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Abstract Conducting polyaniline (PANI) nanostructures
were obtained by heterophase polymerization of aniline
monomer using sodium dodecyl sulfate (SDS) as surfactant
in presence of the short-chain alcohols: ethanol, propanol,
butanol, pentanol, and hexanol as co-surfactants, and ammo-
nium persulfate (APS) as oxidizing agent. The resulting poly-
mers were analyzed by Field Emission, high resolution scan-
ning electron microscopy (FE-HRSEM), UV/Vis, FTIR, cy-
clic voltammetry, and X-ray diffraction (XRD). It was ob-
served from FE-HRSEM analysis that fiber-like particles were
obtained when polymerizing without alcohol and in presence
of ethanol, while very big agglomerates were obtained in
presence of propanol and butanol; using pentanol as co-
surfactant well-defined and spherical nanoparticles were ob-
tained, the presence of hexanol through polymerization gives
both spherical agglomerated and needle-like nanostructures.
Final conversions were between 50 and 73%, in the following

order: hexanol = pentanol > butanol > thanol > propanol >
without alcohol. Conductivities were in the range of 0.81 to
1.1 S/m with the higher value for that synthesized in presence
of pentanol. Difference in conductivity of PANI was ascribed
to formation of organic acids as a consequence of reaction
between alcohols and APS, thus doping in situ PANI.
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Introduction

Among the semiconducting polymers, polyaniline (PANI) is
one of the most studied polymers as corroborated by the
number of papers published in the literature in the last years.
For example, the number of papers dealing with PANI pub-
lished during 2013 (from Web of Science ™) was approxi-
mately 990. PANI is attracting by its chemical and physical
properties like high electrical conductivity, environmental
stability, stable redox activity, and ease preparation, as well
as low cost [1–5], which allow some applications in areas as
electrostatic dissipation, fuel cells, batteries, anion exchanger,
biochemistry, inhibition of steel corrosion, sensors, anticorro-
sion coatings, etc. [6]. PANI can be synthesized by oxidizing
aniline either electrochemically or chemically. The latter is of
particular importance because this is the most practical route
for the production of conducting polymers on large scale [7].

PANI can also be doped by protonation of the polymer,
mechanism by which polyaniline becomes electrically con-
ductive. However, its conductivity is influenced by various
factors including its electrochemical redox state, pH, humid-
ity, temperature, and the type of anions in the solution during
its polymerization [8]. PANI nanoparticles have been also
obtained by microemulsion and emulsion polymerization [9,
10], in which surfactant and dopant molecules are the key
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factors determining nanoparticles morphology and electrical
conductivity. For example, Jang et al. [9] have prepared con-
ductive spherical nanoparticles of PANI by microemulsion
polymerization in the presence of octyl trimethyl ammonium
bromide and dodecyl trimethyl ammonium bromide as cat-
ionic surfactants, APS as oxidizing, and HCl as dopant agent.
They obtained nanoparticles with diameter around 4 nm, ob-
serving that sizes can be tuned changing the surfactant spacer
length, surfactant concentration, and polymerization tempera-
ture. PANI nanoparticle revealed enhanced conductivity com-
pared to conventional bulk PANIs. The conductivity of PANI
nanoparticle increased up to 84.6 S/cm at 3 °C compared to
2.9 S/cm at 60 °C. Yan and Xue [11] have also synthesized
PANI nanoparticles by reverse globular microemulsions using
APS as oxidizing, sodium dodecylbenzene sulfonate (DBSA)
as stabilizing, HCl as dopant agent, and butanol and hexane as
continuous phase at room temperature. They obtained spher-
ical PANI nanoparticles with diameters in the range from 30 to
60 nm with conductivity of 1.5 S/cm. Also, PANI with high
crystallinity was obtained, which was ascribed to the orienta-
tion behavior of the molecularly ordered microemulsion

system. Biocatalyzed synthesis of PANI has been also report-
ed in reversed microemulsions. For example, Chen et al. [12]
obtained PANI using cyclohexane as continuous phase and
DBSA as surfactant and hemoglobin and H2O2 as
biocatalyzing system. They observed that conductivity values
were as high as 0.9 S/cm and needle-like nanoparticles with an
average diameter of 30–50 nm and 200–800 nm in length. Gul
et al. [7] have prepared PANI by reverse emulsion polymeri-
zation using a mixture of chloroform and 2-butanol as dis-
persing medium and DBSA as surfactant with benzoyl perox-
ide as oxidant. They obtained completely soluble PANI in
dimethyl sulfoxide, dimethylformamide, chloroform, and in a
mixture of toluene and 2-propanol; unfortunately, conductiv-
ities were not reported in that work.

In this work, we present the synthesis of PANI in the
presence of different alcohols. In this synthesis, aniline was
polymerized by chemical oxidation in batch heterophase
mode using sodium dodecyl sulfate (SDS) as surfactant and
different short-chain alcohols as co-surfactant to modulate the
particle morphology and conductivity of PANI. To the best of
our knowledge, there are no systematic reports about the

Fig. 1 Scanning electron micrographs in STEM mode (a) and (c) of PANI synthesized without alcohol and with ethanol, respectively; and the
corresponding SEM image (b) and (d)
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effects of different alcohol types throughout aniline polymer-
ization on conductivity and nanostructure of the resulting
PANI.

Experimental

Materials

Aniline (≥99.5 %), ethanol (≥99 %), butanol (≥99.8 %),
pentanol (≥99 %), and APS (98 %) were acquired from
Sigma-Aldrich (Toluca, Mexico). Propanol (99 %) and
hexanol (99 %) were purchased from J.T. Baker (PA, USA).
SDS was acquired from Hycel (Guadalajara, Mexico >99 %).
All reactants were used as received. Distilled grade water was
used in all the experiments.

Polymerizations

In a typical reaction, 17.3 mmol of SDS were dissolved in
150 g of water and stirred during 10 min. Then, 21 mmol of
alcohol was added to the solution for each of the different

reactions and homogenized. After that, 21 mmol of aniline
was added and homogenized with magnetic stirring, obtaining
a clear and translucent mixture. Themixture was bubbled with
argon of ultrahigh purity (Infra TM >99.999 %) through
20 min. Twenty-one millimoles of APS was added under
magnetic stirring at room temperature to start polymerization.
Reaction proceeded throughout 6 h. At the onset of polymer-
ization a brown color was observed, and a dark green solid
precipitate was formed at the end of polymerizations. The
reaction mixture was poured into an excess of methanol to
precipitate the PANI nanoparticles and to remove impurities.
The samples were decanted and dried at 60 °C in a vacuum
oven during 24 h. Conversions were determined gravimetri-
cally by repeating the polymerizations and drying the total
reaction mixture and subtracting the known weights of sur-
factant and APS from the total weight of the dried samples.

Characterization

The resulting materials were analyzed using UV/Vis spectros-
copy (GENESYS 10, Thermo-Spectronic). The samples were
also analyzed by FTIR spectroscopy (PerkinElmer, Spectrum

Fig. 2 Scanning electron micrographs in STEM mode (a) and (c) of PANI synthesized with propanol and with butanol, respectively; and the
corresponding SEM image (b) and (d)
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TM One). The redox activity of PANI was analyzed by cyclic
voltammetry measurements performed in a glass cell using a
potentiostat/galvanostat GAMRY (G-300). Platinum disc,
platinum wire, and Ag/AgCl electrodes as the working, coun-
ter, and reference electrodes were used respectively. Voltamm-
etry scans were carried out by dispersing 0.1 g of sample in
100 mL of aqueous solution 0.1 M H2SO4 at room tempera-
ture in a potential range of −0.20 to +0.80 V using a scan rate
of 100 mV/s.

The X-ray diffraction (XRD) analysis was made with a
Rigaku instrument (Miniflex 600, Cu Kα (λ=1.54 Å)) at 3°/
min of scanning speed from 10° to 55° of 2θ. For the mor-
phology and particle size determination and distribution, a
1:1000 water dilution of the latex without purification was
used. A drop of the diluted latex was poured onto a copper
grid coated with Formvar™ resin and carbon film, and then, it
was allowed to dry overnight at room temperature. The sam-
ples were analyzed by scanning electron microscopy in SEM
(at 2 or 1 kVof acceleration voltage with secondary electron
detector) and STEM (a 30-kV acceleration voltage with a
bright field transmitted electron detector) modes using a Field
Emission High Resolution SEM (JEOL, JSM-7800F). The

electrical conductivities of samples were determined by the
four-probe method (SP4 probe head Lucas/Signatone with
0.04 in of spacing between tips) coupled to a Keithley (2400
SourceMeter) instrument.

Results and discussion

Particle morphology

Since a practical point of view, STEM mode contrast all the
nonvolatile species deposited on the sample grid, including
polymer, residual surfactant, and initiator salts. To avoid un-
certainties in image interpretation, STEM images were
complemented with SEM (topography of samples). So in
Figs. 1, 2, and 3, we found that the more strong darkened
areas observed in STEM images correspond to the more
strong bright areas of SEM and in both cases are correspond-
ing with polyaniline phase.

Figure 1 shows the scanning electron micrographs in
STEM mode of PANI synthesized without alcohol (1a) and
with ethanol (c) and the corresponding SEM image (b) and

Fig. 3 Scanning electron micrographs in STEM mode (a) and (c) of PANI synthesized with pentanol and with hexanol, respectively; and the
corresponding SEM image (b) and (d)
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(d). It can be observed that well-defined fibrillar nanostruc-
tures were obtained in these two cases. However, nanostruc-
tures with ethanol tend to deform fibrillar morphology as a
result of interaction of ethanol tail with aniline monomer
through polymerization. Fibrillar morphology has been previ-
ously reported for aqueous polymerization of aniline [13, 14].
In Fig. 1, very large fibers (approx. 5 μm in large) and
between 60 and 90 nm of width are observed for aniline
polymerization without alcohol, while 50 and 85 nm of width
were observed for polymerization in presence of ethanol.
Also, some agglomerates were formed in presence of ethanol,
losing some of the fibrillar morphology. Osorio et al. [13]
synthesized fibrillar nanostructures of PANI co-doped and co-
oxidized with a molar ratio of HCl/camphorsulfonic acid

(CSA) of 0.4/0.6 and 0.2/0.8 and polymerized in aqueous
solutions of aniline. They observed fibers with average diam-
eters between 60 and 100 nm and average length between 300
and 500 nm, both decreasing with the molar ratio of HCl/
CSA. Haba et al. [14] polymerized aniline in presence of
DBSA as both: dopant and surfactant, observing needle-like
structures at the beginning of polymerization and globular
structures at intermediate times; however, agglomerates were
observed at the end of polymerization.

PANI morphologies were strongly affected by increasing
the alcohol tail. Figure 2 shows the scanning electron micro-
graphs in STEM mode (a) and (c) of PANI synthesized in
presence of propanol and butanol, respectively; and the cor-
responding SEM image (b) and (d). It can be seen that fibrillar
structures were not present with very big PANI agglomerates
in both cases. By increasing the alcohol chain length used
through aniline polymerization from butanol to pentanol and
hexanol, new defined structures were obtained, as can be
observed in Fig. 3. For example, by using pentanol as co-
surfactant, small agglomerates consisting of well-defined
spherical nanoparticles were observed (inset in Fig. 3a at
×100,000 of magnification).

The number- and weight-average particle diameters (Dn

and Dw) and polydispersity index in sizes (PDI) of the PANI
nanoparticles synthesized using pentanol as co-surfactant
were calculated using the following equations [15]:

Dn ¼
X

niDi=
X

ni ð1Þ

Dw ¼
X

niD
4
i =
X

niD
3
i ð2Þ

PDI ¼ Dw=Dn ð3Þ

Fig. 5 Infrared spectra of PANI
obtained in the different syntheses

Fig. 4 Particle size distribution of spherical nanoparticles of PANI ob-
tained polymerizing in presence of pentanol as co-surfactant
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where ni is the number of particles with diameter Di.
The calculated values of Dn and Dw were 56 and 61 nm,

thus giving a PDI of 1.1, which imply that narrow and
monomodal particle size distribution can be synthesized by
using pentanol, as can be seen in Fig. 4.

Changing to hexanol as co-surfactant, needle-like struc-
tures were obtained, as can be observed in Fig. 3c, with
diameters between 25 and 40 nm (inset in Fig. 3c at
×50,000) and 4 μm in length. Also, spherical nanoparticles
near to 50 nm of diameters were formed.

The morphology of resulting polymer nanoparticles is
essentially dependent on the micelle structure derived
from the surfactant assembly such as spherical, cylindri-
cal, and layer structures. The results found here imply
that different surfactant/alcohol associations are acquired
before aniline polymerization by changing alcohol chain
length. Anilkumar and Jayakannan [16] synthesized
PANI with fiber, rod, sphere, and tube nanostructures
using an amphiphilic azobenzene molecule (4-[4-hy-
droxy-2-((Z)-pentadec-8-enyl)phenylazo] benzenesulfonic
acid) which acts as dopant and surfactant and changing
the polymerization medium from emulsion to interfacial
polymerization.

Morphologies shown here are also known as one dimen-
sion (1D) nanostructure. The fabrication of 1D polyaniline
with nanometer dimensions have attracted intensive interest
because they possess the advantage of both low-dimensional
system and can be envisioned for applications including poly-
meric conducting molecular wires, chemical sensors, biosen-
sors, and light-emitting devices [17].

Polymer composition and conductivity of PANI
nanostructures

Figure 5 shows the FTIR spectra of PANI nanoparticles ob-
tained without and with different alcohols. It can be seen the
characteristic peaks of the PANI base, which are at 1572,

1496, 1448, 1299, 1128, 1040, 823, 758, and 697 cm−1. The
band at 1448 cm−1 is related to mixed C–C stretching and C–
H and C–N bending vibrations observed in the spectra of the
aromatic oligomers. The peak at 1040 cm−1 possibly corre-
sponds to the S=O stretching vibration and suggests the pres-
ence of sulfonic groups on the aromatic rings. These groups
result from persulfate radical attack to benzene rings. The
bands at 758 and 697 cm−1 are characteristic of
monosubstituted aromatic rings that are located at the ends
of chains. Their observation indicates the presence of short-
chain oligomers [18, 19]. Peaks at 1572 and 1128 cm−1 can be
ascribed to C=C stretching of quinoid rings (Q); peak at
823 cm−1 is due to C–H aromatic out of plane bending of
1,4-ring. Signal at 1299 is characteristic of C–N stretching in
the Q/cis-benzenoid (Bc)/Q, Q/benzenoid ring (B)/B, and B/B/
Q of PANI [1]. Peak at 1496 cm−1 is due to PANI base, as is
consistent with quinone and benzene ring stretching deforma-
tions [3].

As stated by Song et al. [8], oxidation state and doping
degree are key factors determining conductivity of PANI. The
three oxidation states are the fully reduced known as
leucoemeraldine which contains only amine groups (II in
Scheme 1), the fully oxidized made-up of imine groups, also
known as pernigraniline (III in Scheme 1), and the half
oxidized or emeraldine (X=0.5 of I in Scheme 1).

Scheme 1 Chemical structure of
PANI and its different oxidation
states [8]

Table 1 Conductivity values of synthesized PANI and pH of latexes

Alcohol used Conductivity
(S/m)

Conversion
(%)

Initial pH;
final pH

Without alcohol 0.840 50 3.1; 2.1

Ethanol 0.965 63 3.3; 2.2

Propanol 0.901 61 3.2; 2.8

Butanol 0.956 67 3.4; 2.7

Pentanol 1.094 73 3.2; 2.6

Hexanol 0.808 73 3.1; 2.8
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The chains of conducting PANI have ordered structure;
they contain regularly alternating phenyl rings and nitrogen-
conta in ing groups . This s t ruc ture provides for
polyconjugation: polymer chain forms a zigzag lying in one
plane, and π-electron clouds overlap above and below this
plane. The lone electron pair of nitrogen performs the same
function as π-electrons and assures polyconjugation [20]. The
imine nitrogen atoms can be protonated in an acidic environ-
ment (doping process). The degree of protonation depends on

the oxidation state of polyaniline and pH of the aqueous
solution in which the polymer is immersed.

As shown in Table 1, conductivity of PANI increased about
15 % when using ethanol and 30 % using pentanol as co-
surfactants, respectively compared to PANI synthesized with-
out any alcohol. This behavior can be explained as a function
of doping degree. In all cases, initial pH values are near to 3.2
and decreases at the end of polymerizations to values between
2.1 for that obtained without alcohol and 2.8 for that

Fig. 7 UV/Vis spectra of final
PANI obtained at different
pentanol to aniline molar ratios

Fig. 6 UV/Vis spectra of final
PANI obtained in presence of
different alcohols
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synthesized in presence of propanol and hexanol. These re-
sults suggest that acids are produced through polymerizations.
It has been reported that when PANI is synthesized in the
presence of methanol, some formic acid and formaldehyde are
produced as a result of the reaction between methanol and
APS [21]. Thus, acids derived from reactions between alco-
hols and APS can be doping PANI, increasing its conductivity.

Figure 6 shows the UV/Vis spectra of PANI obtained in the
different polymerizations. The absorption spectra of PANI

show bands around 300 and 540 nm corresponding to π-π*
transition within the benzenoid moieties and due to the for-
mation of a doping level owing to the “exciton” transition
caused by inter-band charge transfer from benzenoid to quin-
oid moieties, respectively. The localized polaron peak around
900 nm indicates a compact coiled conformation of PANI
revealing the presence of PANI in its conducting form [22].
The maximum absorbance of the first peak for PANI synthe-
sized without alcohol is centered at 440 nm, whereas in the

Fig. 9 Cyclic voltammetry curves of PANI obtained in presence of different alcohols

Fig. 8 XRD spectroscopy of
PANI obtained in presence of
different alcohols
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presence of alcohols, the maximum absorbance is shifted to
405 nm, except for PANI obtained in presence of pentanol,
which was near to 440 nm.

In order to demonstrate the effect of pentanol on electrical
properties of PANI, reactions were carried out varying
pentanol concentration, and the UV/Vis spectra are shown in
Fig. 7. It can be observed that intensity of band corresponding
to π-π* transitions increases with pentanol amount, thus more
conductive PANI can be formed, which is in agree with
conductivity values 0.9, 1.1, and 1.9 S/m for molar ratios of
pentanol/aniline of 0.5, 1.0, and 1.5, respectively. This behav-
ior was also observed for propanol with PANI conductivities
of 0.83, 0.90, and 0.92 S/m for the same molar ratio of
alcohol/aniline. For the other alcohols used, conductivities
were not strongly affected by the alcohol concentration.

Selected XRD patterns are shown in Fig. 8. It can be
observed two sharp peaks at 2θ=20.5° and 25.5° showing
the presence of high crystallinity and condensed structure. The
peak at 20.5° can be ascribed to periodicity parallel to polymer
chain [9], and the peak at 25.5° is assigned to the periodicity
due to stacking of polymer chains in the perpendicular direc-
tion of chain axis [13]. These two peak along with that at 15.5°
fit with the pattern of an orthorhombic structure. Crystallinity

is related to conductivity of conducting polymers: the greater
the crystallinity degree, the higher the conductivity; however,
in our case, conductivity depends also on the oxidation state of
PANI.

Electrochemical characterization

The voltammetry curves of samples from the different syn-
theses are shown in Fig. 9. There, we observe the character-
istic curves of PANI for samples obtained in presence of
alcohols; however, for sample obtained without alcohol, only
one cathodic peak (almost negligible) can be observed at
0.66 V. Samples synthesized in presence of alcohols showed
two cathodic and anodic peaks. First cathodic peak shifted
from 0.2 to 0.28 V by changing alcohol from ethanol to
pentanol; this value decreased to 0.18 V using hexanol. Sam-
ple with higher redox activity was that obtained with pentanol,
which is in agreement with the results of UV/Vis and conduc-
tivity. Potentials at which cathodic peaks appear are similar to
that reported by Pruneanu et al. [23]. Snauwaert et al. [24]
demonstrated that the ratio of amine to imine groups of PANI
is a function of electrochemical potential at 0.15 V; the
protoemeraldine content is approximately 25 %, and at

Fig. 10 Proposed mechanisms for the different nanostructures of PANI obtained changing the alcohol type
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0.6 V, the PANI form corresponds to approximately 50 % of
emeraldine; after 0.8 V, more than 80 % corresponds to
pernigraniline form. Then, in our results, the first peak is
attributed to oxidation of leucoemeraldine to emeraldine form
of PANI, and the peak about 0.65 V is due to the oxidation
from the emeraldine to the pernigraniline state [23]. As can be
seen in Fig. 9, no redox peaks were observed at intermediate
potentials; thus, the presence of overoxidized units, branched
polymer, or degradation of soluble species from PANI can be
neglected [23, 25].

Relationship of alcohol type with morphology
and conductivity

As explained by Chen et al. [26], PANI nanostructure can be
modified from spherical to fiber-like depending on both: pH
of polymerization medium and stabilizing agents. For exam-
ple, they used mixtures of sodium dodecyl benzene sulfonic
acid (SDBA) and SDS in different molar ratios. They ob-
served that high molar ratios of SDBA to SDS produced
mainly spherical structures, whereas increasing the SDS con-
centration results in mixed spherical and cylindrical morphol-
ogy. A proposed mechanism of PANI nanostructures obtained
in our work is shown in Fig. 10. When SDS is dissolved in
water, globular micelles are present, because we are using a
concentration of 115 mM of SDS (the critical micellar con-
centration of SDS is 8 mM [26]); and when alcohols were
added, alcohol molecules are placed between the polar heads
of SDS molecules. The main function of alcohol was to
increase particle stability throughout polymerization. For
low SDS concentrations, aniline molecules exist as anilinium
cations in the micelle-water interface, which can be neutral-
ized by the presence of higher SDS concentrations to produce
free aniline molecules, which reside inside the micelles [26].
Then, when no alcohol was used, micelles are not spherical at
all and upon polymerization particle coagulation was verified
(Fig. 10, part a), polymerizing in both: inside the micelles and
at the micelle-water interface forming fibers, consisting of
diameters among 60 and 90 nm (Fig. 1b). For polymerizations
in presence of ethanol, particles are more stable and fiber
diameters decreased to values between 55 and 85 nm
(Fig. 1d); by increasing the alcohol chain length, to propanol
and butanol, fiber structures are not present any more, and
particles consist of very big agglomerated globular structures;
and when pentanol was used, particles are so stable that only
globular structures are formed (Fig. 10, part b). For alcohol
chain length as long as hexanol, particles become unstable
again due to high separation of polar heads of SDS molecules,
resulting in particle coagulation but not as unstable as poly-
merization without alcohol; thus, both needle-like and globu-
lar structures were observed.

As discussed before, alcohols not only react with APS
producing organic acids, doping PANI, and increasing

conductivity but also the nanostructures can affect PANI
conductivity. Ordered globular structures obtained with
pentanol can be packed in a better way than fibers or needle-
like structures, thus increasing PANI crystallinity as can be
seen from XRD analysis in Fig. 8, the greater the crystallinity,
the higher the conductivity.

Conclusions

Conductivity and morphology of PANI were tuned by poly-
merizing in the presence of different short-chain alcohols.
Fibrillar nanostructures were observed without alcohol and
in presence of ethanol, respectively. In the presence of
propanol and butanol, very large PANI agglomerates were
obtained; and by increasing the alcohol chain length to
pentanol, structures consisting of well-defined spherical nano-
particles between 56 and 61 nmwere formedwithmonomodal
and narrow PSD, while the presence of hexanol resulted in
needle-like structures. The higher conductivity of PANI was
that synthesized using pentanol (1.9 S/m for a molar ratio of
pentanol to aniline of 1.5), which was ascribed to formation of
acids and aldehydes derived from reactions between alcohol
and APS thus doping PANI, increasing its conductivity and
redox activity.
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