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ABSTRACT: The uniform polyaniline nanoparticles with
the size of about 50 nm were electropolymerized using the
method of constant potential of 0.8 V. The effects of rare-
earth cations and magnetic field on the preparation and
properties of polyaniline were investigated. It was found
that the addition of rare-earth cations could enhance the
effect of magnetic field on the properties of polyaniline. The
resulting products were characterized by FTIR spectra, UV–
vis spectra and scanning electron microscope (SEM); the
conductivity and cyclic voltammetry (CV) were also inves-
tigated. The experimental results show that the magnetic

field has an orientation effect on polyaniline chain and there
exists the interaction between rare-earth cations and poly-
aniline chain because of the electrostatic interaction. The
addition of rare-earth cations can increase electrical conduc-
tivity, moreover, the effect of NdCl3 and ErCl3 on properties
of polyaniline is more remarkable than LaCl3 and SmCl3.
© 2006 Wiley Periodicals, Inc. J Appl Polym Sci 103: 2286–2294, 2007
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INTRODUCTION

Among all conductive polymers, polyaniline (PANI)
has been the subject of intense investigations during
the last two decades because of its desirable electrical,
electrochemical, and optical properties coupled with
excellent environmental stability.1,2 Low production
cost and relatively simple to synthesize, high electrical
conductivity and unique redox properties, it has im-
mense industrial potential for a number of applica-
tions.3–5 However, since the strong rigidity and inter-
action between the PANI chains, its solubility and
processability are very bad, which affect its applica-
tions deeply. To make it easily to be processed, it is
very important to make tentative to improve synthe-
size conditions of PANI.

The problem of interaction of conductive polymers,
especially PANI, and metal ions is of great impor-
tance, because of the fact that this may give rise to
novel chemical and physical properties of the formed
macromolecular complex. Recently, it was reported
that PANI could interact with many heavy metal
ions5,6 and rare-earth cations.7,8 Because of special
electronic properties of rare-earth elements viz: their
f–f electronic transitions of rare-earth elements are
relatively insensitive to perturbations in their chemical

environment, complex formation of lanthanide ions
with organic polymers is of particular interest. This
aspect of rare earth–polymer complexes is important
in respect to their potential applications in the field of
research as well as industrial applications, for exam-
ple, as using for emitting elements in organic light-
emitting devices (OLEDs)9–11 as well as dopant addi-
tions to enhance quantum yield in OLEDs,12 using for
catalyst for some polymer reactions7,13

The magnetic field can influence on the chemical
reaction containing radicals and can induce orienta-
tion of most organic polymer molecules and biological
macromolecules because of the magnetic susceptibil-
ity anisotropy.14,15 Some articles concerning the effect
of magnetic field on the chemistry and electrochemis-
try reaction have been published.16,17 The existence of
paramagnetic ions (for example, RE3�) in solutions
can greatly increase the effects of magnetic alignment
and improve the properties of a polymer,18 which may
lead to the wider application foreground of complex
of conducting polymer with RE3�. In electrochemical
systems,19 a Lorentzian force will act on the valence
electrons when magnetic field coupling with an elec-
tric field, this force leads to migration of ions and
generates solution streaming, i.e., the magnetohydro-
dynamic (MHD) effect,20 and then enhances mass
transfer. However, because of the fact that the poly-
mer cannot form a suitable ligand environment
around the lanthanide ion,7 the articles concerning the
effects of magnetic field as well as rare-earth cations
on properties of PANI nanoparticles are few. So, lots
of studies about the rare-earth–organic polymer com-
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plexes are needed. It was previously observed17,21 that
the electropolymerization rate of PANI could be en-
hanced obviously under a magnetic field. Cai et al.22

investigated the effects of rare-earth cations on the
training and properties of PANI obtained at magnetic
field.

In this paper, we present new results about the
effects of rare-earth cations (La3�, Nd3�, Sm3�, Er3�)
and magnetic field on the electropolymerization of
PANI. It was surprising for us to find that PANI
nanoparticles with the size of about 50 nm can be
prepared in a solution containing rare-earth cations in
the presence of magnetic field using the method of
constant potential. The cyclic voltammograms (CVs)
for electrolysis of aniline and conductivity of the prod-
uct were studied, and some properties of resulting
product were characterized by scanning electron mi-
croscope (SEM), UV–vis, and FTIR spectra.

EXPERIMENTAL

The aniline (reagent grade) was distilled into colorless
under reduced pressure prior to use. All rare-earth
chlorides (LaCl3, NdCl3, SmCl3, and ErCl3) were of
99.9% purity. Other chemicals were reagent grade and
used as received without further treatment. All of the
aqueous solutions were prepared with double dis-
tilled water.

The electrochemical polymerization of aniline was
carried out in a classical three-electrode cell at ambient
temperature, approximately 26°C. The gold-sprayed
quartz glass (abbreviated to GQG) or the platinum
sheet was used as working electrode, another a plati-
num sheet was used as counter electrode, and refer-
ence electrode was saturated calomel electrode (SCE).
A vertical magnetic field was imposed with respect to
the electrode surface unless otherwise stated. All po-
tentials given here are referred to an SCE. A DH-1
potentiostat-galvanostat was used for electrochemical
polymerization of aniline. PANI films were obtained
using a method of constant potential (0.8 V) in a
solution containing 0.2 mol dm�3 aniline, 1.0 mol
dm�3 hydrochloric acid (HCl), and rare-earth cations
in the absence and presence of magnetic field. After
deposition, the films were rinsed with 0.5 mol dm�3

HCl. The cyclic voltammograms during polymeriza-
tion of aniline were recorded using a YEW 3036 X-Y
recorder, the sweep rate is 60 mV s�1 and the sweep-
ing potential range is between –0.1 and 1.0 V versus
SCE.

The morphologies of PANI films were observed
using a scanning electron microscope (SEM XL-30
ESEM). The UV–vis electronic absorption spectra of all
samples were obtained on UV-2550 spectrometer (Shi-
madzu) in the range of 300–900 nm. FTIR measure-
ments of the samples were performed on a FTIR spec-
trometer (Bruker, model Tensor 27) in the 4000–400

cm�1 range with 4 cm�1 resolutions, pressed pellets
were prepared of the powder samples ground with
KBr for this purpose, and the power samples were
obtained using platinum sheet as working electrode at
constant potential of 0.8 V. Conductivity of the result-
ing products were measured using conventional four-
probe technique on pressed pellets of the powder
samples prepared at 26°C. The magnetic field was
applied by a home-made permanent magnet.

RESULTS AND DISCUSSION

Effect of magnetic field and rare-earth cations on
cyclic voltammograms

Figures 1(a) and 1(b) show the cyclic voltammograms
(CVs) for electrochemical polymerization of aniline in
the solution containing 0.2 mol dm�3 aniline and 1.0
mol dm�3 HCl using platinum sheet as working elec-
trode in the absence and presence of magnetic field. In
Figure 1(a), with number of potential cycles, three
pairs of redox peaks labeled as A/A�–C/C� are ob-
servable for the electropolymerization in the range of
0.05–0.80 V, and their peak currents increase, which
means that autocatalytic polymerization occurs dur-
ing electrolysis of aniline.23 At anodic peak 0.18 V, the
radical cation may be generated upon oxidation (pol-
aron state),24 or it can be assigned to the transport of
proton into PANI chain.25 While at anodic peak 0.79 V,
diradical dications may be generated, which is attrib-
uted to the further oxidation of PANI to the form of
quinoid (bipolaron state). And the “middle” peak at
0.48 V derives mainly from the redox reactions of
oligomers and the degradation products including
p-benzoquinone, quinoneimines, p-aminodiphenyl-
amine, hydroquinone and p-aminophenol.26–28

From a comparison of Figures 1(a) and 1(b), the
polymerization behavior with magnetic field [Fig.
1(b)] is similar in shape to that without magnetic field
[Fig. 1(a)], indicating that the mechanism of aniline
polymerization is not remarkably affected by mag-
netic field. However, the potential and current of
peaks increase with increasing potential cycles during
electrolysis of aniline, and the color of the films be-
comes darker. Furthermore, the peak currents become
bigger to the corresponding cycle, for example, the
peak current of A on the final cycle in Figure 1(b) is
approximately twenty-fold than that in Figure 1(a).
This result indicates that the rate of aniline polymer-
ization is undoubtedly enhanced by the presence of
magnetic field. According to the previous literature,29

the electropolymerization of aniline follows a cou-
pling growth mechanism with the formation of radical
cations. In the presence of magnetic field, the magnetic
field coupled with the electric field can generate the
MHD effect,20 which enhances mass transfer and
made the electropolymerization rate faster, this is the
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reason why the peaks current in Figure 1(b) are bigger
than that in Figure 1(a).

Figure 2(a) shows the cyclic voltammograms of
PANI film growth in the solution containing 0.2 mol
dm�3 aniline, 1.0 mol dm�3 HCl, and 0.2 mol dm�3

ErCl3 using platinum sheet as working electrode. Be-
cause of adding ErCl3 in solution, the corresponding
peak current in Figure 2(a) is bigger than that in Figure
1(a) and the anodic peak at 0.79 V shifts toward the

higher potential, 0.81 V. The effect of rare-earth cation
Er3� in solution on polymerization of aniline is con-
siderable in the collaborative effects of counter ions
and ion pairs in the electrolyte. Er3� is doped into
PANI films, followed by the equivalent number of
anions in the electrolyte intercalated in the PANI lay-
er22; the increase of the amount of anions is advanta-
geous to faster electron transfer and maintains the
conductive state of the films,30,31 which results in in-

Figure 1 Cyclic voltammograms of PANI film growth on platinum sheet at 60 mV s�1 (a) 0.2 mol dm�3 aniline � 1.0 mol
dm�3 HCl, 0 mT. (1) first cycle, (2) second cycle,. . . , (15) fifteen cycle (b) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl, 760 mT,
(1) first cycle, (2) second cycle,. . . , (15) fifteen cycle.

Figure 2 Cyclic voltammograms of PANI film growth on platinum sheet at 60 mV s�1. (a) 0.2 mol dm�3 aniline � 1.0 mol
dm�3 HCl � ErCl3, 0 mT. (1) first cycle, (2) second cycle, . . . , (15) fifteen cycle (b) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl
� ErCl3, 760 mT. (1) first cycle, (2) second cycle, . . . , (15) fifteen cycle.
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creasing of the polymerization rate. The shift of anodic
peak from 0.79 to 0.81 V shows that the generation of
diradical dications was more difficult to take place
when the electrochemical polymerization was per-
formed in the solution containing ErCl3. This may be
interpreted by the fact that there exists the interaction
between Er3� and intermediate corresponded by an-
odic peak at 0.48 V, then the formation of quinoid was
inhibited. The corresponding peak current in Figure
2(b) are obviously bigger than that in Figure 2(a), it is
suggested that the effect of magnetic field can be
greatly enhanced in the presence of paramagnetic
rare-earth cation. Moreover, In the presence of mag-
netic field, it is found that the effect of the Er3� ion on
CV is larger than that of the La3�, Nd3�, and Sm3�

ions (their CVs are not presented), the peak current
A/A�–C/C� on the final cycle in Figure 2(b) is biggest.
In view of the Nd3�, Sm3�, Er3 are paramagnetic
cations and their magnetic moment is 3.4 B.M, 1.74
B.M and 9.9 B.M, respectively, the Er3� ion has a
bigger magnetic moment, which is favorable for mag-
netic orientation effect in the presence of magnetic
field. So, it is suggested that the larger the magnetic
moment of the ion, the more obvious is the effect of
magnetic field.

The SEM morphology of the PANI films

Figure 3(a) shows SEM morphology of PANI film
deposited onto GQG in the solution containing 0.2 mol

dm�3 aniline and 1.0 mol dm�3 HCl using method of
constant potential of 0.8 V, and the polymerization
time is for 5 min. It is seen from Figure 3(a) that the
PANI film presents interconnected network-like nano-
fibers morphology, moreover, there are some nano-
particles formed in the interspaces of nanofibers. Ap-
parently, the diameters of nanofibers and nanopar-
ticles of PANI film are �50 nm. When different rare-
earth cation of same molar ratio as aniline was added
into the solution, the PANI film presents pure nano-
particles morphology [Figs. 3(b)–3(e)], and the parti-
cles become distinct and uniform. Moreover, it is very
interesting that the nanoparticles of PANI films ob-
tained with rare-earth cations Nd3� and Er3� tend to
more distinct and regular [Figs. 3(c) and 3(e)]. As
mentioned earlier, the rare-earth cations are doped
into the PANI film and they may coordinate with
PANI chain, followed by the equivalent number of
anions in the electrolyte intercalated in the PANI
layer, the increase of the amount of anions is favorable
for faster electron transfer,30,31 which results in in-
crease of the polymerization rate. The mutual attrac-
tion, coordination, and stabilization of the anions for
Nd3� and Er3� ions are much stronger than that of the
La3� and Sm3� ion.22 So, the PANI chains doped Nd3�

and Er3� would form a higher ordered structure.
Figure 4 shows SEM morphologies of PANI films

obtained in the solution containing 0.2 mol dm�3 an-
iline, 1.0 mol dm�3 HCl and 0.2 mol dm�3 different
rare-earth cations, using the method of constant po-

Figure 3 SEM morphologies of PANI films deposited onto GQG using the method of constant potential, 0.8 V. (a) 0.2 mol
dm�3 aniline � 1.0 mol dm�3 HCl; (b) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl � 0.2 mol dm�3 LaCl3; (c) 0.2 mol dm�3

aniline � 1.0 mol dm�3 HCl � 0.2 mol dm�3 NdCl3; (d) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl � 0.2 mol dm�3 SmCl3;
(e) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl � 0.2 mol dm�3 ErCl3.
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tential of 0.8 V, which deposited onto GQG at mag-
netic field of 760 mT for 5 min. It is found that the
PANI particles are all �50 nm in the five pictures of
Figure 4. However, compared with Figure 3(a), Figure
4(a) presents pure nanoparticles morphology and
nanofibers disappeared. It is suggested that an exter-
nal magnetic field (Bp) imposed vertical to the elec-
trode surface can affect the morphologies of PANI
films. When the PANI films were prepared in the
presence of different rare-earth cations and magnetic
field of 760 mT, the PANI nanoparticles become more
and more compact and uniform, and the nanoparticles
besprinkle the whole PANI films, the particle sizes are
relatively smaller than the others. As for Nd3�-doped
and Er3�-doped PANI films, these phenomena are
especially obvious. It was known that the magnetic
field has the effects of orientation and stretching,32 the
PANI chains can be arranged in a more regular and
ordered way, leading to the oriented growth of PANI.
In addition, when adding NdCl3 and ErCl3 in the
solution, the Nd3� and Er3� are doped into the PANI
film and they may coordinate with PANI chain.33

Moreover, the Nd3� and Er3� are paramagnetic cat-
ions, and they have a bigger magnetic moment, which
is favorable for magnetic orientation effect in the pres-
ence of strong magnetic field, the PANI chains doped
Nd3� and Er3� would form a more ordered structure
electrosynthesized in the presence of magnetic field.
The two factors earlier mentioned may be the reasons
for obtaining more compact and uniform PANI nano-

particles shown in Figures 4(c) and 4(e). These results
reveal the collaborative effects of rare-earth cations
and magnetic field. The added paramagnetic ions in-
teract strongly with the external magnetic field; they
are trapped in the PANI chain or attach themselves
loosely to the PANI backbone. When the growth of
PANI is under the field’s influence, the reactive mol-
ecules are aligned, and the insertion of paramagnetic
ions greatly speeds up the alignment process.22 PANI
chains are formed more regularly, and electron trans-
fer is increased along the chains, which results in a
more compact and uniform of morphology. The re-
sults also show that the effects of the larger magnetic
moment ion on PANI nanoparticles are more obvious
in the presence of magnetic field, which is consistent
with the CVs.

Conductivity of resulting products

Table I gives the effects of rare-earth cations on the
conductivity (�) of the resulting products measured at
26°C. All samples were synthesized electrochemically
in 1.0 mol dm�3 HCl aqueous solutions containing 0.2
mol dm�3 aniline and different rare-earth cations. By
analyzing the conductivity values of all samples, it can
be seen clearly that the conductivities of rare-earth
cations-doped PANI enhanced, moreover, conductiv-
ities of doping Nd3� and Er3� PANI are bigger than
that of the others. These results reveal the effects of
rare-earth cation on the conductivity and the para-

Figure 4 SEM morphologies of PANI films deposited onto GQG at magnetic field of 760 mT using the method of constant
potential, 0.8 V. (a) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl; (b) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl � 0.2 mol dm�3

LaCl3; (c) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl � 0.2 mol dm�3 NdCl3; (d) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl
� 0.2 mol dm�3 SmCl3; (e) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl � 0.2 mol dm�3 ErCl3.
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magnetic cations Nd3� and Er3� with larger magnetic
moment induce higher conductivity, which is compa-
rable with HCl-doped PANI. This may be due to the
fact that the added rare-earth cations can interact with
PANI chain,22 they are trapped in the PANI chain or
attach themselves to the PANI backbone, then PANI
chains are formed more regularly, and electron trans-
fer is increased along the chains, which results in an
increase of conductivity. In addition, according to lit-
erature,34 the PANI subchains become more rigid and
ordered under the influence of rare-earth cations, the
Nd3� and Er3� ions with larger magnetic moment
lead to a higher degree of chain orientation, which
results in a more compact structure leading to a high
degree of crystallinity. It has been known that PANI of
high crystallinity has a higher conductivity than amor-
phous one,35 that is to say, the higher crystalline order
of the PANI chains causes a decreased separation of
the chains and increased conductivity. So, it was un-
derstandable that the conductivity of PANI/Nd3� and
PANI/Er3� powder is higher than that of the others.

UV–vis spectra of PANI films

Figure 5 shows UV–vis absorption spectra of PANI
films deposited onto GQG, which were obtained in the
solution containing 0.2 mol dm�3 aniline, 1.0 mol
dm�3 HCl, with and without rare-earth cation. The
PANI films formed at different conditions show three
characteristic absorption bands at around 356–360,
421–426, and 807–842 nm, as exemplified in Figure 5.
The absorption peak at �356–360 nm corresponds to
�–�* transition of the benzenoid rings, while the
peaks at �421–426 nm can be assigned to the localized
polaron bands which are the characteristics of proton-
ated PANI together with extended tail at �807–842
nm representing the conducting emeraldine salt phase
of the polymer.36 This suggests that the above-men-
tioned PANI films are in the doped state. According to
literatures37–39, the peaks at �421–426 nm and �807–
842 nm are related to doping level and formation of
polaron. Based on the previous research that the ex-
tent of doping can roughly be estimated from the
absorption spectra of the PANI, in which the ratio of
absorbencies at 807–842 nm (�–polaron) and 356–360

nm (�–�* transition) indicated the doping level of
PANI,40 it was found that in the case of PANI salts the
intensity ratio was smallest in PANI-HCl, which
meant that the doping level of PANI-HCl was lower
than that of PANI-rare-earth cations, and the doping
level of PANI-ErCl3 was highest.

Compared with the PANI films doped by only pro-
tonic acids [Fig. 5(a)], the absorption peaks because of
�–�* transition of the benzenoid rings and �-polaron
transition of PANI films obtained with rare-earth cat-
ions [Fig. 5(b–e)] appear at the longer and shorter
wavelength, respectively, and the peaks at about 421–
426 nm because of the localized polaron bands are
almost not shifted. The absorption peak at 356 nm
[Fig. 5(a)] shifted to 360 nm when the PANI films
doped by LaCl3, NdCl3, and ErCl3, excepted for
SmCl3-doped shifted to 362 nm. The red shift may be
due to the adding rare-earth cations made the conju-
gation chain enlarged, which made the energy for
�-�* transitions smaller. The absorption peak at 842
nm [Fig. 5(a)] shifted to 832, 811, 807, and 818 nm,
respectively. The result indicates that there exists in-
teraction between rare-earth cations and PANI
chain,33 which makes the energy transitions for �-po-
laron larger. In addition, the adding rare-earth cations
diffuse into the PANI chain leading to increasing of
the coordination of rare-earth cations with PANI chain
and improve the doping degree of PANI.

Figure 6 shows UV–vis absorption spectra of PANI
films deposited onto GQG, which were obtained in the
solution containing 0.2 mol dm�3 aniline, 1.0 mol
dm�3 HCl, with and without rare-earth cation, in the
absence and presence of magnetic field. Compared to
that of PANI films (Fig. 5) obtained without magnetic

TABLE I
Effects of Rare-Earth Cations on Conductivity of

Resulting Products

Sample � (S cm�1)

PANI–HCl 2.74
PANI/La3� 3.15
PANI/Nd3� 4.37
PANI/Sm3� 3.84
PANI/Er3� 6.06

Figure 5 UV-vis absorption spectra of PANI films depos-
ited onto the GQG at constant potential of 0.8 V. (a) 0.2 mol
dm�3 aniline � 1.0 mol dm�3 HCl; (b) 0.2 mol dm�3 aniline
� 1.0 mol dm�3 HCl � LaCl3; (c) 0.2 mol dm�3 aniline � 1.0
mol dm�3 HCl � NdCl3; (d) 0.2 mol dm�3 aniline � 1.0 mol
dm�3 HCl � SmCl3; (e) 0.2 mol dm-3 aniline � 1.0 mol dm�3

HCl � ErCl3.
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field, the UV–vis absorption peaks of PANI films ob-
tained in the presence of magnetic field because of
�–�* transition and �-polaron transition are shifted
apparently, as shown in Figure 6. The absorption
peaks of �–�* transition of PANI films appear at the
shorter wavelength, and the absorption peaks of �-po-
laron transition shift to the longer wavelength. The
phenomenon may be due to the effects of orientation
and stretching by the magnetic field32 leading to the
oriented growth of PANI, which results in the energy
for �–�* transition and �-polaron transition changed.

In Figure 6, compared with the HCl-doped PANI
films (curve a), the absorption peaks of PANI films
obtained with rare-earth cations and magnetic field
because of �–�* transition of the benzenoid rings shift
to the longer wavelength, and the absorption peaks of
�-polaron transition appear at the shorter wavelength,
which is consistent with the above-mentioned. Com-
pared the corresponding curves in Figure 5 and Figure
6, it is interesting to note that, the absorption peak of
�–�* transition of PANI film obtained with magnetic
field [Fig. 6(a)] appears at the shorter wavelength than
that of PANI film obtained without magnetic field
[Fig. 5(a)], and when PANI films were prepared with
rare-earth cations [Fig. 6(b–e)], the absorption peak of
�–�* transition shift to longer wavelength compared
to that of HCl-doped PANI [Fig. 6(a)]. In addition, the
absorption peaks due to �-polaron transition of PANI
film obtained with rare-earth cations [Fig. 5(b–e)] ex-

hibit a blue shift and appear at the shorter wavelength,
and when PANI films were prepared in the presence
of magnetic field and rare-earth cations, the blue shift
begin to decrease and tend to come back to that of the
HCl-doped PANI film [Fig. 6(a)]. These results suggest
that the effect of rare-earth cations is more obvious
than that of the magnetic field and the effect of mag-
netic field can be enhanced in the presence of para-
magnetic cations.

FTIR spectra of PANI powder

Figure 7 shows that the FTIR spectra of resulting
products, which were prepared in 1.0 mol dm�3 HCl
solution containing 0.2 mol dm�3 aniline and different
rare-earth cations. It was found that the FTIR spectra
of these PANI prepared are similar to each other,
which indicates that the backbone structures of PANI
are identical to each other. The main peaks at 1568 and
1489 cm�1 in the spectrum of PANI-HCl correspond to
quinone and benzene stretching-ring deformations,
respectively. The absorption band at 1297 cm�1 can be
assigned to CON stretching of the secondary aromatic
amine. The band characteristic of the conducting pro-
tonated form is observed at 1242 cm�1 and interpreted
as CON�� stretching vibration in the polaron struc-
ture.41 The 1137 cm�1 band, assigned to a vibration
mode of the ONH�A structure, is produced by the
protonation of imine nitrogens.42 Out-of-plane bend-
ing vibration of COH on benzene rings is located in

Figure 6 UV-vis absorption spectra of PANI films depos-
ited onto the GQG at constant potential of 0.8 V. in the
presence of magnetic field, 760mT. (a) 0.2 mol dm�3 aniline
� 1.0 mol dm�3 HCl; (b) 0.2 mol dm�3 aniline � 1.0 mol
dm�3 HCl � LaCl3; (c) 0.2 mol dm�3 aniline � 1.0 mol dm�3

HCl � NdCl3; (d) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl
� SmCl3; (e) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl �
ErCl3.

Figure 7 FTIR absorption spectra of PANI films deposited
onto the GQG at constant potential of 0.8 V. (a) 0.2 mol dm�3

aniline � 1.0 mol dm�3 HCl; (b) 0.2 mol dm�3 aniline � 1.0
mol dm�3 HCl � LaCl3; (c) 0.2 mol dm�3 aniline � 1.0 mol
dm�3 HCl � NdCl3; (d) 0.2 mol dm�3 aniline � 1.0 mol
dm�3 HCl � SmCl3; (e) 0.2 mol dm-3 aniline � 1.0 mol dm�3

HCl � ErCl3.
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the region of 800–880 cm�1.42,43 These characteristic
bands confirm that the PANI salts contain the con-
ducting emeraldine salt phase.

When PANI were obtained in the solution contain-
ing rare-earth cations, some peaks present a few shifts
in the wavenumbers. F or example, when the PANI
films doped by LaCl3, NdCl3, SmCl3, and ErCl3, com-
pared with HCl-doped PANI, the peaks of the quinoid
units shift from 1137 cm�1—1128 cm�1, 1133 cm�1,
1134 cm�1, 1135 cm�1, and the stretching vibrations of
benzoid ring shift from 1489 to 1486 cm�1, 1484 cm�1,
1485 cm�1, 1488 cm�1, respectively, other peaks are
almost not shifted. While for PANI synthesized at
magnetic field (Fig. 8), the peaks of FTIR spectra tend
to appear at the higher wavenumber, such as the
peaks of the quinoid units appear at 1139 cm�1, 1144
cm�1, 1135 cm�1, 1136 cm�1 and 1139 cm�1, it can be
found by comparing Figure 7 with Figure 8. The ef-
fects deriving from rare-earth cations and the mag-
netic field on FTIR spectra of PANI are different: the
added rare-earth cations in solution could dope into
the PANI and it may coordinate with nitrogen atoms
in PANI chain,33 which makes the peaks of FTIR spec-
tra for PANI/rare-earth cations shift to the lower
wavenumber comparing with that for PANI-HCl
(curve a in Fig. 7); magnetic field because of its effects
of orientation and stretching32 leads to the oriented
growth of PANI, it is known that the reactive mole-
cules of polymer are aligned under the field’s influ-
ence. When the growth of PANI is in solution contain-

ing rare-earth cations in the presence of magnetic field,
the paramagnetic ion Nd3�, Sm3�, and Er3� interact
with the imposed magnetic field and it can speed up
the alignment process. Then PANI chains are formed
more regularly leading to the peaks of FTIR spectra
appear at the higher wavenumber, it can be found by
comparing Figure 7 with Figure 8. This result means
that the collaborative effect of rare earth cations and
magnetic field exists, which is in consistent with the
result drawn from UV–vis spectra.

CONCLUSIONS

In summary, a facile electrochemical method to syn-
thesize the nanoparticles of PANI in the presence of
rare-earth cations and magnetic field was introduced.
The experiment results indicate that the electropoly-
merization rate and properties of PANI are greatly
increased under the influence of rare-earth cations and
magnetic field, which leads to the increase of chain
order with concurrent increase in conductivity. The
addition of paramagnetic rare-earth cations gives en-
hanced collaborative effects with external magnetic
field, which leads to the PANI chain of PANI/rare-
earth cations/Bp more ordered and regular. As for the
Nd3� and Er3�, they have a bigger magnetic moment,
which is favorable for magnetic orientation effect in
the presence of strong magnetic field, so, among rare-
earth cations used in this study, the effects of Nd3�

and Er3� ions on PANI properties are bigger than
La3� and Sm3� in the presence of external magnetic
field. The PANI films doped Nd3� and Er3� ions
present a more compact and uniform of morphology,
moreover, their conductivities are bigger than that of
the others. This magnetic alignment process with
paramagnetic ions is expected to improve a polymer’s
electrical, optical and mechanical properties so as to
enlarge their fields of applications.

References

1. Zeng, X. H.; Ko, T. M. Polymer 1998, 39, 1187.
2. MacDiarmid, A. G.; Epstein, A. J. In Science and Applications of

Conducting Polymers; Salaneck, W. R.; Clark, D. T. Samuelson,
E. J., Eds.; IOP Publishers: Bristol, 1991; p 117.

3. Stejskal, J.; Kratokhvil, P.; Jenkins, A. Polymer 1996, 37, 367.
4. Epstein, A. J.; Wang, Z. H.; Li, C.; Scherr, E. M.; MacDiarmid,

A. G. Phys Rev Lett 1991, 66, 1745.
5. Hasik, M.; Drelinkiewicz, A.; Wenda, E. Synth Met 2001, 119,

335.
6. Huang, S. W.; Neoh, K. G.; Kang, E. T.; Han, H. S.; Tan, K. L. J

Mater Chem 1998, 8, 1743.
7. Dimitriev, O. P.; Kislyuk, V. V. Synth Met 2002, 132, 87.
8. Zeng, X. B.; Zhang, Y. F.; Shen, Z. Q. J Polym Sci Part A: Polym

Chem 1997, 35, 2177.
9. Shipley, C. P.; Capecchi, S.; Salata, O. V.; Etchells, M.; Dobson,

P. J.; Christou, V. Adv Mater 1999, 11, 533.
10. Lin, Q.; Shi, C. Y.; Liang, Y. J.; Zheng, Y. X.; Wang, S. B.; Zhang,

H. J. Synth Met 2000, 114, 373.

Figure 8 FTIR absorption spectra of PANI films deposited
onto the GQG at constant potential of 0.8 V, in the presence
of magnetic field, 760mT. (a) 0.2 mol dm�3 aniline � 1.0 mol
dm�3 HCl; (b) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl �
LaCl3; (c) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl �
NdCl3; (d) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl �
SmCl3; (e) 0.2 mol dm�3 aniline � 1.0 mol dm�3 HCl �
ErCl3.

ELECTROPOLYMERIZATION OF PANI 2293

Journal of Applied Polymer Science DOI 10.1002/app



11. Kobayashi, N.; Uemura, S.; Kusabuka, K.; Nakahira, T.; Taka-
hashi, H. J Mater Chem 2001, 11, 1766.

12. Male, N. A. H.; Salata, O. V.; Christou, V. Synth Met 2002, 126,
7.

13. Hirao, T.; Higuchi, M.; Hatano, B.; Ikeda, I. Tetrahedron Lett
1995, 36, 5925.

14. Turro, N. J.; Chow, M. F.; Chung, C. J.; Weed, G. C.; Kraeutler,
B. J Am Chem Soc 1980, 102, 4843.

15. Sugiyama, J.; Chanzy, H.; Maret, G. Macromolecules 1992, 25,
4232.

16. Watanabe, T.; Tanimoto, Y.; Nakagaki, R.; Hiramatsu, R.; Na-
gakura, S. Bull Chem Soc Jpn 1987, 60, 4166.

17. Cai, L. T.; Yao, S. B.; Zhou, S. M. Electrochemistry 1995, 1, 159.
18. Stupp, I. Science News 1986, 129, 297.
19. Fahidy, T. Z. J Appl Electrochem 1983, 13, 553.
20. Takahashi, F.; Sakai, Y.; Tamura, T. Electrochim Acta 1983, 28,

1147.
21. Wan, M.; Yang, J. Synth Met 1995, 69, 155.
22. Cai, L. T.; Yao, S. B.; Zhou, S. M. Synth Met 1997, 88, 205.
23. Mu, S. L.; Kan, J. Q. Electrochim Acta 1996, 41, 1593.
24. Stilwell, D. E.; Park, S. M. J Electrochem Soc 1988, 135, 2254.
25. Yan, B. Z.; Yang, J.; Li, Y. F.; Cao, Y. Synth Met 1991, 44, 189.
26. Arsov, L. D. J Solid State Electrochem 1998, 2, 266.
27. Efremova, A.; Arsov, L. D. J Serb Chem Soc 1992, 57, 127.
28. Kobayashi, T.; Yoneyama, H.; Tamura, H. J Electroanal Chem

1984, 161, 419.

29. Genies, E. M.; Tsintavis, C. J Electroanal Chem 1985, 195, 109.
30. Wnek, G. E. Synth Met 1986, 15, 213.
31. MacDiarmid, A. G.; Chiang, J. C.; Richter, A. F.; Epstein, A. J.

Synth Met 1987, 18, 285.
32. Maret, G. Dransfeld, K. In Strong and Ultrastrong Magnetic

Fields and Their Applications; Herlach, F., Ed.; Springer: Berlin,
1985; p 143.

33. Forsberg, J. H. Coord Chem Rev 1973, 10, 195.
34. Lv, R. G.; Tang, R.; Kan, J. Q. Mater Chem Phys, to appear.
35. Kim, B. J.; Oh, S. G.; Han, M. G.; Im, S. S. Synth Met 2001, 122,

297.
36. Athawale, A. A.; Kulkarni, M. V.; Chabukswar, V. V. Mater

Chem Phys 2002, 73, 106.
37. MacDiarmid, A. G.; Epstein, A. J. Synth Met 1994, 65, 103.
38. Han, M. G.; Cho, S. K.; Oh, S. G.; Im, S. S. Synth Met 2002, 126,

53.
39. Jing, X.; Jiang, H.; Geng, Y.; Li, J.; Wang, F. Synth Met 1997, 84,

125.
40. Xia, H. S.; Wang, Q. J Nanoparticle Res 2001, 3, 399.
41. Quillard, S.; Louarn, G.; Buisson, J. P.; Boyer, M.; Lefrant, S.;

Lapkowski, M.; Pron, A. Synth Met 1997, 84, 805.
42. Ping, Z. J Chem Soc Faraday Trans 1996, 92, 3063.
43. Gao, H. X.; Jiang, T.; Han, B. X.; Wang, Y.; Du, J. M.; Liu, Z. M.

Zhang, J. L. Polymer 2004, 45, 3017.
44. McCoy, C. H.; Wrighton, M. S. Chem Mater 1993, 5, 914.

2294 ZHANG, TANG, AND KAN

Journal of Applied Polymer Science DOI 10.1002/app


