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Polyaniline(PANI) nanotubes with a rectangular hollow core and decorated outersurface-wall with self-assembled nanobeads and 
triangular flakesof PANI have been synthesized in the presence of ZnONPs by sonochemicalapproach. This is the first example of 
formation of well-defined hollow PANI nanotubes with rectangular hollow interior. The hollow PANI nanotubes have an average length 
of ca. 10µm and a hollow core with rectangular geometry.Nanobeads of PANI with diameter ca. 50 nm have been decorated/self-
assembled on the surface of theouter wall of rectangular hollow PANI nanotubes to obtain a “Dates-tree-body-like” 3D structure. The 10 

crystal structure has been characterized through XRD. The conduction bands and electronic environment have been confirmed through 
Raman, FT-IR, UV-Vis-NIR, XPS and EPR. Impedance measurements of rectangular hollow PANInanotubes demonstrates its higher 
electrical conductivity σ=1.1 ±0.1 x 10-4 S/m to 3.0 ± 0.23 x 10-3 S/m and dielectric properties depending on the frequency range 
compared to the  PANI particles synthesized in presence of H+ and solid PANI fibres. The PANI nanotubes with such a novel rectangular 
hollow core structurewith surface decorated texture is a unique type of nanostructure and thatcan be used in various conductive polymer 15 

based device applications.        

1 Introduction 

Since the date of discovery in 2001 by Nobel Prize 
winnersShirakawa, MacDiarmid, and Hegger,1theconducting 
polymer hasbecome a powerful platform for its potential 20 

applications in erasable information storage, shielding of 
electromagnetic interference,radar-absorbing materials, sensors, 
indicators, actuators, rechargeable batteries, non-linear optical 
devices, antistatic coatings, light emitting diods,1-3including drug 
delivery4,5 and energy storage devices.6,7 Conducting polymer 25 

 
 
nanofibershave attracted researchers because of its better 
performances1-7 with respect to the bulk counter parts of the 
same.8,9In our recent publishedwork we reported on the 30 

enhancement of physical properties of the nematic liquid crystal 
(LC) by doping of conductive PANI nanofibers which can be 
used for magnetically-steered-LC-PANI-nanofibers switch.9To 
date, many attempts have been made in modifying 
nanoparticles/nanofibers of polymeric (organic)/inorganic 35 

materials by introducing porosity through template 
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synthesis,10conjugating organic moieties by molecular imprinting 
(MI),11coatings with metal nanoparticles12 etc. in structure that 
could impart additional functionality to the solid nanostructures, 
such as selective sensing, optical activity etc.. Sensing properties 
based on conductivity of polymer nanofibers show promising 5 

potential applications in industrial and biomedical applications 
which include clinical assaying, detection of explosive, chemicals 
and hazard monitering.12 However, their selectivedetection 
efficiency is not up to the mark or not satisfactory and moreover 
it depends on the working conditions like temperature, partial 10 

pressure and concentration of the molecules under detection and 
on the structural alignment of the nanofibres and on 
theconductivity. 1D conducting polymer nanofibers can be 
synthesized in many routes  such as insoluble hard (e.g., 
zeolites),14 soluble soft templating 15 

(e.g.,surfactants/micelles),15,16seeding17 and biomolecules18 which 
can orchestrate the growth of the1D nanostructure of the 
nanofibers but all of them are with solid core or with a circular 
hollow core. Moreover, the use of conducting polymer is strongly 
associated with the limiting factors, such as oxidation states, 20 

surface textures and morphology, internal structure (like solid or 
hollow etc.), alignment of the backbone chains, extent of doping 
with ionic solids, space charge polarization and on the extent of 
its free electron hopping. PANI usually synthesized by chemical 
oxidation polymerization of aniline in aqueous solution in the 25 

presence of strong acid (pH<2) in the presence of a strongoxidant 
ammoniumpersulfate (APS).19PANI nanotubes with circular 
hollow core can also be synthesized by chemical oxidation in the 
presence of various inorganic acids and sulfonicacids,20 organic 
acids,21 polymeric acids,22sulphonated CNTs23 and dendrons.24 30 

Synthesis of PANI nanotubes with circular hollow core in the 
presence of TiO2 has also been reported25.  PANI exists in various 
acid-base and redox forms and substantially their chemical and 
physical properties depend on their oxidation states.Only the 
emeraldin salt form(Schematic-Ia) of PANI is conducting in 35 

nature (σ~10-3 S/m).26 
 Herein this work, we report about an innovation of 
nanoparticles based synthesis method of PANI 1D nanotubes 
with rectangular hollow interior and surface decorated 3D 
architecture of nanotubes having very high electrical conductivity 40 

and dielectric properties. According to this newprocedure, we 
took ZnO nanoparticlesas templatein a homogeneous mixture of 
highly pure aniline in water and performed acid 
catalyzedsonochemical polymerization. We are able to create a 
well-defined 1D PANI with rectangular hollow interior along the 45 

centre of each fiber under controlled conditions. By controlling 
the sonochemical reaction conditions, the surface of the PANI 
tubes has been decorated with sphericalPANI nano beads and 
subsequently architected stepwise with triangular shaped PANI 
flakes in in-situ conditions. Finally a “Dates-tree-body-like” 3D 50 

structure has been designed which are high conducting compared 
to the solid PANI fibers and PANI nanoparticles. Similarly,we 
have performed the sonochemical reaction in H+ in the presence 
of Au nanoparticles with equimolecular weight in two different 
batches and itnever formed triangular hollow nanostructureof 55 

PANI.  The results have been compared with the solid nanofibers 
of PANI and PANI nanoparticles. 
 In an earlier work,Iheeand co-researchers  have reported on the 

formation of microtubes of β-peptide tetramer (trans-(S,S)-
aminocyclopentanecarboxylic acid tetramer)having rectangular 60 

cross-section (sub-micrometre) by the evaporationinduced self-
assembly method.27To the best of our knowledge present work is 
the first report on polyaniline nanotubes with a rectangular 
hollow interior and  decorated outer surface wall with self-
assembled PANInanobeads and triangular flakes which have been 65 

synthesized in presence of ZnONPs by sonochemical approach. 
Further, this work has been focused on the study of the physical 
properties such as crystal structure, conductivity and dielectric 
properties of polyaniline nanotubes with a rectangular hollow 
interior.The results are very interesting from the application point 70 

of views.  
 
2. Experimental  

2.1. Materials and Reagent 

Aniline (>99.5%Sigma-Aldrich), Ammonium persulphate (APS, 75 

NH4S2O8, >98.5%, Sigma), HAuCl4 (99.999%, Aldrich), Sodium 
borohydrade (NaBH4, >99%, Sigma) ZnO Nanoparticles (<50 nm 
diameter, 97%, Aldrich), were purchased and used as received 
without further purification. 
 80 

2.2.Synthesis of functionalized polyaniline nanotubes (hollow 
and surface decorated) 

2.2.1. Synthesis of Au Nanoparticles 

A 90 ml (0.1mM) solution of HAuCl4 was prepared.Aqueous 
NaBH4(10 mL, 0.1 g) was immediately added to the above 85 

solution and the stirring was continued for 1 h.The solution 
turned into light brown colour with the addition of NaBH4 
solution. The reaction was continued overnight to reach 
completion, resulting in a red-wine colour. The Au solution was 
dialyzed against deionized water for 24 h in a 12.5 kDa dialysis 90 

membrane, with intermittent change of water to purify it and 
lyophilized to obtain dry powder which was readily dispersible in 
water. 
 
2.2.2. Sonochemical synthesis of functionalized 95 

polyanilinenanofibers in the presence of Au 
 
PANI was synthesized by an aqueous solution polymerization 
method. A typical synthesis method is as follows: 0.373 gm (4 
mmol) aniline was mixed in 20 ml of deionized water in which 100 

0.01 mg of Au nanoparticles (dia~10-15 nm) was added and 
sonicated it for 30 sec in ice bath to form a homogeneous 
mixture. A fresh solution of ammonium persulphate (APS, 0.9 
gm in 2 ml ice water) and a pre-cooled 10 ml HCl (1M) were 
added rapidly into the premixed aniline-Au solution. Then the 105 

mixture was sonicated for 5 sec in an ice bath and subsequently 
kept it at 0oC for 24 hrs. The crude product was dialysed for 24 
hrs against deionized water until a neutral solution was obtained. 
The dialysis assisted in the removal of chloroaurate and other 
ions. Purified PANI was then lyophilized to obtain dry powder 110 

which is readily redispersible in water. This is a solid (not 
hollow) powder and black in colour and designated as 
PANI@AuNPs/Au+3 
 
2.2.3. Sonochemical synthesis of polyaniline nanotubeswith 115 
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rectangular hollow core in the presence of ZnO 
 
Polyanilinenanofibers in presence of ZnO: A similar procedure 
was followed to achieve PANI using ZnO (as it was prepared in 
the presence of Au NPs). A brief synthesis method is as follows: 5 

0.373 gm (4 mmol) aniline was mixed in 20 ml of deionized 
water in which 0.01 mg of ZnO nanoparticles (dia~30-40 nm) 
was added and sonicated for 30 sec at 0oC. An APS solution (0.9 
gm in 2 ml ice cold water) and a pre-cooled 10 ml HCl (1M) were 
added rapidly into the premixed aniline-ZnO solution. Then the 10 

mixture was sonicated for 5 sec in ice bath and subsequently kept 
it at 0oC for 24 hrs. The crude product was dialysed against 
deionized water until a neutral solution was obtained. The 
dialysis assisted in the removal of Zn+2, Cl-1 and other ions. Then 
the purified PANI was lyophilized to obtain dry powder which is 15 

readily dispersible in water. This powder obtained is hollow 
nanofibers, black in colour and designated as PANI@ZnO-
NPs/Zn+2. 
Functionalization and decoratedpolyaniline nanotubes 

preparedin presence of ZnO NPs:In the second stage, 100 mg 20 

PANI (prepared with ZnO) was taken in 50 ml deionized water. 
Then 1 mmol aniline was added followed by a desired amount of 
HCl (1M) was added to make it 1:1 [aniline] and [HCl] solution. 
Then required amount (0.25 gm) of APS was added (molar ratio 
of [ASP] and [aniline] is ~1:2). Then the reaction mixture was 25 

stirred at 75oC in water bath and kept for 10 min for uniform 
temperature distribution throughout the reaction mixture followed 
by sonication for 5 sec. Then APS was dissolved and the solution 
turned into deep green to black. Then the reaction vessel was kept 
in a closed chamber at 0oC without agitation for 24 hrs. Then it 30 

was dialyzed against deionized water until a neutral solution was 
obtained. Purified functionalized PANI was then lyophilized to 
obtain dry powder. These hollow PANI nanofibers are decorated 
with flakes and is black in colour and designated as PANI@ZnO-
NPs/Zn+2.  35 

 Similarly PANI nanoparticles were prepared without the 
presence of any other metal salt or nanoparticles other than H+ 
and APS and the sample is designated as PANI0.  

2.3. Characterizations 

The high resolution images were acquired with HRTEM (JEOL 40 

JEM-2100 electron microscope) using an accelerated voltage of 
200kV.High resolution focused ion beam (FIB) images were 
acquired using a FEI Helios 600 system using an accelerated 
voltage of 5kV. We used a BRUKER AXS D8 ADVANCE 
Diffractometer (using CuKα λ=1.5418 Å radiation) operating at 45 

40kv/40mA, with a graphite reflected beam monochromator and 
variable divergence slits for powder X-ray diffraction analysis. 
Data were collected from 10 to 60° (2θ) with a resolution of 
0.02°. The FT-IR spectra were recorded with a VARIAN 
spectrophotometer at room temperature with KBr 50 

pellets.Thermogravimetry Analysis (TGA) measurements were 
performed with ThermoONIXGaslab 300 TGA instrument from 
30-1000 oC in N2 atmosphere. In order to detect the free radicals 
present in the sample the electron spin resonance (EPR) 
spectroscopy measurements were performed on a Bruker EPR 55 

100d X-bandspectrometer ( υ=9.77GHz) with a 100KHz 
magnetic field modulation (ER083CS), Raman spectra for 
polyanilinenanofibers were recorded on a JobinYvon Horiba 

Raman System. The 632.8 nm line of a He-Ne laser is used as the 
excitation source, focused to a 1-2 µm spot size. The UV-Vis-60 

NIR spectra were recorded on a CARY 100 Scan UV-Vis-NIR 
spectrometer. The oxidation state of the polyaniline samples were 
investigated by X-ray photoelectron spectroscopy (XPS) 
measurements on a KRATOS AXIS HS spectrometer using Al 
KR radiation. The C 1s (binding energy 284.6 eV) peak was 65 

chosen as a reference line for calibration of the energy scale. The 
bulk conductivity of the polyaniline samples were determined by 
impedance measurements in the frequency range of 25 kHz to 
100 Hz 

3. Results and Discussions 70 

Size and Morphology: Schematic-1 is showing a possible 
mechanism for the formation of PANI nanotubes with rectangular 
hollow interior. Fig.1(A)-(C) show the FIBmicrographsfor PANI 
nanotubes with rectangular hollow  interior at various 
magnifications,  synthesized by polymerization of aniline in 75 

acidic conditions (H+) with templating the ZnO-NPs at0oC 
temperatures and designated as PANI@ZnO-NPs/Zn+2 since ZnO 
NPs become colourless in HCl solution and the following ionic 
dissociation occurs: ZnO→Zn+2.  The details of the synthesis 
method of PANI@ZnO-NPs/Zn+2 nanotubes are explained in the 80 

experimental section.In order to understand the detailed 
architecture of the PANI@ZnO-NPs/Zn+2 nanotubes, HRTEM 
experiments were employed at various magnifications, Fig. 1(D)-
(F). Both FIB and HRTEM investigations revealed that the 
PANI@ZnO-NPs/Zn+2 nanotubes are hollow in nature. 85 

Microscopy analysis as well ensured that the PANI@ZnO-
NPs/Zn+2 nanofibers have a rectangular hollow core structure 
with an average geometrical dimension of the core being~112nm 
x ~100nm with a wall thickness of ~120 nm. The average length 
of the PANI@ZnO-NPs/Zn+2 nanotubeshas been found to be ~10 90 

µm with an average outer diameter of ~350 nm.  FIB inspection 
revealed that the surfaces of the rectangular hollow PANI@ZnO-
NPs/Zn+2 are decorated with the sphericalPANI nano beads. The 
beads are spherical in shape and the diameter is about 50 nm. 
These PANI@ZnO-NPs/Zn+2 nanotubes were taken for further 95 

stepwise decoration on the surface with extended flakes in stereo 
space.  
 Fig. 2(A)–(C) are showing a clear change in morphology and 
surface decoration and their gradual change in the number density 
of the functionalized nano beads and flakes. To understand the 100 

stepwise decoration of PANI@ZnO-NPs/Zn+2 nanofibers by 
polyaniline flakes, we performed three individual batches of 
reactions, Batch-1: only 1 mmol of aniline was taken with a 
required amount of ASP and HCl, where the molar ratios of 
[aniline] and [HCl], and [ASP] and [aniline] were kept 1:1 and 105 

1:2, respectively. Batch-2: 50 mg PANI@ZnO-NPs/Zn+2 

nanotubes was taken with a 1.5 mmol of aniline and required 
amount of HCl and ASP were added to it, where the molar ratios 
of [aniline] and [HCl], and [ASP] and [aniline] were kept in 1:1 
and 1:2, respectively. Batch-3: 50 mg dried and purified sample 110 

from Batch-2 was taken with a 1.5 mmol of aniline with required 
amounts of HCl and ASP to make the molar ratio of [aniline] and 
[HCl] to 1:1, and molar ratio of [ASP] and [aniline] to 1:2. All 
the reactions were carried out at the same condition at 0oC 
without agitation for 24 hrs. For Batch-1 reaction, only flakes are 115 
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formed (Fig. S1). For Batch-2 reaction, flakes are decorating the 
surface of PANI@ZnO-NPs/Zn+2 nanotubes (Fig. 2B). The 
population density of theflakes on the surface of rectangular 
hollow PANI@ZnO-NPs/Zn+2 is found to be less. For Batch-3 
reaction, flakes are decoratingon the surface of PANI@ZnO-5 

NPs/Zn+2 nanotubes (Fig. 2C) and the number of flakes on the 
surface of PANI@ZnO-NPs/Zn+2 tubes is relatively high 
compared to the sample obtained from Batch-2 reaction. This 
clearly indicates that on increasing the aniline amount in 
decoration process, the surface morphology of the rectangular 10 

hollow PANI@ZnO-NPs/Zn+2nanofibers is regulated by the 
additional number of flakes. In fact the flaxes have gownon the 
surface of hollow PANI@ZnO-NPs/Zn+2 nanotubes.  

 
Fig. 1 (A), (B) and (C) FIB images; (D), (E) and (F) HRTEM 15 

images of PANI PANI nanotubes with rectangular hollow  
interior synthesized in the presence of ZnO NPs.   
 
Earlier the a number offormation mechanism of nanofibers of 
conducting polymers is reported by a group of researchers.15-18,28-

20 

29Polyaniline nanostructure such as wires/-nanofibers/-rods/-tubes 
can be synthesized by introducing ‘structural directors’, such as 
soft templates (e.g., surfactants, micelles),15,16organic dopants,17 
biomolecules18 etc., which can organize the growth of the 
nanofibersbut none of their hollow structure is rectangularin 25 

shape. Recently, it is also found that the introduction of small 
amount of dimers/oligomers into the polymerization reactions can 
control the growth of the fibers.28The amount of mer units, 
oxidizer (APS) and catalyst (H+) present in the reaction process 
can regulate whether it will form fibers or flakes.29 However, to 30 

the best of our knowledge the formation of nanotubes with 

rectangular hollow interior with surface engineered and decorated 
by flakes by systematic steps is an advancement of designing the 
nanostructure of conductive polymers and has not been reported 
earlier. Therefore, nanostructures have been decorated by 35 

introducing ZnO/Zn+2 in the reaction mixture.Without 
theintroduction of Au/Au+3  or ZnO/Zn+2in reaction mixture it 
forms the spherical shaped submicron sized PANI particles with 
nanopiller on the surface of the spheres even all the other reaction 
conditions have beenkept same (PANI0, see Fig: S2).     40 

  
Fig.2 FIB images of hollow PANI nanotubes (A) Surface 
decorated by spherical nano bead of PANI (sample-1 for 
decoration, synthesized with ZnO NPs), (B-D) surface decorated 
by PANI nano flexes (sample-2 for decoration synthesized with 45 

ZnO NPs, step-2), and (C) surface decorated by PANI nano flexes 
(dense flexes)   synthesized with ZnO NPs, (from A to D 
sequential steps). 

 
Fig. 3 (A) and (B) FIB micrograph and (C) and (D) HRTEM of 50 

PANI nanofibers synthesized in presence of Au NPs. 
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Fig.3(A) and 3(B) show the FIBmicrographsfor a branch ofPANI 
nanofibers and single nanofiber, respectively, whichhave 
beensynthesized by polymerization of aniline in acidic condition 
(H+)with templating the Au NPs at 0oC. A colloidal solution of 
Au NPs was added in 1(M) HCl solution, the red-pink colour of 5 

the solution becomes colourless due to the electronic transition: 
Auo → Au+3 and hence we have designated the final product as 
PANI@AuNPs/Au+3.  
 In order to understand the construction of the 
PANI@AuNPs/Au+3nanofibers,HRTEM was employed relatively 10 

at lower and higher magnifications, Fig. 3(C) & (D), respectively. 
Both FIB and HRTEM insight that the 
PANI@AuNPs/Au+3nanofibers are solid, i.e., obtained 
polyanilinefibers do not have any hollow interior. Microscopy 
analysis as well revealed that the PANI@AuNPs/Au+3nanofibers 15 

have an average length of about 10 µm with an average diameter 
of ~250 nm.  The idea of adding Au nanoparticle in the synthesis 
is to get the highly oriented solid PANI in metallic ionic medium 
(Au+3).  
 20 

Formation mechanism of rectangular hollow PANI@ZnO-
NPs/Zn+2 nanotubes: The difference in the formation of 
functionalized PANI nanofibers/tubes in our methods from the 
other methods is that, it is a two-step process: first step is the 
atomization of aniline at 0oC temperatures to from 25 

PANImolecules followed by the crystal growth at the same 
temperature with ZnO/Zn+2system(Fig. 2). Secondly, we allowed 
growing the PANI flakes on the surface of the rectangular-
hollow-core PANI nanotubes at 0oC. If the polymerization of 
aniline is allowed to form PANI at the temperature range of 75-30 

80oC followed by crystal growth then the PANI chains are not 
able to grow effectively to form 1D nanofibers due to the high 
solubility of aniline at such a higher temperature.29 
 If the polymerization occurs followed by the crystal growth in 
between 0-5oC, even then PANI crystal could not grow 35 

effectively to a 1D direction. If polymerization is allowed at 
higher temperature, as example at  75-80oC followed by the  
crystal growth in between 0-5oC, then it leads to the formation of 
oriented solid PANI fibers.29 The introduction of small amount of 
dimers/oligomers into the polymerization reactions can control 40 

the growth of the conducting polymer nano fibers.28When 
polymerization of aniline in the presence of ZnO/Zn+2ionic 
systemunderultrasonication is allowed and is combined with 
crystal growth at 0oC, thenthe highly fascinated and oriented 
PANI 1D nanotubes with rectangular hollow interior are formed 45 

in high yield. Whenever we have allowed polymerization of 
aniline in the presence of Au/Au+3underultrasonication followed 
by the crystal growth at 0oC, the highly oriented PANI 1-D 
nanofibers are formed but without any hollow core. There is an 
obvious question, what is the role of Au/Au+3 or ZnO/Zn+2? 50 

 We observed that the presence of Au/Au+3control the high 
orientation of the PANI fibers and helps the fibers to grow in 1D 
without forming any hollow structure in the centre of the fibers 
even all other synthesis conditionsmaintained same. In absence of 
any NPs or ions (Au/Au+3 ions or ZnO/Zn+2) lead to the 55 

formation of uncontrolled growth of the fibers with irregular 
surface morphology. Additionally, polymerization of aniline in 
presence of ZnO/Zn+2leads to the formation of PANI nanotubes 

with rectangular hollow core andthe formation of well-defined 
rectangular hollow interior of nanotubes of conductive polymer 60 

(i.e., PANI) follow the self-assembling intermolecular 
arrangement mechanismof polymer chains along the longitudinal 
direction. Although in some casesthe formation of micron 
sizedfiberswith β-peptide and with other aromatic molecules have 
been reported but not having hollow-rectangular cross-sectional 65 

interior.27,30 
 It is worth mentioning that the concentration of aniline and H+ 

are important parameters to control the growth of polyanilineat 
0oC. When temperature is 0oC and the reaction is in progress, the 
concentration of H+ in the reaction medium reach to zero at a 70 

certain stage and the concentration of polyanilinium salt also 
decreases or do not form further due to the lack of H+ ions. This 
situation leads to the formation of spherical crystal beads of 
PANI what we are able to create on the surface of PANI. These 
PANI nano beads induces the self-assembly on the surface of the 75 

rectangular hollow tubes as it is observed in Fig. 3(A) in such a 
fascinating manner that the distance between the beads are almost 
same. In the present work we are able to create the uniform sized 
and spherical beads of size around 50 nm in diameter on the 
surface of the rectangular hollow PANI nanotubes. The nano 80 

beads are decorated isotropically due to a stabilized ionic 
environment of oxidised aniline droplets which have been placed 
at equal distance on the surface of the fibers. Thus nano beads of 
PANI are self-assembled on the rectangular hollow PANI tubes.  
 In the stepwise process for the formation and decoration of 85 

flakes on the surface of hollow-rectangular PANI tubes (Fig. 3B 
and Fig. 3C), it is also observed that the formation of flakes and 
its morphology also depend on the aniline concentration. 
Typically, for the formation of PANI flakes and its self-assembly 
on rectangular hollow tubes the concentration of [aniline]:[H+] is 90 

maintained 1:1 with an aniline concentration of as low as 0.8 
mmol. In this work it is observed that the thickness of PANI 
flakes is ~ 100 nm with triangular shape. All the triangular flakes 
are self-assembled on the surface of the rectangular hollow PANI 
tubes in such a fascinating manner that finally it appears like a 95 

“Dates-tree-body-like” 3D structure.  
 In order to assure the molecular structure of the PANI0, 
PANI@AuNPs/Au+3and PANI@ZnO-NPs/Zn+2 the FT-IR 
spectroscopy analysis has been performed at room temperature. 
The FT-IR results of the PANI reveals that the bands at 1573 and 100 

1490 cm-1 are attributed due to the deformation (stretching) mode 
of –C=C- of the quinoids and benzoid rings. The band at 1299cm-

1 is assigned to the C-N stretching of the secondary aromatic 
rings. The band at 1243 cm-1 appeared due to the stretching and 
vibration of the –C-N-C- bonds present in polaron. The band at 105 

1122 cm-1 is arisen due to the bending and vibration of –C-H 
bonds in plane. This bond forms during the protonation of aniline 
during polymerization and broadens towards the higher wave 
numbers range beyond 1178 cm-1.  The bands at 695 and 1049 
cm-1 are the results of the outer plane bending of 1,2 rings and 110 

1,2,4 rings, respectively. The peaks in between 800-900 cm-

1appear due to the para substitution of the aromatic rings followed 
by the polymerization proceed through the head-to-tail 
mechanism. The quinoid units are converted to benzoind 
unitsupon acid protonation of the emaraldine base by a proton 115 

induced spin-unpairing mechanism and therefore, no prominent 
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absorption peak appears at around 1380 cm-1.  The protonated 
emaraldine shows a long absorption tail above 1950 cm-1, and an 
absorption peak appears around 3250 cm-1, isdue to the stretching 
of N-H bonds. The appearance of intense broad band at 1178 cm-1 
is associated with the high electrical conductivity and due to the 5 

high degree of delocalization of free electron in PANI.  The 
results indicate that the broadening of this peak is more for the 
PANI0 and PANI@ZnO-NPs/Zn+2compared to the 

Fig. 4 FTIR spectra for PANI0, PANI@AuNPs/Au+3and 
PANI@ZnO-NPs/Zn+2 showing the molecular structure and 10 

chemical bondings responsible for the conductivity. 
 
PANI@AuNPs/Au+3. The peak broadening for rectangular-
hollow PANI@ZnO-NPs/Zn+2 is highest among the three 
different samples. This is also an indication of lower conductivity 15 

of PANI@AuNPs/Au+3 compared to thePANI0 and PANI@ZnO-
NPs/Zn+2. The conductivity value is high for therectangular-
hollow PANI@ZnO-NPs/Zn+2which we have found from the 
impedance study (discussed in separate section). Additional peaks 
other than the peaks/bands related to the conductivity are 20 

matching with other FT-IR peaks and are the common 
observation for the PANI backbone structure which usually 
obtained by thetraditional chemical synthesis roots mainly acid 
catalyzed polymerization of aniline.31,32 
 UV-Vis-NIR absorption spectra of PANI0, 25 

PANI@AuNPs/Au+3and PANI@ZnO-NPs/Zn+2 were conducted 
in deionised propanol (Fig. 5). The characteristic peaks for 
PANI0 appears at 360, 462 and 890 nm (long tail); for 
PANI@AuNPs/Au+3at 378, 443, and 891 nm (long tail); whereas 
for PANI@ZnO-NPs/Zn+2 the peaks appear at 247, 276, 373, 440 30 

and 885 nm (long tail). The absorption spectra in Fig. 5 shows 
that the peaks at 247 nm and 276 nm arise due to the π→π* 
transition and the polaron band→π* transition of PANI 
rectangular hollow nanofibers (distinct for PANI@ZnO-
NPs/Zn+2), respectively. The peak arisen at 360-378 nm is due to 35 

the π→π* transition in the benzoid ring of the emaraldine base 
form of polyaniline.16The band in between 440 to 462 nm and the 
extended broad band starting from 580 to 1400 nm is attributed to 
the π → localized polaron band.29 This represents the presence of 
major conducting form of emaraldine salts of the PANI 40 

synthesized with H+ catalyst and the conjugation is extended to a 
long range order. The absorption between 440 to 462 nm and the 

extended broad band starting from 580 to 1400nm is attributed to 
the π→localized polaron band for the emaraldine salt is 860 nm 
for PANI@AuNPs/Au+3and it might be the possible reason for 45 

theless conjugation length and hence less conductivity compared 
to the PANI@ZnO-NPs/Zn+2 and PANI0 (absorption band peak 
at 891 nm and free carrier tail of conjugated electron extended far 
beyond 1400 nm).16,29 This could be the  possible reason for the 
high conductivity for rectangular-hollow PANI@ZnO-NPs/Zn+2 50 

and PANI0 compared to the PANI@AuNPs/Au+3.Similar results 
we have found from the impedance study (discussed in the 
subsequent section). Due to the electron spin-orbital 
coupling/overlap of the phenylring’s π electrons and nitrogen 
lone pairs the extent of conjugation decreases and results in the 55 

less conductivity for the PANI@AuNPs/Au+3 solid fibers 
compared to the other two samples (PANI@ZnO-NPs/Zn+2 and 
PANI0).   

 
Fig. 5 UV-Vis-NIR spectra for PANI0, PANI@AuNPs/Au+3 and 60 

PANI@ZnO-NPs/Zn+2 showing conduction and non-conduction 
bands. 
 The XRD patterns of thePANI0, PANI@AuNPs/Au+3and 
PANI@ZnO-NPs/Zn+2 have been shown in Fig. 6 to distinguish 
the solid state crystalline structure of the samples. The XRD 65 

pattern of the PANI0 shows four distinct peaks at 2θ = 8.82o (d 
spacing = 10.01), 15.33o (d = 5.78), 20.44o (d = 4.32) and 25.25o 
(d = 4.35). The peak arisen at 20.44o is due to the periodicity of 
polymer chains where the PANIchains are arranging parallel to 
each other. The peaks at 2θ =25.25o may be  attributed due to the 70 

periodicity of thepolymer chains where the chains are arranged in 
a perpendicular manner.33 XRD pattern for  
thePANI@AuNPs/Au+3shows six distinct peaks at 2θ=6.27o, 
18.20o, 20.02o, 25.56o, 29.10o and 41.14o having ‘d’ spacing of 
about 14.01, 4.87, 4.43, 3.48, 3.10 and 2.19 Å, respectively.  For 75 

thePANI@ZnO-NPs/Zn+2, eight distinct diffraction peaks appear 
at2θ = 6.44o, 18.01o, 19.89o, 25.36o, 28.65o, 33.10o, 34.79o and 
41.44owith‘d’ spacing 13.7, 4.92, 4.46, 3.51, 3.11, 2.70, 2.56, and 
2.19 Å, respectively. The peaks at 2θ~20.44o and 2θ~25.25o are 
the general observation for the PANI, whereas the peak at 2θ~6o 80 

for PANI@AuNPs/Au+3 and PANI@ZnO-NPs/Zn+2 is observed 
for the highly ordered crystallinestructure of PANI.34 Usually, the 
PANI synthesized by a conventional acid catalysed (H+) method 
do not show any distinct XRD peaks and is amorphous in nature. 
However, an additional peak for both of PANI@AuNPs/Au+3 and 85 
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PANI@ZnO-NPs/Zn+2 is observed at 2θ ~41odue to the very high 
orientation of PANI chains in long range order.  In conclusions, 
the 1D backbone structure of PANI with very high 
length/diameter ratio with surface decoration by nano beads and 
nano flakes (Fig. 1 and Fig. 2) are highly crystalline. In the 5 

conventional PANI synthesis method, the aniline monomer reacts 
with HCl to form aniliniumcation and it is become difficult to 
crystalline themin aperiodic order on vigorous stirring and 
produceamorphous aggregate of aniliniumcations. Detail XRD 

indexing and results have been calculated35 and represented in 10 

Table1.  
Fig. 6 XRD pattern of PANI0, PANI@AuNPs/Au+3 and 
PANI@ZnO-NPs/Zn+2. 
 
Table 1. Results obtained from the XRD: d-spacing(Å) and (hkl) 15 

indexing against 2θ (deg.).  
PANI@ZnO-

NPs/Zn+2 
PANI0 PANI@AuNPs/Au+3 

2θ ‘d’  
spacing 

(hkl) 2θ ‘d’ 
spacing 

(hkl) 2θ ‘d’  
spacing 

(hkl) 

6.44 13.7 - 8.82 10.01 - 6.27 14.01 - 
18.01 4.92 (002) 15.33 5.78 (101) 18.20 4.87 (110)/ 

(002) 
19.89 4.46 (012) 20.44 4.32 (012) 20.02 4.43 (012) 
25.36 3.51 (200) 25.25 4.35 (012) 25.06 3.48 (112)/ 

(200) 
28.65 3.11 (211)    29.10 3.10 (211) 
33.10 2.70 (212)    41.14 2.19 (114) 

(221) 
34.79 2.56 (131) 

(123) 
      

41.44 2.19 (114) 
(221) 

      

 Thermal stability of PANI0, PANI@AuNPs/Au+3 and 
PANI@ZnO-NPs/Zn+2 were checked with TGA (Fig. S3). The 
thermogram clearly shows that the degradation of all samples 
occur in three steps. The weight loss at 100oC is due to the 20 

moisture whereas all the major weight loss is observed at 300oC. 
After 500oC the rate of weight loss of PANI@AuNPs/Au+3 
sample is quite faster with respect to the PANI0, and 
PANI@ZnO-NPs/Zn+2. This is due to the wide distribution of the 
size of the polymer chains. The low molecular weight PANI 25 

polymer chain degrades faster on heating.  Faster weight loss 
associated with the low Mw (molecular weight) and it can assume 
that the electronic conjugation length is also less for 
PANI@AuNPs/Au+3 compared to the other two samples, i.e., 
PANI0, and PANI@ZnO-NPs/Zn+2.  30 

 Fig. 7 EPR spectra for PANI0, PANI@AuNPs/Au+3 and 
PANI@ZnO-NPs/Zn+2. 
 
 The conductivity of PANI is strongly associated with its 
oxidation states. The Raman spectroscopy is very sensitive tool to 35 

define the various oxidation states and here we found out the 
conducting states of novel PANI0, PANI@AuNPs/Au+3 and 
PANI@ZnO-NPs/Zn+2 samples (Fig. S4). Our PANI samples are 
found to be a mixture of both its non-conducting emaraldine base 
and conducting emaraldine salt forms as it has been revealed 40 

from the FT-IR and UV-Vis-NIR (Fig. 4 and 5). For PANI0, 
PANI@AuNPs/Au+3 and PANI@ZnO-NPs/Zn+2 samples, the 
band appears at 1350 cm-1because of the presence of conducting 
emaraldine salt form and thus the PANI fibers forms through the 
intermediate polysemiqunone radical formation mechanism.36 45 

The peak at 1580 cm-1 appears due to the stretching of –C=C- 
quinoid consisted with the cross linking for all the synthesized 
samples.37But it is very difficult to calculatethe extent of the 
conducting emaraldine salt present in the samples.However,we 
have confirmed the samefrom the impedance spectroscopystudy.  50 

 In order to investigate the free electron responsible for the 
conductivity of all the PANI samples, EPR experiments were 
performed apart from the UV-Vis-NIR (Fig. 5). EPR spectra 
corroborate the presence of radical cationsand these are the 
characteristics for the PANI0, PANI@AuNPs/Au+3 and 55 
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PANI@ZnO-NPs/Zn+2 samplesto be conducting (Fig. 7). EPR for 
PANI0, PANI@AuNPs/Au+3 and PANI@ZnO-NPs/Zn+2 
represent signals at g = 2.003. All the samples are showing the 
similar shape for the spectra, while PANI@AuNPs/Au+3showing 
the peak broadening and the intensity of the peak decreasing from 5 

PANI@ZnO-NPs/Zn+2 to PANI0 then to PANI@AuNPs/Au+3. 
The broadening of the peaks in PANI0 and PANI@AuNPs/Au+3 

are due to the reduction of the diffusion of the unpaired electrons 
compared to the PANI@ZnO-NPs/Zn+2. It is evident that the 
presence of Na+, K+, Ca2+ or Mg2+ in composite system of PANI-10 

zeolite/clays hindered the free-electron’s movement.38 Thus the 
occurrence of Zn+2 or Au+3 during the synthesis of PANI (and 
their successive removal by solvent treatments) affects the 
formation of nanostructure. The complete removal of Zn+2 or 
Au+3 is assured by the XPS spectra study and results have been 15 

shown in the supporting file Fig. S5 to Fig. S7 and in the 
supporting Table S1 to Table S3. In conclusions, metal ions are 
not only hindered the electron diffusion of the PANI (conducting 
polymers) but it also influences the extent of formation of the 
emaraldine salts.   20 

The frequency dependant (f = 0 to 50 kHz) dielectric properties 
and electronic conductivity of PANI@ZnO-NPs/Zn+2 have been 
studied and compared with the results of PANI0 and 
PANI@AuNPs/Au+3 with an open circuit potential of zero volt 
(V) at room temperature (300 K).   25 

Fig. 8 Cole-Cole plote for the PANI0, PANI@AuNPs/Au+3 and 
PANI@ZnO-NPs/Zn+2. Inset is the enlarged view for 
PANI@ZnO-NPs/Zn+2. 
 
Figure 8 shows the Cole-Cole plots for the dielectric relaxation 30 

and revealed that the relaxation obeys the cole-cole circular arc 
law for all three samples, PANI0, PANI@AuNPs/Au+3 and 
PANI@ZnO-NPs/Zn+2. The parallel connected R-C circuit was 
used as an equivalent scheme of the cell. The relative complex 
dielectric constant, ε* is calculated by eqn. (1-3), 35 

 
 
 
 
 40 

with the empty cell capacity Co. Where,  
 
 
 

 45 

 
 
 
 
 50 

 
 
 
Our sample cell consists of round parallel palates with diameter D 
(~10 mm) and spacing d~0.5 mm, Co is calculated by the 55 

formula:  
The frequency dependent ε׳ (dielectric constant, real part) and ε״ 
(dielectric constant, imaginary part) have been measured and is 
represented as log-log plot in Fig. 9. ε׳ is determined to be 30±1.5 
(f = 50 kHz)  to 71±2.6 (f = 500 Hz) for PANI@ZnO-NPs/Zn+2 60 

which is of very high value compared to the  PANI0 (minimum 
0.6 ± 0.1, maximum 4.4±0.25) and PANI@AuNPs/Au+3 
(minimum 0.5 ±0.1, maximum 4.7±0.22). Similarly, it is 
found(Fig. 9) that the frequency dependant ε״ is very high for 
PANI@ZnO-NPs/Zn+2compared to PANI0 and 65 

PANI@AuNPs/Au+3. There are different mechanisms for the 
dielectric response and the electrical conduction in 
polymers/organic materials. The dielectric relaxation at ultra low 
frequency range (10-1 to 10-6 Hz) is the result usually from the 
ionic space-charge polarization39 or from the electrical double 70 

layer formation at the electrode.40The ionic space-charge 
polarization arise due to the long range movements of the 
impurity ions in the system. In our system the PANI samples are 
synthesized in the presence of H+ catalyst which leads to the 
formation of emaraldine salts. Whereas Zn+2 adds the additional 75 

influences in it. None of our samples points for cole-cole plots 
that were obtained in between 0 to 400 Hz.   
 Further, based on the imaginary (ac conductance) ε״ 
components of the permittivity (ε*) data, the frequency-
dependent ac current conductivity (σ) of the  PANI@ZnO-80 

NPs/Zn+2,PANI@AuNPs/Au+3 and PANI0 have been determined 
from 400 Hz to 50kHz (shown in Fig. 10) using the formula (eqn. 
4):  

)4(..........2 " foεπεσ =  
where, εo  is the dielectric constant of the free space (8.854 x 85 

1012). For PANI@ZnO-NPs/Zn+2, σ is determined to be 1.1 ±0.1 
x 10-4 S/m to 3.0 ± 0.23 x 10-3 S/m. This value is quite high 
compared to the σ values obtained for PANI@AuNPs/Au+3 

(8.6±0.43 x 10-6 to 2.7±0.21 x 10-5 S/m) and PANI0 (7.1±0.31 x 
10-6 S/m to 9.9±0.27 x 10-5 S/m) at the similar conditions. 90 

 Further the frequency depended dielectric loss (dissipation 
factor) values tan(δ) have also been calculated in the same 
frequency range at room temperature (Fig. 11) and found out that 
PANI@ZnO-NPs/Zn+2 have always a higher value compared to 
the solid PANI fibers (PANI@AuNPs/Au+3) and nanoparticles 95 

(PANI0). The Frequency dependence of conductivity of 
PANI@ZnO-NPs/Zn+2 at different temperature have also been 
measured and it reveals interesting results (Table 2) that with 
higher temperature conductivity decreases due to the resistance 
caused by the lattice vibration and disturbance of the electronic 100 

resonance/hopping in the PANI backbone is a known factor.  
 It is evident that the ac current conductivity σ is associated 
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with the frequency-dependant ionic conductivity (σi) and electro-
nic hopping (electronic resonance) conductivity (σe), i.e., σ = 
σi+σe. The frequency-dependant component σiis typical for ionic 
conductivity of liquids.41Theconductivity of PANI is 
predominantly associated with the frequency-dependant 5 

electronic hopping as it is known, and not due to the occurrences 
of liquid part in any structural form of PANI (see TGA plot, Fig. 
S3). Therefore, it is worth mentioning that the high value 
offrequency-dependent ac current conductivity (σ) of the PANI 
with rectangular hollow core [PANI@ZnO-NPs/Zn+2] is a unique 10 

finding 
 

Fig. 9 Frequency dependence of relative dielectric constants ε׳ 
and the relative dielectric loss ε״for PANI0, PANI@AuNPs/Au+3 

and PANI@ZnO-NPs/Zn+2. 15 

  
Table 2.Frequency dependence of conductivity of PANI@ZnO-
NPs/Zn+2 at different temperature. 
Frequency  

(Hz) 

5x102 103 104 2x104 5x104 

σ (30°C) 2.98 x 10-3 1.55 x 10-3 1.88 x 10-4 1.23 x 10-4 1.10 x 10-4 

σ (45°C) 1.07 x 10-3 8.61 x 10-4 1.09 x 10-4 7.45x 10-5 7.02 x 10-5 

σ (60°C) 6.39 x 10-4 3.36 x 10-4 4.71 x 10-5 3.86 x 10-5 4.37 x 10-5 

 

 20 

 Fig. 10 Frequency dependence of conductivity of PANI@ZnO-
NPs/Zn+2 , PANI0 and PANI@AuNPs/Au+3. 

Fig. 11. Frequency dependence of tan δ of PANI@ZnO-NPs/Zn+2 
, PANI0 and PANI@AuNPs/Au+3. 

4. Conclusions  25 

In conclusion, we prepared PANI nano tubes with rectangular 
hollow interior through sonochemical method in the presence of 
ZnO/Zn+2 system. This is the first report on the polymer 
nanotubes with rectangular hollow interior. The outer wall of the 
rectangular hollow tubes has been decorated with PANI 30 

nanobeads and triangular nano flakes by a self-assembly 
approach to obtain a “Dates-tree-body-like” 3D structure. 
Frequency dependentac conductance and the dielectric properties 
of the rectangular hollow PANI nanotubes have been investigated 
through the impedance measurements and the excellent 35 

enhancement of these properties have been observedcompared to 
the results obtained for solid PANI nanoparticles and solid 
nanofibers. Therefore, novel rectangular hollow PANI nanotubes 
with rectangular hollow corewith surface decorated nanostructure 
is a unique nanostructure conducting polymer which can be used 40 

in various applications such as for sensing, capacitance, 
electronic device fabrication etc.  However, the mechanistic 
formation of rectangular hollow core is assumedto occur through 
a self-assembly of PANI chains. Further detail studies are needed 
in this direction to understand fully the reason for the formation 45 

of rectangular hollow core of PANI. More detail study towards 
this will be reported elsewhere.  
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and [aniline] were kept 1:1 and 1:2, respectively (Batch-1); Fig. S2: 
PANI0 synthesized in H+ only; Fig. S3: TGA of PANI0, PANI@Au 
NPs/Au+3 and PANI@ZnO NPs/Zn+2; Fig. S4: Raman spectra for PANI0, 
PANI@AuNPs/Au+3 and PANI@ZnO-NPs/Zn+2; Fig. S5: XPS spectra for 
PANI@Au NPs/Au+3; Fig. S6: XPS spectra for PANI0 and Fig. S7: XPS 5 

spectra for PANI@Au NPs/Au+3. Table S1, Table S2 and Table S3, the 
XPS results for PANI@AuNPs/Au+3,  PANI0 and PANI@Au NPs/Au+3 
respectivily. Supplementary information is available 
inDOI: 10.1039/b000000x/ 
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