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ABSTRACT: One-dimensional nanostructures of polyani-
line (PANI) doped with (1S)-(+)-10-camphorsulfonic acid
(D-CSA) alone and with NiCl, as a codopant were synthe-
sized via in situ polymerization. PANI nanofibers with diam-
eters of about 200 nm were formed when PANI was doped
with D-CSA only. When NiCl, was added as a codopant,
the morphology of PANI obviously changed. The effects and
related mechanisms were investigated by Fourier transform
infrared  spectroscopy, ultraviolet-visible spectroscopy,
inductively coupled plasma-atomic emission spectroscopy,
and X-ray diffraction, and the results indicated that Ni +
destroyed the micelles” structure by chemical conjunction

with —SO;H groups in camphorsulfonic acid (CSA) mole-
cules, which were the key component in forming the CSA-
aniline micelles. The combination between Ni*" and SO; in
CSA with a lower addition of Ni*" led to a reduction of
CSA doping to PANI, but a higher loading of Ni*" brought
about the direct doping of Ni*" to PANI, which caused a
higher degree of doping and oxidation. The conductivity of
PANI increased almost linearly with increasing Ni**. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 121: 3439-3445, 2011

Key words: infrared spectroscopy; ‘microstructure;
polymer synthesis and characterization

INTRODUCTION

As a conducting polymer, polyaniline (PANI) has
attracted more and more attention because of its
chemical stability, adjustable conductivity, controlla-
ble structures, and abundant morphologies." Enlight-
ened by the success of carbon nanotubes® and other
nanostructured semiconductors,® researchers have
given a great deal of attention to the one-dimensional
(1-D) nanostructures of PANI, such as nanotubes,*
nanofibers,” nanowires,® and even molecular wires,”
because of their promising potential applications in
both nanotechnology and polymer science. With
regard to the approaches for preparing low-dimen-
sional PANI, they can generally be categorized into
template processes® and template-free methods’
according to whether an exterior template is used
or not. By comparison, the latter, also called soft-tem-
plate methods, which form by micellar structures, has
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been the subject of more studies because of its simple
procedures, easy controllability, low cost, and, what
is more, academic challenges for revealing the mecha-
nisms or the genesis. Generally, almost all of the tem-
plate-free assembled 1-D nanostructures of PANI
have been obtained by in situ polymerization, in
which the dopant governed not only the molecular
structures but also the morphologies and physical
properties of the polymers as well.'” The use of
metallic ions as a codopant in in situ polymerization
has also captured the attention of researchers. Sen-
gupta et al." used Li* as a codopant during the poly-
merization of aniline (Ani) to improve the electrical
properties of PANIL and the result indicates that the
presence of Li" ion acted as an instantaneous site of
nucleation and led to larger chain growth and reso-
nance stabilization. Hydrochloric acid has commonly
been used as an effective dopant for the chemical
synthesis of PANI nanofibers and nanowires.'> Zhang
et al.!® added several kinds of inorganic salts, such as
LiCl, NaCl, MgCl,, or AlCl5, as additives in the sys-
tem of HCl-doped in situ polymerization, and a series
of chrysanthemum flowerlike microstructures were
obtained by self-assembly. In general, alkali-metal or
alkaline-earth-metal ions, such as Li", Na', and
Mg*", have great effects on the morphology of PANL
The transition metals, however, have an unfilled d or-
bital, and their properties are quite different from
those of other metals. Understanding the interactions
between the transition-metal ion and the conjugated
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chain of PANI are essential for both the theoretical
and application points of view. Yang and Chen'*
reported that PANI containing transition-metal ions,
such as Fe’*, Co®*, Ni**, and Cu®", had greatly dif-
ferent structures from those of emeraldine base (EB)-
or HCl-doped PANL To the best of our knowledge,
there have been few studies'*'® on PANI nanostruc-
tures doped with Ni?*; however, there have been no
reports on the characteristics of PANI with acid and
Ni*" as codopants. It may be of importance to con-
firm whether the transition-metal ion Ni*" could be
chemically doped onto the molecular chains of a con-
ducting polymer and result in a magnetic polymer. In
this article, we report the effects and related mecha-
nisms of NiCl, as a codopant with (1S)-(+)-10-cam-
phorsulfonic acid (D-CSA) for in situ polymerization
on the structures, morphologies, and electrical prop-
erties of PANI with low-dimensional nanostructures.
The results may be promising for the preparation of
new functional polymers, such as organic magnets
based on metallic-ion-doping conducting polymers.

EXPERIMENTAL
Materials

Ani was distilled under reduced pressure and stored
below 0°C. Ammonium peroxydisulfate [APS;
(NH,4)»S,05], NiCl,-4H,0O, and D-CSA were all of
analytical purity and were used without further pu-
rification, and all of the experiments were carried
out with deionized water.

Polymerization

Ani (0.002 mol) and D-CSA (0.001 mol) were dis-
solved in 20 mL of deionized water under mechani-
cal stirring for 10 min to form a uniform solution.
A 10-mL aqueous solution of NiCl, (specific molar
quality) and a 20-mL aqueous solution of APS (0.002
mol) were then added to the previous solution in
turn. Then, the previous mixture continued to poly-
merize under static conditions at 0-5°C for 16 h. The
obtained dark green precipitate was washed with
deionized water and ethanol several times. The
product was dried in vacuo at about 60°C for 24 h.
To investigate the effect of Ni** on the product, the
[NiCl,]/[Ani] molar ratios in the polymerization sys-
tem were varied as 0, 0.5, 1.0, and 2.0 with the [cam-
phorsulfonic acid (CSA)]/[Ani] and [APS]/[Ani]
ratios fixed at 0.5 and 1.0, respectively.

Structural characterizations

Fourier transform infrared (FTIR) spectra (KBr dis-
persed pellets) in the range 400-4000 cm ' were
recorded on a fully computerized Nicolet 5700 spec-

trometer (Madison, Wisconsin, USA) at a resolution
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of 4 cm™'. The ultraviolet-visible (UV-vis) absorp-
tion spectra were obtained on a UV-2550 UV-vis
spectrophotometer (Shimadzu, Japan). The X-ray dif-
fraction (XRD) patterns were recorded on a Philips
X'Pert PRO X-ray diffractometer (Cu Ko radiation).
The morphologies of the samples were observed on
a Quanta200 scanning electron microscope and a
Quanta200 H-700H Hitachi transmission electron
microscope. Before the scanning electron microscopy
(SEM) characterization, all of the samples were
coated with gold. The amount of nickel element in
the resulting PANI was analyzed by inductively
coupled plasma-atomic emission spectroscopy (ICP-
AES; Thermo Jarrell Ash, ICPS-1000). The electrical
conductivities of the pressed pellets at room temper-
ature were measured by a standard four-probe
method on an SZ82 digital instrument.

RESULTS AND DISCUSSION
Morphological observations

Figure 1 gives the SEM and transmission electron
microscopy images of the CSA-Ni*" co-doped PANI
with different molar ratios of [NiCl,] to [Ani]. To
determine the effect of inorganic salts on the mor-
phology of PANI nanofibers, we synthesized PANI
without and with NiCl, as the additive. As shown
in Figure 1, the well-distributed nanofibers had
diameters of about 200 nm and lengths of around
several micrometers with D-CSA as the only dopant.
With increasing dosage of NiCl, in the polymeriza-
tion system, the nanofibers were inclined to become
shorter and shorter and finally form nanoparticles.
As shown in Figure 1(b), the length of PANI nano-
fibers got shorter and the morphology turned to a
network instead of well-distributed nanofibers when
the molar ratio of [NiCl,] to [Ani] was 0.5. As the
ratio went up to 1 or 2, moreover, there was no
nanofiber formed in the precipitate, but only nano-
particles could be found in the product [Fig. 1(c,d)].

As described previously, the morphology of the
PANI was affected by the molar ratio of [NiCl,] to
[Ani] in the reaction system. The micelles, consisting
of D-CSA anion and anilinium cation before poly-
merization, acted as a templates in the formation of
PANI-(D-CSA) nanofibers.”” When the NiCl, was
added, however, Ni*" destroyed the D-CSA/Ani
micelles by interaction between Ni** and SO;. Thus,
it might have affected the morphology of PANI
when the Ni*" was used as a codopant; this is dis-
cussed in the following section.

Detailed explanations to the effect of Ni*" on the
structure and morphology of nanostructured PANI

To understand the related mechanism for the effect
of Ni*" on the morphology of the nanostructures of
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Figure 1 SEM images of the PANI prepared at molar ratios of NiCl, to Ani: (a) 0, (b) 0.5, (c) 1.0, and (d) 2.0. The inset
transmission electron microscopy image in photo a indicates that it was a solid fiber.

PANI, we analyzed the FTIR spectra of the Ani-CSA
and Ani-CSA-Ni*" compounds before polymeriza-
tion. As shown in Figure 2, in which curves a, b, c,
and d correspond to the IR spectra of Ani, CSA,
Ani—-CSA, and Ani-CSA-NiCl, ([Ani]/[NiCl,] = 1.0),
respectively, the typical peaks of Ani and CSA, such
as the stretching vibrations of N—H (3413 cm '),
O—H (3433 cm ™ }), and C—H (2920-2960 cm '), were
obvious in curves a and b. For the compound Ani-
CSA, the C=O stretching vibrations in CSA mole-
cules (1740 cm '), the S—O asymmetry stretching
vibration (1185 cm™1),*®!? the C—S stretching vibra-
tion (746 cm '), and the S—O stretching vibration
(616 cm ™ 1)?>?! were still observed, but the stretching
vibration at about 3440 cm ™! for N—H or O—H was
much weaker than those of Ani or CSA alone, and a
new strong peak at 2637 cm ™' emerged. This could
be ascribed to the stretching vibrations of N—H in
the primary ammonium ion (as shown in Fig. 3).%
From this, we suggest that a chemical reaction of
—NH in Ani and —SO3;H in CSA took place and
formed the micelle of the Ani-CSA compound. In
curve d, for the compound Ani-CSA-Ni*" ([Ani]/
[Ni*"] = 1.0), the stretching vibrations for N—H and

O—H resumed at about 3430 cm !, whereas the con-
junction peak at 2637 cm™!' disappeared. On the
basis of this result, we put forward a schematic
explanation for the mechanism of effect of Ni*" on
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Figure 2 FTIR spectra related to (a) Ani, (b) CSA,
(c) Ani—CSA, and (d) Ani—-CSA-NiCl, ([Ani]/[Ni*'] = 1.0).
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Figure 3 Schematic for the (a) formation of micelles composed of CSA and Ani and (b) formation of the Ni—SO;

compound.

the micelle. Generally, the Ani-CSA micelles were
formed by chemical combination between the —NH
and —SOz;H groups. With the addition of Ni*", as
indicated in Figure 3(b), a new reaction between the
Ni*" and —SO;H group replaced the former con-
junction of —NH and —SO;H and led to the dissoci-
ation of the micelles. As a result, the N—H stretching
vibration recovered, and because of the Ni*"
restraint, the S—O asymmetry stretching vibration in
the SO; group shifted from 1185 to 1170 cm ™', and
the C—H stretching vibration shifted from 1460 to
1473 em ™. Figure 4, in which curves a, b, ¢, and d
represent the samples with [NiCl]/[Ani] molar
ratios of 0, 0.5, 1.0, and 2.0, respectively, shows the
FTIR spectra of the Ani-CSA-NiCl, compounds.
With increasing Ni*", the strength of the N—H
stretching vibration (3440 cm™') was enhanced, and
the conjunction absorption at 2637 cm ' disap-
peared. This phenomenon was ascribed to the disso-
ciation of Ani from the Ani—CSA micelles. Further-
more, a shoulder peak at about 3100 cm ™' on curves
c and d in Figure 4 became more and more noticea-
ble; this may have resulted from stronger and stron-
ger conjunctions between Ni*" and SOj.

As is well known, nanostructured PANI is gov-
erned by the micelles formed by Ani and CSA. It
was reasonable to speculate that Ni*" influenced the
morphology of the nanostructured PANI by affect-
ing the structures of the micelles. Figure 5 shows the
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FTIR spectra of PANI doped with D-CSA alone and
with NiCl, as a codopant at different molar ratios of
[NiCl,] to [Ani]. In all of the samples, the character-
istic vibrations of PANI, such as the C=C stretching
vibration of the quinoid ring at about 1578 cm ™'
and that of the benzene ring at 1500 cm '* the
C—N stretching of secondary aromatic amine at
1300 cm ™', the aromatic C—H in-plane band at

1466 746616
3440 1740 1049
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Figure 4 FTIR spectra of the Ani-CSA-NiCl, compounds
with [NiCl,]/[Ani] molar ratios of (a) 0, (b) 0.5, (c) 1.0,
and (d) 2.0.
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The ratio of 1580/1500 cm™ intensity
a b c d
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Figure 5 Infrared spectra of PANI with [NiCl]/[Ani]
molar ratios of (a) 0, (b) 0.5, (c) 1.0, and (d) 2.0.

1140 cm ™! related to proton doping PANI, and the
out-of-plane deformation of C—H bond in 1,4-disub-
stituted benzene ring at 822 cm™"'® were clearly
observed; this demonstrated that the products were
distinct structures of PANI. In particular, shoulder
peaks around 1041 and 505 cm ™!, ascribed to the
absorption of the —SO3;H group,"” were observed;
this demonstrated that the PANI was doped with D-
CSA. According to the results of the inset table in
Figure 5, the ratio at about 1580/1500 cm ™' intensity
in PANI, that is, the ratio of quinoid rings to ben-
zoid rings in the molecules of PANIL?** increased
when the molar ratio of [Ni*"] to [Ani] was 0.5,
whereas the ratio decreased with increasing of Ni*"
from 0.5 to 2.0. MacDiarmid et al.”® for the first
time, proposed that proton doping only took place
on the imine segment. Thus, we speculated that the
combination between Ni*" and SO; in CSA led to a
reduction in CSA doping to PANI at a small amount
of loading of Ni%*; this resulted in a decrease in the
doping degree. The higher loading of Ni*" may
have been brought about by direct doping by Ni*",
which induced a higher degree of doping.

To confirm that Ni*" was doped into the molecules
of PANI, elemental analysis with ICP-AES was per-
formed, and the results are summarized in Table I
The amount of Ni*" ions present in the resulting
PANI was found to increase with increasing molar ra-
tio of [NiCl,] to [Ani] in the polymerization system.
The results illustrate that the transition-metal ion,
Ni*", was successfully incorporated into the polymeric
chain and caused a higher doping degree of PANI,
which agreed well with the FTIR analysis (Fig. 5).

Figure 6 shows the UV-vis absorption spectra
of D-CSA-doped and CSA-NiCl,-codoped PANI
For the D-CSA-doped PANI, the absorption peak at

3443

TABLE I
Characteristics of the PANI Prepared in This Study

Nickel content Room-temperature

Sample [NiCL]/[Ani] in the sample conductivity
number  molar ratio® (Wt %) (S/cm)

1 0 0 0.232

2 0.5 0.37 0.453

3 1.0 0.56 0.926

4 2.0 0.87 1.727

2 The [CSA]/[Ani] and [APS]/[Ani] molar ratios were
kept at 0.5 and 1.0, respectively, in the reaction media.

359 nm was assigned to the m—n* transition of the
benzenoid ring,*® and the band located at 614 nm
was attributed to the benzenoid-to-quinoid excitonic
transition.””” Upon protonation by doping with D-
CSA and Niz+, the intensity of the excitonic transi-
tion gradually decreased but did not disappear; this
indicated that the resulting PANI was partially pro-
tonated. In comparison, the CSA-NiCl, codoped
samples [Fig. 6(b—d)] corresponding to about 351
and 576 nm displayed blueshifts of 8 and 38 nm,
respectively. This phenomenon could be explained
by interactions between the D-CSA molecules and
Ni**, which influenced the molecular configuration
and band structure of PANIL Ni*" doped onto PANI
increased the intermolecular interaction and wid-
ened the energy band gap; this led to a blueshift of
the n—n* transition. In addition, the interaction
between Ni** and CSA might have influenced the
doping degree.

Figure 7 shows the XRD patterns of PANI without
NiCl, and with NiCl, at different [NiCl,]/[Ani]
molar ratios. The sharp peak centered at 20 = 6.5°
was assigned to the periodicity distance between the
dopant and N atom on adjacent main chains, and

Absorbance

N I v 1 N 1 N 1 ! I '
300 400 500 600 700 800 900
wavelength(nm)

Figure 6 UV-vis spectra of PANI under [NiCl]/[Ani]
molar ratios of (a) 0, (b) 0.5, (c) 1.0, and (d) 2.0.
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Figure 7 XRD patterns of PANI under [NiCly]/[Ani]
molar ratios of (a) 0, (b) 0.5, (c) 1.0, and (d) 2.0.

the later broad bands centered at about 20 = 18.6
and 25.9° were ascribed to the periodicities parallel
and perpendicular to the polymer chains of PANI,
respectively.”® For the Ni*"-codoped samples, the
peak for denoting the periodicity parallel to the
polymer chains of PANI* shifted from 20 = 18.6 to
19.2°, and the intensity of the two broad peaks cen-
tered at 20 = 19.2 and 25.9° decreased. This indi-
cated that the addition of Ni*" may have led to a
decrease in the orientation of the molecules.

Conductivity

The room-temperature conductivities of CSA-doped
and CSA-Ni*"-codoped PANI are summarized in Fig-
ure 8. The conductivity increased with the increasing
Ni*" loading. Generally, the room-temperature con-
ductivity of a polymer mainly depends on the doping
degree. According to the results of FTIR spectroscopy

2.0
1.54
€
S
)
2 1.0
=
5
=}
o
c
8
0.5+
./
0.0 T T T T T
0 1 2
INi*“J[Ani]

Figure 8 Effect of Ni*" loading on the conductivity of
CSA-Ni*" codoped PANI.
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(Fig. 5), the ratio of quinoid rings to benzoid rings in
the molecules of PANI decreased with increasing
[Ni**]/[Ani] molar ratio from 0.5 to 2.0; this indicated
that more Ni** doping took place on the imine seg-
ment to form charge carriers. Thus, it demonstrated
the higher degree of doping in the higher loading of
Ni**. The results of ICP-AES analysis also indicated
that the Ni*" brought about direct doping to PANI
and increased the doping degree. As a comprehensive
consideration of the results of the structural characteri-
zation and the mechanism analyses, we attributed this
phenomenon to the effective doping of Ni** to the
PANI molecules.

CONCLUSIONS

In summary, 1-D nanostructures of PANI doped with
D-CSA alone and with Ni** as a codopant were suc-
cessfully synthesized via in situ polymerization. The
ICP-AES analysis and FTIR spectra illustrated that the
transition-metal ion, Ni*", was successfully incorpo-
rated into the polymeric chain. SEM images showed
that PANI-CSA-Ni*" with different [NiCl,]/[Ani]
molar ratios exhibited greatly different structures
from PANI-CSA because the micelles composed of D-
CSA anions and anilinium cations were destroyed by
the Ni** addition. We also found that a small amount
of Ni*" led to a reduction in the doping degree of
CSA to PANI, and a higher loading of Ni*" might
have brought about the direct doping to PANI by
Ni*". This induced a higher degree of doping and a
higher conductivity of the nanostructured PANL
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