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Abstract Poly o-anisidine (POA) is a conductive polymer
that can conduct electrons by a π-conjugated system. POA
is a derivative of polyaniline, however, it still exhibits low
electrical conductivity. This work is focused on the improve-
ment of electrical conductivity of POA by synthesizing POA
in nanoparticle forms using an anion as a dopant. POA nano-
particles were obtained from chemical oxidation polymeriza-
tion using an ammonium persulfate as an oxidant and a sodi-
um dodecyl sulfate (SDS) as a surfactant for controlling POA
size and shape. The properties of the POA nanoparticles
were characterized by FT-IR, UV-Vis spectroscopy,
TGA, and SEM. POA nanoparticles shapes were nano-
fibers with a diameter varying from 63 to 129 nm de-
pending on the polymerization temperature, polymeriza-
tion time, and SDS concentration. The electrical conduc-
tive obtained varied from 0.022 to 168 S/cm, a variation
of 4 orders of magnitude, depending on the POA nano-
particle size and SDS concentration. The smallest POA
nanoparticle size provided the highest electrical conduc-
tivity because of the larger surface area for electron
transfer. Thus, this work demonstrated the extremely
high electrical conductivity of the synthesized nano-
fiber shape POA which have not previously been report-
ed elsewhere.

Keywords Polyo-anisidine .Conductivepolymer .Chemical
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Introduction

Polymers are mostly used for insulator applications. Some
polymers can be classified as semiconductors because of their
electrical conductivity [1]. A conductive polymer allows the
electron transfer because its structure consists of the conjugat-
ed bonds (alternating single and double bonds or conjugated
segments coupled with atoms providing p-orbitals for a con-
tinuous orbital overlap) which provide electron mobility [2,
3]. Examples of conductive polymers are polyaniline [4],
polypyrrole [5], and polyacetylene [6] (Table 1).

A conductive polymer doped by a chemical doping agent
possesses charge defects (polaron, bipolaron, and soliton) in
its structure through a doping process. These defects induce
the charge to be stabilized on the polymer chain that can con-
duct electron [1]. The doping methods can be proceeded by
chemical doping (partially oxidized or reduced by electron
donors or electron accepters), electrochemical doping (applied
DC power source) [7], photo–doping, charge-injection dop-
ing, and non–redox doping [1].

Poly o-anisidine (POA) is a one of conductive polymers, a
derivative of aniline; it can be synthesized by the electrochem-
ical and chemical oxidation polymerizations [8]. POA has
been used as a biosensor [9], surface coating [10], gas separa-
tion [11], and etc. Nevertheless, POA exhibits poor electrical
conductivity (10−3 - 10 −4 S/cm) [12], this is the limitation for
using POA in various electrical applications.

There have been numerous reports on the synthesis of con-
ductive polymers with nano-structures to improve the electri-
cal conductivity because the nano-structures increase accessi-
ble path ways for electrons transfer [13].

In this work, the synthesis of the nano–structure POAwas
carried out by chemical oxidation polymerization using sodi-
um dodecyl sulfate (SDS) as a surfactant template. The syn-
thesized POA was characterized by FT-IR, H-NMR, UV-vis,
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and TGA to confirm POA structure. The effects of polymer-
ization temperature, polymerization time, and surfactant con-
centration on the morphology and electrical conductivity of
POAwere investigated and shall be reported here.

Experimental

Materials

An o-anisidine, OA, (AR grade, Sigma-Aldrich) was used as a
monomer. Ammonium persulfate, APS, (AR grade, Sigma-
Aldrich), and hydrochloric acid, HCl, solution, 0.1 M (ACI
Labscan) were used as an oxidant and a catalyst, respectively.
Sodium dodecylsulfate, SDS, (AR grade, Loba Chemie) was
used as a surfactant to control size of polymer particles.

Deionized water, acetone (AR grade, ACI Labscan), and
methanol (AR grade, QRëC) were used as solvents without
further purification.

Synthesis of poly o-anisidne (POA)

POAwas synthesized via a chemical oxidation polymerization
[8]. APS, as an oxidizer (0.49 g), was dissolved in HCl solu-
tion (0.1 M, 10 ml). An o-anisidine 0.52 g (0.0043 M) and
SDS were dissolved in the HCl solution (0.1 M, 100 ml) at
various mole ratios (SDS / OA mole ratio) from 0.008 to 16.
Then the APS solution was fed into the monomer solution at
1.0 ml/min. The monomer solution and the APS solution were
mixed at 3, 25, and 60 °C for 18, 48, and 72 h. The product
was terminated and precipitated with methanol. The dark
green POA product was filtered and washed with methanol,

Table 1 Comparison of particle size, particle shape, and electrical conductivity of POA obtained under various synthesis conditions

Synthesis method Particle size (nm) Shape Electrical conductivity (S/cm) Remarks*

Emulsion polymerization (SDS as surfactant) - Lamellar 8.85 ± 0.03 × 10−2 OA:SDS = 1:0.008

- Lamellar 1.66 ± 0.01 × 10−1 OA:SDS = 1:0.12

90 ± 17.9 Fiber agglomerate 1.35 ± 0.03 OA:SDS = 1:1

73 ± 13.1 Fiber agglomerate 9.05 ± 2.93 OA:SDS = 1:4

73 ± 13.5 Fiber agglomerate 24.19 ± 1.07 OA:SDS = 1:6

65 ± 8.6 Fully formed Fiber 168.96 ± 34.61 OA:SDS = 1:8

80 ± 13.7 Fiber agglomerate 126.23 ± 2.24 OA:SDS = 1:10

60 ± 11.2 Fiber agglomerate 8.66 ± 0.79 OA:SDS = 1:12

Chemical oxidation polymerization [40] - Spherical 1.8 ± 0.2 × 10−3 OA:MSA = 1:1.25

- Plate-like 8.4 ± 0.8 × 10−3 OA:pTSA =1:1.25

- Spherical 2.5 ± 0.1 × 10−3 OA:HCl = 1:1.25

Emulsion polymerization (SDS as surfactant) [39] 40–50 rod-shaped - OA:SDS = 1:7.9

*Ratios given are mole ratios

Fig. 1 Proposed polymerization sequences of POA: a OA as monomer is oxidized by APS to a cation radical; b OA cation radicals form dimers that
subsequently get deprotonated; and c POA polymer is doped where dodecyl sulfate ion acts as counter ion [12]
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DI water, and acetone, then it was dried at 50 °C for 72 h. The
code name used in the POA synthesis is POA-time-
temperature-SDS mole ratio.

Characterization

The functional groups of POA were investigated by a FT-IR
spectrometer (Nicolet, Nexus 670). The FT-IR absorption
peaks were taken with 64 scans, at the wavenumber between
400 and 4000 cm−1, and with a resolution of 4 cm−1. The
sample was prepared by grinding POA with potassium bro-
mide (dried at 100 °C for 24 h) then compressed to a pellet and
inserted in a sample holder.

Proton nuclear magnetic resonance spectroscopy (H-NMR:
Bruker, Avance) was used to characterize the functional
groups and determine the structure of POA. POA was dis-
solved in 1 ml of DMSO-d6 and measured in 30 min to pre-
vent the oxidation of the polymer structure.

The weight loss of volatile molecules, the amount of
residual water, and the degradation temperatures of POA
were investigated by a TGA analyzer (Perkin Elmer,
Pyris Diamond). The samples were weighed in the
range of 4–10 mg and loaded into an alumina pan.
The thermograms of POA were obtained with a temperature
scan from 25 °C to 600 °C at a heating rate of 10 °C/min under
nitrogen atmosphere.

The absorption spectra of POA were investigated by UV-
VIS absorption spectroscopy (UV-Tecan, Infinite M200) at
wavelengths from 230 nm to 1200 nm to identify the
POA structure.

The morphology of POA was examined using a scanning
electron microscope, SEM, (JEOL, JSM-5410LV). POA par-
ticles were placed on a carbon tape and coated with thin layer
of gold prior to measurement. Magnifications were 20,000×
and 35,000× operating at 15 kV.

Electrical conductivity measurement

Electrical conductivity of POA was measured by a custom-
built two-point probe at room temperature and at 60%RH. The
sample was compressed into a pellet with a hydraulic com-
pressor. The custom-built two-point probe was connected to a
conductivity meter whichmeasured the current that responded
to an applied voltage. The specific conductivity (σ) was cal-
culated by using Eq. (1);

s ¼ 1=r ¼ 1= Rstð Þ ¼ I= KVtð Þ ð1Þ

where, σ is the specific conductivity (S/cm), ρ is the specific
resistivity (Ω.cm), Rs is the sheet resistivity (Ω), I is the mea-
sured current (A), K is the geometric correction factor as cal-
ibrated by using standard silicon wafer sheets with known
specific resistivity values, V is the applied voltage (V), and t
is the film thickness (cm).

Results and discussion

Characterization

Poly-o-anisidine (POA) was synthesized by chemical
oxidation polymerization using APS as an oxidant. The
polymerization mechanism is shown in Fig. 1. First, the
o-anisidine as the monomer is oxidized by APS to form
a cation radical (Fig. 1a). The propagation is provided
in the second step as shown in Fig. 1b. The interaction
of radicals generates the dimer. The polymer formation
is created as a result of the recombination of oxidized dimer
and initial radical. Finally, the POA is doped by sulfate ion as a
counter ion [12].

Fig. 2 FTIR spectra of POA: a
dedoped POA; b SDS; and c
doped POA
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The FT-IR spectra of POA are shown in Fig. 2. The peaks at
1579 and 1451 cm−1 are characteristics of the C = C stretching
of the quinoid and benzenoid rings, respectively [14]. The
peaks at 1289,1198, 1166, and 1111 cm−1 can be assigned to
the C-N+ stretching, the C-O aromatic stretching, the secondary
aromatic amine stretching, and the C-O-C ether group

stretching in aromatic ring, respectively [12, 15–17]. Not only
characteristic peaks of POA are visible in the FT-IR spectra, but
also characteristic peaks of SDS appear which confirm success-
fully doped POA by SDS. The FT-IR peaks of doped POA are
similar to those of the dedoped POA except the peaks at 2928,
1471, 1224, 1087, and 846 cm−1 of the former appear which
correspond to the C–H stretching and bending, the S = O
stretching vibration of SO4 from SDS molecules, and the C–
H stretching, respectively [18].

Fig. 3 1H NMR spectrum of
POA: a undoped POA and b
doped POA

Fig. 4 UV-vis spectra of undoped and doped POA Fig. 5 Thermograms of undoped and doped POA
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Figure 3 shows theH-NMR spectra to identify the functional
groups and to determine the POA structure. Figures 3a, b dis-
play the strong peaks in the region of 2.3–3.5 which can be
referred as the protons of DMSO. The POA structure provides
the signals in the range of δ = 3.5–4.5 which correspond to the
protons of the methyl groups (−CH3) on the quinoid
ring. The signals in the range of δ = 6.5–7.5 correspond
to the protons of the aromatic rings. The small signals
in the region 5.2–6.1 are assigned to the –NH linkages
[19, 20]. However, the spectra of doped POA with SDS
(Fig. 3b) shows the signal in the range of δ = 1.25–2.0 and
δ = 3.8–4.0 corresponding to the interfere peak of proton
resonances and -CH2 of SDS, respectively [21].

Figure 4 shows the UV-Vis absorption spectra of doped and
undoped POA. The peak at 330 nm observed in both cases
corresponds to the bonding to anti-bonding (π-π*) transition
of the benzenoid ring [22]. Moreover, the absorption spectrum
of doped POA shows the peaks at 430 and 800 nm which are
excitations of the polaron due to doping [23]. However, the
peak at 800 nm is shifted to 600 nm which can be referred to
the POA undoping [23, 24].

The thermal behavior of undoped POA shows two steps of
weight loss as shown in Fig. 5. First, the decomposition tem-
perature is 100 °C resulting from the removal of water
absorbed in the polymer. Secondly, the decomposition
temperature of 350 °C corresponds to the decomposition
of POA backbone [14]. In addition, the decomposition
temperature of doped POA also exhibits the degradation
of dopant (SDS) at 180–250 °C [22]. The degradation
of dopant is consistent with the peak of SDS appearing in the
FTIR spectra where SDS acts as the dopant on the POA struc-
ture as shown in Fig. 1.

Morphology

Effect of polymerization temperature

The morphology of synthesized POA based on the effect of
reaction temperatures at 3 °C and 25 °C is shown in Fig. 6.
The POA nanoparticles are of nano-fiber shape with the size
of 129 ± 33 nm at the polymerization temperature of 3 °C.
However, the POA nanoparticles becomesmore agglomerated
into a non-fiber shape with the size of 322 ± 65 nm at the
polymerization temperature of 25 °C. Normally, the polymer
particle size decreases with increasing polymerization temper-
ature because the initiator decomposition rate increases with
increasing reaction temperature. The increase in initiator de-
composition rate leads to inducing a higher nucleation rate or
free radical concentration, thus the number of particle in-
creases and the particle size decreases [25–28]. In the present
work, the high reaction temperature has an opposite effect
here resulting in producing a larger particle than that of lower
reaction temperature. This is because the increase in the num-
ber of free radicals provides either recombination or other side
reaction, such as a chain transfer reaction which causes a de-
crease in the initiator efficiency resulting in a large particle
size [26, 27]. Moreover, the higher reaction temperature also
accelerates the polymerization rate and induces the particle
agglomeration [29, 30].

Effect of polymerization time

The morphology of POA depends on the polymerization time
at polymerization temperature of 3 °C as shown in Fig. 7. The
POA nanoparticle is of a fiber shape with the diameter varying

Fig. 6 Morphology of POA
nanoparticles prepared using
various synthesis temperatures: a
3 °C and b 25 °C

Fig. 7 Morphology of POA
nanoparticles prepared using
various synthesis times: a 18 h; b
48 h; and (c) 72 h
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from 129 ± 33 nm to 65 ± 8.6 nm. The POA nanoparticle size
decreases with increasing polymerization time, from
129 ± 33 nm to 65 ± 8.6 nm for 18 and 48 h, respectively.
The POA synthesized for 18 h is of the largest size in an
incomplete fiber form because the shorter polymerization time
provides the incomplete polymerization of POA [31]. With
increasing reaction time, the free radical concentration in the
system increases resulting in increasing amount of POA poly-
mer chain and a full POA nano-fiber form [32]. Thus, the
polymerization time of 48 h provides the smallest POA nano-
particle in the full fiber form. However, the POA nanoparticle
becomes of a larger fiber size when POA is synthesized for
72 h (POA nanoparticle size of 75 ± 14 nm). With polymeri-
zation time progress, the polymer can grow to a longer chain
length because of more time to induce chain propagation
which provides a larger particle size. Moreover, there is more
time to induce polymer chain reaction together to connect and
terminate polymer chain with, resulting in particle agglomer-
ation and a larger size [29, 33].

Effect of SDS concentration

The particles size of synthesized POA under the effect of SDS
concentration at 3 °C for 48 h varies between 65 ± 8.6 nm and
90 ± 18 nm and the particles shape varies from non-uniformed
shapes to a nanofiber at the 0.008 to 10.00 mol ratios of SDS/
OA, as shown in Fig. 8. The SDS amount that is suitable to
produce POA into the full-nanofiber is at the SDS/OA mole
ratio of 8.00, with the diameter of 65 ± 8.6 nm. At the SDS/
OAmole ratio of 0.008, the POA particle is the largest in non-
uniformed shapes because SDS concentration is lower than
that of CMC (CMC of SDS is at the SDS/OA mole ratio of

0.12) and thus no micelle occurs for supporting polymeriza-
tion. At SDS concentration higher than CMC, POA forms a
fiber shape due to the packing parameter effect. The packing
parameter (VH/lca0) is used to identify the micelle shape. The
packing parameter of SDS is ~0.32 which provides the cylin-
drical shape of micelle (cylindrical micelle is obtained from
packing parameter in the range of 0.3–0.5) [35]. The POA
fiber becomes more agglomerated when the SDS/OA mole
ratio is 12:00. At a higher SDS concentration, the amount of
micelle increases and induces more micelle fusion resulting in
the POA particle agglomeration [34].

Electrical conductivity

The electrical conductivity increases from 8.8 × 10−2 S/cm to
168.96 S/cm with increasing SDS/OA mole ratio as shown in

Fig. 8 Morphology of POA
nanoparticles prepared using
various SDS mole ratios: a 0.008;
b 4.00; c 8.00; and d 10.00

Fig. 9 Electrical conductivity and fiber diameter of poly o-anisidine at
various mole ratios of SDS: o-anisidine monomer
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Fig. 9. At the SDS mole ratio of 8.00, the highest conductivity
of 168.96 S/cm is obtained. The SDS can act also as a dopant
resulting in increasing doping level with increasing SDS con-
centration [34, 36]. The SDS consists of an anion of sulfate
group, it can induce the structure of POA to attain more con-
jugated double bonds. However, the electrical conductivity
decreases when the SDS mole ratio is higher than 8.00 be-
cause the reaction of self-screening occurs during the poly-
merizing and doping by SDS anions which provides an over-
oxidation process [34]. Moreover, the electrical conductivity
not only depends on doping level but also depends on mor-
phology. The magnitude of the highest electrical conductivity
obtained is 168.96 S/cm at the SDS/OA mole ratio of 8.00.
This ratio provides the full fiber morphology (with a diameter
of 65 ± 8.6 nm) with the highest electrical conductivity
(168.96 S/cm) because of the higher surface area for electrons
to transfer [34]. One of the mechanisms of the electrical con-
ductivity based on the effects of particle size and shape is the
inter-particle conductivity. The inter-particle conductivity is
related to the connectivity by direct contact (Ohmic) among
particles. A smaller particle size provides more efficiently
conductive networks than a larger particle size due to a higher
surface area resulting in a greater charge transport and a higher
electrical conductivity. Moreover, the electrical conductivity is
influenced by the particle shape. If a particle shape has a
greater conductive contact area of neighboring particles, it
provides a greater charge transfer and promote a higher elec-
trical conductivity. Thus, the fully fiber shape is a better con-
nection with neighboring particles than other particle shapes,
and it provides a higher electrical conductivity [37, 38].

Previously, POAwas synthesized in the rod-shape with the
size of 40–50 nm by using SDS as a surfactant because SDS
created the cylindrical micelle as reported by Jadhav et al.
[39]. Moreover, POA was also synthesized by chemical oxi-
dation polymerization at various dopants as methane sulfonic
acid (MSA), hydrochloric acid (HCl), and p-toluene sulfonic
acid (pTSA). The type of dopants affected the POA shape and
the electrical conductivity. The pTSA provided the highest
electrical conductivity when compared with HCl and MSA
because the molecular structure of pTSA could stabilize the
bond between the dopant and the polymer chain through the
benzene ring of the dopant anion resulting in the formation of
a resonance structure for electrons to flow over the entire
polymer chain [40].

To confirm the best POA properties, the POA synthesis at
the condition of 48 h, 3 °C, and 8 mol ratio of SDS: o-
anisidine monomer was repeated. The POA particles were
reproduced in which electrical conductivity obtained was
144.47 ± 72.83 S/cm. The POA characteristics namely
chemical properties (FT-IR, UV-vis, H1-NMR), thermal
properties (TGA), and morphology (cylindrical shape,
77 ± 17.7 nm) were also remeasured and nearly the same
results were obtained.

Thus, the morphology and electrical conductivity of POA
depend on the polymerization conditions such as temperature
and time of polymerization, surfactant concentration, and
characteristics of dopant. In addition, the electrical con-
ductivity is critically dependent on the morphology and
particle size of POA.

Conclusion

In the present study, POA nanoparticles were successfully
synthesized using APS as an oxidant and SDS as a surfactant
platform in the chemical oxidation polymerization. The parti-
cle size varied in the range of 63 to 129 nm depending on the
polymerization temperature, polymerization time, and SDS
concentration. These synthesis conditions produced POA
nanofibers. The POA nanofiber size increased with increasing
polymerization time and SDS concentration because these
factors controlled the polymerization rate and induced particle
agglomeration and particle connection. The electrical conduc-
tivity of POA increased from 0.025 to 168.96 S/cm with de-
creasing POA nanoparticle size. The synthesis condition that
generated the highest electrical conductivity (168.96 S/cm)
with connected nano-fiber (65 ± 8.6 nm) was the POA syn-
thesized using 8:00 mol ratio of SDS at 3 °C for 48 h.
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