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ABSTRACT: Preparation of zero-dimensional and one-dimensional nanostructures of polyaniline (PANI) were achieved by using swollen
liquid crystals (SLCs) as ‘soft’ templates. The monomer (aniline) was first entrapped in SLCs by replacing the oil phase (cyclohexane)
with a mixture of aniline and cyclohexane. Zero-dimensional nanostructures of PANI were obtained by thorough mixing of APS with
the mesophases. One-dimensional nanostructures were prepared by allowing slow diffusion of APS through the mesophase. PANI nano-
structures were extracted from the mesophase and were characterized by UV-visible spectroscopy, FTIR spectroscopy, powder X-ray dif-
fraction, atomic force microscopy, scanning electron microscopy (SEM), and conductivity measurements. A plausible mechanism for the

formation of the nanostructures has been proposed. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40800.

KEYWORDS: conducting polymers; micelles; nanostructured polymers

Received 3 January 2014; accepted 29 March 2014
DOI: 10.1002/app.40800

INTRODUCTION

Intrinsically conducting polymers (ICPs) have attracted a lot of
attention because of their potential applications. PANI is one of
the most interesting and perhaps most studied ICPs due to its
ease of synthesis, environmental stability, and the tunability of
its electrical properties.' Nanostructuring of PANI is one of the
ways by which properties of PANI can be tuned and enhanced
performance can be achieved. Synthesis of PANI nanostructures
received much attention in recent times due to the appreciable
change in capacitance, optical, electronic, and redox properties
due to nanostructuring.” Nanostructured PANI has much higher
surface area than micro or macro-structured PANI. Hence,
nanostructuring of PANI is also expected to enhance its per-
formance in surface sensitive applications such as sensing. Due
to such unique physical and chemical properties of nanostruc-
tured PANI, they find applications in supercapacitors, sensors,
energy storage, field emission, flash welding, etc.’™

A number of methods are reported for the synthesis of PANI
nanostructures such as hard template method, soft template
method, interfacial polymerization, electro spinning, ultra soni-
cation, etc."'® A number of nano- and micro-scale structures
of PANI such as cauliflower, granules, nanofibers, nanotubes,
colloidal particles, nanospheres, microspheres, etc. are reported
in the literature by following some of these methods.'"'*> There
are relative advantages and disadvantages for each of these
methods. For example, electrospinning is a relatively convenient
method and could be used for continuous mass fabrication of
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PANI fibers.” However, the nanofibers are usually produced in
the form of a nonwoven web while electro-spinning.'> Among
the template assisted synthetic routes, soft templates are easy
and convenient to use than the hard templates. This is because
post synthesis removal of hard templates such as mesoporous
silica, anodized aluminum oxide, etc. usually requires harsh
conditions, that may even rupture the prepared nanostruc-
tures.'”” On the other hand soft templates such as micelles that
are formed by the self assembly of surfactants and polymers can
easily be removed by simple washing after the synthesis of

4 When the concentrations of surfactants is

nanostructures.
increased much beyond the critical micelle concentration,
micelles can self-assemble to form lyotropic liquid crystals."
These mesophases are rigid structures that can offer better con-
finement for the synthesis of nanostructures than the micelles.
Dimensionality of the mesophases can be varied and they can
be used as ‘soft’ templates to prepare zero-, one-, two-, and
three-dimensional nanostructures. Simple, two component (sur-
factant and water) based mesophases have been used widely for
the synthesis of nanostructures of metals, metal oxides and
polymers.'®'” However, multi-component mesophases offer bet-
ter versatility, yet remain highly underexplored.

Swollen liquid crystals (SLCs) are formed by a quaternary mix-
ture of surfactant, co-surfactant, water, and oil. Depending
upon the composition, cubic, hexagonal and lamellar phases
may be formed in such a quaternary mixture.'® These meso-
phases can be used as structure directing templates as they are
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stable over a wide range of pH, temperature, and composi-
tion.'"” They are called ‘swollen’ liquid crystals because the
aspects of the assembly can be varied by changing the composi-
tion. For example, diameter of the tubular assembly of surfac-
tants in hexagonal mesophases can be varied over a decade
from ~3 nm to ~ 30 nm by changing the composition of the
quaternary mixture. Even the distance between the tubes can be
varied independently.”® SLCs can be formed from cationic, ani-
onic and nonionic surfactants. They were used as soft templates
in the synthesis of nanostructures of noble metals.'**' Here, we
report for the first time, the use of SLCs as templates for the
preparation of different PANI nanostructures. Selective synthesis
of PANI nanostructure with a particular morphology can be
achieved by tuning the way APS is mixed with the mesophases.

EXPERIMENTAL

Materials

Aniline from Merck was vacuum double distilled before use.
Ammonium persulphate (APS) from Qualigen, sodium dodecyl
sulphate (SDS), cyclohexane from Merck, 1-pentanol from Loba
chemie, N-methyl pyrrolidone (NMP), potassium bromide
(KBr) from Sigma Aldrich were used as received. Ultrapure
water from ELGA Pure lab classic (Resistivity 18.2 MQ cm) was
used to prepare solutions.

Synthesis of Different PANI Nanostructures and Bulk-PANI
SLCs containing aniline were prepared by slightly modifying the
reported procedure.'” Typically SDS (0.4 g) was first dissolved
in the aqueous salted medium (1 mL 0.1 M NaCl) followed by
the addition and vortex mixing of cyclohexane. The co-
surfactant (1-pentanol) was then added to the mixture with
intermittent vortex mixing to produce the SLCs. The meso-
phases containing 5% (v/v), 10% (v/v), and 20% (v/v) aniline
in cyclohexane were prepared by using a mixture of aniline and
cyclohexane as the oil phase. Polymerization of aniline was
done by adding APS under ice cold conditions. The molar ratio
of aniline and APS was kept as 1 : 1 for all experiments. PANI
nanostructures were extracted from the mesophase by the addi-
tion of isopropyl alcohol followed by centrifugation. Samples
were then washed thoroughly with a mixture of isopropanol
and water and dried in a hot air oven at 50°C for 12 h. Bulk-
PANI was prepared by following standard procedures.”

Characterization

Polarized optical microscopy (POM) of the SLCs was carried
out using Nikon ECLIPSE LV 100 POL microscope. A small
amount of the SLC sample was sandwiched between a clean
glass slide and a cover slip for optical imaging. Vacuum grease
was applied to the edges of the coverslip to prevent the evapora-
tion of the solvents and to protect the mesophases from collaps-
ing. UV-Visible spectra of the samples dissolved in NMP were
recorded using Shimadzu UV-4250 spectrophotometer. Simi-
larly, UV-Visible absorption spectra of the PANI samples dis-
persed in water was recorded using Perkin Elmer Lambda-750
spectrophotometer. FTIR spectra of the PANI samples were
recorded using Perkin Elmer FI-IR spectrometer with a scan
rate of 8 in the range 4000-600 cm ™' and with a resolution of
4 cm™'. X-ray diffraction (XRD) patterns of the PANI samples
were recorded using RIGAKU X-ray diffractometer in the 20
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range 10°-60° with CuK, radiation (4 =0.1542 nm, 40 mA, 45
kV). FESEM imaging of the samples were carried out using FEI
Quanta FEG450. Atomic force microscopy (AFM) imaging of
the samples were done using Agilent SPM5500 in non-contact
mode analysis. Pellets of the PANT samples were made by using
a hydraulic press and conductivity measurement was done using
Keithley 4200-SCS system.

RESULTS AND DISCUSSION

SLCs were prepared using the previously reported phase compo-
sition of the quaternary mixture containing brine, SDS, cyclo-
hexane and 1-pentanol.'” Slight modification was necessary
when we changed the oil phase from pure cyclohexane to a
mixture of aniline and cyclohexane. The amount of 1-pentanol
required for the formation of the mesophases was low when the
oil phase was a mixture of aniline and cyclohexane in place of
cyclohexane alone. Preliminary confirmation about the forma-
tion of the mesophase was the transformation of the mixture of
aqueous solution of the surfactant with the oil phase from a
white, viscous emulsion to a transparent gel on the addition of
appropriate amount of the co-surfactant. Confirmation of the
mesophase formation was achieved by using POM imaging. The
typical low magnification POM images of mesophase containing
5%, 10%, and 20% (v/v) of aniline in the oil phase are shown
in Figure 1(a—c), respectively. The hexagonal non-geometric tex-
ture is visible in these figures. These images were taken a few
minutes after the deposition of the samples on the glass slide.
Figure 1(d) is the image of the SLC containing 10% (v/v) ani-
line in cyclohexane, captured, 96 h after the deposition. Focal
conic texture of the hexagonal liquid crystals can be seen in this
image. This is known to be due to the growth and alignment of
surfactant cylinders parallel to the confining glass slides.”> While
varying the % (v/v) of aniline in the oil phase of the SLCs we
found that the formation of hexagonal mesophases was possible
up to a maximum of 20% aniline. Beyond 20% (v/v) of aniline
in the oil phase, only lamellar mesophases were formed. This is
because aniline being an aromatic compound has a tendency to
locate itself at the oil-water interface.”* As the percentage of ani-
line in the oil phase was increased from 5 to 20, the amount of
co-surfactant needed for the formation of the hexagonal meso-
phase decreased simultaneously. This indicates that aniline mol-
ecules that are located at the oil-water interface play the role of
the co-surfactant also.

On the addition of APS to the mesophase containing aniline in
ice cold conditions, the reaction initiated immediately as does
with aniline without the presence of the mesophase. However,
the progress of the reaction depended very much on the way
APS was mixed with the SLCs containing aniline. Thorough
vortex mixing of solid APS with the mesophases led to immedi-
ate color change of the entire mesophase from colorless to dark
brown. The brown color deepened and turned to green in
nearly 5 minutes after the addition of APS. This indicates that
the polymerization took place uniformly throughout the meso-
phase. Thus, three nanostructured PANI samples were prepared,
starting from three different mesophases containing 5% (v/v),
10% (v/v) and 20% (v/v) of aniline in cyclohexane as oil phase.
These PANI nanostructures are code named PANI-M-5, PANI-
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Figure 1. Polarized optical microscopic images of mesophases containing: (a) 5% (v/v) aniline, (b) 10% (v/v) aniline, (c) 20% (v/v) aniline, (d) 10% (v/

v) aniline on a glass slide after 96 h of deposition, (e) 10% aniline after completion of polymerization by mixing with APS, and (f) 10% aniline after

completion of polymerization by slow diffusion of APS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

M-10, and PANI-M-20, respectively. The ‘M’ in the names indi-
cates that they were produced by vortex mixing of APS with the
mesophases. These samples will be called ‘products of mixing’
hereafter.

Similar change in color was observed at the point of contact
between the mesophase and APS when solid APS was added to
the top surface of the mesophase and the mixture was left
undisturbed. However, the change in color occurred progres-
sively from top to bottom of the mesophase layer as the APS
diffused slowly in this direction. The three nanostructured
PANI samples that were prepared from mesophases of same
composition as mentioned above are code named PANI-D-5,
PANI-D-10 and PANI-D-20, respectively. The alphabet ‘D’ in
names indicates that the nanostructures were prepared by slow
diffusion of APS through the mesophase. These products will be
called ‘diffusion products’ hereafter. PANI nanostructures
extracted from the mesophase were green in color similar to
bulk-PANI. Green color of PANI is usually attributed to the
doped form (emeraldine salt).”> This indicates that the PANI
nanostructures were prepared in the doped state. Doping of the
PANI nanostructures must be due to the presence of SDS
because it can also act as a dopant.”® Presence of SDS during
the synthesis of PANI is known to improve its yield, stability,
solubility and processability. SDS acts both as a surfactant and
as a functionalized protonating dopant counter ion in the
resulting PANI*

We have also studied the stability of the mesophase assembly
after the polymerization of aniline in both mixing and diffusion
conditions. POM images of the mesophases after the comple-
tion of polymerization are shown in Figure 1(e,f). Typical tex-
ture of mesophases is absent in these images where only
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aggregated particles of PANI are seen. From these images, it is
clear that the mesophases collapse during the polymerization
process. This may be due to the consumption of aniline that
was partly responsible for the rigidity of the surfactant cylinders
by performing the role of the co-surfactant.

Physico-Chemical Characterization

Preliminary characterization using UV-Visible spectroscopy of
PANI nanostructures as well as bulk-PANI was done in NMP
and water and the results are shown in Figure 2(a,b). The UV-
Visible absorption spectra for bulk-PANI and the nanostruc-
tured PANI samples in NMP are shown in Figure 2(a). The
peaks at ~350 nm (excitation of benzene segments) and ~640
nm (excitation of quinoid ring) are the characteristic peaks of
emeraldine base.”® Although, as prepared PANI nanostructures
as well as bulk-PANI were in the doped state, it has already
been reported that emeraldine salts gets dedoped when they are
dissolved in NMP.** A more realistic picture about the effect of
nanostructuring on the absorption spectra of the samples could
be obtained by dispersing the samples in water. The UV-visible
spectra for bulk-PANI and nanostructured-PANI samples were
recorded after dispersing them in water and the data are shown
in Figure 2(b). The data reported in Figure 2(a,b) matched well
with the reported data of mesostructured-PANI and bulk-
PANL?***® The spectra for bulk-PANI and nanostructured-PANI
in water exhibited three absorption peaks in the range ~280—
350 nm, ~420-450 nm, and ~850-900 nm, which are charac-
teristic absorption peaks of the emeraldine oxidation state of
PANL>' The absorption peaks in the range ~280-350 nm and
~420-450 nm are attributed to m—n* transition of benzenoid
rings and benzenoid to quinoid excitonic transitions.’> The
peak at ~850-900 nm is due to the m-polaron transition and
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Figure 2. (a) UV-Visible absorption spectra of bulk-PANI and nanostructured-PANI in NMP. (b) UV-Visible absorption spectra in water of bulk-PANI,
nanostructured-PANI, and PANI-M-10 dedoped. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

this indicates that nanostructured-PANI samples are in the con-
ductive state.*

In order to confirm the oxidation state of the PANI nanostruc-
tures, one representative sample, i.e., PANI-M-10 was washed
copiously with 0.1M NaOH, which can cause dedoping of PANI
and produce the emeraldine base form. The UV-visible spec-
trum for the washed sample was also recorded as a suspension
in water and the data is also shown in Figure 2(b). The two
absorption peaks at 430 nm an 860 nm were shifted to lower
wavelength when PANI-M-10 was washed with 0.1M NaOH.
Such a shifting of peaks is usually attributed to the dedoping of
doped PANI.*

FTIR spectra of bulk-PANI and nanostructured-PANI samples
prepared in this study are shown in Figure 3. Bulk-PANI
showed characteristic absorption bands at 1560 cm™' (quinoid
ring stretching), 1471 cm™' (benzenoid ring stretching), 1297
cm™', 1243 cm™' (secondary C-N stretching), 1113 cm™'
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o
&
] PANI-M-20
E
w
c
o
=
PANI-M-10
PANI-M-5
Bulk PANI
* T . T L T T T . T
600 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm '1)

Figure 3. FT-IR spectra of bulk-PANI and nanostructured-PANI in KBr

(vibration band of dopant anion), and 800 cm ™' (para disubsti-
tuted benzene rings).** Peak at 1113 cm™' corresponds to the
acid doping level.”> PANI-M-10 showed absorption bands at
1560 cm™', 1471 ecm™ ', 1299 em ', 1231 em ™', 1113 cm ™},
and 800 cm™'. PANI-D-10 also showed absorption bands at
1574 cm™ ', 1471 em ', 1303 em™ ', 1231 em ™, 1107 cm ™},
and 802 cm™ " which are similar to bulk-PANI. The IR peaks of
other nanostructured-PANI samples also matched with the data
for bulk-PANT and with the data for previously reported PANI
nanostructures that were prepared in presence of SDS.*® To
study acid doping level in the nanostructured-PANI samples, we
dedoped PANI-M-10 sample with 0.1M NaOH. An overlay of
FTIR spectrum of PANI-M-10 and the corresponding dedoped
sample are shown in Figure 4. It is evident from Figure 4 that
the broad peak at 1113 cm ™' disappeared and two sharp peaks
at 1161 cm™ "' and 1105 cm ™' appeared. Note that the peak at
1113 cm™ ' corresponds to doping level and the disappearance
of this peak indicates dedoping.”” After dedoping, the peaks
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Figure 4. FT-IR spectra of PANI-M-10 as synthesized and dedoped with
0.1M NaOH in KBr pellets. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

pellets. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 5. XRD patterns of Bulk-PANI and nanostructured PANI. [Color

figure can be viewed in the online issue, which is available at
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wileyonlinelibrary.com.]

corresponding to aromatic C—C stretching vibrations at 1560
cm~ ' and 1471 cm™' of as synthesized PANI-M-10 shifted to
1591 cm™ ' and 1501 cm™'. Such a shifting of these peaks is

a= PANI-M-5
b= PANI-M-10
¢=PANI-M-20
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associated with the transformation of emeraldine salt to emeral-
dine base.”

The XRD pattern for bulk-PANI is shown in Figure 5. Two
broad peaks centered at around 20=20° and 25° were
observed, which can be ascribed to the periodicity parallel and
perpendicular to the polymer chains of PANI, respectively.’®
The peak at 25° is stronger than that the peak at 20° for the
bulk-PANI and the ‘products of mixing), except PANI-M-5. This
shows that the periodicity perpendicular to polymer chains is
stronger in these samples than the periodicity perpendicular to
the polymer chains.’® The intensity of the peak at 20° for the
‘products of diffusion’ and PANI-M-5 is stronger than the peak
at 25° indicating that the periodicity parallel to polymer chains
is stronger than the periodicity perpendicular to it.

FESEM images of bulk-PANI and nanostructured-PANI are
shown in Figure 6. Bulk-PANI appears to have a film like mor-
phology which is formed by the joining of micron sized flakes.
Bulk-PANI does not have any morphological feature in the
nano-scale. But the nanostructured products of mixing have
spherical morphology with diameter in the range ~50 nm to
~250 nm. The PANI nanospheres were formed without any
aggregation when the amount of aniline was less in the oil

d=PANI-D-5
e=PANI-D-10
f= PANI-D-20

Figure 6. FESEM images of Bulk-PANI and nanostructured-PANI samples. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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a

Figure 7. (a) AFM images of PANI-M-10 (sample showing the spherical morphology). (b) PANI-D-10 (sample showing the rod like morphology).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

phase. As the quantity of aniline increased, the spheres tend to
aggregate. Morphology of PANI-M-10 and PANI-M-20 was sim-
ilar to bulk-PANT as they have membrane-like structures. The
nanospheres appeared to be embedded in the membrane. Popu-
lation of distinct nanospheres was relatively less for PANI-M-20
than PANI-M-10. The diffusion products have rod like mor-
phology with diameter in the range ~20 nm to ~200 nm and
length up to several microns.

AFM image of PANI-M-10 and PANI-D-10 are shown in Figure
7(a,b), respectively. The AFM imaging and analysis showed that
PANI-M-10 has spherical morphology with diameter in the
range ~50 nm to ~250 nm. This is in conformity to the
FESEM results. PANI-D-10 has rod like morphology with diam-
eter ~200 nm with length up to several microns.

The conductivity values were found to be 3 X 107> S cm™ !,

88X 10*Sem ', 93X 107 *Sem !, 94 X 107" Sem ),
27X 10°Sem ,33X10°Sem !, 43 X 107°Sem |,
for bulk-PANI, PANI-D-5, PANI-D-10, PANI-D-20, PANI-M-5,
PANI-M-10, and PANI-M-20, respectively. Bulk-PANT was pre-
pared in presence of HCI and has highest conductivity among
all the samples due to acid doping. The diffusion products have
similar conductivity to bulk-PANI. The products of mixing have
lower electrical conductivity than the diffusion products. Both
the diffusion and mixing products must have similar level of
doping. Better electrical conductivity in the former may be due
to the presence of longer polymer chains and enhanced perio-
dicity parallel to the chains.

Possible Mechanism

A proposed mechanism of nanostructure growth is represented
in Scheme 1. It has to be noted that the APS used was in the
solid form and it will dissolve in the aqueous phase of the mes-
ophase as it has very good solubility in water. The polymeriza-
tion will take place at the oil-water interface as aniline is in the
oil phase and APS is in the aqueous phase. There is more or
less a consensus in the literature that nanofibrils are formed at
the initial stages of polymerization of aniline.* Formation of
spherical and 1-D PANI nanostructures can be explained by the
way nucleation and growth proceeds within the mesophases.
Nucleation and growth is controlled in the present work by a
combination of confinement as well as the diffusion paths of
APS and aniline. Diffusion of APS molecules will take place
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radially in all directions from solid APS particles when APS is
vortex mixed with the SLCs. Whereas, the diffusion will be uni-
directional (from top to bottom) when APS is added to the sur-
face of the SLCs. It is also to be noted that the cylindrical
micelles can be of infinite length and they have a strong tend-
ency to align parallel to the surface of the container. Thus, dif-
fusion of APS will take place parallel to the axis of cylindrical
micelles when APS is added to the surface of the mesophases.
This unidirectional diffusion is evident in the form of progres-
sive change in color after the addition of APS.

The spherical morphology may be due to the random initiation
of polymerization due to the mixing of APS throughout the
mesophase and growth centered on the nuclei. It is possible
that a number of nanofibrils are formed initially on the surface
of the APS particles. However, further overgrowth on such
nanofibrils take place in all directions as APS diffuses radially
outward from the particle surface and aniline diffuses inward.
When the concentration of aniline in the oil phase of meso-
phase is low (as in 5% v/v), growth of zero dimensional nano-
structures is stopped at a certain distance from the nuclei,
yielding distinct spherical nanoparticles. However, when the
concentration of aniline in the oil phase is high, the mechanical
agitation causes the spherical particles to collide with each other
and aggregate. Further overgrowth on the aggregates causes the
formation of interconnects between spherical particles. Forma-
tion of long nanorods is due to the unidirectional diffusion of
APS parallel to the axis of the cylindrical micelles. Polymeriza-
tion will proceed in a zipping fashion while APS diffuse through
the aqueous phase by joining aniline molecules located at the
interface. The nanofibrils assemble parallel to each other while
forming the nanorods giving better periodicity parallel to the
polymer chains.

The diameter of the nanospheres and the nanorods is much
higher than the known value (3-4 nm) of interstitial space
between the cylindrical micelles in hexagonal SLCs."® This reveal
that the growth of the polymer is not tightly confined in
between the cylindrical micelles that self assembles and forms
the hexagonal mesophase. The hexagonal mesophase assembly
collapse during the growth of the polymer. The POM images
shown in Figure 1(e,(f), of the mesophases after completion of
polymerization also reveal this. Collapse of SLCs may be due to
the consumption of aniline monomer that are located at the
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Scheme 1. Proposed mechanism for the formation of 0-D and 1-D PANI nanostructures in SLCs. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

water-oil interface and plays the role of co-surfactant that stabil-
izes the hexagonal assembly. As the monomer gets consumed
due to polymerization, the hexagonal assembly may be getting
destabilized. Moreover the growing polymer may have higher
rigidity than the cylindrical micelles and thus push the micelles
apart.

CONCLUSIONS

Morphology controlled synthesis of PANI nanostructures can be
achieved by using SLCs as ‘soft’ templates. Vortex mixing of
APS with the aniline containing mesophases resulted in spheri-
cal nanoparticles of PANI. Addition of APS on the top of the
mesophase containing aniline led to the formation of 1-D PANI
nanostructures. PANI nanostructures were formed in the con-
ductive emeraldine salt form as the surfactant, SDS acts as a
dopant also.
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