of Science and Technology (MOST), Re-
public of Korea.
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