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Abstract. A mucopolysaccharide, chitosan was grafted with polyaniline through oxidative-radical copolymerization using
ammonium persulfate in acidic medium. The grafting conditions were extensively studied by varying grafting parameters.
All the findings have been discussed and proposed a plausible mechanism for the graft copolymerization. The representa-
tive chitosan-graft-polyaniline (Ch-g-PANI) was characterized using UV-vis, FTIR, TGA, X-ray diffraction and Scanning
electron microscopy taking chitosan as reference. Ch-g-PANI exhibited electrical conductivity, which increases with the
extent of grafting onto chitosan backbone. Its electrical conductivity is further influenced by pH and showed pH switching
electrical conduction behavior when exposed to NN3/HCI vapors. The application of conducting biomaterial such as Ch-g-
PANI in the electronic devices especially for the fabrication of sensor devices would be attractive not only in terms of prod-

uct cost and environmental safety but also from a materials science point of view.
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1. Introduction

Polyaniline (PANI) being most promising organic
conducting polymer finds wide applications, such
as in rechargeable batteries, corrosion protection of
metals, gas-separation membranes, and molecular
sensors [1—4]. It bears good environmental, thermal
and chemical stability, electrical and optical prop-
erties, facile redox and pH-switching behavior [5].
It can be rapidly ‘switched’ with the addition of
acids (protonation) and bases (deprotonation). The
acid doped PANI yields conducting emeraldine
salt, and is dedoped to form the insulator emeral-
dine base [6]. The electrical conductivity of PANI
is enhanced by simple change of pH conditions.
Recently, conducting polymers, such as PANI,
have been considered for microelectronics applica-
tions. The combination of tunable chemical proper-
ties with the electronic properties of conducting
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polymer has also a tremendous impact on the
development of new sensors. The use of conducting
polymers in sensors has recently been reviewed [7].
However, PANI has limitations in solubility and
mechanical properties [8]. In general, incorporation
of PANI into flexible matrix could result in good
processability with the electrical conductivity hav-
ing the requisite properties like chemical stability
toward dopants, thermal stability, and insolubility
under readily accessible conditions [9, 10]. Chi-
tosan has gained growing interest to prepare semi-
interpenetrating chitosan/polyaniline [11-13],
because of its excellent film-forming ability, good
adhesion, biocompatibility, and high mechanical
strength.

Chitosan is a high molecular weight polysaccharide
[14] composed of PB(1—4) linked 2-deoxy-2-
amino-D-glucopyranose units and B(1—4) linked
2-deoxy-2-acetamido-D-glucopyranose units. Chi-
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tosan has found potential use in many areas, it is a
brittle material and tends to absorb a quantity of
moisture and to improve its toughness, solubility
and rheological properties, graft copolymerization
of a vinyl monomer onto chitosan chains is com-
monly employed for several applications.
Therefore, chitosan as a low cost, degradable, bio-
compatible, high molecular weight, branched
biopolymer with unique physiochemical properties
[15] (presence of —OH and —NH> groups offers self
doping) is a good candidate to introduce functional
groups in PANI, and enhance its selectivity for
chemical sensors. In the present study, PANI was
grafted on to chitosan in order to synthesize electri-
cally conducting tailor-made material having good
pH-switching properties. In the accomplished stud-
ies, the reaction mechanism, crystallinty, morphol-
ogy, thermal and electrical properties were
extensively investigated. It was expected that the
results would be promising for biomaterial based
sensors fabrication and it may be used either in vivo
or in vitro.

2. Experimental section

2.1. Materials

Chitosan (Aldrich; M,, 1.86-105) and aniline (E.
Merck) were used after purification. Ammonium
persulfate (Aldrich) was used without further
purification.

2.2. Synthesis of PANI

PANI was synthesized by oxidative polymerization
[16] of doubly distilled aniline dissolved in aque-
ous HCI (1 M), using ammonium persulfate (APS)
in aqueous HCI (1 M) as an oxidant at 4°C. Aniline
(0.5 M) was dissolved in 200 ml of aqueous solu-
tion of HCI (1 M) and APS (0.54 M) was dissolved
in 200 ml HCI (1 M). The oxidant solution was then
added slowly to the aniline solution with continu-
ous stirring at 4°C. The reaction mixture was kept
under continuous stirring for two hours and then
kept in a refrigerator overnight. The reaction mix-
ture was filtered and washed with HCI (1 M) till the
filtrate became colorless and then washed with
doubly distilled water until the filtrate became acid
free. The polymer was ground to a fine powder and
low molecular weight oligomers were removed
from polyaniline by acetone extraction. The result-

ing PANI was dried at 60°C in an air oven for 48 h
and stored in a desiccator.

2.3. Synthesis of Ch-g-PANI

Chitosan-graft-polyaniline (Ch-g-PANI) was syn-
thesized by a calculated amount of the chitosan dis-
solved in the minimum or required amount of
acidic water in a 150 ml flask. To this solution, a
calculated amount of the aniline and hydrochloric
acid (HCl) was added and the total volume was
made up to 25 ml the flask being thermostated at
25+0.2°C and the contents continuously stirred.
After 30 minutes a definite amount of ammonium
persulfate was added and this was taken as zero
time. Grafting was allowed to proceed for 1 h. The
reaction mixture was neutralized by 5% aqueous
NaOH and the graft copolymer was precipitated
with absolute ethanol. The resulting precipitate was
washed with N-methyl pyrrolidinone (NMP) in
order to separate PANI (homopolymer) from the
copolymer. The material was ground to a fine pow-
der and low molecular weight PANI oligomers
were removed from Ch-g-PANI via acetone extrac-
tion (Figure 1). Finally, the products were dried for
4 days in a vacuum oven at 50°C.

The percentage and efficiency of grafting were cal-
calculated by the Equations (1) and (2) [17]:

% Grafting [%G |= M=W2 100 (1)
WO
% Efficiency [%E |= % -100 2)

2

where Wi, Wy and W> denote, respectively, the
weights of Ch-g-PANI, chitosan and aniline
monomer.

2.4. Electrical conductivity measurement

The surface DC electrical conductivity of the Ch-g-
PANI rectangular pressed pallets (pressure
4 tons/cm?) was measured by the four-probe
method [18].

The resistivity can be calculated by Equation (3):

_ v
p—ZRS(I) 3)

where, S is the probe spacing [mm], which was kept
constant, / is the supplied current in [mA], and the
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Figure 1. Chitosan-graft-polyaniline synthesized through the oxidative-radical graft copolymerization

corresponding voltage was measured in [mV]. Con-
ductivity can be computed using the Equation (4):

4

c=—

p
where ¢ and p are conductivity [S cm~!] and resis-
tivity [Q cm] respectively. The electrical conduc-
tivity measurements were carried out at intervals of
20 min. The effect of pH on the electrical conduc-
tivity of Ch-g-PANI was studied. All the measure-
ments were repeated three times at intervals of
20 min.

2.5. Characterization of chitosan-g-PANI

The UV-vis spectra were recorded on an Ocean
Optics HR 4000 High Resolution Spectrophotome-
ter, using aqueous solution of the samples. FTIR
spectra were recorded on a Perkin-Elmer instru-
ment (PK11310), using a pellet made with dehy-
drated KBr and instrument in the reflectance mode.
X-ray diffractogram was taken by Rigaku Rotaflex,
RAD/Max-B, Rigaku Corporation, Japan instru-
ment with a scanning speed of 1° per minute. TGA
was recorded on Rigaku Thermoflex, PTC-10A,
Rigaku Corporation, Japan with 10°C per minute
heating rate and Alumina as the reference material.
Scanning electron microscope (SEM) was done on

a JEOL-840, JEOL Corporation, Japan by making a
film of desirable size and coated with gold. The DC
electrical conductivity of the samples was meas-
ured by making rectangular pressed pallets (pres-
sure 4 tons/cm?) and using the Keithley four-probe
system, having a 224 programmable current source,
181 nano voltameter and 195A digital multimeter.

3. Results and discussion

3.1. Determination of optimal grafting
conditions

To optimize the condition for grafting of PANI on
to the chitosan, ammonium persulfate/hydrochloric
acid/aniline monomer/chitosan concentrations,
reaction temperature and reaction time were varied
and keeping total volume of the reaction mixture
fixed at 25 ml. It was observed that (NH4)2S,0s/
hydrochloric acid system can be efficiently used in
the graft copolymerization of polyaniline on to chi-
tosan, where maximum 91.40 %E could be
achieved.

3.1.1. Effect of ammonium persulfate
concentration

The %G increased with an increase in initiator/oxi-
dant concentration, reaching a maximum value at
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Figure 2. Effect of ammonium persulfate concentration at
fixed concentration of [aniline] 1.5-10-2,
[HCI] 0.3 and [Ch] 1 g/l at 25£0.2°C for 1 h

12.5-10-2M of ammonium persulfate (APS) at
fixed concentrations of 1.5-10-2 M aniline, 0.3 M
hydrochloric acid and 1 g/l Chitosan (Ch) at
25+0.2°C for 1 h (Figure 2). It was observed that
%G increased within the APS concentration range
from 2.5-10-2-12.5-10-2 M. It may be due to the
fact that at this concentration range, the produced
sulfate ion radical moieties activate the backbone
of chitosan and simultaneously produced the PANI
ion radical, which takes place immediately fol-
lowed by the graft copolymerization of the
monomer onto the chitosan backbone. Therefore,
%E increased with an increase in the concentration
of persulfate.

3.1.2. Effect of HCI concentration

The effect of acid was studied in the range
0.1-0.5 M at a fixed concentration of 12.5-102 M
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Figure 3. Effect of HCI concentration at fixed concentra-
tion of [(NH4)2S20sg] 12.5-10-2, [aniline]
1.5-10-2 and [Ch] 1 g/l at 25+0-2°C for 1 h

ammonium persulfate, 1.5-10-2 M aniline and 1 g/
chitosan at 25+0.2°C for 1 h (Figure 3). It was
observed that both %G and %E increases with an
increase in the acid concentration, which may be
due to a higher degree of protonation of the aniline
monomer and acceleration of the propagation of
aniline, which can generate more PANI ion radi-
cals.

3.1.3. Effect of aniline concentration

The increase in the concentration of monomer from
1-102-3-10-2 M, resulted in the increase of %G
and %E (up to 1.5-10-2 M), under the fixed concen-
tration of 12.5-10-2 M persulfate, 0.5 M HCI and
1 g/l chitosan at 25+0.2°C for 1 h (Figure 4). The
increase in %G and %E may be due to the forma-
tion of more PANI radical ions, while generating
more grafting sites and availability of extra aniline
monomer for grafting. With an increasing concen-
tration beyond 1.5-102M the %E decreases
slightly, which is probably due to formation of
PANI homopolymer.

3.1.4. Effect of chitosan concentration

The effect of chitosan concentration was studied in
the range of 1-5 g/l with the constant concentration
of [persulfate] 12.5-10-2, [HCI] 0.5, [aniline]
1.5-10-2 at 25+0.2°C for 1 h (Figure 5). It was
found that the %G and %E decreased with increas-
ing the concentration of chitosan, which may be
due to the increase in the viscosity of the reaction
medium causing hindrance in the normal reaction.
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Figure 4. Effect of aniline concentration under the fixed
concentration of [(NH4)2S,0)] 1.2-10-2,
[HCI] 0.5 and [Ch] 1 g/l at 25+0.2°C for 1 h
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Figure 5. Effect of chitosan concentration with the con-
stant concentration of [(NH4)2S,0s] 1.2-10-2,
[HCI] 0.5 and [aniline] 1.5-10-2 at 25+0-2°C
for 1 h

3.1.5. Effect of temperature

The grafting reaction was carried out at different
temperatures (10-30°C), while keeping other vari-
ables constant; [persulfate] 12.5-10-2, [HCI] 0.5,
[aniline] 1.5-10-2 and [Ch] 1.0 g/l for 2 h (Fig-
ure 6). Maximum %G was obtained at 25°C. The
observed increase in %G may be attributed to the
increase in the number of collisions between the
monomer and the chitosan molecules that results in
a decrease of the viscosity of the medium at higher
temperature. Beyond 25°C, %G, the slight decrease
may be due to an increase in ionic mobility of the
PANI ion radical and formation of more homopoly-
mer.
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Figure 6. Effect of temperature keeping other variables
constant; [(NH4)2S)O)] 1.2 -10-2, [HCI] 0.5,
[aniline] 1.5-10-2 and [Ch] 1 g/l for 1 h
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Figure 7. Effect of grafting time keeping other variables
constant; [(NH4)2S20s] 1.2:10-2, [HCI] 0.5,
[aniline] 1.5-10-2 and [Ch] 1 g/l at 25+0.2°C

3.1.6. Effect of grafting time

The grafting reaction was carried out at different
times (20-100 min) keeping other variables con-
stant; [persulfate] 12.5-10-2, [HCI] 0.5, [aniline]
1.5-102 and [Ch] 1.0 g/1 at 25+0.2°C (Figure 7).
Maximum %G was obtained at 100 min. The %G
increased rapidly with increase in time up to
100 min, after which it levels off. Finding could be
attributed to a decrease in concentration for both
initiator and monomer, thereby a reduction in the
number of sites on the backbone accessible for
grafting as the reaction procedure.

3.2. Mechanism for graft copolymerization

Other researchers [19-21] have exploited free radi-
cal copolymerization of vinyl monomers on to chi-
tosan using persulfate. A chain mechanism [22] is
involved due to formation of sulphate ion radicals
(SO47"), which are well-known ion chain carriers
for graft copolymerization. At the same time per-
sulfate stimulates the oxidative polymerization
reaction of aniline [23] via a medium of cationic
radicals and form PANI and PANI radicals. Finally
chitosan macro radicals and PANI cation radicals
are combined to form Ch-g-PANI graft copolymer.
Mechanism may be written as shown by Figure 8.

SO4™ is the primary radicals, generated from the
ammonium persulfate (APS) by the reduction of
one electron, expressed as R° in the Figure 8.
Simultaneously, APS generates SO4~ ions by the
reduction of two electrons and act as oxidant. They
initiate the oxidative polymerization of aniline, as
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— —| (Where ChOH/ChNH,
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initiator (APS) and PANI
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Figure 8. Graft copolymerization of polyaniline on to chitosan

the polymerization of monomer is reported to be
faster than the H abstraction from the biopolymer -5
backbone [24]. The macro radicals ChO" and Ch- - 2
HN" may be generated by the abstraction of H by ; 1.0
the growing polyaniline ion radical (PANI') in the g -
medium of acid, which may add onto the ChO" and g -
Ch-HN' macro radicals generating new radical 2
ChO-PANI" and Ch-NH-PANI" and these chains ] ™
will grow and combined with other ChO-PANI" or o9 S
Ch-NH-PANTI' chains to give a graft copolymer.
05

3.3. Characterization of the grafted chitosan

A representative Ch-g-PANI sample (173 %G) was
characterized by UV-vis, FTIR, XRD, TGA and
SEM analysis.

3.3.1. UV-vis spectra

The UV-vis spectra of Ch-g-PANI at pH 1
(Figure 9a) showed a broad absorption band at
300-350 nm due to overlapping of glucopyranose
components of chitosan and ©-t* transition of ben-
zenoid rings of grafted PANI with bands at 430 nm
(due to polaronic peak of grafted PANI) and at
800 nm (assigned bipolaronic transitions of grafted

L T T ¥ T v T ¥ T
500 600 700 800 900
Wavelength [nm]

T T
300 400

Figure 9. UV-vis spectra of (a) Ch-g-PANI at pH 1,
(b) Ch-g-PANI at pH 10, (c) chitosan at pH 3

PANI), while Ch-g-PANI at pH 10 (Figure 9b)
clearly showed the dedoping effect (emeraldine
base form of grafted PANI) and peak suppressed at
430 nm but appeared a new peak at 620 nm (due to
the m-1* transition of quinoid rings on the grafted
PANI). These curves (Figure 9a and 9b) indicating
that the grafted PANI showed transition ‘emeral-
dine salt-emeraldine base’ (protonation-deprotona-
tion or doping-dedoping) and bears emeraldine
oxidation state in the media of different pH, which
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affects its electronic absorption spectra [23]. Chi-
tosan showed (Figure 9c) a broad absorption band
at 300 nm (due to glucopyranose components).
Furthermore, the characteristric peaks of glucopy-
ranose and PANI was significantly observed and it
supports the grafting of PANI on to chitosan.
Therefore, UV-vis spectra confirmed the chemical
structure, conjugation, electronic transition and
doping-dedoping behavior of Ch-g-PANI.

3.3.2. FTIR spectra

FTIR spectra of Ch-g-PANI (Figure 10) showed
characteristic peaks of PANI as well as chitosan.
The infrared band at 3040-3266 cm~! corresponds
to N-H stretching with hydrogen bonded 20 amino
groups and free O-H stretching vibration,
3024 cm! corresponds to aromatic C—H stretching,
2930 and 2864 cm-! (due to aliphatic C—H stretch-
ing), 1632 cm! (due to C=0 stretching of carbonyl
group, typical saccharide absorption), 1526 cm™!
(due to C=C stretching of quinoid rings),
1462 cm~! (due to C=C stretching vibration of ben-
zenoid rings), at 1284 cm=! (due to C-N stretch-
ing). The absorption band at 1110 cm~! was
assigned to N=Q=N bending vibration shift
towards the lower wave number correspond to the
PANI. The shift of 1130 cm~! band to lower wave
number could be attributed to the hydrogen bond-
ing between chitosan and imine group of the
grafted chain of PANI. The absorption band at
1030 cm~! (due to O-H bending), at 1076 cm-!
(characteristic peaks of a saccharide structure; C—O

Ch-g-PANI

Transmittance [%]

Ch

T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber [cm™]

Figure 10. FTIR spectra of Ch-g-PANI and Ch
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stretching) and at 830 cm~! was assigned to aro-
matic C—H bending vibration band due to the 1, 4-
disubstituted benzene ring, chitosan showed
characteristic peaks of mucopolysaccharide [15].
Hence, FTIR studies clearly suggested the graft
copolymerization of polyaniline on to chitosan.

3.3.3. TGA

The thermal resistance of Ch-g-PANI was deter-
mined by thermogravimetric analysis (TGA) taking
chitosan as reference. TGA indicates that the
decomposition of the graft copolymer onsets at
176°C and 52% weight loss up to 700°C and the
graft copolymer slowly degrades, while decompo-
sition onsets of the chitosan was 145°C and showed
weight loss of 61% up to 700°C. It indicates that
Ch-g-PANI is more thermally stable than the chi-
tosan (Figure 11).

3.3.4. XRD spectra

XRD of the Ch-g-PANI further supported the graft-
ing (Figure 12). XRD spectra of the grafted chi-
tosan showed a crystallinity area in the region of
20 18-24° due to the grafting of PANI onto the chi-
tosan backbone, while XRD of the chitosan showed
amorphous patterns.

3.3.5. SEM

The surface topography of the Ch-g-PANI was
studied by scanning electron microscopy (SEM)
taking chitosan as reference. The exterior surface of
the Ch-g-PANI seems like globules that were accu-
mulated in contrast to the interior structures and
showed a porous surface. This fact can be attributed
to the porosity of the globular surface in the grafted
chitosan, while chitosan showed cotton like accu-
mulation and bears an irregular shape with porous

100

Wieght [%]

-~
50 100 150 200 250 300 350 400 450 500 550 600650~
700

40

0 Temperature [°C]

Figure 11. TGA analysis of Ch-g-PANI and Ch



Tiwari and Singh — eXPRESS Polymer Letters Vol.1, No.5 (2007) 308-317

300-

T Ch-g-PANI
250
200~

150 4

Intensity (a.u.)

100 +
> W“IMM

10 20 30 40 50 60 70 80
267

Figure 12. XRD spectra of Ch-g-PANI and Ch
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Figure 13. SEM pictures of Ch-g-PANI and Ch

surface. Hence, the surface evidence supports the
homogeneity of the uniform grafting of PANI on to
the chitosan (Figure 13).

3.4. Electrical conductivity measurement

The DC electrical conductivity of grafted (sample
of optimum condition; 173 %G) was measured at
laboratory condition with reference to PANI and
chitosan. The results are summarized in the Table 1.
The value of DC electrical conductivity was found
almost 5000 times higher than that of the chitosan
and is attributed to grafting of PANI on to chitosan
backbone. The electrical conductivity was influ-
enced with extent of grafting. The results are sum-
marized in the Table 2. It has been clearly observed
that increasing % grafting, electrical conductivity
simultaneously increased. The finding was attrib-
uted to the electrical conduction in Ch-g-PANI
material, which is purely electronic and occurred
due to the grafting of PANI onto chitosan. The
electrical conductivity pH switching behavior of
the Ch-g-PANI was measured after doping and
dedoping with different concentrations of HCI and
NH3 respectively at a fixed time. The conductivity
of the grafted chitosan was increased with increas-
ing dopant concentration (higher at pH 0 and very
low at pH 10), indicating the formation of emeral-
dine salt to emeraldine base of the grafted PANI

300~
CH
250
S 200-
8
=
G 150-
g
=

o M“Ww

10 20 3 40 50 60 70
20 [°]

Table 1. Conductivity measurement of polyaniline, chi-
tosan and chitosan-graft-polyaniline

SI. No. | Polymer % G pH | Conductivity [S cm-1]
1. |PANI - 1 0.742
. |Chitosan - 7 9.84-10-6
3. |Ch-g-PANI 173 4.03-102

Table 2. Effect of %Grafting on electrical conductivity of
chitosan-graft-polyaniline

SI. No. | Polymer %G pH | Conductivity [S cm-!]
1. |Ch-g-PANI 52.5 1 6.74-104
2. |Ch-g-PANI 91 1 5.19-10-3
3. |Ch-g-PANI 146.5 1 0.96-10-2
4. |Ch-g-PANI 173 1 4.03-102

Table 3. Effect of pH on electrical conductivity of chi-
tosan-graft-polyaniline

SI. No. | Polymer %G pH | Conductivity [S cm-1]
1. |Ch-g-PANI 173 0 9.63-102
2. |Ch-g-PANI 173 1 4.03-102
3. |Ch-g-PANI 173 3 491-103
4.  |Ch-g-PANI 173 8.21-10+4
5. |Ch-g-PANI 173 10 0.53-10-¢

chain in the material [25, 26]. All the results are
summarized in the Table 3. Therefore, grafted chi-
tosan showed inter-conversion of emeraldine salt to
emeraldine base like PANI and hence it could hold
promise for sensor applications.

4. Conclusions

An inherently anisotropic graft copolymer was syn-
thesized by grafting of polyaniline on to chitosan
using persulfate as an initiator in acidic condition.
The optimum grafting efficiency was find at
[(NH4)2S208] 12.5-10-2, [aniline] 1.5-10-2, [hydro-
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chloric acid] 0.5, [chitosan] 1.0 g/I, temperature
25+0.2°C and reaction time 100 min. The grafted
biomaterial exhibited electrical conductivity with
pH switching behavior like PANI. The electrical
conductivity depended on the extent of grafting and
pH of the material. In conclusion, PANI grafted
biopolymer will provide good processability with
improved solubility, mechanical strength and con-
trolled electrical properties. Therefore, Ch-g-PANI
could be exploited for chemical and biosensor
applications.
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