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Aromatic bi-, tri- and tetracarboxylic acid doped
polyaniline nanotubes: effect on morphologies and
electrical transport properties†

Utpal Rana,a Sanjoy Mondal,a Jhuma Sannigrahi,b Pradip Kumar Sukul,a Md. Asif Amin,a

Subham Majumdarb and Sudip Malik*a

Polyaniline nanotubes have been prepared in a facile manner via the chemical polymerization of aniline in

an aqueous medium using ammonium persulphate (APS) and ten different dopant acids. The formation of

PANI in the composite was confirmed using 1H-NMR, UV-Vis and FTIR spectroscopic studies. An intensive

FESEM investigation indicated that the dopant acid plays an important role in the formation of the PANI

nanotubes. In particular, the symmetrical positioning of –COOH groups in the aromatic dopant acid is

key for forming PANI nanotubes. Symmetrical BTA-1 produces PANI nanotubes, whereas BTA-2 and

BTA-3 only generate granular aggregates of PANI. The diameter of the observed nanotubes varies with

the molar ratio of BTA-1 to aniline and the diameter of the nanotubes increases with the increasing

number of –COOH groups in dopant acids that have the same central core. A comparative study with

other tricarboxylic acids shows that the outer diameter (OD) of the PANI nanotubes depends on the size

of the dopant under identical reaction conditions and follows the order: ODTPCA > ODBPCA > ODBTA-1.

Low temperature charge transport in these composites mainly follows a three dimensional variable range

hopping mechanism.
Introduction

The process of transforming a polymer into its conductive form
via chemical oxidation or reduction is called doping.1 The
enhancement of electric conductivity of a polymer primarily
depends on (a) the chemical reactivity of the dopant within the
polymer, (b) the extent of doping and (c) the mobility of the
dopant ions. The nature of the dopant plays an important role
in the stability of the conducting polymer (CP).2 Recent
advancements in the applications of conducting polymers has
fuelled research into the development of novel, as well as facile,
strategies for making CPs.3

Among the different conducting polymers, polyaniline
(PANI) has the greatest potential for commercial applications
because of its promising properties, e.g., its fast switching rate
(the ability to switch reversibly from its insulating to con-
ducting state via either electrochemical or chemical doping),
environmental stability and processability.3 Nanostructures
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including nanorods, nanobers, nanotubes, nanobelts etc. of
PANI have recently received considerably more attention than
bulk PANI due to their enhanced electrical properties, high
conductivity and good environmental stability.4 However, the
synthesis of PANI nanotubes is challenging as well as pains-
taking. A few methods currently exist to prepare PANI nano-
tubes e.g., hard template methods,5 bio-template methods,6

interfacial polymerization,7 seeding,8 and template-free
methods that form nanotubes spontaneously in aqueous
solutions.9 In the hard template method, aluminium oxide and
zeolites are used as templates and polymerization proceeds
within the porous network of the membrane.10 Tedious post-
synthesis processing is oen needed to remove template,
damaging the PANI nanotubes. So template methods that
employ liquid crystals, surfactants, micelles, vesicles, gels, etc.
to synthesize PANI nanotubes, suffer from the limits of using
chemicals.11 Template free synthesis methods,8,12 which
include interfacial polymerization, nanoparticle or nanober
seeding, electrospinning, gamma or ultraviolet irradiation, etc.
have generated a number of potential applications for PANI
nanotubes such as chemical sensors, molecular memory
devices, capacitors, etc.13

Recently, we reported the formation of PANI nanostructures
using the aromatic tetracarboxylic acids (Scheme 1) benzene-
1,2,4,5-tetra carboxylic acid (BTCA), naphthalene-1,4,5,8-tetra-
carboxylic acid (NTCA) and perylene-3,4,9,10-tetracarboxylic
acid (PTCA), which served simultaneously as both dopant
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Chemical structures of the aromatic carboxylic acids.
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acids and structure directing agents during the chemical
polymerization of aniline in the presence of ammonium per-
sulphate (APS).14 The presence of these acids changes the bulk
morphology of PANI from granular to nanobers depending
on the ratio of the dopant acid to aniline. It has been reported
that the formation of the PANI nanotubes occurs by a self-
assembly method, in which vesicles are formed from
symmetrical aromatic dopant acids. These vesicles are then
aggregated to form nanotubes. Meanwhile, with non-aromatic
dopant acids such as cyclohexane-1,2,4,5-tetracarboxylic acid
(CTCA), random aggregates are observed.15 This indicates that
the formation of the PANI nanotubes is possible only with
tetracarboxylic acids possessing an aromatic central core that
can facilitate the formation of the initial vesicular aggregates
through p–p interactions. Now the question is whether it is
possible to make nanotubes using any type of aromatic dopant
acid or whether there is any relationship between nanotube
formation and the structure of the dopant.

In order to address these issues, ve aromatic tricarboxylic
acids [1,3,5-benzene tricarboxylic (BTA-1), 1,2,4-benzene tricar-
boxylic (BTA-2), 1,2,3-benzene tricarboxylic (BTA-3), biphenyl-
3,40,5-tricarboxylic acid (BPCA) and 1,3,5-tris(4-carboxyphenyl)
benzene (TPCA)], three aromatic dicarboxylic acids [benzene-
1,4-dicarboxylic acid (BDA-1), benzene-1,3-dicarboxylic acid
(BDA-2), benzene-1,2-dicarboxylic acid (BDA-3)] and one
aromatic monocarboxylic acid (benzoic acid) were investigated.
The polymerization of aniline was carried out in a homoge-
neous aqueous solution of aniline, dopant acid and oxidant.
This journal is © The Royal Society of Chemistry 2014
The effect of the size of the dopant acid on the overall
morphology, and the conductivity have been investigated by
means of proton nuclear magnetic resonance (1H-NMR) spec-
troscopy, UV-Vis spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, eld emission scanning electron micros-
copy (FESEM), transmission electron microscopy (TEM), and
conductivity measurements. Temperature dependent conduc-
tivity measurements of the samples have given us the oppor-
tunity to gain insight into the mechanism governing charge
transport.
Experimental details
Materials

Benzoic acid (BA), benzene-1,4-dicarboxylic acid (BDA-1),
benzene-1,3-dicarboxylic acid (BDA-2), benzene-1,2-dicarboxylic
acid (BDA-3), benzene-1,3,5-tricarboxylic acid (BTA-1), benzene-
1,2,4-tricarboxylic acid (BTA-2) and benzene-1,2,3-tricarboxylic
acid (BTA-3) were purchased from Merck Chemicals. 4-Bro-
moacetophenone, K2S2O7, 5-amino isophthalic acid, bis(pina-
colato)diboron, PdCl2(dppf) and ammonium persulphate were
purchased from Sigma Aldrich. n-Butyl Lithium (1.6 M), KOAc,
KOH, NaOH, tetrahydrofuran (THF), hydrochloric acid (HCl),
sulfuric acid (H2SO4), methanol (MeOH), dry CO2 and potas-
sium iodide were purchased from local commercial sources in
analytically pure grades. BPCA and TPCA were prepared in our
laboratory (Scheme 2). All of the aqueous solutions were
J. Mater. Chem. C, 2014, 2, 3382–3389 | 3383
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Scheme 2 The synthesis of (a) BPCA and (b) TPCA: (i) MeOH, H2SO4, reflux, 24 h (ii) NaNO2, dil. HCl, KI,�5 �C (iii) bis(pinacolate)diboron, methyl-
4-bromobenzoate, PdCl2(dppf), KOAc, THF, NaOH, reflux (iv) H2SO4, K2S2O7, 180 �C, 16 h (v) n-BuLi, �60 �C, dry CO2.
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prepared with 18 MU water obtained by purifying deionized
water using a Millipore Milli-Q system.

Instrumentation

The dopant acids and corresponding PANI composite samples
were dissolved in DMSO-d6 solvent and their 1H-NMR spectra
were recorded using 300 and 500 MHz Bruker NMR instru-
ments. UV-Vis spectra of all of the PANI composites were
obtained by dispersing about 0.1 mgmL�1 in water then placing
the samples in 1.0 cm path length cells in a Hewlett–Packard
UV-Vis spectrophotometer (model 8453). FTIR spectra were
scanned from 400–4000 cm�1 with an FTIR-8400S instrument
(Shimadzu) using KBr pellets of the samples. In order to observe
the surface morphology, a tiny amount of each sample was
dispersed in Mili Q water then drop cast onto a glass cover slip
at room temperature before investigation. For the FESEM
observations, a JSM 6700F (JEOL) microscope operating at 5 kV
was used. The samples were coated with platinum over 80 s in
order to reduce the surface potential due to the accumulation of
electrostatic charge. The HRTEM investigations were carried
out by spreading each sample onto a Cu-grid coated with a holey
carbon support lm and micrographs were taken at an accel-
erating voltage of 200 kV using a JEOL, 2010EX microscope
equipped with a CCD camera. The temperature (T) dependent
electrical resistivity of the samples was measured using a four
point method with a Keithley nanovoltmeter (model 2182A) and
constant current source (model 2400) in a nitrogen cryostat
between 77 and 300 K. The optimum current used for the
measurement was 10 mA. The samples were pelletized and
connections were made using silver epoxy.

Preparation of BPCA

Synthesis of 5-aminobenzene-1,3-dicarboxylate (1). 5-Amino
isophthalic acid (5.0 g, 27.6 mmol) was dissolved in methanol
3384 | J. Mater. Chem. C, 2014, 2, 3382–3389
(150 mL). Concentrated H2SO4 (3 mL) was then added and the
solution was reuxed overnight. The solvent was removed using
a rotary evaporator and the residue was dissolved in chloroform
(250 mL), washed with saturated bicarbonate and the solvent
was removed again under reduced pressure to give 4.9 g of the
desired product 1 as a white powder (Yield: 85%). 1H-NMR
(300 MHz, CDCl3): d 3.90 (s, 6H), 7.51 (s, 2H), 8.04 (s, 1H) ppm.
13C NMR (300 MHz, CDCl3): d 52.4, 119.8, 120.7, 131.6, 146.8,
166.6 ppm. HRMS: calcd for C10H11NO4 209.20, found 210.01
(MH+), 231.9 (MNa+).

Dimethyl 5-iodobenzene-1,3-dicarboxylate (2). A solution of
sodium nitrite (15 g, 0.21 mol) in water (200 mL) was added
to a suspension of 5-aminobenzene-1,3-dicarboxylate (1)
(43.75 g, 0.21 mol) in 20% HCl (100 mL) at �5 �C. Toluene
(250 mL) and then a solution of potassium iodide (70.56 g,
0.84 mol) in water (150 mL) were slowly added to the
suspension. Aer the addition, the reaction mixture was
stirred for 16 h and then reuxed for 2 h. The organic layer
was separated and washed several times with water, then
dried with NaSO4, ltered, and concentrated under vacuum.
The crude product was puried by column chromatography
(silica gel, ethyl acetate/hexane, 3 : 7 v/v) and recrystallized
from methanol, giving 7.94 g of 2 as light-brown crystals
(Yield: 48%). 1H-NMR (300 MHz, CDCl3): d ¼ 3.95 (s, 6H),
8.53 (d, 2H), 8.61 (t, 1H) ppm. 13C NMR (300 MHz, CDCl3): d
¼ 52.6, 93.4, 129.8, 132.3, 142.4, 164.7 ppm.

Biphenyl-3,40,5-tricarboxylic acid (BPCA). A mixture of
dimethyl 5-iodobenzene-1,3-dicarboxylate (2) (500 mg, 1.56
mmol), bis(pinacolato)diboron (360 mg, 1.41 mmol), potassium
acetate (460 mg, 3.00 mmol), PdCl2(dppf) (40 mg, 0.05 mmol),
and dried DMF (15 mL) was stirred at 80 �C for 2 h. The reaction
mixture was cooled to room temperature. Methyl 4-bromo-
benzoate (990 mg, 3.20 mmol), PdCl2(dppf) (40 mg, 0.05 mmol),
and KF (760 mg, 5.0 mmol, dissolved in 3.5 mL of water) were
then added. The mixture was stirred at 80 �C overnight and then
This journal is © The Royal Society of Chemistry 2014
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extracted several times with diethyl ether. The organic layer was
dried with NaSO4, and the solvent was removed under vacuum.
The crude product was puried by column chromatography
(silica gel, ethyl acetate/hexane, 3 : 7 v/v). Subsequently, it was
hydrolysed as follows: a mixture of biphenyl-3,40,5-methyl-
tricarboxylate (1.15 g, 3.00 mmol), THF (45 mL) and NaOH
(1.6 g, 40 mmol) dissolved in water (50 mL) was reuxed for 2 h.
The organic solvent was then removed under reduced pressure,
and the aqueous solution was reuxed again for 4 h. The reac-
tion mixture was cooled and acidied with 50% H2SO4. The
precipitate was ltered and dried to obtain 240 mg of BCPA as a
white powder (Yield 54%). 1H-NMR (300 MHz, DMSO-d6): d ¼
7.86–7.87 (d, 2H), 8.04–8.06 (d, 2H), 8.41 (s, 1H), 8.48 (s, 1H),
13.28 (s, 3H) ppm. 13C NMR (300 MHz, DMSO-d6): d ¼ 127.1,
129.47, 130.4, 131.4, 132.2, 140, 142.4, 166.3, 167 ppm. MS
(MALDI-TOF) calcd 286.05 found 309.1 [M+Na]+. FTIR: 3258,
1737, 1696, 1609, 1451, 1392, 1281 cm�1.
Preparation of TPCA

Synthesis of 1,3,5-tri(4-bromophenyl)benzene (3). A mixture
of 4-Bromoacetophenone (15 g, 75.37 mmol), 1.0 mL of H2SO4

(conc.) and K2S2O7 (20 g, 78.67 mmol) was heated at 180 �C for
16 h under a nitrogen atmosphere. The resulting crude solid
was cooled to room temperature and reuxed in 100 mL of dry
EtOH for 2 h and then cooled to room temperature. The solu-
tion was ltered and the resulting solid was reuxed in 100 mL
of H2O to yield a pale-yellow solid that was then ltered. The
crude product was dried under vacuum affording 30.6 g of dried
product, which was recrystallized from CHCl3 (Yield : 75%).
1H-NMR (300MHz, CDCl3): d¼ 7.53 (d, 6H), 7.60 (d, 6H), 7.68 (s,
3H) ppm. 13C NMR (300 MHz, CDCl3): d ¼ 122.2, 125.1, 129,
132.2, 139.7, 141.6 ppm.

Synthesis of 1,3,5-tris(4-carboxyphenyl)benzene (TPCA).
1,3,5-Tri(4-bromophenyl)-benzene (5 g, 9.2 mmol) was dissolved
in 50 mL of anhydrous THF under a N2 atmosphere. The stirred
solution was cooled to �60 �C and a 1.6 M solution of n-BuLi in
hexanes (14 mL, 18.62 mmol) was added dropwise. A red to
light-green precipitation of the aryl lithium derivative was
formed. Pre-dried gaseous carbon dioxide was passed into the
mixture at �60 �C resulting in a colourless precipitate of the
lithium salt. The mixture was allowed to warm and then was
quenched with 50% aqueous acetic acid. The solid product was
ltered and recrystallized from acetic acid to give 1.53 g (38%) of
TPCA as white microcrystals. 1H-NMR (DMSO-d6): d ¼ 8.06 (s,
12H), 8.09 (s, 3H) ppm, 13C NMR (300 MHz, DMSO-d6): d ¼
125.6, 127.4, 129.9, 130.0, 140.8, 143.8, 167.2 ppm. HRMS calcd
438.1 found 439.2 [M+H]+. FTIR: 3072, 2984, 1689, 1611, 1421,
1317, 1291, 1244 cm�1.

Preparation of polyaniline nanostructure. PANI composites
were synthesized by dispersing aniline (102 mg, 1.1 mmol) and
the required amount of dopant acid (0.26mmol) in water, under
constant stirring for 1 h. Aer cooling the mixture to 10 �C, an
aqueous solution of ammonium persulphate [(NH4)2S2O8, APS,
250 mg, 1.1 mmol] was added over 30 min and the mixture was
allowed to stand for 24 h at low temperature. The resultant
precipitate was ltered and washed ten times with water and
This journal is © The Royal Society of Chemistry 2014
methanol to remove APS and oligoaniline. Finally, the precipi-
tate was dried under vacuum overnight to afford the corre-
sponding PANI composite.14,15
Results and discussion

The polymerization reaction is generally carried out in a
homogeneous aqueous solution of aniline, dopant acid,
and APS (Table S1†). Aer washing several times with water and
methanol to remove the oligoaniline and excess oxidant and
drying, the resulting PANI composites were studied by 1H-NMR,
FT-IR and UV-Vis spectroscopy in order to determine the
formation of polyaniline using these aromatic acids. The 1H-
NMR spectra of all of the PANI nanocomposites show the three
well known –NH proton resonance triplet peaks of PANI
including the characteristics peaks of dopant acids. The split-
ting of the peaks at 6.98–7.2 ppm can be assigned to the
aromatic H-resonance of the PANI chains. The presence of three
sharp 1/1/1 triplets with almost equal intensity at �6.98, 7.08,
and 7.18 ppm with a coupling constant of 51.1 Hz is due to the
free radical –NH proton resonance, which proves the formation
of PANI (Fig. S5†).15,16

FT-IR spectra of all of the PANI composites exhibit stretching
bands at �1576, �1483, �1293, �1109 and �792 cm�1

(Fig. S6†). The characteristic stretching vibrations at
�1576 cm�1 (gC]C for quinoid rings), �1483 cm�1 (gC]C for
benzenoid rings), �1293 cm�1 (gC–N for the secondary
aromatic amine), 1109 and 792 cm�1 (gC–H aromatic in plane
and the out of plane deformation for the 1,4-disubsituted
benzene) are the characteristics bands of the emeraldine salt
form of PANI.17

UV-Vis spectra of all of the PANI composites show charac-
teristic absorption peaks centered �360, �450 and �925 nm
(Fig. S7†). The peak at �360 nm can be assigned to the p–p*

transition of the benzenoid rings, peak at �450 nm can be
attributed to the polaron–p* transition and nally the peak
�925 nm is due to the p–polaron transition in PANI. The
presence of these three peaks indicates that the PANI chains are
in an emeraldine salt state. In case of BTA-1/PANI at different
molar concentrations the peak intensity at �450 nm and �925
nm increases with the increasing ratio from 0.01 to 0.25 because
there will be more charged polarons in the PANI chains in case
of the 0.25 ratio and less in the 0.01 ratio.18
Morphological studies

FESEM images of isomeric acid doped PANI are shown Fig. 1.
BTA-1, BTA-2 and BTA-3 have the same number of functional
groups. BTA-1 contains three –COOH groups in symmetrical
positions, but the other two contain three –COOH groups situ-
ated in asymmetric positions. It has been found that only BTA-1
produces the nanobers, however, BTA-2 and BTA-3 produce a
granular morphology. The same trend is also observed in the
case of the benzene dicarboxylic acids (Fig. S8†). The formation
of nanobers using BTA-1/BDA-1 is possible because of the
symmetrical positions of the –COOH groups in the dopant
structure. Therefore, BTA-1 or BDA-1 can interact with aniline to
J. Mater. Chem. C, 2014, 2, 3382–3389 | 3385
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Fig. 1 FESEM-images of (a) BTA-1/PANI, (b) BTA-2/PANI and (c) BTA-3/PANI. Synthesis conditions: [acid]/[aniline] ¼ 0.25, [aniline]/[APS] ¼ 1.00.
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form aniline lled BTA-1 or BDA-1 vesicles which self-assemble
one dimensionally to form nanobers or nanotubes. Although
PANI is produced using asymmetric dopant acids, the irregular
arrangement of the –COOH groups in these dopants restricts
the formation of a regular structure of PANI. Thus, an aromatic
dopant with –COOH groups in symmetrical positions is a key
parameter for PANI nanober formation.

Now the next question is whether all of the aromatic acids
that contain symmetrical –COOH groups are able to form
vesicles. In order to address this issue, benzene 1,4-dicar-
boxylic acid (BDA-1) with C2-symmetry, benzene 1,3,5-tricar-
boxylic acid (BTA-1) with C3-symmetry and benzene 1,2,4,5-
tetracarboxylic acid (BTCA) with C2i-symmetry were chosen to
investigate the PANI nanotube formation mechanism. These
three acids have different numbers of –COOH groups, which
are present at symmetrical positions on the aromatic core.
Surprisingly, all three of the symmetric aromatic acids
produce micro-meter sized nanotubes with high aspect
ratios (�55 for BDA-1/PANI, �65 for BTA-1/PANI and �300 for
BTCA/PANI). The surface smoothness of the nanotubes
decreases from BDA-1/PANI to BTCA/PANI. The BDA-1/PANI
nanotubes have a very rough surface because of the limited
solubility of BDA-1 in water (Fig. 2).19 The corresponding
HRTEM images show the distinct contrast between the core
and edge of the nanobers, proving the formation of the
PANI nanotubes.

In addition, the diameter of the nanotubes increases with
the increasing number of –COOH groups in the dopant. The
diameter for BDA-1/PANI is 148 nm, BTA-1/PANI is 156 nm
and for BTCA/PANI it is 164 nm.20 The diameter of the
nanobers is also controlled by changing the BTA-1/aniline
ratio. The average diameter was increased from 144 nm to
156 nm upon increasing the ratio of BTA-1/aniline from 0.01
to 0.25 (Fig. 3). These changes might result from the fact that
the environment for the self-assembly process is slightly
different at the various concentrations of dopant acid and
aniline monomer.21

It is well known that the properties of PANI (ES) is solely
dependant on the nature of the dopant acids. The inter chain
distance of PANI can be easily modied by using different
sizes of dopant.22 In addition, the size of the dopant has an
inuence on the delocalization of polarons through the PANI
3386 | J. Mater. Chem. C, 2014, 2, 3382–3389
chains in 3D regions and it plays a signicant role in
inducing the electrical properties of PANI.23 BTA-1, biphenyl
3,5,40-tricarboxylic acid (BPCA) and 1,3,5-tris(4-carboxyphenyl)-
benzene (TPCA) are dopant acids of different sizes and were
used for PANI synthesis. All of these dopant acids contain the
same number of functional groups in symmetrical positions,
but have different size central aromatic cores. All of the acids
yield brillar PANI aer using a ‘so-template’ method under
identical reaction conditions. The average diameter of the
nanobers increases from 156 nm to 166 nm with increasing
core size of the dopant from BTA-1 to TPCA, as shown in
Fig. 4. The increase of diameter of the nanobers with
increasing size of the dopant is possibly due to the formation
of larger vesicles for TPCA in the early stages of the reaction
due to molecular aggregation of the dopant acid with aniline
monomer.21
Transport studies

The thermal variation of the electrical resistivity (r) for the
samples studied is shown in Fig. 5, where ln r is plotted against
T0.25. It should be noted that in the case of three dimensional
(3D) variable range hopping (VRH) conduction, one would
expect ln(r/r0) ¼ (T0/T)

0.25, where T0 is the characteristic
temperature associated with the hopping mechanism, and r0 is
a constant. VRH conduction is oen observed in disordered
solids, where the hopping of charge carriers is not necessarily
restricted among their nearest neighbor sites. All of the curves
[except BPCA (0.25)] are found to be linear in the measured
temperature window indicating 3D VRH type conduction. Such
a type of electrical conduction has been reported in other acid
doped PANI samples.24 This can be attributed to the fact that the
charge carriers generated from the protonation of PANI move in
a spatially random potential, leading to VRH conduction.
Notably, for BPCA (0.25) (Fig. 5(a)), a shoulder like feature is
observed around 1/T0.25 ¼ 0.28 (T � 160 K). The origin of this
feature not clear at the moment. We have only used low-T data
for this particular sample for analysis. In these PANI chain
systems, one might expect to observe quasi one dimensional
conduction. However the predominant 3D character can oen
be attributed to the extension of the electronic wave function
over the polymer bundle.25 In order to gainmore insight into the
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 FESEM images PANI nanofibers doped by different aromatic carboxylic acids, (a) BDA-1/PANI, (b) BTA-1/PANI, (c) BTCA/PANI and their
corresponding HRTEM images in (d), (e) and (f). Synthesis condition, [acid]/[aniline] ¼ 0.25, [aniline]/[APS] ¼ 1.
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conduction mechanism in the samples, we have performed a
least square tting of the data using the above equation and the
solid lines in Fig. 5 represent the tted curves. The tted values
of T0 and the room temperature conductivity (s¼ 1/r) have been
tabulated in Table S2.† It should be noted that s is found to
range between 0.5 � 10�3–58.8 � 10�2 S cm�1. The room
temperature bulk conductivity of the PANI nanotubes is
Fig. 3 Low and high magnification FESEM images of three different mol
0.01. [aniline]/[APS] ¼ 1.00.

This journal is © The Royal Society of Chemistry 2014
relatively low compared with PANI composites doped with
inorganic acids and this is possibly due to the lower mobility of
the organic dopants. The highest room temperature conduc-
tivity is observed for BPTA, which is presumably related to the
ordered arrangements of the polymer chains (Fig. 4c and d). The
value of T0 is found to be in the order of�107 K, which is similar
to that found for H3PO4-doped polyaniline.24
ar ratios of BTA-1 to aniline: (a and b) 0.25, (c and d) 0.10 and (d and e)

J. Mater. Chem. C, 2014, 2, 3382–3389 | 3387
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Fig. 4 Low and highmagnification FESEM images of different tricarboxylic acid–PANI samples: (a and b) BTA-1/PANI, (c and d) BPCA/PANI and (d
and e) TPCA/PANI. [acid]/[aniline] ¼ 0.25, [aniline]/[APS] ¼ 1.00.

Fig. 5 Thermal variation of the dc resistivity (in Ohm cm) scaled to the variable range hopping model (VRH) for the various samples. The solid
straight red lines indicate the fitted curves (see text for details).

3388 | J. Mater. Chem. C, 2014, 2, 3382–3389 This journal is © The Royal Society of Chemistry 2014
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Conclusion

Using ten different aromatic acids, PANI nanotubes have been
prepared via the chemical polymerization of aniline. An inten-
sive morphological investigation indicates that the structure of
the dopant acid as well as the symmetrical positioning of its
functional groups plays a critical role in the formation of the
PANI nanotubes. The diameter of the PANI nanotubes varies
with the molar ratio of the dopant acid to aniline, the number of
functional groups present in dopants with the same central core
and also the size of the central core in dopants that have the
same number of functional groups. The conductivity of the
composites are in the range of 0.58 � 10�3–58.8 � 10�2 S cm�1

and three dimensional variable range hopping (VRH) type
conduction was observed for all of the aromatic acid doped
PANI samples. The present method provides a facile template-
free method towards PANI nanotubes, which can be used for
plastic based nanoelectronics applications.
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