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Abstract

Superparamagnetism

Tetraaniline nanostructures/magnetite nanoparticles (FesO, NPs) have been prepared via in situ self-assembly
method using ammonium persulphate as an oxidant in the presence of p-toluene sulphonic acid as a dopant as
well a soft template. The effect of the concentration and molar ratio of p-toluene sulphonic acid to aniline on the
morphology and size of the nanostructures, and the crystallinity, thermal stability and magnetic properties of the
nanocomposites have been studied by UV-visible spectroscopy, Fourier transform infrared spectroscopy, X-ray
diffraction, scanning electron microscopy, transmission electron microscopy, thermogravimetric analysis and
vibrating sample magnetometry. The spectroscopic results indicated the interaction between the tetraaniline
nanostructures and the FesO4 NPs. The microscopic results show that the FesO4 NPs were coated on tetraaniline
nanostructures. The saturation magnetization values and the thermal stability of the nanocomposites were found to
depend on the molar ratio of p-toluene sulphonic acid to aniline.
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Background

Since their discovery, intrinsic conducting polymers (ICPs)
have emerged as potential materials for many technological
applications due to their unique electronic properties cov-
ering the whole insulator-semiconductor-metal range,
mechanical flexibility and relative ease of processing.
Among the most commonly studied ICPs is polyaniline
(PANI) due to its ease of synthesis, unique non-redox dop-
ing/dedoping chemistry, relatively high conductivity and
environmental stability [1], and many technological appli-
cations in molecular electronics, light emitting diodes, sen-
sors, actuators, solar cells, light weight batteries and
antistatic and anticorrosion coatings [2].

Recently, PANI nanostructures such as nanotubes,
nanorods, nanofibers and nanowires have attracted
attention over its bulk counterpart because of their low di-
mensionality and high surface-to-volume ratio. PANI
nanostructures have been prepared by various methods
such as interfacial polymerization, plasma polymerization,
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enzymatic polymerization, electrospinning and rapid
mixing polymerization in the presence of specific structure-
directing materials such as zeolite channels, porous mem-
branes, opal, surfactants, polymers and bulky organic acid
dopants [3-9]. In hard-template method, it is very difficult
to retain ordered PANI nanostructures because harsh ex-
perimental conditions are required for the removal of hard
templates [10,11]. However, the soft-template method has
the advantage in preparing large quantities of PANI nano-
structures by being simple and cost effective. In this
method, large quantities of PANI nanostructures are pro-
duced using structure director in the form of surfactants
and bulky organic acids. The external dopant acid forms
complexes with monomer via the acid-base chemistry and,
as a formed complex, acts as a soft template for the growth
of the PANI nanostructures.

Even though PANI nanostructures have been studied
extensively, a very little emphasis is given on the synthe-
sis of the nanostructures of PANI oligomers such as
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tetraaniline, octaaniline and hexadecaaniline, which have
been studied experimentally and theoretically as model
compounds for PANI. Among the PANI oligomers,
tetraaniline (TANI) has received great attention because
it is soluble in common solvents, exhibits similar elec-
troactivity as PANI and has well-defined structure,
designed end group and monodispersed molecular
weight. The most useful form of PANI is emeraldine
(EBPANI), which has ca. 50% amine and ca. 50% imine
nitrogen, in which one of its four rings is quinoid, the
remaining three being benzenoid. TANI is a perfect
model compound for PANI since its chemical structure
resembles that of EBPANIL

ICP nanocomposites, in particular, with magnetic
nanoparticles (MNPs), have also received a great deal of
attention because they are multifunctional materials
with many technological applications like magnetic
electrocatalysis, non-linear optic processes, electromag-
netic interference shielding, antibiofouling, separation
and purification of biomolecules, as carriers for targeted
drug delivery and biosensors [12-15]. Among all MNPs,
magnetite nanoparticles (Fe3O4 NPs) have attracted at-
tention because they have many potential applications
due to their low toxicity, high saturation magnetization
biocompatibility. In most of these applications, mag-
netic nanoparticles are found to be easily dispersed in
aqueous solution, which have particle sizes less than the
critical size, without forming any aggregation. However,
Fe;O, NPs easily aggregate because of dipole-dipole
interaction and van der Waals attractive forces between
the nanoparticles, which results in poor magnetic prop-
erties and low dispersibility. One of the important ap-
proaches is, therefore, to overcome these limitations by
protecting the Fe;0, NPs with macrocyclic surfactants,
polymers, inorganic metals, or oxides. The advantage of
using a protective layer around each nanoparticle is
that it not only avoids aggregation but also provides a
platform for further functionalization. Among all the
protective layer materials, PANI has received more at-
tention. However, like other ICPs, the solution pro-
cessing of PANI is difficult because of the presence of
intrachain and interchain H-bonding interactions aris-
ing from the N-quinonoid and benzenoid units.

Here, we report a novel, scalable and simple one-pot
synthesis of p-toluene sulphonic acid (PTSA)-doped
TANI/Fe;0, NP nanocomposites via micelle-assisted
in situ chemical oxidative polymerization using ammo-
nium peroxydisulphate (APS) as an oxidant. In this
technique, PTSA acts as the dopant as well as the
soft template for the synthesis of TANI/Fe;O, nano-
composites. The effect of PTSA concentration and
molar ratio of PTSA to monomer on the morphology,
crystallinity, magnetic properties and thermal properties
of the nanocomposites have been investigated.
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Results and discussion

PTSA-doped TANI/Fe;0, nanocomposites have been pre-
pared by oxidative chemical polymerization using APS as
an oxidant. PTSA has been found to play a dual role in
the formation of TANI nanostructures as a dopant and as
a surfactant. Due to the presence of methyl group and
hydrophilic ‘-SO3H’ group, PTSA can form micelles in
water. PTSA can also form micelles by forming a complex
with NPPD via the acid-base interaction between the -SO
sH group of the PTSA and the “-NH,” group of the
NPPD. Thus, the reaction medium consists of PTSA mi-
celles, PTSA-NPPD micelles and free NPPD. Moreover,
the concentration of the PTSA micelles, PTSA-NPPD mi-
celles and anilinium cations present in the reaction solu-
tion is dependent on the molar ratio of PTSA to NPPD
which results in the variation of morphology and size of
the TANI/Fe30O, nanocomposites. As formed, the PTSA
micelles or the PTSA-NPPD micelles serve as “soft tem-
plate” for the growth of the TANI nanostructures. The
presence of excess free PTSA can effectively prevent the
formation of larger particles due to steric hindrance of
bulky polymeric acids surrounding each nanoparticle and,
thereby, producing nanometre-size polymer. Moreover,
the hydrophilic “-SO3” group of PTSA limits the size of
the Fe3O4 NPs by forming a coating layer around the par-
ticle, while the hydrophobic methyl group acts as a barrier
to prevent the Fe;O, NPs from aggregating, which results
from the repulsive forces among the surroundings
nanoparticle.

The molecular structure of the PTSA-doped TANI/
Fe;0O4 nanocomposite was investigated by UV-visible spec-
troscopy, FTIR spectroscopy and powder X-ray diffraction
(XRD). Figure la,b,c,d,e represents the powder XRD pat-
terns of the PTSA-doped TANI/Fe;0, nanocomposites
prepared with 1:1, 2:1, 3:1, 4:1 and 5:1 molar ratio of PTSA
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Figure 1 XRD patterns of PTSA-doped TANI/Fe;0,

nanocomposites prepared with different molar ratios of PTSA
to NPPD.
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to NPPD. The XRD patterns show both the broad amorph-
ous peaks and sharp crystalline peaks of TANI. The broad
peaks were observed at 26 = 19.8° and 25°, while the sharp
crystalline peaks, at 26 = 11°, 13° and 22°. The sharp crys-
talline peaks originated from the increase in the interplanar
distance due to the inclusion of PTSA in the tunnels be-
tween the TANI chains. The XRD patterns centred at 26 =
31°, 36°, 44°, 58° and 63° can be indexed as (220), (311),
(400), (511) and (440) planes of the magnetite, respectively,
which are in good agreement with the standard magnetite
JCPDS card (card no. 19-0629).

The UV-vis spectra of the PTSA-doped TANI/Fe;O,
nanocomposites prepared with 1:1, 2:1, 3:1, 4:1 and 5:1
molar ratios of PTSA to NPPD are presented in Figure 2.
The UV-vis spectra of the nanocomposites dispersed in di-
methyl sulphonic oxide (DMSO) show three prominent
absorption bands at 285, 335 and 595 nm. The absorption
band at 285 is ascribed to the m — 7* transition in the
benzenoid rings of PTSA, indicating the doping of PTSA
to TANI in the nanocomposites. The bands at 335 and
595 nm are due to the m — 7* transition of the benzenoid
rings in the TANI chain and the transition caused by the
interchain charge transfer from the two adjacent benzen-
oid rings to the quinoid ring of the TANI chain, respect-
ively [16]. Both these absorption bands were shifted to the
lower wavelength region from those of pure TANI, indi-
cating that there is some interaction between Fe;O, NP
and TANL

Figure 3 depicts the FTIR spectra of the PTSA-doped
TANI/Fe;0,4 nanocomposite synthesized using the differ-
ent molar ratios of PTSA to NPPD (1:1, 2:1, 3:1, 4:1 and
5:1). The bands at 3,180, 1,596 and 1,493 cm ™' are as-
cribed to the N-H stretching vibration, C=C stretching
mode of quinoid phenyl and benzenoid phenyl rings, re-
spectively. The band at 1,408 cm ™" is due to the stretching
frequency of the B-N=Q moiety (where B refers to

—— PTSA-NPPD (5:1)
—— PTSA-NPPD (4:1)
—— PTSA-NPPD (3:1)
—— PTSA-NPPD (2:1)
—— PTSA-NPPD (1:1)
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Figure 2 UV-visible spectra of the PTSA-doped TANI/Fe;0,
nanocomposites.
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Figure 3 FTIR of PTSA-doped TANI/Fe;0, prepared with

different molar ratios of PTSA to NPPD. (a) 1:1, (b) 2:1, (c) 3:1, (d)

4:1 and (e) 5:1.

benzenoid phenyl rings, and Q refers to quinoid phenyl
ring). The C-N stretching and the C-H aromatic in-plane
and out-of-plane deformations of the 1,4-disubstituted
benzene rings were confirmed by the presence of band
1,304, 1,136 and 836 cm™ [17]. The PTSA doping to
TANI/Fe;0, is confirmed by the presence of characteristic
bands due to the symmetric and asymmetric O=S=0
stretching vibrations of the -SO3H group of PTSA (1,038
and 1,008 cm ™). The bands at 580 and 454 cm™* were as-
cribed to the intrinsic Fe-O stretching vibrations of tetra-
hedral and octahedral Fe** of the magnetite nanoparticle
in the nanocomposites [18].

The morphology of the TANI/Fe;O, NP nano-
composites was investigated by transmission electron mi-
croscopy (TEM) and SEM. The SEM images (Figure 4)
show the rod-like morphology of the PTSA-doped TANI/
Fe;0,4 nanocomposite prepared at 5:1 molar ratio of PTSA
to NPPD. It can be seen from the SEM image (Figure 5)
that no rod-like morphology was obtained for the PTSA-
doped TANI/Fe;0, nanocomposite prepared with 4:1, 3:1,
2:1 and 1:1 molar ratios of PTSA to NPPD. The presence
of carbon, nitrogen, oxygen, sulphur and iron in the
TANI/Fe;O,4 nanocomposites is confirmed by energy dis-
persive X-ray analysis (EDAX) (Figure 5f).

Figure 6 shows the TEM images of the as-prepared
PTSA-doped TANI/Fe;O, nanocomposites in direct reac-
tion dispersion and dispersion obtained from final dried
powder dispersed in DMSO. The TEM image (Figure 6a)
clearly reveals the rod-like morphology of the TANI/
Fe30, nanocomposites prepared with the 5:1 molar ratio
of PTSA/NPPD. A closer look at the nanorods reveals that
the average diameter is 40 to 95 nm, and the length of the
nanorods is several hundred nanometres. Figure 6b repre-
sents the TEM image of the PTSA-doped TANI/Fe;0,
nanocomposite after being dispersed in DMSO, which


http://www.jnanochem.com/content/3/1/74

Basavaiah et al. Journal Of Nanostructure in Chemistry 2013, 3:74
http://www.jnanochem.com/content/3/1/74

Page 4 of 8

S Ful Scaie 2711 cts Curser 0000

Figure 4 Images of the PTSA-doped TANI/Fe30, with the 5:1 molar ratio of PTSA/NPPD. (a, b, ¢, d and e) SEM and (f) EDX.

shows spherical Fe;O04 NPs in the composite with aver-
age size of 7 to 10 nm. The TEM images of the PTSA-
doped TPANI/Fe;O, nanocomposite samples prepared
with 4:1, 3;1, 2:1 and 1:1 molar ratios of PTSA to NPPD
are presented in Additional file 1: Figure S1, which show
spherical nanoparticles without any aggregation. The
SAED patterns (see in Additional file 1: Figure S2) show
sharp, well-defined diffraction rings, which reveal the
crystallinity of the Fe3O4 NPs. The corresponding in-
terplanar spacing calculated from the diffraction pat-
terns matched with that of the standard bulk Fes;O,
(JCPDS, card no. 19-0629).

The room temperature field-dependent magnetization
curves of the PTSA-doped TANI/Fe;0, nanocomposites

prepared with 5:1,4:1, 3:1, 2:1 and 1:1 molar ratios of
PTSA to NPPD are shown in Figure 7. The nano-
composite samples exhibited superparamagnetic behav-
iour as evidenced by zero remanence, zero coercivity
and the absence of hysteresis loops. The saturation
magnetization (Ms) values of the PTSA-doped TANI/
Fe;O, are 46, 34, 33, 32 and 10 emu g ', corresponding
to 1:1, 2:1, 3:1, 4:1 and 5:1 PTSA-to-NPPD molar ratios.
The Ms values are much lower than the theoretical Ms
values of bulk magnetite of 92 emu g’1 [19]. The de-
crease of the Ms values is due to the finite size effect
and surface effect. Below the critical particle size, the
total magnetization decreases due to increased disper-
sion in the exchange integral and finally approaches the
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Figure 5 Images of the PTSA-doped TANI/Fe30,4 nanocomposites prepared with different molar ratios of PTSA to NPPD.
The nanocomposites in (a and b) 4:1, (c) 3:1, (d) 2:1, (e) 1:1 molar ratios. (f) EDX of the PTSA-doped TPANI/FesO,

superparamagnetic state. The decrease of the Ms values
may also be due to the increase of the weight ratio of the
non-magnetic PTSA and TANI in the nanocomposites.
Figure 8 shows the TGA curve of the pure TANI and
PTSA-doped TANI/Fe;O, nanocomposites prepared
with various molar feed ratios of PTSA to NPPD under
N, atmosphere at a heating rate 20°C/minute in the
temperature range of 50°C to 840°C. A close compari-
son of the thermal transitions between them revealed
that the TANI/Fe;O, nanocomposites are more ther-
mally stable than pure TANI Three characteristic
weight loss regions were observed for both pure TANI
and all PTSA-doped TANI/Fe;0, nanocomposites. The
first weight loss before 130°C corresponds to the re-
moval of water, excess of unbound PTSA and other

volatile impurities in the composites. The second stage
of weight loss below 350°C is associated to the loss of
bound PTSA and the decomposition of TANI initiated
by the dopant acid. The final continuous weight loss oc-
curring between 350°C and 650°C is attributed to the
breakdown of the main chain of TANI. The TGA curves
of the composites revealed higher final residue and bet-
ter thermal stability due to the higher packing of TANI
and the retarding effect of Fe;O, NPs, respectively.

Conclusions

PTSA-doped TANI/Fe;0, nanocomposites were prepared
by in situ oxidative chemical polymerization technique
using APS, an oxidant, via micelle-assisted self-assembly
method. The SEM and TEM images clearly show that the
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Figure 6 TEM images of the PTSA-doped TANI/Fe304 nanocomposites. (a) Crude and (b) dispersed nanocomposites.
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Fe;0, NPs were coated on the surface of the TANI
nanostructures. The morphology, crystallinity, mag-
netic properties and thermal stability of the nano-
composites were found to be dependent on the
concentration and molar ratio of PTSA to NPPD. Mag-
netic studies show superparamagnetic behaviour, with sat-
uration magnetization values much lower than those for
bulk magnetite. The TANI/Fe;O, nanocomposites showed
higher thermal stability as compared to pure TANI, indi-
cating the interaction between Fe;O, NPs and TANI in
the nanocomposites.

Methods

Materials

N-phenyl-1,4-phenylediamine (NPPD) and PTSA were
obtained from Aldrich Chemical Company (Milwaukee,
USA) and were used as received without further purifi-
cation. APS ((NH,),S,Og), FeCls-6H,O, FeSO,7H,0,
ammonia (NH3-H,0), sodium hydroxide and methanol
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Figure 7 Variation of magnetization as a function of field for

1
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PTSA-doped TANI/Fe;0, nanocomposite samples.

were purchased from Merck & Co., Inc. (Bengaluru,
India) and were used as received without any purifica-
tion. All other reagents were of analytical grade and used
without further purification. Milli-Q (EMD Millipore
Corporation, Billerica, MA, USA) water with resistance
greater than 18 MQ was used for the preparation of all
solutions.

Synthesis of TANI nanorods/ Fe30, NPs composites

PTSA-doped TANI/Fe;O, nanocomposites were pre-
pared via in situ oxidative chemical polymerization
method using APS as an oxidant. In a typical synthesis
process, 0.1840 g of NPPD was dissolved in 50 mL of
Milli-Q water and then 1.9105 g of PTSA was added in
under vigorous stirring. The reaction mixture was
quickly cooled at 0°C to 5°C using ice-water bath with
constant stirring for 2 h. Then, a pre-cooled solution of
1 mL aqueous APS (1 mol L") was added dropwise to
the above under vigorous stirring. The colour of the
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Figure 8 TGA curve of the pure TANI and PTSA-doped TANI/
Fes04 nanocomposites.
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reaction mixture slowly turns from colourless to light blue
and finally to dark green. The reaction is allowed to
proceed for 5 h at 0°C to 5°C before allowing it to attain
room temperature. To the above reaction mixture, 10 mL
of 1 mol L' FeCl;36H,0 and 10 mL of 0.5 mol L'
FeSO,7H,0O aqueous solutions were added at 75°C under
stirring and then 5 mL of 25% NH,OH solution was
added. The colour of the reaction mixture turns black, in-
dicating the formation of magnetite. The reaction was
allowed to proceed for 5 h under vigorous stirring until
TANI/Fe;0, dispersion was obtained. The as-synthesized
nanocomposites were centrifugated and washed with a
large amount of distilled water and then with methanol.
Finally, the product was dried under vacuum at 50°C for 5
h. The same procedure has been adopted for the prepar-
ation of all PTSA-doped TANI/Fe30, composites while
varying the molar ratio of PTSA to NPPD from 5:1 to 1:1.

Characterization

Powder XRD patterns were recorded using a Siemens
AXS D5005 X-ray diffractometer (Mumbai, India) using
CuKa radiation (A = 1.54 A) at 5°/min. Fourier transform
infrared (FTIR) spectra were recorded on a PerkinElmer
SPECTRUM 1000 FTIR Spectrometer (Thane, India) over
the range of 400 to 4,000 cm ™. The powder samples were
mixed thoroughly with KBr and pressed into transparent
pellets. The morphology is investigated with a JEOL
JSM6610 LV scanning electron microscope (SEM, Tokyo,
Japan) equipped with an electron probe microanalyzer and
a FEI TECNAI G2 S-Twin transmission electron micro-
scope (Hillsboro, OR, USA) at accelerating voltages of 120
and 200 kV. The samples for SEM were mounted on alu-
minium studs and gold coated prior to imaging. EDAX
was also performed with the same equipment to deter-
mine elemental analysis. For the TEM measurements, the
powders were ultrasonicated in DMSO, and a drop of
the suspension was dried on a carbon-coated microgrid.
For UV-visible absorption spectra, the samples were
dissolved in DMSO, and the spectra were recorded on a
PerkinElmer double beam LS-50 spectrophotometer.
The room temperature magnetization in the applied
magnetic field was performed using vibrating sample
magnetometer. Thermogravimetric analysis (TGA) was
conducted with a Cahn TG131 TGA system (Cerritos,
CA, USA) at a heating rate of 20°C/min under nitrogen
atmosphere from room temperature to 850°C.

Additional file

Additional file 1 Figure S1 and S2. TEM images and SAED patterns of
the PTSA-doped TANI/Fe;04 nanocomposites.
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