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Abstract. Gum ghatti-cl-poly(acrylamide-aniline) interpenetrating network (IPN) was synthesized by a two-step aqueous
polymerization method, in which aniline monomer was absorbed into the network of gum ghatti-cl-poly(acrylamide) and
followed by a polymerization reaction between aniline monomers. Initially, semi-IPN based on acrylamide and gum ghatti
was prepared by free-radical copolymerization in aqueous media with optimized process parameters, using N,N!-methylenebis-acrylamide, as cross-linker and ammonium persulfate, as an initiator system. Optimum reaction conditions affording
maximum percentage swelling were: solvent [mL] =12, Acrylamide (AAm) [mol·L–1] = 1.971, Ammonium peroxydisulfate
(APS) [mol·L–1] = 0.131·10–1, N,N!-methylene-bis-acrylamide (MBA) [mol·L–1] = 0.162·10–1, reaction time [min] = 210,
temperature [°C] = 100 and pH = 7.0. The resulting IPN was doped with different protonic acids. The effect of the doping
has been investigated on the conductivity and surface morphology of the IPN hydrogel. The maximum conductivity was
observed with 1.5N HClO4 concentration. The morphological, structural and electrical properties of the candidate polymers
were studied using scanning electron micrscopy (SEM), Fourier transform infrared spectroscopy FTIR and two-probe
method, respectively.
Keywords: polymer gels, gum ghatti, interpenetrating network, electrical properties

1. Introduction

Recently, the modifications of crosslinked hydrogels with conducting polymers (CPs) lead to the
preparation of multifunctional electrical conducting
materials. This offers a facile methodology to combine the superior properties of CPs with the highly
crosslinked hydrogels. The resultant hydrogel exhibit
quite different characteristics from the individual
materials, for example, the electrical conductivity
and thermal stability of the resultant hydrogels have
much improved over that of bare hydrogel [1, 2].

They also showed good process ability, chemical
stability towards dopants and solubility under readily accessible conditions [3]. Conducting hydrogels
have been used in fuel cells, super capacitors; dye
sensitized solar cells and rechargeable lithium batteries [4]. Many efforts have been made to successfully modify the crosslinked hydrogels with the different materials as polyaniline, graphite, Cu, etc. by
a two-step synthesis method [5–8].
On the other hand, superabsorbent hydrogels (SAHs)
are three-dimensional (3D) polymer networks that
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can absorb water and swell to several times their
initial dry volume. The crosslinked hydrogels have
outstanding properties such as, hydrophilicity, excellent swelling capacity, lack of toxicity, and biocompatibility which makes them potential candidates to
use in a variety of fields [9]. They can respond to
slight changes in temperature, pH and light are area
of extensive research because of their responsive
properties [10]. Hydrogels are particularly useful in
agriculture and horticulture, sensors, biomedical
and pharmaceutical applications [9, 11, 12].
Gums are important families of natural polymers
derived from the seeds or tubers of plants and gum
ghatti is a promising polysaccharide [13]. The polysaccharide gums have a different molecular structure and properties, but their common advantages
such as renewable, biodegradable, nontoxic, biocompatibility, etc. make them useful in extensive
applications as a commercial polymer in many
areas [14, 15].
Among the conducting polymers (CPs), polyaniline
(PANI) is a well-known versatile conducting material, which has found particular biological utility
due to its easy synthesis, low cost, tunable conductivity, and environmental stability [16, 17]. The conductivity of PANI can be controlled by the protonation of the imine sites on the main polymer chain. It
is well reported in literature that the electrical conductivity of PANI depends mainly on the dopant
concentration, oxidant-to-monomer ratio, the rate
of addition of oxidants, the nature of dopants, purity
of monomer and polymerization time, etc. [18–20].
Crosslinked hydrogels based on gum ghatti were
studied to determine their absorbency and biodegradability [21, 22]. Various authors synthesized electrical conducting hydrogels based on different polysaccharides and polyaniline through graft copolymerization [23–26]. The produced materials have found
applications in the area of biosensors and gas sensors [3, 25]. The present work reports on the synthe-

sis of electrical conducting IPN biopolymer based
on Gg-cl-poly(AAm) and PANI in hot air oven. Initially, a semi-IPN based on AAm and gum ghatti
has been synthesized using free radical copolymerization with optimized process parameters (viz. concentration of monomer, solvent and crosslinker, reaction time, pH of solution, etc.). The synthesis of IPN
hydrogel consisting of poly(acrylamide-aniline)grafted gum is also reported. The effects of protonic
acid dopants on the conductivity and surface morphology of the IPN hydrogel were investigated.
This study has been extended to the examination of
the synthesized crosslinked hydrogels for their thermal stability. The main advantage of present work
is to explore the use of natural resources and
increase their usefulness in broader prospective by
chemical modifications.

2. Experimental section
2.1. Materials

Gum ghatti (Gg) was purchased from Sigma Aldrich.
Ammonium peroxydisulfate (APS) (99.5%), N,N!methylene-bis-acrylamide (MBA), aniline (99.5%)
and all the protonic acids (>99% purity) were purchased from Merck India Co. Deionized water was
used for all reactions.

2.2. Preparation of Gg-cl-poly(AAm)
A polymer matrix composed of Gg-cl-poly(AAm)
was prepared by using MBA as crosslinker and APS
as initiator in hot air oven. In a typical experiment,
0.5 g gum ghatti was dissolved in 10 mL of triple
distilled water in a reaction flask. To this reaction
mixture, a calculated amount of APS and MBA were
added followed by the addition of AAm under continuous stirring. The reaction container was kept in
a hot air oven at 60°C for a fixed time period and
the resulting product was freed from homopolymer
through solvent extraction using acetone. Finally,
the product was dried in a hot air oven at 50°C. Var-

Table 1. Effect of different reaction parameters on Gg-cl-poly(AAm) and Gg-cl-poly(AAm-ipn-aniline)
Sample code
Gg-clpoly(AAm)
Gg-clpoly(AAm-ipnaniline)

Optimized reaction parameters
Mean
percentage
Cross-linker
Amt. of
±SD
Time
Monomer
Temperature
swelling
[mol/L]
solvent
pH
[min]
[mol/L]
[°C]
(M)
·10!!
[mL]

Backbone
[g]

Initiator
[mol/L]
·10–1

0.5

0.131

210

12

7

1.971

0.162

60

850.43

24.36 14.01

0.5

0.131

210

12

7

2.219·10–4

0.162

60

686.30

12.50

Where, number of replication = 3, M – mean, ±SD – standard deviation and ±SE – standard error of mean.
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ious reaction parameters such as monomer concentration, initiator concentration, cross linker concentration, polymerization time, temperature, solvent
and pH of the reaction mixture were optimized to
get the maximum percentage swelling (Ps) (Table 1).

2.3. Preparation of
Gg-cl-poly(AAm-ipn-aniline)
On the basis of the Gg-cl-poly(AAm) superabsorbent, a Gg-cl-poly(AAm-ipn-aniline) hydrogel
was prepared according to the following procedure.
For each experiment Gg-cl-poly(AAm) (0.5 g) was
added to an aqueous medium with 2.129 mol·L–1 of
aniline monomer. The resulting solution was kept
for 16 h at room temperature, which resulted in the
absorption of aniline monomer in the Gg-cl-poly
(AAm) network and the formation of a swollen
sample. To this mixture a preoptimized initiator
(0.131·10–1 mol·L–1) and crosslinker concentration
(0.162·10–1 mol·L–1) was added during constant
stirring. When a small amount of APS solution was
added slowly into the solution at the polymerization
step, the slightly brown color of the reaction solution changed to slightly green. The resulting solution
was kept in hot air oven at 60°C for a preoptimized
time period (210 min). The resulting product was
washed with 1-methyl-2-pyrrolidone (NMP) to
remove the homopolymers. Finally, the product was
dried in a vacuum oven at 50°C and a solid Gg-clpoly(AAm-aniline) IPN structure was obtained.
Optimization was done with respect to aniline concentration (Table 1). The synthesis of the conducting IPN was carried out in a similar fashion containing 0.5N aqueous acidic media of protonic acids
such as H2SO4, HCl, HClO4, PTS or HNO3 in the
reaction flask, respectively. The conducting IPN
was also synthesized at various concentrations of
HClO4 varying from 0.5–2.5N, respectively.
2.4. Characterizations
X-ray diffraction (XRD) patterns were recorded on
a Phillips X-ray diffractometer with Cu-K" radiation (1.54 Å) for a wide range of Bragg’s angles 2!
(10 < ! < 60) at the scanning rate of 1° per minute.
The operating voltage and current for the X-ray gun
were 40 kV and 40 mA, respectively. Fourier transformed infrared (FTIR) spectral studies of raw and
cross linked samples were recorded using a Perkin
Elmer FTIR spectrophotometer using KBr pellets.
The analysis conditions were: wavenumber range

of 600–4000 cm–1, 4 cm–1 resolution, 40 scans, and
room temperature (25°C). Thermal gravimetric
analysis (TGA) spectra were taken by using a Perkin
Elmer Diamond instrument in air at a heating rate
of 10°C/min. A Shimadzu SSX-550 Superscan scanning electron microscope (SEM) was used to capture the SEM images at different magnification.
Room-temperature d.c. electrical conductivity was
measured by the two-probe technique using a
Keithley 2400 source meter. The electrical conductivity measurements were made on compressed circular pellets (mass ~0.2 g, diameter = 8 mm, thickness = 1±0.07 mm, pressure = 8 t/cm2). The resistivity of the sample was calculated using the Equation (1) [26]:
r5R

A
I

(1)

where ", R, A, and l are resistivity [#·cm], resistance [#], area of the pellet [cm2], length of the pellet [cm], respectively.
Conductivity can be computed using the relationship, # = 1/", where # is the conductivity, and " the
resistivity of the sample.

2.5. Swelling behavior
The pre-weighted crosslinked hydrogel was immersed
in excessive distilled water and kept undisturbed for
16 h at room temperature. The swollen hydrogel was
dried with filter paper and drained for some time
until no free water remained. After weighing the
swollen hydrogel on an analytical balance (accuracy ±0.00001 g), the percentage swelling (Ps) may
be calculated by using the Equation (2) [27]:
Ps 5

Ws 2 Wd
100
Wd ~

(2)

where Ws is the weight of swollen polymer and Wd
is the weight of dry polymer.

3. Results and discussions
3.1. Mechanism of hydrogels formation

Polyacrylamide grafted gum ghatti was synthesized
in a hot air oven at 60°C. APS is a thermal initiator
and decomposed under heat leads to the formation
of sulphate ion radicals (Figure 1). The sulphate ion
radical formed from homolytic cleavage of initiator
reacts with water and gives rise to hydroxyl free
radical [28]. The free radicals also generated on the
polar –OH groups of the gum ghatti backbone. The
269
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Figure 1. Generation of primary radicals under heat

monomer molecules, which are in close vicinity of
the reaction sites, become acceptor of gum ghatti
radicals resulting in the chain initiation and thereafter themselves become a free radical donor to
neighboring molecules [29, 30]. During chain propagation crosslinker end groups may react with the
polymer chain. The copolymer formed in this way

consisted of a crosslinked structure [30]. Various
authors reported free radical copolymerization of
vinyl monomers with carbohydrate polymers using
peroxydisulfate, a chain mechanism is involved due
to the formation of sulphate ion radicals, which are
well known ion chain carriers for the graft copolymerization [26, 31–33].
The semi-IPN network will serve effectively as a
medium for the graft copolymerization of aniline
monomer in the presence of the MBA and APS as a
crosslinker initiator system. At the same time peroxysulfate stimulus the oxidative polymerization
reaction of aniline via a medium of cationic radicals
and form PANI and PANI radicals (Figure 2) [31,

Figure 2. Formation of polyaniline ion radicals under heat
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Figure 3. Formation of conducting Gg-cl-poly(AAm-ipn-aniline)

Figure 4. Schematic representation of preparation of Gg-cl-poly(AAm-ipn-aniline) hydrogels

34]. When a fully swollen semi-IPN is put in the
aqueous aniline solution for 16 h, there occurs a
form of loosely bound network between the semiIPN and aniline monomer. Finally Semi-IPN radical and PANI cation radicals are combined to form
Gg-cl-poly(AAm-ipn-aniline) graft copolymer. Sulfate ion is the primary radicals, generated from the
APS by the reduction of one electron as shown in
Figure 1. Simultaneously, APS generated sulfate
ion radical by the reduction of two electrons and act

as oxidant. They initiate the oxidative polymerization of aniline. The macro radical semi-ipn* may be
generated by the abstraction of H by the growing
PANI ion radical in the acidic medium, which may
add onto the semi-ipn macro radicals generating
new radical semi-IPN* and these chains will be
grow and combined with other semi-IPN* chains to
give a graft copolymer (Figure 3) [26, 31]. Preparation of Gg-cl-poly(AAm-ipn-aniline) conducting
hydrogel is schematically displayed in Figure 4.
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3.2. Optimization of different reaction
parameters for the synthesis of semi-IPN
[Gg-cl-poly(AAm)]
In order to get the crosslinked hydrogel with maximum swelling capacity, the different reaction parameters such as initiator, crosslinker and monomer
concentration, reaction time, amount of solvent, pH
and reaction temperature were optimized (Figure 5).
It was observed that the APS/MBA system could
effectively be used to crosslink AAm onto Gum
ghatti and maximum percentage swelling (857%)
was observed with APS, AAm and MBA concentration of 0.131·10–1, 1.971 and 0.162·10–1 mol·L–1,
respectively. The optimized reaction time was
found to be 210 minutes.
Here it is observed that an increase in the concentration of the initiator led to a decrease in the swelling
of the superabsorbent (Figure 5a). This is due to the
fact that the increase in initiator concentration resulting in an increased number of free radicals led to a
terminating step by initiating a bimolecular collision [35] and decreasing molecular weight of the

candidate superabsorbent [36], so both results in
shortening of the polymer chains and reducing the
available free volumes within the hydrogel.
Reaction time was found to possess an important
role in getting the synthesized samples with higher
water absorbency. However, after attaining the optimum reaction time further increment resulted in a
decreased percentage swelling (Figure 5b), which
again could be due to excessive crosslinking resulting in more compactness and rigidity [37].
Other optimized parameters such as reaction solvent, pH and temperature were found to be 12 mL,
7.0 and 60°C respectively (Figure 5c–5e). In the case
of the reaction medium different controlling phenomenon was found to play an important role in
deciding the reaction volume dependent swelling of
the synthesized samples. The maximum swelling of
crosslinked superabsorbent was observed with a
12 mL solvent (Figure 5c). However, further increase
in the amount of solvent results in increasing concentrations of hydroxyl radicals which finally leads
to the termination of the chains. Since the absorbency

Figure 5. Variation of percentage swelling with (a) initiator concentration, (b) reaction time, (c) solvent concentration,
(d) pH, (e) temperature, (f) monomer concentration, (g) amount of crosslinker, and (h) amount of aniline
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of the superabsorbent is strongly influenced by the
ionic strength therefore, no additional ions were
added to the medium (through buffer solution) for
setting the pH. The equilibrium swelling was studied
for pH from 3.0 to 11.0 using NaOH stock solution
(Figure 5d). Maximum Ps (857%) was observed in
the neutral medium whereas, a lesser Ps was found in
acidic as well as in the alkaline media. The minimum
swelling occurred in the hydrogel prepared in the
highly acidic medium having a pH of 3 to 5. Which
might be due to the fact that the NH2 groups of acrylamide being present along the macromolecular
chains in the hydrogel remained almost unionized
[38], thus resulting in almost nil osmotic swelling
pressure inside the hydrogel [39]. It was observed that
hydrogel prepared in neutral a medium showed
maximum swelling because the degree of protonation in acrylamide increased and NH2 ions get converted to NH3+ ions that resulted in a more hydrophilic polymer network and contributed to the higher
water uptake [40].When the pH was changed to basic,
dissociation of –NH2 group is almost complete but
a very high concentration of Na+ and OH– ions lead
to the reduction of Ps. The highest concentration of
Na+ ions acted as a screening bar hence a lesser Ps
was observed [41] (Figure 5d).
It has been observed that the water absorbency of
the hydrogels increased significantly with increasing the reaction temperature from 40 to 60°C (Figure 5e). Furthermore, an increase in the reaction temperature lead to degradation of the carbon chain by
sulphate radicals generated due to the decomposition of APS. The decomposition of APS also gave
O2 radical scavenger which reacted with free radicals which lead to less hydrogel formation [42].
Additionally high temperature also leads to the
fastest chain termination and chain transfer reactions.
Similarly with the increase in AAm concentration
beyond the optimum level gave rise to favored homopolymerization over graft copolymerization and
also caused the self-cross-linking phenomenon [35]
and cross-linker concentration though gave rise to a
medium stable product but increased crosslinking
resulted in a rigid and compact structure with
decreased swelling capacity [36] (Figure 5f). Crosslinker could prevent the dissolution of hydrophilic
polymer chains in aqueous medium and increased the
dimensional stability. Therefore, the significance of
the optimization was to get the synthesized product

with maximum water absorbance capacity along
with good dimensional stability.
Semi-IPN with a varying amount of crosslinker in
the 0.0972·10–1 to 0.356·10–1 mol·L–1 ranges were
synthesized and swelling capacity in distilled water
was investigated. The results, as shown in the Figure 5g, indicate that as the concentration of crosslinker increases from 0.0972·10–1 to 0.162·10–1 mol·L–1,
the swelling capacity of the resulting hydrogel
increased. However, a further increase in the crosslinker concentration decreased the swelling capacity. The higher concentration of crosslinker resulted
in the enhancement in degree of crosslinking which
in terms decreased in flexibility of the macromolecular chains [43]. This hindered the chain relaxation
process, thus causing a decrease in the swelling
capacity. This behavior can also be explained in
terms of the reduction in gelation time with the
increase in the crosslinker concentration. At higher
crosslinker concentration, the gelation time was so
short that bubbles formation did not occur in the
proper manner, due to an increase viscosity of the
gelation medium. In this way the extent of porosity
decreased in the resulting hydrogel which lead to
the lowering of swelling capacity.
After the optimization of different reaction parameters for the formation of semi-IPN in the hot air
oven, the replications carried-out for the reproducibility of the results were in triplicates and the
statistics of the results obtained was performed
using the Statistical Package for Social Science
(SPSS) version 10. Statistical results of the optimum percent grafting and percent swelling are
depicted in Table 1.

3.3. Optimization of aniline concentration for
the synthesis of
Gg-cl-poly(AAm-ipn-PANI)
The effect of the aniline concentration was studied
at different concentrations keeping other influential
factors constant. It has been observed that with initial increases in aniline concentration, there was an
increase in percentage swelling. However, after
reaching the maxima, further increase in aniline
concentration resulted in decreased swelling capacity of the synthesized sample (Figure 5h). This could
be due to the more compactness, decreased pore
size and formation of PANI homopolymer, giving rise
to decreased water absorbency [31].
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3.4. FTIR spectroscopy
The crosslinking was determined on the basis of IR
spectrum of gum ghatti, Gg-cl-poly(AAm) and Ggcl-poly(AAm-aniline) (Figure 6). The gum ghatti
showed broad peaks at 3434 and 1032 cm–1, characteristics of the saccharide structure (due to –OH
stretching) [44]. The peaks at 2925 and 1622 cm–1
was assigned to the stretching vibration of the –CH
group and –C=O stretching of a carbonyl group
respectively [30]. Another characteristic peak of the
acid group was found at 1422 cm–1 due to –OH
bending. After gum ghatti had been grafted copolymerized with acrylamide, broad peaks were observed
at 1658 and 1456 cm–1 contributing to the C=O
stretching of amide I band and –NH in plane bending of amide II respectively [21, 22]. Interestingly,
the peaks after grafting shifted to a higher wavenumber region indicating the formation of crosslinked
hydrogel. On the other hand FTIR spectrum of Ggcl-poly(AAm-ipn-aniline) illustrated the characteristics peaks of PANI, as well as Gg-cl-poly(AAm)

Figure 6. FTIR spectra of (a) Gum ghatti, (b) Gg-cl-poly
(AAm) and (c) Gg-cl-poly(AAm-ipn-aniline)

[30, 45]. The bands at 1496 and 1574 cm–1 represent the benzoid and quinoid ring vibration of PANI,
respectively. Conducting form of PANI is described
by band at 1237 cm–1 [10, 46]. The bands at 796 and
1731 cm–1 were corresponding to an out-of-plane
bending vibration of C–H on para-disubstituted
rings and carboxyl groups, respectively [10, 47,
48]. It has been reported that the band at 1110 cm–1
to be a measure of the degree of the delocalization
of electrons and is also revealing of high conductivity. The shifting and formation of new bands (728,
3660 and 3768 cm–1) supported the formation Ggcl-poly(AAm-aniline) hydrogel. Thus, it is quite evident from FTIR studies that grafted chains of AAm
and aniline got grafted onto gum ghatti.

3.5. Current-voltage characteristics
The current-voltage (I-V) curve of the IPN samples
at room temperature was measured using a twoprobe method. The I-V relationships of the IPN
sample with 0.5N concentrations of each dopant are
shown in Figure 7a, which shows an ohmic behavior. The nature of the dopants significantly influenced the conductivity. The differences in I-V characteristics were due to the effect of the dopant ions.
It was found that HClO4 doped IPN showed a maximum current, which pointed to the maximum conductivity (Table 2). Various authors reported the synthesis of PANI by using different dopants and its
characterization [49, 50]. Kulkarni et al. [51] synthesized PANI by chemical polymerization using different inorganic acids, such as HCl, H2SO4, HClO4,
and HNO3, as protonic acid media. They have
reported a maximum conductivity for HClO4 doped
PANI sample.

Figure 7. Current-voltage plots for IPN hydrogel with (a) different dopants and (b) as a function of perchloric acid concentration
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Table 2. Room-temperature conductivities of IPN hydrogel
doped with different acids
Hydrogels
Gg-cl-poly(AAm-ipn-aniline)-H2SO4
Gg-cl-poly(AAm-ipn-aniline)-HCl
Gg-cl-poly(AAm-ipn-aniline)-HClO4
Gg-cl-poly(AAm-ipn-aniline)-HNO3
Gg-cl-poly(AAm-ipn-aniline)-pTS

Conductivity
[S/cm]
0.15·10–7
0.80·10–7
0.50·10–6
0.10·10–8
0.20·10–7

Taking this into account the IPN samples were further doped with different concentration of HClO4
varying from 0.5–2.5N (Figure 7b). The improvement in the electrical conductivity with increasing
HClO4 concentration was due to increasing the
degree of protonation of the imine group of PANI in
the IPN. However, a decrease in electrical conductivity occurred at higher HClO4 concentrations (2.0–
2.5N). This may be probably due to the over protonation of PANI chains causing a decrease in the
delocalization length of PANI and hindrance in the
amount of the electrons between the valence band
and the conduction band. The maximum conductivity was observed at a 1.5N HClO4 concentration. Various authors reported the synthesis of conducting
hydrogels with different materials [3, 5–7, 52].

3.6. Surface morphology
The surface morphology of the gum ghatti and its
amalgamated structures are shown in (Figure 8) in
three states the native, cross linked and layered/
hybrid with polyaniline (undoped). The pure gum
ghatti showed a smooth surface as shown in Figure 8a–8b. The film is also covered with white spots
uniformly distributed over the whole surface [29,
30]. After the cross linking of gum ghatti with poly
(AAm), the structural morphology gets changed
and resembles an whisker like morphology with a
rough agglomerated surface (Figure 8c–8d). These
figures display the favorable cross linking network
between gum ghatti and poly(AAm). Gg-cl-poly
(AAm-ipn-aniline) hydrogel form a heterogeneous
network type structure, as shown in Figure 8e–8f. The
three micrographs and their magnified images clearly
show the variation in chemical structures and change
in surface morphology in the cross linked networks.
Figure 9 shows SEM micrographs of Gg-cl-poly
(AAm-ipn-aniline) doped with H2SO4, HCl, HClO4,
HNO3 and pTS. The morphology of the IPN samples was changed based on the type of acid used to
dope. As shown in the SEM images of Figure 9,

IPN samples with varying dopants exhibit varying
microstructures. It was observed that the type of
dopants has considerable influence on the properties-in particular, electrical and morphological features of the resulting IPN hydrogel. Each acid produced characteristic morphology. It is well documented that the incorporation of dopant ions modifies the polymer lattice, which leads to the ionization of sites in the chains which in terms creates
defects in the chain [53]. The formation of defects
due to the dopant ions provide the mobility of the
charge carriers on which conduction depends. Moreover, the conductivity is also dependent on the number of charge carriers. The morphological studies
reveal some interesting features as a function of
protonic acid used during synthesis.
Figure 9a–9b shows the H2SO4 doped IPN showing
agglomerated particles type morphology with different shapes and noticeable pores which can be
useful for chemical sensing applications. The HCldoped sample has flat-faced particles of varied shapes
and sizes (Figure 9c–9d); the HClO4 doped sample
(Figure 9e–9f) has a rough surface with noticeable
pores. Figure 9g–9h shows the loose flaky structures of the HNO3-doped IPN hydrogel. Lastly, Figure 9i–9j shows the rough surface of the pTS doped
sample. The low conductivity of the HNO3-doped
sample may be due to these loose flaky structures
and presence of air space. Thus, SEM analysis reveals
the variation in the surface morphologies of the
undoped and doped IPN hydrogel. Finally, it can be
concluded that the surface morphology and the conductivity of the resulting IPN hydrogel can be tuned
by varying the types of dopant.

3.7. X-ray diffraction studies
XRD patterns of the samples are characterized by
halos extending in the 2! range 10–60°. XRD pattern of gum ghatti showed that the gum ghatti is
partly crystalline with a dominant amorphous phase
while on poly(AAm) grafting, the graft copolymer
acquires more amorphous area (Figure 10). Change
in the XRD pattern confirms the grafting. In the graft
copolymer the decrease in the diffraction intensity
and an increase in the broadness was due to the
presence of poly(AAm) grafts at gum ghatti, which
was also confirmed by changes in the surface morphology as seen from SEM micrographs (Figure 8a–
8f). Gum ghatti showed peaks at 19.740 and 360 with
relative intensities of 462 and 257, respectively.
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Figure 8. Scanning electron micrographs of (a–b) Gum ghatti, (c–d) Gg-cl-poly(AAm), and (e–f) undoped Gg-clpoly(AAm-ipn-aniline)

However, Gg-cl-poly(AAm) showed peaks at 22
and 35.4° with relative intensities of 289 and 150,
respectively. It is interesting to note that the intensity of the diffraction peaks increased with a cross
linked network on moving from Gg-cl-poly (AAm)
to Gg-cl-poly (AAm-ipn-aniline), which indicated
the enhancement in crystallinity [30, 44]. This
enhancement in crystallinity could be attributed to
the interaction of PANI chains in the crosslinked

network of Gg-cl-poly(AAm) [54]. The PANI chains
crosslinked with each other during the polymerization process to form a network structure [30]. This
phenomenon relates the changes in the surface morphology revealed by SEM images. Thus, the XRD
patterns of the crosslinked hydrogels provide an
additional evidence of AAm and PANI crosslinking
onto gum ghatti.
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Figure 9. Scanning electron micrographs of IPN samples doped with (a–b) H2SO4, (c–d) HCl, (e–f) HClO4, (g–h) HNO3
and (i–j) pTS
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Figure 10. XRD patterns of the Gum ghatti, Gg-cl-poly
(AAm) and Gg-cl-poly(AAm-ipn-aniline)

3.8. Thermal analysis
The effect of crosslinking of poly(AAm) and poly
(AAm-aniline) on the thermal stability of gum ghatti
was studied with the help of the thermogravemetric
technique (Figure 11). Grafting is clear from the
TGA that the Gg-cl-poly(AAm-ipn-aniline) has more
thermal stability than the gum ghatti and Gg-clpoly(AAm) both [26]. The percent of weight losses
at the selected temperatures are listed in Table 3.
TGA of Gg showed two-stage decomposition. Gg
exhibited initial decomposition temperature (IDT) at
207°C and final decomposition temperature (FDT)
at 534°C [44]. Whereas, Gg-cl-poly(AAm) showed

Figure 11. TGA spectra of Gum ghatti, Gg-cl-poly(AAm)
and Gg-cl-poly(AAm-ipn-aniline)

IDT at 190°C and FDT was at 578°C. It was found
that the IDT of Gg was higher whereas, the FDT
was lower than that of Gg-cl-poly(AAm). The TGA
spectrum of IPN shows three-step degradation. The
first step degradation was due to the loss of moisture or water content, which ends at 180°C [55]. The
second weight (28%) loss at temperature between
211 and 320°C is believed to be due to the elimination of some low molecules or due to dopant evolution. The third stage decomposition started at about
340°C is assigned to the breakdown of the IPN
structure. Thus, it is clear from the thermo gravimetric analysis studies that the synthesized IPN was
found to posses higher thermal stability with higher
decomposition temperature in comparison to gum
ghatti and semi-IPN Gg-cl-poly(AAm). Thus, good
thermal stability coupled with high electrical conductivity is the most significant advantage of dopants
for the synthesis of conducting IPN hydrogels. This
enhanced thermal stability of the grafted hydrogel
networks might be due to the formation of crosslinks between different polymeric chains through
covalent bonding.

4. Conclusions

In summary we have investigated the effects of
dopants on the surface morphologies and electrical
conductivity of the IPN hydrogels. It was found that
the surface morphology and electrical conductivity
strongly depended on the type of dopants. These
results indicate that the present work may open a
new way to synthesize IPN structures with different
surface morphologies and conductivities. Further,
thermogravemetric analysis showed good thermal
stability for the IPN hydrogel. The hydrogels based
on biodegradable natural gum ghatti significantly
improved the swelling capacity, which can be used
as promising water holding materials for agricultural and biomedical applications. Further studies in
the direction of controlled drug delivery of crosslinked hydrogels are under progress in order to
extend the application of these hydrogels in biomedical applications.

Table 3. Details of % weight loss at different temperatures
Sample name
Gg
Gg-cl-poly(AAm)
Gg-cl-poly(AAm-ipn-aniline)

IDT
[°C]
207
190
100

FDT
[°C]
534
578
600

250°C
5.8
12.0
18.0

278

Weight loss [%] at different temperature
300°C 350°C 400°C 450°C 500°C
32.3
61.2
65.8
69.7
70.7
23.7
30.7
53.3
63.2
66.0
26.0
30.7
43.7
51.0
52.7

600°C
73
68
54
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