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A novel synthesis of “hairy urchin”-shaped polyaniline (PAni) and its surface coverage with nanospikes was achieved
from a simple microemulsion polymerization technique in the presence of S-cyclodextrin (5-CD). The rodlike micelle
phase was characterized, and the key factors affecting the formation of PAni nanostructures were systematically
examined. Ferric chloride (FeCls) has played a role as a structural directing agent to fabricate the polymer as hairy
urchin-like structure/nanorods via a cooperative interaction between FeCl; and DoTAC in an aqueous medium.
Host—guest inclusion complex of -cyclodextrin with aniline was used as a monomer. It has been revealed that the
formation of the supramolecular complexes of polyaniline with 5-CD due to host—guest interaction is indispensable for
the fabrication of these unique PAni nanostructures, and a suitable 5-CD to aniline molar ratio is essential to their
exclusive formation. Different varieties of PAni nanostructures such as hairy urchin, branched particles consisting of
rodlike branches, and regular rodlike particles were obtained in the presence of FeCls. Also, in the absence of FeCls, a
predominant product of regular spherical particles and wirelike aggregation exhibiting faceted surfaces were obtained.
The structures of polyaniline hairy urchin-like nanorods were analyzed using transmission electron microscopy (TEM).
The synthesized polymer was characterized by Fourier-transform infrared spectroscopy and X-ray diffraction
technique. Additionally, the relationship between the morphology and the conductivity of the PAni nanostructures

was investigated as well.

Introduction

The nanosized particles have attracted the attention of the
materials community due to their unique properties that are
significantly different from their bulk materials. The dimension-
ality plays a key role to determine the properties of nanomaterials
and synthesis of nanostructured materials with controllable
morphology, size, chemical composition, and crystal structure.'
In current years, lots of one-dimensional (1D) nanomaterials have
been extensively investigated because of their potential applica-
tions in electronics, optoelectronics, memory devices,’ ¢ and so
forth. Conducting polymeric nanomaterials including nanofibers,
nanorods, and nanotubes have been widely studied because of
their advantages of both low-dimensional systems and organic
conductors.””” Among the large family of conducting polymers,
polyaniline is one of the most remarkable and has been used in
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many versatile applications,' ' such as electrode materials in

batteries, anticorrosion coatings, chemical sensors, superhydro-
phobic materials, and light-emitting and electronic devices. Re-
cently, many efforts have been made on the synthesis of 1D or 2D
polyaniline nanomaterials,'>~"* but there are also several draw-
backs known: they are insoluble, not meltable, and therefore diffi-
cult to process. They are sensitive to moisture, light, and oxygen;
besides, they tend to cross-link. Each of these drawbacks limits
their applicability. Therefore, it was a good idea to create so-called
insulated molecular wires, in which cyclodextrins (CDs) shield
polyconjugated monomer or polymers from the environment and
prevent intermolecular cross-linking reactions.

CDs are cyclic oligosaccharides that are classified as a-, 5-, and
y-CD according to the number of (o~ 1, 4)-linked o-p-glucopyr-
anose units six, seven, and eight, respectively. They are hallowing
truncated cone shaped highly hydrophilic molecule with a non-
polar cavity. It is well-known to make inclusion complexes with a
wide range of organic molecules through host—guest inclusion
complex due to the hydrophobicity of their cavities. The inclusion
ability of CDs has been studied extensively and applied to many
fields including food sciences, cosmetics, and pharmaceutical
industries.”” In addition, CDs have been utilized as potential
templates for the synthesis of novel nanostructure materials.'®!”
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The complexation of CDs with aromatic compound can be poly-
merized to m-conjugated polymers. Harada et al. have obtained
low molecular weight polythiophene included in macrocycles as
p-CD and 2,6-dimethyl-3-CD by chemical polymerization of
inclusion compounds: 2,2'-bithiophene/3-CD and 2,2-bithio-
phene/2,6-dimethyl-3-CD in aqueous solution;'® moreover Dong
et al. electrochemically polymerized an aniline/o-CD complex to
exclude a certain theory regarding byproducts formed during the
electrochemical formation of polyaniline," and a more compre-
hensive review of the various types of insulated molecular wires
was published.”® However, the direct utilization of cyclodextrin
has not been addressed much for the fabrication of polymer nano-
materials.

Herein, we report the preparation and structural analysis of
host—guest compounds of various amounts of -cyclodextrins (-
CD) with aniline, and their polymerization in water using micro-
emulsion polymerization. The rodlike micelle phase was charac-
terized, and the key factors affecting the formation of PAni
nanostructures were systematically examined. The polyaniline
nanofibers were characterized by transmittance electron micro-
scopy (TEM), Fourier-transform infrared (FTIR), and UV—vis
spectroscopy (UV). The electronic transport behavior of the syn-
thesized nanoparticles was discussed as well. In order to rationa-
lize the effects of the f-CD concentrations with aniline, morpho-
logy would be extensively investigated from the viewpoint of poly-
mer nanostructure formation in this work.

Experimental Section

Materials and Methods. The cationic surfactant dodecyltri-
methylammonium chloride (DoTAC) was purchased from Tyoko
Chemical Inc. (TCI). Aniline (Ani), 3-cyclodextrin (5-CD), ferric
chloride (FeCl;), and ammonium persulfate (APS) were pur-
chased from Aldrich. Methanol was dried by a common method.

Synthesis of Water-Soluble Complexes (Inclusion Type).
For the synthesis of the water-soluble aniline/S-cyclodextrin
inclusion complex, first aniline (7.2 mmol) was separately added
to various amounts of 5-cyclodextrin (7.2, 9, 10.8, and 12.6 mmol
are composition A, B, C, and D, respectively) in 100 mL of water.
The mixture was stirred for 4 h at room temperature and then
placed in a refrigerator for 24 h at 0 £ 2 °C. After that, the crystals
were filtered off and washed with 20 mL of cold water. Then the
water-soluble inclusion complex (IC) was dried at room temperature.

Synthetic Procedure of PAni Nanomaterials. In a typical
synthesis procedure, first the surfactant (DoTAC) (7.2 mmol) was
dissolved in distilled water (20 mL) and then 1 g of the presynthe-
sized complex solution (25 mL of H,O at 60 °C) was added
dropwise to the micellar solution and stirred for 2 h. The initiator,
APS (7.2 mmol) in 1 M HCI solution, was added to the above-
stabilized solution. The polymerization reaction was carried out
for 6 h. For selective fabrication of PAni nanorods, after aniline
complex was polymerized for 15 min, FeCl; (7.2 mmol) was added
to the polymer solution, and the resulting solution was stirred for
an additional 6 h under ambient conditions. The PAni nanoma-
terials were precipitated in methanol (60 mL) and acetone (60 mL)
respectively to remove the surfactants and initiators. Finally, the
PAni nanomaterials were separated out by filtration and dried
at 60 °C.

Measurements. To analyze the ICs compositions, 'H NMR
spectra of the IC complexes were recorded by using a Bruker
Avance-500 MHz NMR spectrometer, using D,O as solvent. A
Nicolet 6700 (Thermo scientific) FT-IR spectrometer was used for
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Figure 1. "H NMR spectra of f-CD and S-CD/aniline complex
(D20).

the analysis of the synthesized ICs and PAni nanomaterials.
UV—vis spectra were recorded with a Jasco V-970 spectrophoto-
meter. Morphology of PAni nanomaterials was studied on a Hitachi
H-7000 transmission electron microscope (TEM) equipped with a
CCD camera attachment, operating at 100 kV. Samples for TEM
were prepared by casting a droplet of the solution on a copper grid
and a Hitachi (S-3400N) scanning electron microscope. Wide-
angle X-ray diffraction measurements of different dried ICs and
PAni were carried out by using a BL17A (powder X-ray scattering
end station) X-ray diffractometer of the National Synchrotron
Radiation Research Center (NSRRC), Taiwan. The incident
beam is focused on a toroidal mirror and monochromated (A =
1.333621 A for BL17A) by a Ge double-crystal monochromator.
The beam is mainly collimated by a 20 cm collimator of 1 mm
diameter channel. The sample-to-detector distance is kept at 300 mm.
X-ray diffraction data were collected using a mar345 imaging
plate detector and corrected for background scattering. A fluo-
rescence image of rodlike micelle was obtained with an Olympus
BXS51 cofocal laser scanning microscope. The dynamic light
scattering measurements of the micelle solutions were studied at
a scattering angle of 90° and a temperature of 30 °C using Malvern
series 4700 apparatus equipped with the 7132 multiple-t auto-
correlator recording on 128 channels. An argon ion laser acts as
light source, operating at a power of 20—50 mW with a wave-
length of 514.5 nm. Impedance measurements of all PAni samples
were performed using a Solartron 1260 frequency response analyzer
applying a sinusoidal voltage of 10 mV amplitude over the fre-
quency range of 1 < f'< 10° Hz at room temperature.

Results and Discussion

Formation of Aniline/#-CD Complex. The synthesized
water-soluble aniline/-CD complex was a stable white homo-
geneous crystalline. The crystalline nature of the ICs was studied
using wide-angle X-ray diffraction (WAXD) analysis. They provide
enough information to distinguish between herringbone packing
of free CDs and the channel packing of inclusion complexes. The
X-ray diffraction profiles of 5-CD and aniline/5-CD complex are
shown in Figure S1 (Supporting Information). Structures of the
inclusion complexes of CDs with low molecular weight com-
pounds can be classified as “herringbone fashioned cage type” or
“channel type”. Pure $-CD shows the herringbone packing with
lower symmetry and leads to a great number of reflections. CDs
situated in inclusion complexes prove hexagonally symmetry and
fewer reflection peaks. The patterns show that all of the complexes
are crystalline, and the pattern of the S-CD/Ani complex is
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Scheme 1. Schematic Diagram of the Overall Fabrication Procedure of PAni Nanorods and Nanosphere; Micelle after Addition of Aniline
Monomer (-CD/Aniline Complex) (a), after Polymerization (b), and PAni Nanomaterials Obtained after Washing (c)

B-CD/Aniline
complex

—

using APS

different from that of pure -CD and similar to that of the
complex with channel-type inclusion complex. This result indicates
that, in the aniline complex with 5-CD, the 3-CD exhibits packing
different from that in pure 8-CD and has channel structures as in
the complex with aniline. The channel-type crystal structure of the
aniline/3-CD complex provides information on the inclusion
complex, indicating the aniline is situated within the apolar cavity
of the CD molecule. The solid host—guest inclusion complexes
were stable under ambient conditions; after several months, the
crystals remain unchanged whereas the uncomplexed aniline
themselves change in color after a short exposure of the same
conditions caused by partial oxidation. The "H NMR spectra of
the aniline/3-CD inclusion complex are shown in Figure 1. From
the spectra we observed a clear upfield shift of the C3-H and the
C5-H protons of the 5-CD compared to the noncomplex 5-CD.
All aromatic and NH, protons of aniline are shifted upfield due to
the inclusion of aniline inside the 5-CD cavity. The FT-IR spectra
of the aniline/$-CD inclusion complex are presented in Figure S2
(Supporting Information); the characteristic bands at 1602 and
1332cm™ ! were attributed to the C=C stretching of the benzenoid
rings and C—N stretching of the aromatic amine of aniline. The
aromatic C—H in-plane bending vibration was also observed at
1156 cm ™!, The main characteristic bands at 3349, 1622, 1029,
and 867 cm ™' of f-CD were found in the aniline/8-CD inclusion
complex. The band at 1478 cm ™" was shifted to higher wavenumbers
due to the presence of 5-CD host molecule. These results indicate
that the backbone structure of aniline/-CD microstructures was
obtained by the host—guest inclusion complex method.
Formation of Rodlike Micelle Phase. A typical fabrication
process of polymer nanorods is given in Scheme 1. The DoTAC
was dissolved in distilled water to make micelles as a nanoreactor.
The micelle aggregation number and second critical micelle concen-
tration (CMCII) of DoTAC surfactant were decreased with addi-
tion of metal salt into emulsion. CMC and the concentration for
sphere-to-rod transformation are 0.016 and 0.35 m for DoTAC,
respectively. Under these conditions, the strength of the hydro-
phobic interactions exceeds that of the electrostatic repulsions of
the ionic head groups, which stabilizes the formation of micelles.
The aniline/s-CD complex monomer was added dropwise to the
micelle solution. The monomer could be penetrating inside the
micelles; hence, the micelles enlarged considerably. Consequently,
the monomers inside the micelles were polymerized using APS as
initiator (Scheme 1b). Polymerization of the aniline/5-CD com-
plex readily occurred due to the relatively high oxidation potential
of APS. After 15 min polymerization, an amount of FeCl; was
introduced, and the additional polymerization continued with
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stirring (Scheme 1c). FeCl; could be use as structural directing
agent besides chaotropic agent. Chemical polymerization of PAni
in the presence of surfactant at room/low temperature by adding
inorganic salts avoids the aggregation of the micelle in water
medium. However, FeCl; can act as an oxidant as well as easily
interact with surfactant head groups and aid in the formation of
rod-shaped micelles from spherical by decreasing the “second
critical micelle concentration (CMC II)” value and increasing the
solvent’s ionic strength. Moreover, that can enhance the solubility
of micelles, natural CDs, and its complex, a fact that could be
directly connected with the self-assembly. FeCl; would weaken
the strong intermolecular hydrogen bonds between the micelles
and $-CDs. Accordingly, the polar headgroup of DoTAC extracts
metal cations from the aqueous solution to the micellar phase. In
other words, Fe*" ions concentrated in the micelles were restricted
by the polar head groups of DoTAC, so we used FeCl; purposely
in this microemulsion system. Therefore, the introduction of salt
promoted micelle growth from spherical to bigger rod or rodlike
micelles because the addition of salt lowers the charge density
around the micelle surface and hence will decrease the entropic
penalty in transforming the micelles.”' =%

Rodlike micelle was analyzed by following several experiments.
POM photograph of the DoTAC rodlike micelle phase (Figure
S3, Supporting Information) with clear birefringent striations
arises from the undulations of the rodlike micelles. The aniso-
tropic refractive index of the DoTAC rodlike micelle phase alters
the polarization of transmitted polarized light to blue and
reddish-pink texture. The characteristic striations were compara-
ble to the hexagonal liquid crystalline phase,>* where it showed
less random orientation due to some ordered arrangement of
the cylinders compared with the hexagonal phase. Furthermore,
using confocal laser scanning microscopy (CLSM), a surveillance
photograph of the DoTAC rodlike micelle (Figure S4, Supporting
Information) in the presence of rhodamine B was obtained.
10 wt % of aqueous solution of rhodamine B base (3.5 mmol)
was used as a laser colorant, virtual to quantity of aqueous FeCls
contained, and added dropwise to the DoTAC rodlike micelle
phase. The aqueous dye solution is instinctively entered into the
aqueous core of the rodlike micelles due to its hydrophilicity. A
CLSM image shows yellow rodlike emissions resulting from the
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Figure 2. Normalized intensity—intensity autocorrelation func-
tion obtained from DLS measurement of rodlike micelle solution
at scattering angle of 90°.

dye molecules surrounded inside the rodlike micelles. DoTAC
rodlike micelles are capable of assembling in a parallel way because
of their unique anisotropic morphology. The aggregation of the
DoTAC rods is encouraged by the evaporation of water during
the observation, and the micelle solution became more concen-
trated. Then the DoTAC micelle would prefer to form a rodlike
micelle (see upper portion of CLSM image). This above informa-
tion confirmed the formation of DoTAC rodlike micelles like 1-D
channels.

The dynamic light scattering (DLS) technique was performed
to further authenticate the formation of rodlike micelles of the
DoTAC in the presence of FeCl;. Figure 2 shows the light-
scattering autocorrelation functions of spherical and rodlike
micelle solutions. In the correlation function of the spheres, one
decay point is clearly observed. This may point out that the
spherical micelles revealed only translational motion. Two decay
points obtained in the case of rodlike micelles due to the change in
molecular motions of micelles, which may be related to the rota-
tional motion.”>?® While the spheres showed one peak attributed
to the diameter of the micelle, the rodlike micelles shows two
peaks associated with the radius and length of the micelle.”® The
hydrodynamic radii (Ry,) of micelles were calculated from the dif-
fusion coefficients (D) by means of the Stokes—Einstein equation
(Figure S5, Supporting Information), yielding the hydrodynamic
radius Ry,. The R, values of 112 and 15 nm were obtained for
sphere and rod radius, respectively.

Fabrication of PAni Nanoparticles. The fabrication of PAni
nanoparticles and nanofibers was further analyzed by FT-IR and
UV—vis spectroscopy. Figure 3a shows the FT-IR spectra of
various PAni nanoparticles (with and without FeCl;) and aniline/
B-CD inclusion complex, respectively. The sharp peak at 1602 cm ™'
from the C=C stretching mode in the aniline/-CD complex
monomers completely disappeared after polymerization. The
characteristic bands at 1582 and 1494 cm™ ' are attributed to the
C=C stretching deformation mode of the quinoid and benzenoid
rings, and the 1296 cm ™" band is assigned to the C—N stretching
of the secondary aromatic amine of PAni. The band at 1245 cm ™!
could be interpreted as a C—N—C stretching vibration in the
polaron structure. Upon acid protonation of the emeraldine base,
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Figure 3. FT-IR (a) and UV—vis (b) spectra of PAni nanoparti-
cles and nanorods were prepared from composition A.

the quinonoid units are considered to be switched to benzenoid
units by a proton-induced spin-unpairing mechanism and have a
small absorption band at 1373 cm” !, and the intense broad band
atabout 1157 cm ™" has been associated with high electrical con-
ductivity and a high degree of electron delocalization in PAni.?’
Bands at 1029 and 696 cm ™~ are the results of C—H out-of-plane
bending of 1, 2, 4 ring and C—H out-of-plane bending of the 1, 2
ring, respectively. Out-of-plane deformations of C—H on 1,4-
disubstituted rings are located at 817 cm™', and the absorption
peak at 610 cm™ " is caused by the deformations of the benzene
ring.?® The peaks observed at 800—900 cm ™' are characteristic of
para substitution of the aromatic ring and reveal that the poly-
merization has proceeded via a head-to-tail mechanism. These
characteristic peaks are identical to those of PAni particles prepared
via a common method, and main characteristic bands of CD were
found in PAni despite bands shift, which were 3372, 1632, 1031,
and 871 cm ™. The results indicate that the backbone structures of
PAni microstructures were obtained by the aniline/3-CD complex
polymerization method. The FTIR analysis demonstrates the
successful polymerization into the 3-CD cavity.

UV-—vis absorption spectra of PAni microstructures dispersed
in deionized water are shown in Figure 3b. The peaks at around
263 and 286 nm are attributed to the 7—x* transition of PAni
nanofiber and nanoparticle, respectively. The band at 375 nm is
assigned to the transition from the valence band to the antibonding
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Figure 4. WAXD pattern of PAni nanoparticles and nanorods
were prepared from composition A.

polaron state. The absorption band of the PAni quinoid unit at
540 nm indicates that HCl-doped PAni products are in their
conducting form (i.e., the emeraldine form of PAni) and is lower
than that obtained by either chemical or electrochemical methods.
The typical absorption of PAni emeraldine form maximum at
630 nm is completely shifted to the lower wavelength. This shift
can be attributed to sometimes competing factors and PAni
threaded by -CDs. Both a change in the dielectric constant of
the chain’s surroundings and a deformation of the chain back-
bone may cause such changes in the spectrum. The observed shift
in the spectrum might be the included molecule is in a different
environment as compared to the molecule in pure solution.
Cyclodextrin molecules are threaded with conducting polymer
backbones, resulting in the pseudopolyrotaxanes.”*> Pseudopo-
lyrotaxanes are expected to exhibit different chemical, electrical,
and optical properties compared to the base polymer because their
chromophores were surrounded by a macrocyclic ring. Moreover,
addition of FeCl; to polymer solution also may contribute to
shorter wavelength due to charge transfer from the benzenoid to
quinoid unit of PAni. This shift may be attributed to the com-
plexation of Fe*" with PAni molecular chain in a water medium.*
The red shift of the polaron transition band from 532 to 539 nm is
due to the longer conjugation length in the oriented PAni micro-
size fibers compared to the spheres. WAXD patterns for PAni
samples synthesized with or without additive FeCls are given in
Figure 4, nanorods and nanosphere, respectively. The WAXD
result proves the primarily amorphous character of the sticks.
Some diffraction peaks at 260 = 3.2°,4.4°,7.4°,8.5°, 11.6°, 13.4°,
and 14.1° are observed from the nanorods synthesized in the
presence of the FeCls as the additives, which are similar to that of
PAni nanofibers oxidized by FeCl;-6H,0.>' The polyaniline
nanorods have sharp lower angle peaks at 260 = 3.2° and at 20 =
7.4°. These peaks are assigned to layered structural organization
of polyaniline chains followed by the interdigitations and crystal-
lization of the dopant tails on the comb-shaped polyaniline chains.*?
Besides these peaks, there are broad peaks around 13.4° and
14.1°, which are ascribed to aromatic 7— interactions between

(29) Van den Boogaard, M. Ph.D. Thesis, University of Groningen, 2003.
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stacks of phenylene rings present in the polymer chains and may
be ascribed to the periodicity parallel to the polymer chain.>
For nanofibers, the lower angle peaks are very sharp, and the
amorphous hollow region is very much suppressed with respect to
higher crystallinity than nanosphere. The WAXD results show
that the crystallinity of the nanofibers is higher than that without
using FeCl; due to a low polymerization rate caused by adding
inorganic salts as the additives. Besides, no peaks corresponding
to aniline monomer were observed. Additionally, NMR analysis
authenticated that PAni covered by -CD due to guest—host
complex formation between PAni and f-CD. The 'H NMR
spectrum (in DMSO-d) of the PAni is given in Figure S6 (Sup-
porting Information). The multiplet signal at 6.9—7.5 ppm can be
assigned to aromatic, and the singlet at 4.8 ppm is attributed
to —NH— protons of PAni. The signals positioned at 5.65—
5.8 ppm (02-H, O3-H), 4.45—4.55 ppm (O6-H), and 3.0—4.0 ppm
(C3-H, C6-H, C5-H, C2-H, and C4-H) are from -CD. This may
occur due to the aniline polymerized inside the 5-CD cavity. 'H
NMR, FT-IR, and WAXD results also support that -CD
remains in the polymer, suggesting that encapsulation of the poly-
mer chains occurs and polypseudorotaxane architecture is formed.
Furthermore, TEM was used to investigate the influence of
FeCl; on the formation of PAni nanostructures; TEM micrographs
of the PAni sample (7.2 mM -CD, composition A) synthesized
with or without FeCl; salt are shown in parts a and b of Figure 5,
nanorods and nanosphere, respectively. Its corresponding SEM
image is given in Figure S7 (Supporting Information), which
resembled previously reported sea urchin structures.” TEM images
of the PAni in the presence of FeCl; clearly show that the PAni
exhibits the shape of “hairy urchin”, and the surface is covered
with nanospikes. The “hairy urchins” at low concentration of 5-CD
exhibit monodispersion, with a size distribution about 40 nm. On
the other hand, globular spherical PAni structures were observed
in the absence of FeCl; with a size distribution about 130 nm.
Electronic Transport Behavior. To investigate the electronic
transport behavior of the material, the resistance of the material
was measured by impedance spectroscopy. Figure 6 shows the
typical impedance (Z = Z' + jZ'") plane plots between real (Z')
and imaginary (Z") parts of the impedance for pure PAni
nanoparticles and PAni nanofiber samples. The impedance spec-
tra of PAni nanoparticles shows a semicircle at high frequencies
with an ohmic resistance of 152 Q cm? (intercept on X axis (Z')
normalized per unit area), while that of PAni nanorod is 18 Q cm?
(intercept on X-axis (Z') axis normalized per unit area). Pre-
viously, it has been reported that in NMP plasticized PAni films,
the peak at higher frequency to the relaxation of the phase with
reduced repeat unit. It was also observed that the resistivity of the
reduced repeat units is lower than that of the oxidized repeat
units.*** On this basis it has been suggested that the arc at high
frequency with low value of resistivity is due to the conductivity
relaxation of the reduced repeat units, and the large arc at low
frequency having high value of resistivity is because of the
relaxation of the oxidized repeat units.**A comprehensive de-
crease in the size of impedance plane plots has been observed with
the FeCls presence in PAni nanofibers. This decrease in the
impedance can be attributed to the charge transfer between PAni
and excess FeCl;. With the amplification of frequency the imine

(33) Li, Y.; Wang, B.; Feng, W. Synth. Met. 2009, 159, 1597-1602.

(34) Lee, H. T.; Chuang, K. R.; Chen, S. A.; Wei, P. K.; Hsu, J. H.; Fann, W.
Macromolecules 1995, 28, 7645-7652.

(35) Calleja, R. D.; Matveeva, E. S.; Parkhutik, V. P. J. Non-Cryst. Solids 1995,
180, 260-265.

(36) Afzal, A. B.; Akhtar, M. J.; Nadeem, M.; Ahmed, M.; Hassan, M. M.;
Yasin, T.; Mehmood, M. J. Phys. D: Appl. Phys. 2009, 42, 015411-015418.
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Figure 5. TEM images of PAni nanorods (a) and nanoparticles (b) were prepared through the chemical polymerization of the corresponding

monomer complex (S-CD and aniline are equal moles) composition A.
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Figure 6. Electrochemical impedance spectra of nanorods (a) and
nanoparticles (b) were obtained from composition A.

nitrogen of PAni may donate electrons to FeCl;. Consequently,
the ferric ions become negatively charged, whereas PAni chains
become more positively charged. Therefore, the electrical con-
ductivity of PAni nanofiber significantly increases compared with
that of PAni nanoparticles. Both resistances are in good agree-
ment with the observed behavior in the morphological view. The
impedance behavior of the PAni nanofiber is higher than that of
PAni nanoparticles due to their dendritic structure with high
charge conductivity along the fiber nature. However, a more
detailed analysis requires an elaborate model and a full mathe-
matical treatment, which is currently in progress. Similarly con-
ducting nanomaterials are expected to show strong correlation
between the solid state ordering (morphology) and the electronic
properties. To study the effect of FeCls-assisted self-organization
on the electrical conductivity, the samples were subjected to
conductivity measurements for compressed pellets and used the
following equation
Thickness (cm)

Conductivity (S cm~1) — 1
onductivity (S em ™) Resistance (R) x Area (cm?) W

Langmuir 2011, 27(2), 766-773

Figure 7. TEM image of PAni nanorods prepared from (a) 9,
(b) 10.8, and (c) 12.6 mmol of 8-CD in the presence of FeCls.

where R was derived from the low intersect of the high frequency
semicircle on a complex impedance plane with the Z' (real) axis
(see Figure 6). The difference in conductance among the samples
was correlated to the difference in morphology. The sample
showed a higher order fiber nature and has high conductivity,
whereas nanoparticles sample has 3 orders less conductance than
ordered structures.

To study the effect of 5-CD concentration on the fabrication of
PAni, the weight ratio of 5-CD relative to aniline was varied from
7.2 to 12.6 mmol and the change in morphologies are as shown in

DOI: 10.1021/1a103420e 771
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Figure 7. Figure 7a shows the “hairy urchin”-like nanostructure
of PAni, and the surface is covered with low nanospikes with
preferential growth along certain directions. The “hairy urchin”-
like nanostructure of PAni was collected at the low concentration
of $-CD and exhibited fair monodispersion, having a size dis-
tribution about 40 nm. In higher concentration of 5-CD, the
structures of PAni nanomaterials were changed from hairy urchin
to irregular branched nanorod as shown in Figure 7b. On
increasing 3-CD concentration irregular nanorods shape changed
to regular lengthy nanorod (Figure 7c) and similarly the -CD

Figure 8. TEM image of PAni nanosphere prepared from (a) 9,
(b) 10.8, and (c) 12.6 mmol of S-CD in the absence of FeCls.

Prasannan et al.

influence on the morphology in PAni absence of FeCl;. Figure 8a
represents PAni in the absence of FeCls; the sample presented
chainlike aggregates made up of a large number of small globular
particles with a mean diameter of about 75 nm. These particles
seem to interact and form branched structures obtained at higher
concentration 5-CD (Figure 8b). Wire-shaped aggregates were
also observed (Figure 8c), and most of them appear to have a
somewhat regular shape with a slightly multilateral outer profile,
whereas their diameters range from 70 to 200 nm. Moreover, most
of discoidal particles are overlapped through their edges. These
discoidal particles interact through their surfaces, although they
could merge completely in a homogeneous aggregate. This
behavior may be consistent with the suggestion that the aggre-
gates are made up of excess f-CD molecules and its complexes
arranged in a columnar configuration, aniline block encapsulated
by -CDs, neighboring Ani/3-CD complex molecules would form
intermolecular hydrogen bonds between 5-CDs threaded along
PAni chains as proposed for S-cyclodextrin.*”*® This kind of
structure for 8-CD and its complex self-assembled aggregates in
water would imply a rearrangement of the channel structure into a
cage structure.

On the basis of the above experimental results, a tentative
growth mechanism for the PAni nanostructures obtained at
various molar ratios of 5-CD to aniline is illustrated in Figure 9.
The aqueous solution of the Ani/f-CD complex is instinctively
entered into the aqueous core of the micelles due to its hydro-
philicity nature of complex. Resulting PAni/f-CD complex
molecules surrounded inside the micelles. In this case, the specific
adsorption of the PAni/3-CD inclusion complexes inside of the
micelle core could considerably contribute to the formation of the
PAni nanostructures. When the -CD concentration to aniline
was fixed at 7.2 mM (1:1), more 5-CD and inclusion complexes on
the micelle surfaces were replaced by the PAni/f-CD inclusion
complexes, which may lead to a delicate balance between the
diffusion rate and the reaction rate under nonequilibrium condi-
tions, thus favoring the formation of the “hairy urchin”-like
nanostructure of PAni. If the 5-CD to aniline molar ratio was
increased to 1.25, inclusion complex would easily form between
polyaniline and -CD via the host—guest interaction, and the
formed PAni/f-CD complexes would replace more DoTAC
molecules to adsorb on the micelle surfaces; it may be attributed
to form “hairy urchin”-like nanostructure of PAni with prefer-
ential growth along specific directions. At a 5-CD to aniline molar
ratio of 1.5, branched particles were obtained, which could be
ascribed to the weaker protection of the mixed adsorption of the
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Figure 9. Schematic illustration of the formation of PAni nanostructures.
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aniline molecules and the PAni/f-CD complexes on specific
surfaces of micelles. On further increasing the -CD to aniline
molar ratio to 1.75, rodlike particles became the predominant
product, which could be partially attributed to the more effective
capping of #-CD molecules to prevent further growth of PAni due
to the high concentration of free 5-CD in solution. Nevertheless, a
detailed investigation on the structure of PAni/f-CD inclusion
complexes and the interaction between the PAni/-CD inclusion
complexes in the presence of micelle solutions is needed to fully
illuminate the formation mechanism of the unique PAni nano-
dendrites, which is currently in progress in our lab.

Conclusion

The PAninanorod and nanosphere were synthesized selectively
using 3-CD-mediated microemulsion polymerization by using
p-CDs as molecular host component. PAni nanorods were
fabricated by using a sphere-to-cylinder micelle transformation
process with the presence of FeCl; as a structure-directing agent.
The rodlike micelle phase was developed through a cooperative
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340, 1631-1637.
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2003, 107, 3979-3987.
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interaction between aqueous FeCls solution and aniline in an aqueous
medium with f-CD. The DoTAC rodlike micelle template in the
presence of -CD was demonstrated as an efficient tool to
architect conducting PAni nanorod. Average particle size of the
PAni nanometerials was controlled by the amount of 5-CD used
to form an inclusion complex, and the impedance behavior of the
PAni nanofiber is exceeding that of PAni nanoparticles caused by
their dendritic structure with high charge conductivity along the
fiber nature.
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