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Abstract

The present work describes the interfacial polymerization of aniline in the absence or presence of surfactants. Polyaniline was readily
obtained in the semi-oxidized doped state and was cast from the aqueous phase. The structural and morphological characteristics of the poly-
anilines were deduced from X-ray Diffractometry and Scanning Electron Microscopy. Various morphologies were obtained depending on the
surfactant addition. Conductivity measurements recorded for HCl doped polyaniline nanoneedles from 5 to 330 K showed a Tc value at
230 K, where their transport behaviour changes from metallic-like above Tc to semiconductive below Tc. Furthermore, extensive magnetic
measurements have been performed as a function of applied field and temperature.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyaniline is an important member in the class of electri-
cally conducting polymers due to the easy dopingededoping
process and its thermal and environmental stabilities. The
conjugation mechanism of polyaniline is unique among other
conducting polymers, owing to a combination of benzenoid
and quinoid rings leading to three different oxidation states [1].

Recent advances in the field of polymer science have
brought an increasing research interest in nano- or submicron
structured conjugated polymers [2]. A current challenge in this
field of nanotechnology is to synthesize small enough poly-
meric nanostructures with almost monodispersed size distri-
bution. Conductive polymeric nanofibers synthesized via an
interfacial procedure have been previously reported for poly-
aniline [3,4]. This method has been also applied for the
synthesis of polypyrrole and PPy/Ag nanocomposites [5].
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Other synthetic approaches have been also followed for the
formation of nanostructural polyaniline [6e9]. The ability of
these polymers to detect upon a redox reaction of various
molecules, such as glycine [10] or hydrazine [11], gives rise
to one of their fundamental applications, i.e. their use as bio-
sensors. Since the conductivity values of polyaniline change
by many orders of magnitude upon dopingededoping, micro-
or nanoelectronic sensor devices can be fabricated. However,
the design of nanostructured conjugated polymers involves
the combination of numerous factors, while slight structural
changes induce significant changes in their properties, such
as conductivity values. Besides, the transport properties of
conjugated polymers are currently a research field of increas-
ing interest [12], and numerous reports examine their electrical
and magnetic properties [13]. Moreover, polyaniline exhibits
a large spin density so interesting electrical and magnetic
properties arise that are highly dependent on the doping level
and the structure of the polymer [14]. Specifically, the intrinsic
metallic nature of polyaniline has been indicated by the nega-
tive dielectric constant values that have been previously re-
ported [15] and furthermore from the metallic behaviour of
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temperature dependent resistivity data [16]. Additionally, fer-
romagnetic interactions of the spins were revealed by EPR
measurements [17]. These spins are mainly localized on nitro-
gen atoms but to some extend are also delocalized on phenyl
rings giving rise to a significant Pauli susceptibility [18]. Con-
cerning the electrical properties of conductive polymers, re-
cently, in highly conductive polyaniline the resistivity was
observed to decrease monotonically as the temperature was
lowered down to 5 K, while the infrared spectra were charac-
teristic of the conventional Drude model even at the lowest
frequencies measured [19].

In this article we present our results concerning an interfa-
cial polymerization leading to the formation of polyaniline
nanostructures. The main advantages of the interfacial poly-
merization compared to the conventional polymerization in
aqueous solution are the slow reaction rate resulting in nano-
structures with a narrow size distribution and the ability to
add various surfactants either organophilic or hydrophilic in
the aqueous or in the organic solvent. A metallic behaviour
from 330 to 230 K was revealed by the temperature variation
of resistance, while the magnetic response of the HCl doped
polyaniline showed a gradual transition from diamagnetism
to paramagnetism as the temperature was lowered from 330
to 10 K.

2. Experimental part

2.1. Reagents

Aniline monomer and ammonium peroxydisulfate were
purchased from Riedel De Haan, while hydrochloric acid
from Merck. H2O2 was a product of Riedel De Haan. The
surfactant molecules, sodium dodecylsulfate and dodecyltri-
methylammonium bromide, were products of Aldrich and
Merck, respectively.

2.2. Synthesis of polyaniline without surfactants

The polymerization of aniline was conducted in the inter-
face of two immiscible solvents (water/chloroform). The
byproducts of the reaction are easily separated due to their
solubility in the aqueous or the organic solvents. The polymer-
ization was conducted without stirring and the temperature
was 25 �C. To a solution of 0.5 ml aniline monomer
(5.2 mmol) in chloroform (total volume 15 ml) were slowly
added an acidic aqueous solution made up of 13 ml H2O,
2 ml HCl, 1.2 g ammonium peroxydisulfate (5.2 mmol) as
an oxidizing agent and 3 drops of H2O2 (30%). The protonated
green colored emeraldine salt of polyaniline was obtained
after 8 h of polymerization. It was isolated by centrifugation,
washed several times with water and dried.

2.3. Synthesis of polyaniline in the presence of
surfactants

The same procedure was followed but the interfacial poly-
merization was conducted in the presence either of cationic
surfactant, 89 mg of dodecyltrimethylammonium bromide
(0.7 mmol), or of an anionic surfactant, 80 mg of sodium do-
decylsulfate (0.7 mmol). The surfactants were added to the
organic phase and the polyanilines obtained are denoted as
pani/DTAB and pani/SDS, respectively. In both cases the reac-
tion temperature, the reagents and their concentration were the
same as above.

3. Characterization of the samples

All samples were dried at 60 �C for 24 h prior to mea-
surements in order to evaporate any remained solvent. X-ray
diffraction (XRD) patterns were recorded for the structural
characterization of the polyanilines on powder samples by
a Siemens 500 Diffractometer with a scan rate 0.03� per sec-
ond. Infrared (FT-IR) spectra (Aldrich, 99%, FT-IR grade)
were obtained from a Bruker Equinox 55/S model spectrome-
ter (KBr pellets). UVevisible spectra were measured from
aqueous or organic solutions on a Shimadzu 2100 spectrome-
ter. SEM images were recorded on a FEI Inspect apparatus.
Resistivity and magnetization measurements were performed
by means of a Superconductive Quantum Interference Device
(SQUID) system. The polymer was pressed into pellets under
pressure (3 MPa) and the measurements were performed in the
standard four points configuration with silver paste contacts.
z-Potential measurements were carried out in a Malvern-
Zetasizer instrument in aqueous solutions. Thermogravimetric
(TGA) measurements were performed on a PerkineElmer
Pyris TGA under air flow with a scan rate 10 �C/min. The
weight loss due to remained solvent was calculated to be about
2% at 110 �C for the pani/HCl sample.

4. Results and discussion

4.1. Spectroscopic characterization

Interfacial polymerization was conducted in a water/chloro-
form biphase system, with HCl, ammonium peroxydisulfate
and H2O2 in the aqueous phase. Following addition of the
reactants the interfacial reaction was soon initiated and in
a few hours the polyaniline that was formed at the interface
rapidly migrated to the aqueous phase. Even though poly-
aniline is not highly soluble in either polar or organic solvents,
in water it forms a stable over a few days dispersion and can
be completely solubilized in larger quantities of water. In
general conjugated polymers suffer from low solubility in
organic or polar solvents [20]. It is known that stable colloidal
dispersion formed if the z-potential value of the particles is
higher than 20 mV. The low z-potential values observed for
the samples (pani/HCl¼þ7.4 mV, pani/SDS¼�10.1 mV,
pani/DTAB¼þ6.5 mV) justify the low solubility of the
polymeric samples (the z-potential diagrams are given in
Supplementary data).

The UVevisible spectra of the three green polyaniline salts
(pani/HCl, pani/DTAB, pani/SDS) measured from water solu-
tion are shown in Fig. 1. The spectra show three absorption
bands at 360e370 nm (pep* transitions), 410e440 nm
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Fig. 1. UVevisible spectra recorded from aqueous solutions of (a) pani/HCl; (b) pani/DTAB; (c) pani/SDS.
(low wavelength polaron band) and 840e850 nm (high
wavelength polaron band) [21,22]. The UV results combined
with the FT-IR spectra to be later discussed drive to the
conclusion that the polymer is in the conductive state. No
significant differences were observed in the three spectra,
indicating that, irrespective of the presence or not of surfac-
tants, the oxidation states of the polymers are similar.

We must also note that during the interfacial polymeriza-
tion a small amount of non-doped polyaniline is transferred
to the organic phase giving a purple-blue color. The presence
of a polyaniline fraction in the organic phase can be detected
by the UVevisible spectrum (Fig. 2). The spectrum shows the
characteristic absorption of the non-doped oxidized emeral-
dine base, meaning that a non-protonated fraction of polyani-
line migrated to chloroform [23,24].

The IR spectra of the polyanilines shown in Fig. 3 indicate
that the polymers exist in the doped semi-oxidized state [25].
The absorptions at 1575 and 1495 cm�1 correspond to the
stretching vibration of the quinoid and benzenoid rings and
these at 1319 and 1211 cm�1 to the CeN and C]N stretching
modes and appear at exactly the same wavenumbers for the
three samples. The previously mentioned peaks indicate that
the polymers are in the doped form. The vibrations from the
aliphatic chains of the surfactants are observed at 2921 and
2850 cm�1 for the pani/SDS sample while the CeH of the
aromatic ring is clearly seen at 3030 cm�1. Finally, the e
NeH vibrational modes are located in the 3200e3300 cm�1

region.
In Fig. 3b the thermogravimetric analysis diagrams are

presented. As it has been previously reported the HCl doped
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Fig. 2. UVevisible spectrum of the chloroform phase indicating the presence

of non-doped emeraldine base form. Sample: pani/HCl.
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polyaniline is exhibiting poor thermal stability at higher than
250 �C temperatures. This is what we observe for the pani/
HCl and pani/DTAB samples. In contrast, the pani/SDS
sample, where the DS� acting as counterions exhibits the
lower weight loss above 250 �C. The thermal stability of
doped pani is known to improve after using organic acids as
dopants [26].

4.2. Morphology and crystal structure

Concerning the crystal structure of the polyaniline samples,
the XRD patterns reveal that pani/SDS and pani/DTAB are
amorphous polymers, with the central broad band centered
at 2q¼ 24� to be characteristic of a disordered structure
(Fig. 4). In this instance the large surfactant molecules do
not favor an ordered structure for polyaniline. This broad
amorphous background is also observed in pani/HCl sample
which, however, exhibits a partial crystallinity as it is indicated
by the diffraction peaks at 2q¼ 19� and 2q¼ 25.5�. The latter
diffraction peak (d-spacing¼ 3.5 Å) implies that the phenyl
rings are densely packed [27] giving rise to a planar conforma-
tion and thus to an extensive interchain pep* orbitals overlap.
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Fig. 3. (a) FT-IR spectra of the polyaniline samples (I) pani/SDS, (II) pani/

DTAB, (III) pani/HCl; (b) TGA diagrams.
Furthermore, the increased crystallinity indicates a high
doping level [27c].
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Fig. 4. X-ray diffraction patterns for the polyaniline samples (a) pani/DTAB;

(b) pani/SDS; (c) pani/HCl.

Fig. 5. SEM images of pani/DTAB.
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The morphological characteristics of the polymers were
examined by Scanning Electron Microscopy. SEM images of
the pani/DTAB (Fig. 5) show that the polymer forms slightly
elongated structures, very close to spheres, with a mean
diameter 100e150 nm. A rather uniform size distribution is

Fig. 6. SEM images of pani/SDS.
observed which is attributed to the formation of isolated and
of uniform size surfactant islands. These islands arise from
the orientation of surfactant molecules at the interface, with
the polar group headed to the aqueous phase and the organo-
philic aliphatic chain to the organic phase. Polymerization in
the constrained space of these templates resulted in nearly
spherical polyaniline particles with a low mean diameter and
narrow size distribution.

Pani/SDS is growing mostly in a similar with pani/DTAB
spherical shape, but also a low percentage of nanofibers is
observed (Fig. 6). The presence of the two different structures
may be also due to the binary role of the anionic surfactant
that acts either as a template or as a counterion. The fraction
of DS� that forms templates probably leads to spherical
shaped particles in the same manner as DTAB, while DS�

acts as a balancing anion it is incorporated in the polymer
chains [28] and favors the fibrillar morphologies.

Pani/HCl forms exclusively nanoneedles and nanofibers
with a mean diameter of about 80 nm. Their length varied
from 400 nm to 2 mm (Fig. 7). The linear, fibrillar morphology
is highly favored and no other morphologies are observed in
contrast with the polyanilines synthesized through a surfactant
mediated polymerization. In all cases, the uniform size distri-
bution of the resulting nanostructures and the very narrow
mean diameter demonstrate the importance of the slow and
Fig. 7. SEM images of pani/HCl.



3167P. Dallas et al. / Polymer 48 (2007) 3162e3169
controllable interfacial polymerization in the restricted two-
dimensional space of the waterechloroform interface.

4.3. Transport and magnetic properties of sample
pani/HCl

We have studied the dc conductivity and the magnetic prop-
erties of the pani/HCl sample which has been synthesized in
the absence of insulating components like surfactants and
exhibits a partial crystallinity in the temperature range from
5 to 330 K. The applied current is 10 nA in zero field. In
Fig. 8 are presented the respective data in the form of conduc-
tivity. From 330 to 230 K a typical metallic-like behaviour is
indicated by the increase in the conductivity upon decreasing
the temperature. The XRD pattern of the sample indicated
the formation of a mostly amorphous polymer, however, a p
orbitals’ overlap is indicated by the diffraction peak at
d¼ 3.5 Å. This overlap is reported to facilitate the charge
transfer and thus in our case the response appears metallic
down to T¼ 230 K and becomes semiconducting at lower
temperatures [19]. This implies that below this temperature
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Fig. 8. (a) Representative conductivity measurement from 50 to 330 K for

pani/HCl; (b) The resistivity data from 50 to 230 K are plotted according to

Mott relation setting x¼ 1/2 (1-D semiconductor), leading to a linear fit.
the electrons are localized and the charge transport follows
the variable range hopping mechanism as it has been proposed
by Mott and David [29]. The observed metal-semiconducting
transition is expected due to Peierls instability which demon-
strates that 1-D conductors are intrinsically unstable [30]. The
metallic transport behaviour is proposed to arise from a spin
delocalization which is later identified by the magnetic mea-
surements, while the Tc value of 230 K is in good agreement
with previous works [31]. A significant decrease in conductiv-
ity is observed below 50 K with values higher than the measur-
ing range of the voltameter apparatus. The absolute value of
conductivity at room temperature is near 10�1 S/cm.

In order to study in more detail the electrical behaviour of
the sample we plotted the resistance values in the semiconduct-
ing region following the Mott relation: ln(RT/R330) vs 1/T1/2,
Fig. 8b. The polymer is considered as 1-D conductor (x¼ 1/2).
The fitting of the resistance data with this relation yields a
linear plot. The Mott temperature, reflecting the energy re-
quired for charge hopping, is derived from the slope and it
is calculated to be 1.5� 104 K [32].

The magnetization vs applied magnetic field of the pani/
HCl sample was recorded in various temperatures from 330
to 10 K. Detailed curves are presented in Fig. 9. A paramag-
netic behaviour with a constant increase in the magnetization
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was observed in 10 K, which gradually changes to diamag-
netic as the temperature increases. We consider this transition
to arise from electron localization in low temperatures. The
diamagnetic behaviour is associated with the metallic response
meaning that a spin delocalization occurs and a typical metal-
lic diamagnetism is observed. In lower temperatures the spins
are freezing, the system suffers from the Peierls instability, and
thus the electrons are localized giving rise to a metal-semicon-
ducting transition and an associated paramagnetism. At all
temperatures the m(H) curves exhibit a clear curvature that
starts to form in the high field region, indicative of a tendency
of the sample to become diamagnetic at very high magnetic
fields. Finally, no remnant magnetization is observed at any
temperatures. These results are in good agreement with
a model that considers the spins as located mainly at the nitro-
gen atoms and in some degree delocalized on phenyl rings as it
has been previously proposed from EPR and magnetic suscep-
tibility measurements [17,18]. A similar connection of elec-
tron delocalization with high temperature diamagnetism and
a disordered phase with low temperature paramagnetism has
been recently observed in graphite filaments [33]. The high
diamagnetic susceptibility of carbon nanostructures is linked
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to an increased ordering and consequently to an electron delo-
calization, while it is well known that aromatic molecules
exhibit a weak diamagnetism [33b].

Furthermore, the temperature dependence of magnetization
is following a Curie-type curve and indicates the transition
from diamagnetism to paramagnetism (Fig. 10). The increase
of magnetization in low temperatures is in accordance with
a typical Curie-type temperature dependence of susceptibility
[34]. The temperature where the transition to diamagnetism
occurs is depending on the applied magnetic field and is
shifted to lower temperatures as the intensity of the magnetic
field increases. Specifically, under 100 Oe applied field the
transition temperature is 170 K and in 10 and 50 kOe is 40
and 39 K, respectively. The field dependent transition is
assigned to inhibited electron localization due to the very
high external magnetic field which facilitates the electron
delocalization.

5. Conclusions

This paper described the interfacial polymerization of ani-
line, its assembly to various nanostructures and its electrical
and magnetic properties. The SEM images reveal the growth
of polyaniline fibrillar nanostructures in the absence of surfac-
tants, while nearly spherical shaped nanoparticles are obtained
when a surfactant was added. A metallic behaviour is observed
at temperatures above 230 K for pani/HCl sample with a grad-
ual transition from a diamagnetic to a paramagnetic behaviour
as the temperature was lowered. We assign these transitions to
spin localization while the temperature is decreased. Below
230 K the current transport follows a typical variable range
hopping mechanism.

Appendix. Supplementary data

z-Potential measurements for all samples are presented in
Supplementary data. Supplementary data associated with this
article can be found in the online version, at doi:10.1016/
j.polymer.2007.03.055.
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