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Abstract: A mixture of ammonium peroxydisulfate and sodium hypo-
chlorite (NaClO) (co-oxidating system) were used to obtain polyaniline
(PANI) doped with HCI and camphorsulfonic acid (CSA) (co-doping).
The effect of HCI/CSA ratio added during polymerization on structure,
morphology and electrical conductivity of the conducting polymer
was investigated. When NaClO is used, the polymerization rate is
substantially increased and the morphology changes from micrometric
granular to nanometric fibrillar. CSA was used as complementary dop-
ant but also to improve the solubility of PANi in common solvents.
However, results suggest that quinone-like heterocycles containing
carbonyl radicals as well as phenazine-type aromatic rings might be
impeding an efficient doping in detriment of the conductivity.
Keywords: Polyaniline, Nanofibers, Codoping, Co-oxidant.

Resumen: El sistema de oxidaciéon complementaria persulfato de
amonio-hipoclorito de sodio (NaClO) se utiliz6 en la sintesis de polia-
nilina (PANi) codopada con acido clorhidrico y acido canforsulfonico
(ACS). Se investig6 el efecto de la relacion HCI/ACS presente durante
la polimerizacion en la estructura, morfologia y conductividad eléctri-
ca del polimero conductor. Cuando se adiciona NaClO, la velocidad
de polimerizacién aumenta notablemente y la morfologia cambia de
granulos micrométricos a fibras en el rango de nandémetros. El ACS
se empled como dopante complementario y también para optimizar la
solubilidad de la PANi en solventes comunes. No obstante, los resul-
tados sugieren que los heterociclos quinonoides conteniendo radicales
carbonilo asi como anillos aromaticos tipo fenazina podrian obstaculi-
zar un dopaje eficiente en detrimento de la conductividad.

Palabras clave: Polianilina, Nanofibras, Codopaje, Co-oxidante.

Introduction

Among semiconducting polymers, polyaniline (PANi) has at-
tracted special interest due to its ease of synthesis, low cost,
good optical and electrical properties added to its excellent
environmental stability [1]. PANi was synthesized for the first
time in 1862 [2] and it has been extensively studied since 1980
[3, 4]. This polymer has potential applications for electronic
and optical devices such as LEDs, diodes, solar cells, sensors,
rechargeable batteries and fuel cells [5-10]. Synthesis can be
accomplished either by electrochemical or chemical oxidative
techniques [11]. In the last case, polymerization is carried out in
an aqueous solution of an oxidant and a strong acid that acts as
dopant [12]. The final product of polymerization is the proton-
ated emeraldine salt (ES) which is insoluble in common sol-
vents as well as infusible, therefore, it is difficult to process by
the techniques commonly applied to commercial polymers.
Several techniques [13] have been proposed in order to
improve PANi solubility and hence, processability. One of
these methods is the use of alkyl sulfonic acids, like dodecyl
benzene sulfonic acid (DBSA) or camphorsulfonic acid (CSA)
[14, 15]. The use of these acids has resulted in PANi with high
conductivities, up to 10> S/cm. Also, the introduction of alkyl
sulfonic acid groups in the main chain of the polymer enhances
the solubility in common solvents such as benzene, chloroform,
toluene or even in water [16]. However alkyl sulfonic acids are
expensive reagents. Ruckenstein and Yin [17, 18] introduced

codoping, i. e. simultaneous use of either DBSA or CSA along
with a cheap acid like HCI showing that it is possible to obtain
PANi with good conductivity and good solubility.

PANi conductivity can be improved even more by the
manipulation of microstructural features. One-dimensional sub-
micrometric PANi such as rods, wires, tubes, belts and fibers
present better conductivities [19] when compared to particles
showing irregular shapes which are commonly seen in PANi
[20]. Moreover, fibrillar microstructures have potential applica-
tions as conducting polymeric molecular wires [21], superhy-
drophilic and superhydrophobic devices [22], chemical sensors
[23], actuators [24] and biosensors [25]. It has been observed
that nanofibers are produced during the first stage of polymer-
ization, even during the conventional synthesis [26]. However,
when polymerization goes on, initial fibers evolve to form gran-
ules with an irregular morphology. The abundance of nanofi-
bers is then, determined by polymerization kinetics [27]. Based
on this idea, Li and Li [28] obtained PANi nanofibers, using
sodium chlorite (NaClO,) instead ammonium peroxydisulfate
((NH,),S,0,) (APS) as initiator in order to speed up the process
suppressing the granule formation stage. Polymerization takes
less of an hour, achieving conductivities up to 2.76 S/cm. In
comparison, 5 hours were necessary to achieve the same value
of conductivity by using APS as oxidant. Employing a mixture
of sodium hypochlorite (NaClO) and APS, Rahy et al. [29]
synthesized PANi nanofibers of few micrometers in length,
and 40 nm or less in diameter, showing high conductivity (24.4
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S/cm) and a narrow molecular weight distribution. This method
has the advantage that it is possible to use commercial bleach
instead of NaClO reagent grade to obtain PANi nanofibers.

The intention of this work was to produce PANi com-
bining the advantages provided by CSA and HCI as dopants,
and the mixtures of oxidants ((NH,),S,0, and NaClO)). The
combination of dopants could control the morphology of PANi,
besides the conductivity, whereas the polymerization rate could
be controlled with the mixture of oxidants.

Results and Discussion

UV-VIS spectra of the polyaniline samples are shown in Fig.
1. In all cases, three peaks were observed; the first in the range
of 350-360 nm, the second in 470-480 nm, and the third one
in 845-850 nm for codoped PANi samples (Fig. 1a and Fig.
1b). For codoped — co-oxidized PANi samples the peaks are in
320-335 nm, 460-470 nm, and 840-850 nm (Fig. 1c and Fig.
1d). The region from 350 to 360 nm has been assigned to ©
— * transition in the benzenoid structures [31] and the peak in
the medium region has been assigned to polaron band transition
of the PANi main chain [32]. These two peaks are overlapped
in all cases, forming a shoulder, which is characteristic of
PANi with HCI+CSA codoping [18]. The peak at the highest
wavelength value has been attributed to the «t to the localized
polaron band transition of doped PANi [33]. As it is observed
in Figure 1 this peak is wide and suggests that the sites, along
the main chain where dopant ions can be allocated, are not satu-
rated, that means there is a partial doping situation [34]. Highly
doped PANi would show a very well defined and intense peak
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around 850 nm along with a free-carrier tail extending into the
near-infrared region [34].

To determine the band gap, the following expression was
used

hc
AE== (1)

Where AE is band gap energy, & is Planck’s constant, ¢
is velocity of light and A is the wavelength corresponding to
the m — ©* transition [35]. The computed band gap values are
listed in Table 1.

For PANi doped with alkyl sulfonic acids values of band
gap are in the range of 3.88 - 4.51 eV [36] so the values shown

Table 1. Calculated energy band gap values.

HCI/CSA AE, T —7* (eV) AE, m — ¥ (eV)
codopedPANI codoped — co-oxidized PANi
0.0/1.0 3.53 3.77
0.1/0.9 3.54 3.72
0.2/0.8 3.49 3.71
0.3/0.7 3.54 3.70
0.4/0.6 3.52 3.74
0.5/0.5 3.46 3.70
0.6/0.4 3.54 3.85
0.7/0.3 3.50 3.76
0.8/0.2 3.54 3.72
0.9/0.1 3.46 3.73
1.0/0.0 3.51 3.86
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Fig. 1. UV-Vis spectra of PANi samples: codoped (a and b), codoped — cooxidized (¢ and d). Fractional number refers to CSA content (mol

fraction) in HCI/CSA ratio.
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in Table 1 are in good agreement with those previously re-
ported. There is not a simple relationship between the E _ values
and the HCI/CSA ratios in either the codoped or codoped-co-
oxidized groups. However, when NaClO is used a clear incre-
ment in the E_ is observed in Table 1 which indicates that the
effective conjugation m — ©* decreases [36]. This increment
has been related to a stretching in the atomic bonds along the
PANi molecule [37]. NaClO is not only increasing the polym-
erization rate, it is promoting, possibly, the tail-to-tail coupling
between the aniline radical cations during polymerization [38].
This kind of polymerization produces an increase in the torsion
angle between the adjacent fenile rings [36, 37] by stretching
the atomic bonds due to reaction through ortho position [38,
39] leading to further oxidation with eventual production of
phenazine-type moieties along the backbone of the conducting
polymer [40].

In sake of clarity Figure 2 shows some ATR-FTIR spectra
of the as-synthesized PANi samples which were selected to
show the main features. The wavenumbers of the observed
peaks are listed in detail in Tables 2 and 3 and they also show
the molecular structures that have been associated to the dif-
ferent peaks.

As observed in Table 2, the peak at 1740 cm™' is not
present for the sample with dopant ratio of 0.7/0.3. One pos-
sible explanation assumes that the carbonyl species causing
the strong infrared absorption at 1740 cm™! are those present

Jorge Enrique Osorio-Fuente ef al.

in oligomers containing quinone-like heterocycles produced
during polymerization [51].

On one side, when [CSA] < 0.3, the PANi molecule is
doped with HCl and acquires a coiled conformation. CSA mol-
ecule cannot be attached to the former PANi molecule because
closely conformation and bulky size of CSA molecule. The
reactive site is not sufficiently exposed, slowing polymerization
rate [18]. CSA is discarded during filtering process and due to
the slow polymerization quinone-like oligomers are produced.

On the other side, when [CSA] > 0.3, there is enough CSA
to dope the polymer main chain stretching, in this way, the mol-
ecule and making the CSA-doped macromolecules less coiled.
However, these bulky CSA functional groups attached in the
main chain impose a steric hindrance to the system also pro-
ducing low weight chains by slowing polymerization rate [18]
which favors, again, the quinone-like oligomer formation.

At [CSA] = 0.3 the molecules will be less coiled because
CSA moieties, but enough reactive because they are more ex-
posed and contain HCI-doped units which react more easily
[17, 18]. Thus, polymerization rate is fast enough to produce
long chains, preventing the production of oligomers containing
quinone-like units. So the peak at 1740 cm™! does not appear.

The peak at 1370 cm™! has been assigned to the C=N
stretching vibration mode in phenazine-type ring [41] and this
peak is not present in the 0.7/0.3-0.4/0.6 codoped PANi sam-
ples (see Table 2). This absence suggests that in the former

- 88
L 86
L 84
- 82
- 80
- 78
L 76
L 74

72

Q=N)

C- (N
M, Phz-type ring

-C

2
PO

G
Car-N

lcC

=N)

Q

NN

C

- 90
- 85
- 80

(24,) @auepiwsuel |

- 75
- 70
- 65
- 60

=Q=N)

C-C (N

- 55
50

Car-H (1,4 para position)

1800 1600 1400 1200

1000 800 600 400

Wavenumber (cm™)

Fig. 2. ATR-FTIR spectra of PANi samples, fingerprint region: codoped (above), codoped — cooxidized (below). Fractional number refers to

CSA content (mol fraction) in HCI/CSA ratio.



Submicrometric Fibrillar Structures of Codoped Polyaniline Obtained by Co-oxidation Using the NaClO/Ammonium 309

HCI/CSA ratios there is not phenazine-type aromatic ring pro-
duction during polymerization. When values of wavelength are
compared between Table 2 and Table 3, it is evident a slight
red-shift of the peaks of one group with respect to the other.
This red shift is related with transformation of quinone diimine
structure to semiquinone radical cations [42].

Selected X-ray diffraction patterns are shown in Figure
3 and Figure 4. The patterns in Figure 3 present the peak at
around 20 = 25° which has been widely reported and it is as-
signed to the periodicity due to the stacking of polymer chains
in the perpendicular direction of the chain axis [43]. According
to Klug and Alexander [44] the interchain distance, R, is given
by R = 5A/8senB, where A is the wavelength of the X-ray ra-
diation and O is the Bragg angle. In this case where 26 = 25°,
the interchain distance is in the range 4.33-4.43 A, which is in
agreement with values previously reported [36,45].

Two more peaks can been observed; one at around 15.4°
and other at around 21.4°. These peaks along with that in
25° match with the pattern of an orthorhombic structure [46]
reflecting in the planes (001), (010) and (100). Some codoped—
cooxidized PANi diffraction plots (Fig. 4) show three addi-
tional peaks: at around 32, at 45.5 and 56.5 which coincide
with those peaks observed by Rahy et al. [29]. When these
additional reflections appear in the difractogram, the intensity
of the peak at 25° diminishes and other two peaks are observed
at around 22.5 and 28°. Former is related with loss of cristal-
linity, involving predominance of insulating amorphous phase
over crystalline conducting phase [47] and suggests that these
polymers are constituted by low molecular weight, short chain
oligoanilines [48].

SEM micrographs of codoped and codoped-cooxidized
PANIi are shown in Figure 5. The Fig. 5a shows a micrometric

Table 2. Main peaks observed in codoped PANi samples and assignations.

HCV/ACS Carbonyl -C=C- -C=C- C=Nin C,N, C-N** in C=N C,-H, C-C,
(N=Q=N) (N-B-N) Phz-type secondary polaron (N=Q=N) disubstituted = Quinoid
ring aromatic lattice -SO,H, benzene
amine -SO,H 1,4)
0.0/1.0 1740 1560 1460 1370 1290 1230 1110 790 510
0.1/0.9 1740 1560 1460 1370 1300 1230 1110 790 510
0.2/0.8 1740 1560 1460 1370 1300 1230 1110 790 510
0.3/0.7 1740 1560 1470 1370 1300 1230 1110 790 510
0.4/0.6 1740 1560 1480 — 1290 1230 1110 790 500
0.5/0.5 1740 1560 1480 — 1300 1230 1110 790 500
0.6/0.4 1740 1550 1470 — 1290 1230 1110 790 500
0.7/0.3 — 1560 1460 — 1280 1230 1110 790 500
0.8/0.2 1740 1560 1460 1370 1290 1230 1110 790 500
0.9/0.1 1740 1550 1460 1370 1290 1230 1110 790 500
1.0/0.0 1740 1550 1460 1370 1290 1230 1110 790 500
Table 3. Main peaks observed in codoped — cooxidized PANi samples and assignations.
HCI/ACS Carbonyl -C=C- -C=C- C=Nin C,N, C-N** in C=N C,-H, C-C,
(N=Q=N) (N-B-N) Phz-type secondary polaron (N=Q=N) disubstituted = Quinoid
ring aromatic lattice -SO4H, benzene
amine -SO,H (1,4)
0.0/1.0 1740 1560 1460 1370 1290 1230 1110 790 510
0.1/0.9 1740 1560 1460 1370 1300 1230 1110 790 510
0.2/0.8 1740 1560 1460 1370 1300 1230 1110 790 510
0.3/0.7 1740 1560 1470 1370 1300 1230 1110 790 510
0.4/0.6 1740 1560 1480 — 1290 1230 1110 790 500
0.5/0.5 1740 1560 1480 — 1300 1230 1110 790 500
0.6/0.4 1740 1550 1470 — 1290 1230 1110 790 500
0.7/0.3 — 1560 1460 — 1280 1230 1110 790 500
0.8/0.2 1740 1560 1460 1370 1290 1230 1110 790 500
0.9/0.1 1740 1550 1460 1370 1290 1230 1110 790 500
1.0/0.0 1740 1550 1460 1370 1290 1230 1110 790 500
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Fig. 3. X-ray diffraction patterns of codoped PANi: a) HCl-doped; b) 0.5/0.5 HCI/CSA ratio; ¢) CSA-doped.
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Fig. 4. X-ray diffraction patterns of codoped-cooxidized PANi: a) HCI-doped; b) 0.5/0.5 HCI/CSA ratio; ¢) CSA-doped.

flake-like morphology, while in Figure 5b can be seen a mor-
phology essentially formed by small aggregates. The aggregate
size is ~0.35 um. When coinitiators along codopants are used,
morphology acquires a fiber-like structure, as can be seen on
Figures 5c and 5d. From these pictures, one can find that the
average diameter of the fibers in the two HCI/CSA ratios is
~80-100 nm for 0.4/0.6 ratio and ~60-90 nm for 0.2/0.8 ratio. In
both cases, the average length of the fibrillar structures is found
to be between 300 nm and 500 nm. Thus, higher CSA content
promotes thinner fibers and a more uniform morphology. This
can be attributed to the secondary growth of the initially formed
nanofibers [47]. Average diameters of the fibers are wider than
those reported previously in literature [28, 49, 50].

Fig. 6 presents curves of conductivity as a function of HCl/
CSA ratio for codoped PANi and codoped-cooxidized PANi
pellets. Experimental error was determined to be of around
10.022 S/cm (see experimental section), this value suggests that
the trend in the conductivity measurements shown in Figure 6
is repeatable.

It was expected that some molecular and microstructural
characteristics of PANi samples should influence strongly the
conductivity. Codoped-cooxidized samples have a wider band
gap, higher oxidation value and lower cristallinity as compared
to the codoped samples which suggests that codoped-cooxi-
dized samples should exhibit lower conductivity. However,
these last samples also present fibrillar structure that should
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Fig. 5. SEM images of a) codoped PANi with 0.4/0.6 HCI/CSA ratio and b) 0.2/0.8 ratio; c) codoped — cooxidized PANi with 0.4/0.6 and d)

0.2/0.8, respectively.

have some improvement on the conductivity with respect to
the codoped samples.

These two contrary trends presented in codoped-cooxi-
dized samples could explain why conductivity in both groups
of samples is quite similar as observed in Figure 6. Still, con-
ductivity values are rather lower than expected according to
some reports [28, 29, 50]. It seems that additions of CSA or
the use of NaClO are in detriment of conductivity because the
sample oxidized only with APS and doped with HCI presented,
by far, the highest conductivity. These results suggest that the
factor controlling conductivity is the effective doping. That is,
secondary reactions are, somehow, impeding the incorporation
of dopant into the main chain. The production of different
oligomers during polymerization of PANi has been observed
[51, 52]. Among these oligomers, species containing carbonyl
radicals, such as quinone-like heterocycles, have been reported
to prevent acid doping [53].

Conclusions

(1) Polyaniline codoped with CSA and HCI, showing a nano
fiber-like structure could be synthesized by the in situ chemi-

cal polymerization of aniline hydrochloride, using ammonium
peroxydisulfate and sodium hydrochloride as coinitiators. (2)
The morphology of codoped PANi changes from micrometric
granular to nanometric fibrillar when sodium hypochlorite is
used. (3) The use of sodium hypochlorite resulted in PANi
samples with wider band gap as compared to the samples oxi-
dized only with APS. (4) The results suggest that dopants are
not incorporated into the main chain in efficient way in detri-
mental of conductivity due probably, to the presence of oligo-
mers containing quinone-like heterocycles and phenazine-type
aromatic rings.

Experimental
Reagents

Aniline hydrochloride (Fluka) was used as received. Ammoni-
um peroxydisulfate (Sigma-Aldrich), sodium hypochlorite 15%
(Sigma-Aldrich), hydrochloric acid (Fermont) and camphor-
sulfonic acid (Fluka) were analytical grade and used without
further purification. Distilled water was used in all experi-
ments.
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Synthesis

Polyaniline was synthesized according to the procedure de-
scribed by Stejskal and Gilbert [30]: aniline hydrochloride
(2.59 g, 20 mmol) was dissolved in 100 mL distilled water by
magnetic stirring in a 250 mL beaker. Hydrochloric acid and
camphorsulfonic acid in selected HCI/CSA ratios (in such a
way that moles (CSA+HCI) / moles aniline hydrochloride = 1)
were added, while stirring, to previous solution [18] (see Table
4). A solution of ammonium peroxydisulfate (APS) (5.71 g, 25
mmol) in 100 mL distilled water was added slowly, without
stirring, to the former aniline mixture, followed by quick ad-
dition of 25 mL of an aqueous sodium hypochlorite (5 wt%)
solution [29], being APS to NaClO molar ratio equivalent to
1.18:1. It was considered that polymerization started at this
point and it was allowed to continue for 25 minutes at room
temperature. Aniline monomer to ammonium peroxydisulfate
molar ratio was kept to 1:1.25 [30]. Alternatively, codoped
PANi without NaClO was synthesized. Polymerization was
carried out in 60 minutes and the HCI/CSA ratios in Table 4
were used. In each case, the resulting dark-green solids were
filtered and washed with hydrochloric acid [1 M] and distilled
water until the filtrate became colorless. Finally, powders were
dried in an oven at 80 °C overnight.

Characterization
UV-Visible spectroscopy

Absorbance spectra from 300 to 900 nm were obtained by a
Perkin-Elmer Lambda 35 spectrometer using a set of paired
cells of 1 cm of optical path length made of quartz glass. Each
sample (0.001 g) was dissolved in 20 mL of distilled water in
an ultrasonic bath.

FTIR-ATR (attenuated total reflection) spectroscopy

Transmission FTIR spectra of PANi powder samples were di-
rectly examined in an ATR accessory attached to a Perkin-El-
mer System 2000 spectrometer. Spectra were recorded in the

Table 4. HCI/CSA molar ratios in the feed. Round brackets are for
moles and square brackets refer to mass in grams.

HCI CSA  CSA (x10%mol)[g] HCI (x10-mol)[g]
1 0 (0) [0] (20) [0.73]
0.9 0.1 (2) [0.46] (18) [0.66]
0.8 0.2 (4) [0.93] (16) [0.58]
0.7 0.3 (6) [1.39] (14) [0.51]
0.6 0.4 (8) [1.86] (12) [0.44]
0.5 0.5 (10) [2.32] (10) [0.37]
0.4 0.6 (12) [2.79] (8) [0.29]
0.3 0.7 (14) [3.25] (6) [0.22]
0.2 0.8 (16) [3.72] (4) [0.15]
0.1 0.9 (18) [4.18] (2) [0.073]
0 1 (20) [4.65] (0) [0]

4000 to 400 cm™! region and were corrected for CO, and H,0
content in the optical path.

XRD analysis

Measurements were carried out in a Bruker Focus D8 X-Ray
diffractometer using Cu Ka radiation. X-Ray diffraction pat-
terns were recorded from 5° to 70° at the speed of 8°/min.

Scanning electron microscopy

The morphology of the powders was observed using a field
emission SEM JEOL JSM-6701F without conductive coating
on samples at a 15 kV acceleration voltage.

Conductivity measurements

PANi powders were uniaxially pressed (1.47 MPa) by using a
steel die to form pellets of 12.4 mm in diameter. The samples
were masked and coated with a Au-Pd coating by using a
Denton Vacuum Desk V sputtering system, in order to obtain
a centered contact of 5 mm in diameter on both sides. Cooper
leads were attached to Au-Pd contact employing silver paste.
Resistance measurements were done using a common digital
multimeter. Conductivity was determined by standard Van der
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Pauw two-probe method. A statistical study based on Student’s
t-distribution with 95% of confidence was conducted to estab-
lish the experimental error in the conductivity measurements.
This study consisted in the manufacture of 10 samples syn-
thetized independently one of the other, and the ratio 0.6/0.4
HCI/CSA was arbitrarily chosen without NaClO, that is, all
samples nominally had the same composition. Then, conductiv-
ity measurements were carried out and the values statistically
treated. The result was 6 = 6.8 x 102 £ 2.2 x 10> S/cm. The
same exactly procedure was done on 10 samples with 0.6/0.4
HCI/CSA ratio but in this case using NaClO (cooxidized) and
the result was 6 = 1.6x102+ 2.8 x 102 S/cm.
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