Available online at www.sciencedirect.com

ScienceDirect

polymer

ELSEVIER Polymer 47 (2006) 8253—8262

www.elsevier.com/locate/polymer

The genesis of polyaniline nanotubes

. , . . b . .
Jaroslav Stejskal **, Irina Sapurina °, Miroslava Trchova ?,
Elena N. Konyushenko *, Petr Holler *
& Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovsky Sq. 2, 162 06 Prague 6, Czech Republic
® Institute of Macromolecular Compounds, Russian Academy of Sciences, St. Petersburg 199004, Russia

Received 26 June 2006; received in revised form 26 September 2006; accepted 1 October 2006
Available online 27 October 2006

Abstract

Aniline has been oxidized with ammonium peroxydisulfate in 0.4 M acetic acid. Protons are produced in the course of oxidation and the pH
decreases as the reaction proceeds. The oxidation had two subsequent phases: (1) the oxidation of the neutral aniline molecules and the initially
produced low-molecular weight aniline oligomers at low acidity, followed by (2) the oxidation of the anilinium cation after the acidity became
higher. The two phases of oxidation gave different products, aniline oligomers with mixed ortho- and para-coupling of aniline molecules, and
polyaniline nanotubes, respectively.

The aniline oligomers are produced at first at low acidity, pH > 4, some of them as rod-like crystals. The molecular weight of the oligomers
has been assessed by gel-permeation chromatography to be of several thousands. The 2—3 wt.% content of sulfur in deprotonated samples
suggests that the oxidation products are partly sulfonated. The oxidation of ortho-coupled anilines combined with intramolecular cyclization
produces phenazine units or their blocks, as indicated by FTIR spectra. A high-molecular weight polyaniline is produced at pH < 2. The
protonation of the intermediate pernigraniline form of polyaniline is a prerequisite for the polymerization.

The nano-sized oligomer crystallites serve as starting templates for the nucleation of PANI nanotubes. Further growth of nanotubes proceeds
by the self-organization of the phenazine units or their blocks located at the ends of the PANI chains. Polyaniline nanotubes have a typical outer
diameter of 100—200 nm, with a wall thickness of 50—100 nm, an inner diameter of 0—100 nm, and a length extending to several micrometres.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction 12,16]. The oxidation of pyrrole on “hard” templates, af-

forded by inorganic nanofibers [8] or crystals of pyrrole salts

The importance of the conducting polymers, like polyani-
line (PANI) and polypyrrole, has been recognized for many
years [1—3]. The observation that these polymers can produce
“one-dimensional” morphologies, like nanotubes [4—8],
nanowires [9—16] or non-spherical colloidal nanoparticles
[17—22], made them the exciting object of many investiga-
tions. The polymerization of aniline on ‘““soft” templates, mi-
cellar structures involving aniline or aniline salts, has been
offered as an explanation for the nanotube formation [6,11,
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[21,22], has also been reported. Low concentrations of acids
with respect to aniline [11,23] and the use of organic acids
[5,24] have usually been needed to obtain PANI nanotubes.
Under these conditions, the oxidation of aniline starts at rela-
tively low acidity of the medium. In a previous communication
[7], we have proposed that the morphology development is
controlled by the acidity of the reaction mixture and the
consequent protonation of aniline, the reaction intermediates,
and PANI. The process by which PANI nanotubes are gener-
ated has not been discussed so far. In this study, we report
the individual phases of aniline oxidation, demonstrate the
growth of nanotubes, and propose a model for nanotube
formation.
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2. Experimental
2.1. Oxidation of aniline

Aniline (0.2 M) was oxidized with ammonium peroxydisul-
fate (APS, 0.25 M) in 0.4 M acetic acid (Fig. 1). Solutions of
aniline monomer and oxidant were mixed at room temperature
to start the oxidation. The reaction mixture was quickly poured
over silicon windows, used in FTIR spectroscopy (26 mm in
diameter), and placed in separate Petri dishes. The windows
were slightly raised on a support so that the reaction mixture
had access to both the top and bottom sides. After specified
times, based on the preliminary determination of the course
of polymerization, the silicon windows were removed from
the mixture. The oxidation reaction was stopped by rinsing
the oxidation products deposited on the windows with water,
which removed aniline and oxidant, followed by drying in air.

The residual reaction mixture left after the removal of the
silicon window was poured immediately into an excess of
1 M ammonium hydroxide to stop the polymerization. The
precipitate was quickly collected on a filter, thus separated
from the residual monomer and oxidant, and dried in air.

2.2. Microscopy

The research-grade optical Leica DM LM Microscope,
equipped with 50x Olympus objective lenses, a scanning
electron microscope (SEM) JEOL 6400 and a transmission
electron microscope (TEM) JEOL JEM 2000 FX have been
used to characterize the morphology of the samples.

2.3. Gel-permeation chromatography

Molecular weights were assessed with a GPC/SEC appara-
tus using a 8 x 600 mm PLMixedB column (Polymer Labora-
tories, UK) operating with N-methylpyrrolidone and calibrated
with polystyrene standards with spectrophotometric detection
at the wavelength of 650 nm. The samples were dissolved in
N-methylpyrrolidone containing 0.025 g cm  triethanolamine

for deprotonation of samples, and 0.005 gcm > lithium
bromide to prevent aggregation.
4n@NH2 + 57 (NH,),S,04
J(HA)
® ®
NH NH NH NH
G
HSO, HSO; "

Polyaniline hydrogen sulfate + 3nH,80, + 5n(NH,),S0,
Fig. 1. The oxidation of aniline with ammonium peroxydisulfate in water
yields PANI hydrogen sulfate. The para addition of constitutional units is
shown but ortho addition can also be important. Sulfuric acid and ammonium
sulfate or ammonium hydrogen sulfate are the by-products.

2.4. FTIR spectroscopy

Infrared spectra in the range of 400—4000 cm™' were
recorded at 64 scans per spectrum at 2 cm ™' resolution using a
fully computerized Thermo Nicolet NEXUS 870 FTIR Spec-
trometer with a DTGS TEC detector. The spectra of the thin
films deposited in situ on a silicon substrate were measured in
the transmission mode. An absorption-subtraction technique
was applied to remove the spectral features of the silicon
wafers. FTIR spectra of powders were measured in the trans-
mission mode after dispersion of the samples in potassium
bromide pellets. The spectra were corrected for the presence of
carbon dioxide and humidity in the optical path.

3. Results

We have recently reported [7] that the morphology of
PANI, obtained after the oxidation of aniline under various
acidity conditions, varies: in solutions of strong (sulfuric) acid,
a common granular PANI was produced, while in solutions of
weak (acetic) acid, PANI nanotubes were obtained. The inter-
nal cavity of the PANI nanotubes is easily visible in TEM
micrographs (Fig. 2). Nanorods without a bore accompany
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Fig. 2. TEM micrographs of PANI nanotubes and related structures.
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the nanotubes. In the present paper, we concentrate on the
process of nanotube formation.

3.1. The course of aniline oxidation

The oxidation of aniline is an exothermic process, and its
course is easily followed by recording the reaction temperature
[25,26] (Fig. 3A). The oxidation of aniline in water or in mildly
acidic solution proceeds in two consecutive phases [7,25,27].
This is illustrated in the present study on the oxidation of
aniline in 0.4 M acetic acid (Fig. 3A).

The oxidation of aniline starts [28] at pH 4.5 (Fig. 3B). The
pK, of aniline [25,29] is 4.6. Under such conditions, aniline
exists as an approximately equimolar mixture of neutral mol-
ecules, which are easily oxidized, and anilinium cations,
which are oxidized much more slowly [28]. The temperature
of the reaction mixture increases as the oxidation proceeds.
At the same time, the pH decreases [25,27,30], because hydro-
gen atoms, abstracted during the oxidation from amino groups
and benzene rings, are released as protons, i.e., as sulfuric acid
[31—33] (Fig. 1) or hydrogen sulfate salt [25]. The pH value at
the end of polymerization is 1.2.
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Fig. 3. (A) Temperature and (B) acidity changes during the oxidation of 0.2 M
aniline with 0.25 M ammonium peroxydisulfate in 0.4 M acetic acid, started at
~22 °C. The times of sample collection are marked with arrows. The border
between the predominance of neutral aniline molecules and anilinium cations
is only approximate.

As the pH becomes lower than 4 (Fig. 3B), aniline mole-
cules become protonated and convert to anilinium cations [28].
That is why the mechanism of the oxidation changes and the
oxidation proceeds as in solutions of strong acids. In strongly
acidic media, an athermal induction period is followed by the
exothermic polymerization [25,31]. Thus, after 14 min of reac-
tion, an induction period intervenes, which extends to 32 min
(Fig. 3A).

The induction period extends this far, as the pH drops
below 2, when the oxidized oligomeric intermediate, pernigra-
niline, becomes protonated [25,34]. The protonation of the
pernigraniline form of PANI, manifested by the typical blue
colour of the reaction mixture, is a prerequisite for the forma-
tion of conducting PANI of high molecular weight. We can
thus conclude that the mechanism of aniline oxidation depends
on whether the aniline molecules and the reaction intermedi-
ates based on aniline are protonated or not.

3.2. Evolution of nanotubes

The preparation of PANI nanotubes has been well docu-
mented [3,5,7,23]; studies related to the process of their for-
mation, however, are scarce [35]. The oxidation of aniline in
0.4 M acetic acid yields products, which are insoluble in the
aqueous medium. After the beginning of oxidation, they pre-
cipitate from the reaction medium as semi-crystalline oligo-
mers, rod-like objects, which have the dimensions of several
micrometres. They are easily visible by optical microscopy
(Fig. 4A), and the SEM reveals details of their complex struc-
ture (Fig. 5). Only in the advanced stage of aniline oxidation,
t>21 min, we can observe nanotubes growing from them
(Fig. 4B,C). The fact that they are nanotubes is demonstrated,
in addition to TEM images (Fig. 2), also by SEM images
(Fig. 6) — the internal cavity in broken nanotubes is easily
visible (Fig. 6B). The typical outer diameter of nanotubes is
100—200 nm, the inner diameter is 0—100 nm.

Optical microscopy illustrates the fact that the nanotubes
grow from macroscopic templates just as tree branches stem
from trunks (Fig. 4B,C). There are no loose nanotubes, and
the PANI structure has a connective character. This reflects the
basic principle of PANI formation: chain growth beyond the
dimer stage occurs in the solid-state structure that has already
been produced, not in solution [36]. The granular PANI precip-
itate is produced close to the end of polymerization (Fig. 4D).
As it sediments, it covers the nanotubular structure deposited
on the silicon windows. This precipitate virtually always
accompanies the nanotubes (Fig. 2).

In addition to nanotubes, other objects are also present.
Nanospheres of ca 50 nm diameter are observed by SEM
(Figs. 5A,6A). In fact, nanospheres could be in the same rela-
tion to the nanotubes, as fullerene and single-wall nanotubes
are related in the realm of carbon chemistry. They are hardly
discernible by optical microscopy (Fig. 4B). Our previous
study [7] as well as other papers [23,37] has also shown nano-
spheres in TEM micrographs. Hollow PANI nanospheres were
also produced when aniline was polymerized in the presence
of triblock copolymers [38]. The role of the acidity of the
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Fig. 4. Optical microscopy of the oxidation products deposited on silicon windows after reaction times ¢t = (A) 5, (B) 21, (C) 31, and (D) 38 min.

reaction mixture in the formation of hollow PANI micro-
spheres has also recently been reported [33].

3.3. The characterization of reaction intermediates
by GPC

Samples of reaction intermediates have been collected in the
course of oxidation at the times ¢ marked by arrows in Fig. 3.
The oxidation products produced at the beginning of reaction
are the oligomers having a molecular weight of the order of
thousands (Fig. 7). Their molecular weight does not change
as the oxidation proceeds. Only after the reaction time
t =35 min, polymers are produced in the second oxidation
step. This is illustrated by the shoulder of the molecular
weight distribution extending into the region of high molecular
weights (Fig. 7). Oligomer products are still present in samples
collected in the end of oxidation. This indicates that oligomers
have not been converted to polymers but only accompany them.

3.4. Separation by solubility in chloroform

The product collected in the early stages of aniline oxidation,
t=3 min, is only partly soluble in chloroform (24.8 wt.%).
When the chloroform solution was evaporated on a silicon
support, the square cross-like and branched crystals have been
observed. This means that similar objects of 2—3 um2 size, ob-
served in Figs. 4B,5A,6A, are composed of oligomers and not
by polymers.

The final oxidation products typically contain both oligo-
meric and polymeric components (Fig. 7). We have attempted
to separate them by extraction of the oligomeric fraction with
chloroform. GPC in N-methylpyrrolidone proves that the frac-
tion of the oxidation product soluble in chloroform (14.6 wt.%)
has an oligomeric nature (Fig. 8). Some oligomers, however,
are still entrapped in the chloroform-insoluble fraction.

3.5. Sulfur in polyaniline

Sulfur is present in all the PANI bases collected during syn-
thesis (Fig. 9). The content of sulfur in the samples increases
with the reaction time. It is much higher than in the standard
PANI prepared in the presence of strong acids [31], 0.3 wt.%,
and it has often been neglected in the literature [33]. Please
note a certain similarity between Fig. 9 and the temperature
profile in Fig. 3; this means that the sulfur content increases
during the exothermic oxidation phases, as expected.

Support for the occurrence of sulfonation is found in the
FTIR spectra. Sulfonate groups attached to the aromatic rings
have been identified by the absorption peaks [39] at 1040 and
695 cm ™' (Fig. 10). These bands correspond to the S=O and
S—O stretching vibration modes. The presence of these bands
in the spectra of alkali-treated samples confirms that sulfonate
groups are covalently bonded to the reaction intermediates
during reaction, and not only on the completed oligomer or
polymer. It seems that aniline molecules present at low acidity
can also be sulfonated to o-aminobenzenesulfonic acid, which
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Fig. 5. SEM images of the oligomeric products obtained on silicon windows
after the reaction time ¢ =5 min. Two magnifications (A,B).

is subsequently copolymerized with aniline [40]. The sulfo-
nate groups interact with protonated imine nitrogens in neigh-
bouring chains and thus stabilize the supramolecular structure
produced by PANI by ionic bonding [40,41].

3.6. Conductivity

Conductivity is a key parameter for this type of polymers;
for typical PANI it attains the values of units Scm™"' [2,31].
The oligomeric products isolated in the early stages of oxida-
tion in 0.4 M acetic acid are non-conducting, having the con-
ductivity 2.4 x 107" Sem™', the conductivity of product after
the completion of reaction is 0.078 S cm™"'. The reduced con-
ductivity is a consequence of the two-component nature of the
product composed of non-conducting oligomers and conduct-
ing PANL

4. Discussion
4.1. Historical background

In 1856, Perkin oxidized the crude aniline, containing some
toluidines, with potassium dichromate [42]. In addition to a

Fig. 6. SEM images of the polyaniline nanotubes produced on silicon windows
after the reaction time ¢ = 34 min. The internal cavity of a nanotube is marked
by an arrow at the bottom micrograph. Two magnifications (A,B).

black precipitate [42,43] (most likely, a mixture of aniline
black and PANI in present terminology [44—46]), he was
able to extract a purple dye, mauveine (Fig. 11A), the first

Molecular weight distribution

2 3 4 5
log M
Fig. 7. Weight distributions of molecular weights M (normalized to a peak

value) of the intermediates in the oxidation of aniline obtained after reaction
times ¢ =5 (full line), 34 (dashed line), and 38 min (dotted line).
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Fig. 8. Weight distributions of molecular weights M (normalized to a peak
value) of the chloroform-soluble (full line) and chloroform-insoluble (dashed
line) fractions of the final oxidation product.

industrially produced dyestuff. The later oxidation of pure an-
iline reported in 1896 led to pseudomauveine [43] (Fig. 11B).
This means that soluble protonated phenazinium structures are
produced during the oxidation of aniline, and non-protonated
phenazine units have been suggested as a major component
in the insoluble polymeric product, aniline black [47,48] and
in PANI [49]. The generation of phenazine units in PANI has
also been predicted by semi-empirical quantum chemical cal-
culations [28], and often been reported to be a result of ageing
processes in PANI [50—54].

4.2. The principles of aniline oxidation

The oxidation of aniline in solutions of strong acids is the
currently accepted method for preparing a conducting polymer,
i.e., PANI [1,2,31]. Under these reaction conditions, aniline is
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Fig. 9. The content of sulfur in the product of aniline oxidation in 0.4 M acetic
acid collected after specified reaction time and deprotonated with 1 M ammo-
nium hydroxide.

FTIR spectra in KBr

"standard" PANI base

Absorbance

" 1 " 1 " 1
4000 3000 2000 1000
Wavenumbers, cm™!

Fig. 10. FTIR spectra of samples collected at the beginning of aniline oxida-
tion in acetic acid, = 3 min, and of the final product, at = 60 min. The spec-
trum of the PANI base, corresponding to its standard preparation in the acidic
medium [31], is shown for comparison.

present as an anilinium cation, and its oxidation leads to
PANI in which the aniline constitutional units are linked with
a strong preference for the para-positions [1,54] (Fig. 1).
This is generally accepted in all the proposed reaction mecha-
nisms [1,29,55—57] and also experimentally confirmed by the
oxidation of PANI to p-quinone [50]. Such PANI has good
conductivity and, although the reaction conditions have been
widely varied in the search for conductivity improvement
[58,59], the high acidity of the medium has been maintained
as a rule.

Oxidation started in mildly acidic [60] or even in alkaline
medium [27,61] proceeds more easily [62] compared with
strongly acidic media. Quantum chemical calculations have
shown that aniline, which is present at pH > 4.6 mainly as
a neutral molecule, is more readily oxidized than the anilinium
cation [28]. These calculations also show the importance of
ortho-coupling besides the prevalent para-coupling of the
aniline molecules (Fig. 12A).

A CH,
CH, N CH,
H,N N NH
2 <

mauveine

B N N
IPOOWS
H,N N NH
2 A@

pseudomauveine

Fig. 11. (A) Mauveine, the first industrially produced synthetic dyestuff, and
(B) pseudomauveine [42].
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Fig. 12. (A) During the oxidation in mildly acidic media, aniline molecules cou-
ple in both the ortho- and para-positions. (B) Further oxidation of ortho-coupled
units yields a phenazine unit, e.g., at the beginning of the PANI chain [28].

The presence of ortho-coupled aniline molecules [63,64] in
the early oxidation products resembles the situation in the
oxidation of o-phenylenediamine [65]. Its electrochemical
polymerization results in PANI-like chains with pendant amino
groups but, under acidic conditions, ladder-like units of the
phenazine type (Fig. 12B) were produced preferentially [66].
As the oxidation of aniline proceeds, the pH gradually de-
creases (Fig. 3), and this is the reason why the conversion of
ortho-coupled aniline molecules to phenazine units is initiated
(Fig. 12B). The oxidation of o-aminodiphenylamine, an inter-
mediate of aniline oxidation, also yields oligomers comprising
phenazine units as components [67]. When aniline has been
oxidized in the media of various acidity, the initial oxidation
products had optical absorption with a maximum at 370 nm
[30,33], shifting to the 500 nm region, which could be as-
signed to the increasing conjugation in the oligomers [68] or
to the formation of phenazine structures [69].

The newly produced phenazine units, or their segments,
may act as initiation centres for the growth of conventional
PANI, subject to the condition that pH < 2 and the intermedi-
ate pernigraniline units become protonated. Once growth starts,
the aniline constitutional units are linked in the para-positions,
due to the formation of the conducting conjugated system rep-
resented by protonated pernigraniline [25]. The propagation
proceeds with a preference over initiation of PANI chains, as
is illustrated by the high molecular weight of the products
(Fig. 7). The resulting chains are thus expected to have a phen-
azine head segment and a tail of para-linked aniline constitu-
tional units (Fig. 12B).

4.3. Phenazine structures in FTIR spectra

The spectrum of the final oxidation product is close to the
spectrum of the PANI base prepared by a conventional method
in solutions of strong acids [31] (Fig. 10). Some additional
peaks are marked by dashed lines in the spectrum of the final
product prepared in 0.4 M acetic acid. They are well distin-
guished in the spectrum of aniline oligomers (Fig. 10) and
can be assigned to phenazine units (Fig. 12B). The band at

1625 cm™ ' corresponds to the absorption of the C=C ring-
stretching vibration in newly-formed substituted phenazine-
like segments [70] together with the band observed at
1414 cm ™!, attributable to a totally symmetric stretching of
the phenazine heterocyclic ring [71,72]. Phenazine-like units
can also be recognized through the bands at 1208 cm ™' and
by their contribution to the bands at 1144 and 1108 cm .
The presence of significant amount of 1,2,4-trisubstituted rings,
indicative of the formation of branched and/or substituted
phenazine-like segments, is revealed by the bands [41] at
864 and 858 cm™'. The peaks attributable to phenazine units
are more pronounced in the oligomers produced at the
beginning of polymerization [35] (Fig. 10). We suppose that
these peaks are overlapped by the spectrum of the newly
formed para-coupled chains, which are generated in large
excess.

4.4. Hydrogen bonding

The two relatively strong bands in the FTIR spectra, with
maxima at 3267 and 3200 cm ! (Fig. 10), have often been at-
tributed to different types of intra- and inter-molecular hydro-
gen-bonded N—H stretching vibrations of secondary amines,
N—H---N [73]. Hydrogen bonding in N—H---O, where oxygen
atom belongs to a sulfonate group (discussed in Section 3.5), is
also possible [35,74—77]. The presence of hydrogen bonding
is indicative of the self-organization of PANI chains into
supramolecular assemblies, like thin films [78—81] and nano-
tubes [24]. They are not found in the spectra of PANI having
the common granular morphology, and seem to be associated
here with the presence of nanotubes.

5. The concept of nanotube formation
5.1. Aniline oxidation

The following scenario is offered: aniline oxidation, which
starts in mildly acidic conditions, at pH > 4, results in the
coupling of aniline molecules in ortho- and para-positions to
produce oligomers having, on average, 50—60 constitutional
units. They are non-conducting. As the acidity increases, the
newly ortho-coupled units become oxidized to phenazine
units. The growth of oligomer chains proceeds to yield poly-
mer chains at still higher acidity, pH < 2, when the intermedi-
ate pernigraniline unit can be protonated. This is reflected in
the fast exothermic polymerization of aniline, producing
long PANI chains.

Under highly acidic conditions, pH ~ 0—1, which are typ-
ical for PANI preparation, the proportion of phenazine partic-
ipation is reduced in favour of the formation of para-coupled
chains, which are generated in large excess. Moreover, the
phenazine units become protonated [82], pK, = 1.2.

5.2. Nucleation of nanotubes

The aniline oligomers produced in the early stages of oxi-
dation are insoluble in the reaction medium; the solubility of
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aniline dimers, semidines, is low [60]. Oligomers precipitate,
often with frequent needle-like crystallite offsprings (Fig. 5A,
upper left corner). These crystallites serve as templates for the
future nucleation of PANI nanotubes.

When the acidity of the reaction mixture becomes suffi-
ciently high, the phenazine units may initiate the propagation
of polymer chains. Due to their flat structure, such hydropho-
bic units adsorb on the available surfaces. On solid surfaces,
they nucleate the growth of PANI thin films [83,84] or the
coatings of microparticles [85]. When adsorbed on added
water-soluble polymer, they start the growth of colloidal dis-
persion particles [86,87]. The walls of the oligomer needle-
like crystals similarly act as sites for the adsorption of the
phenazine entities.

Various crystals present in the reaction mixture become
coated with a thin conducting polymer film [21], similarly as
macroscopic surfaces [88,89], or serve as centres for PANI
growth [60]. The coating with PANI depends on the nature
of the surface. The adsorption of phenazine units at the surface
of needle-like oligomer offsprings is selective, due to the ob-
vious anisotropy of the crystallites. We assume that the phen-
azine units are adsorbed on the walls of oligomer crystallites,
leaving the front surfaces uncoated. In this way, the nucleus of
the nanotubes is produced as a sleeve on an oligomer needle.
The size of the crystallite inside determines the inner diameter
of the future nanotube. Nanotubular structures with a rectangu-
lar hole, obviously produced by this mechanism, have been re-
ported in the literature [90], and support this mechanism. The
thickness of the nanotube wall corresponds to the thickness of
the deposited PANI film, e.g., on glass [84] ~ 100 nm, and is
proportional to the molecular weight of the PANI chains [91],
i.e. to their extended chain length. The front surfaces of this
nanotubular nucleus have exposed phenazine units adjacent
to the crystallite front.

5.3. The growth of a nanotube

In addition to their hydrophobic character promoting phase
separation, phenazine derivatives (Fig. 12B) have a flat molec-
ular structure that is able to produce columnar aggregates sup-
ported by m— electron interactions [92,93]. The newly
produced phenazine units thus add to the exposed units at
the nanotubular nucleus (Fig. 13). The PANI chains are grow-
ing from them in the preferred direction given by molecular
geometry (Fig. 12B). Assembly of the terminal phenazine
units thus binds the PANI chain-beginnings together. The
self-ordering produced is further stabilized during the chain
growth of PANI counterparts by hydrogen bonding and ionic
interactions. That is why the nanotube continues to grow with-
out any guide and with an internal cavity determined by nu-
cleus size. This concept can be supported by the observation
of nanotubular growth in polycarbonate membranes, which
continue to grow beyond the membrane limits, still preserving
the nanotubular morphology [94].

The growth of one-dimensional structures can also be initi-
ated without any template. In this case, we assume that phen-
azine terminal units associate with each other more loosely.

<—
growing stack
v of oligomers

Fig. 13. The phenazine units at the start of PANI chains (squares) stack on each
other, and PANI chains extend from them. The individual spiral threads are
shown as being separated just for the clarity of illustration, we believe, how-
ever, that each thread closely copies the previous one and there is no separation
between them. Hydrogen bonding and ionic interactions between the chains in
the neighbouring threads stabilize the nanotubular structure. The oligomer
crystallites nucleate the growth but the nanotube grows on its own without
any external template.

Stacks of one-dimensional fibrils of phenosafranines (includ-
ing phenazine structures) of 1 nm diameter, which corresponds
approximately to the size of a phenazine heterocycle [95],
have been reported in the literature [69]. PANI chains extend-
ing from them produce a brush. A nanorod or nanowire
without an internal cavity is produced instead of a nanotube.
Such nanorods are observed to accompany the nanotubes
(Fig. 2), and their mutual proportions are likely to be pH-
dependent. At pH < 2, the phenazine heterocycles become
protonated [82], the resulting phenazinium units are hydro-
philic, and their ability to guide the self-ordering of polymer
chains is lost. The common granular morphology of PANI is
then produced [31].

The concept of soft templates, currently used in the litera-
ture [6,11,12,16], assumes the existence of micelles produced
by aniline salts and the growth of PANI chains in such micellar
structures. In this sense, the present model is similar in that it
assumes the presence of a suitable template for the production
of a nucleation site. The template nature, however, is proposed
to be different, being produced by aniline oligomers rather
than by a monomer. The salts of aniline with bulky organic
acids [16], which may have limited solubility and crystallize
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from the reaction medium, may produce a suitable template
for the start of nanotubular growth [21].

5.4. The role of PANI conductivity in the polymerization
of aniline

Another point is pertinent for the discussion of nanotubular
growth. The oxidation of aniline to PANI is a redox process, in
which the electrons are abstracted from aniline molecules and
transferred to an oxidant. Peroxydisulfate accepts the electrons
and converts to sulfate (Fig. 1). When PANI is produced, being
a conducting polymer, it mediates the transfer of electrons be-
tween the aniline molecule and an oxidant [96]. This means
that the aniline constitutional unit which is added to the grow-
ing end of a PANI nanotube can be oxidized, not only by the
peroxydisulfate molecule in the vicinity, but also by any oxi-
dant molecule that is close to the whole growing nanotube;
the electrons are transferred through the conducting body of
the already-produced PANI nanotube, without the necessity
for oxidant and aniline molecules to meet directly. The prob-
ability that the PANI nanotube will grow thus increases with
its length or, more generally, the mass of the produced PANI.
It is thus much higher than the probability of aniline oxidation
outside such a structure, which would lead to the nucleation of
a new nanotube. This mechanism explains the auto-accelera-
tion effect in aniline polymerization [56,57,97], and the topo-
logical connectivity of the PANI structure that is produced.

6. Conclusions

Polyaniline obtained by the chemical oxidation of aniline is
produced in various morphologies. The reaction mechanism
changes according to the acidity, which increases during the
oxidation. The oxidation of neutral aniline molecules at mod-
erate acidity, pH > 4, results in the formation of oligomers.
They are composed of aniline constitutional units linked in
both ortho- and para-positions. At higher acidity, neutral ani-
line molecules become protonated to anilinium cations, which
are more difficult to oxidize but yield similar products. The
oxidation of ortho-coupled units at higher acidity produces
phenazine structures. These are adsorbed at the available sur-
faces and self-organize. It is proposed that they initiate the
growth of PANI chains at pH < 2; a protonated pernigraniline
intermediate is then produced. Chain growth proceeds with
a strong preference for the coupling of aniline constitutional
units in the para-positions.

It is proposed that needle-like oligomer crystallites serve as
template sites for the growth of nanotubes after they become
coated with PANI. Nanotubular growth proceeds beyond the
template nucleus, without any external guide. The terminal
phenazine units self-assemble and guide the growth of PANI
chains, thus producing a nanotube wall. Once the tubular
growth has started, each thread of the produced spiral copies
the previous one. Hydrogen bonding and ionic interactions
between the neighbouring PANI chains stabilize the supramo-
lecular nanotubular structure.
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