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Abstract During aniline chemical oxidative polymerization
which accompanies a falling pH, the initial acidity as well as
the early stage pH profile actually plays an important role in
the formation of polyaniline (PANI) micro/nanostructures. By
utilizing an interfacial polymerization system, transfer and
dosage of the reactants were controlled to change acidity
profile during the early stage of reaction, without introducing
any extra electrolytes. The results showed that, even for the
polymerization systems with identical conditions, significant
increase on the early stage pH profile induced by accelerated
reactants’ transfer had led to PANI exhibiting molecular
structures and morphologies typically belonging to those
synthesized with weak acidity. Effects of the early stage
acidity profile on the final PANI products can be attributed to
the initially formed oligomeric products, which can direct the
self-assembly of subsequently produced polymers.

Keywords Polyaniline .Micro/nanostructures . Acidity
profile . Self-assembly

Introduction

As a typical intrinsic conducting polymer, polyaniline
(PANI) especially its micro/nanostructures with well-
defined morphologies are supposed to have excellent
performance as novel electronic materials in comparison
with their bulk counterparts [1]. The controllable construc-
tion of desired PANI micro/nanostructures through aniline
chemical oxidative polymerization is thus of fundamental
importance from the viewpoint of both science and
technology. The work of Stejskal et al. has demonstrated
that chain initiation pathways during aniline polymerization
closely depend on the acidity of the reaction medium; and
self-assembly of phenazine-containing units, which are
easily produced in a mildly acidic reaction medium,
determines the formation of various PANI supramolecular
structures [2, 3]. These findings are very important for
understanding the formation mechanism of PANI micro/
nanostructures, as more and more experimental results have
shown that acidity rather than other synthetic conditions
actually affects the morphology as well as molecular
structure of PANI products [4–6]. The aniline chemical
oxidative polymerization is always accompanied a falling
pH profile no matter the reaction is carried out in a highly/
mildly acidic, neutral or even alkaline medium [2], due to
continuously released protons. The falling pH thus results
in increasing protonation degree of the products and larger
ion strength in the system, which make it very difficult to
control the non-covalent interactions among PANI mole-
cules during their self-assembly. In order to obtain PANI
nanostructures with higher homogeneity and uncover their
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formation mechanism with improved precision, a tempo-
rarily buffered reaction medium [5] as well as a pH-stat
synthetic system [7] has been employed. Nevertheless, in
our opinion, a buffer solution or constant pH maintained by
continuously adding alkaline solution may, more or less,
bring in foreign ions to the pristine aniline polymerization
system, which mainly contains hydrogen ions, ammonium
ions, aniliniums, sulfate ions and chloride ions. According
to our recent study (unpublished results), when PANI
molecules were introduced into an aqueous solution going
to precipitate (just like what happened after the polymers
were formed in the aniline polymerization system), the ion
composition, especially molar ratio of hydrogen ions to
other cations, can affect the morphology of precipitates,
which are composed of collapsed PANI molecules. More-
over, it should be noted that, though pH profiles during
aniline polymerization systems starting in a mildly acidic,
neutral or alkaline medium will gradually fall and finally
reach a low level as the reaction proceeds, their
corresponding products actually have different molecular
structures and morphologies [8]. We think that attention
paid to investigating the effects of acidity should be never
limited to roles played by the pre-added dopant acids, as
lots of novel PANI micro/nanostructures were obtained
under special synthetic conditions which are not directly
correlated with the medium acidity. For example, the
carefully adjusted reactants diffusion [9–11], excess or
insufficient oxidant [12–14] and the hydrothermal poly-
merization approach [15–17] have been utilized to produce
PANI with versatile morphologies. Despite the widely
concerned effects of acidity, we address the questions and
ask: how does the acidity profile affect the formation of
PANI micro/nanostructures through the whole polymeriza-
tion course? And what can we do to carry out the
controllable synthesis of PANI micro/nanostructures effec-
tively by controlling self-assembly behaviors of the
polymerization products with specific acidity?

In order to answer these questions, the aniline interfacial
polymerization was employed to investigate the formation
process of PANI micro/nanostructures by examining effects
of the acidity profiles during the early stage of reaction. In
an interfacial polymerization system, the aniline monomers
are slowly supplied to “meet” the oxidant by diffusing
through the interface between the two immiscible liquids,
and the products are kept away from the residual monomers
as well as oligomeric intermediates, which are soluble in
the organic phase. These features make it possible to vary
the acidity profile by controlling the diffusion or dosage of
the reactants instead of introducing extra electrolytes, as
aniline and ammonium persulfate (APS) are actually a weak
base and a weak bronsted acid, respectively. Moreover, in
the interfacial polymerization system, structural evolution
of the desired products could be monitored with fewer

disturbances as compared with a conventional polymeriza-
tion system, in which all the reactants, oligomeric inter-
mediates and polymeric products present in the same
reaction location. To our knowledge, the aniline interfacial
polymerization has been extensively reported for preparing
PANI nanofibers or their nanocomposites [18–27], whereas
little effort has been made to gain more insight on the
formation details of PANI micro/nanostructures in this
approach. Herein, with an aim to elucidate the effects of
acidity profile, acidity variation facilitated by the interfacial
polymerization system was employed. Besides this, oligo-
meric aniline polymerization products pre-synthesized in a
neutral medium were introduced into a typical aniline
polymerization system to further verify the roles of acidity
profile during the early stage of reaction.

Experimental

All the chemicals with analytic purity were from The Xi’an
Chemical Reagents Factory. Aniline was distilled in the
presence of zinc powder before use and the others were
used as received.

Syntheses of PANI samples

(1) Tuning acidity profile in an interfacial polymerization
system

Based on the typical interfacial polymerization
procedure described by Huang et al. [28], acidity
profile in the aqueous phase was tuned in three ways.
(a) Neutralizing the aqueous phase (APS solution in
deionized water with a concentration of ca. 0.05 M) by
adding a spot of sulfuric acid or concentrated
ammonia water while maintaining the volume of
aqueous phase as ca. 20 ml for all the parallel
syntheses. Aniline solution (0.05 M) in ca. 20 ml
carbon tetrachloride (CCl4) was used as the organic
phase and the reaction system was kept static. In this
case, carbon tetrachloride which has a much larger
density than water was used for the safety consider-
ation (the upper water layer can seal the organic
vapor) as well as convenience of pH monitoring. (b)
Aniline polymerization in the systems with different
interfacial areas or in the partially stirred systems was
carried out. For example, aniline solution in xylene
(0.05 M) of ca. 20 ml was carefully transferred to the
top of APS solution in deionized water of ca. 40 ml
(0.025 M). Three polymerization systems with the
same reactants’ concentration were performed in glass
vessels with cross-section areas of ca. 2.5, 12.5 and
50.2 cm2 (as schematically shown in Fig. 3) simulta-
neously. Xylene instead of CCl4 was used as the
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organic phase in this case as the former is much easier
to spread into a thin liquid layer on the top of water,
due to its larger smaller spreading coefficient as
compared with CCl4 (Supporting information). The
experimental settings for the partially stirred polymer-
ization system were shown in Fig. 6(c). In this case,
aniline solution (0.05 M) of ca. 50 ml and APS
solution (0.05 M) of ca. 50 ml were put in a conical
flask (100 ml) to perform the polymerization, in order
to ensure a larger bottom space for the rotating
magnetic stirrer bar. Carbon tetrachloride was selected
as the organic solvent phase when the organic phase
was stirred and xylene was used when the aqueous
phase was stirred, respectively, by considering their
density differences as compared with water. (c) Tuning
pH profile at the early stage of reaction by changing
the reactants’ dosage. Aniline and APS with molar
ratios of 3:1 or 1:3 were used, and the reaction systems
were kept static. Similarly, carbon tetrachloride was
used as the solvent of organic phase.

All the syntheses were carried out at 20±1°C and
the aqueous phase was separated using a separatory
funnel from the polymerization system after certain
reaction duration. In order to obtain the product with a
high yield, the reaction time was maintained as 6 h for
the polymerizations with higher acidity (initial pH<3)
and the reaction time was maintained as 12 h for the
polymerizations with lower acidity (initial pH>3). The
solid products in the aqueous phase were then
collected and washed with deionized water for several
times through centrifugation until the supernatant
liquid became colorless, after that the solid products
were dried in vacuum (45°C) for 4–5 h.

(2) Introducing pre-synthesized aniline oligomers
To the typical aniline polymerization conducted in a

highly acidic system, aniline oligomers pre-
synthesized in a neutral medium [14] were added. A
small amount of the oligomers (with weight-average
molecular weight of ca. 5062) of 20–30 mg were
dissolved in 10 ml tetrahydrofuran (THF) and treated
with ultrasonic irradiation for 2 h. After that, the
insoluble compounds were removed by centrifugation
(10000 rpm, 10 min) and the transparent reddish
brown solution (ca. 0.9 mg/ml) was collected. Three
parallel experiments were carried out to investigate the
effects of pre-synthesized oligomers. (a) Aniline
polymerization in the presence of pre-synthesized
oligomers. About 5 ml of the oligomers solution in
THF was first mixed with 10 ml APS hydrochloric
solution (0.01 M) by vigorously shaking and then the
mixture was well mixed with 5 ml aniline hydro-
chloric solution (0.01 M); (b) Aniline polymerization
without pre-synthesized oligomers. Ammonium per-

sulfate hydrochloric solution of ca. 10 ml was first
mixed with ca. 5 ml THF and then with ca. 5 ml
aniline hydrochloric solution; (c) Aniline oligomers
oxidized by APS. The same oligomers solution of ca.
5 ml was mixed with ca. 10 ml APS hydrochloric
solution and ca. 5 ml hydrochloric acid solution. Each
of the three polymerization systems has a total volume
of ca. 20 ml and initial pH of 0.5–0.6. All the
polymerization systems were kept static to proceed at
20±1°C for 10 h. The resulted solid products were
separated and washed for 3–4 times with deionized
water through centrifugation, and after that they were
dried in vacuum (45°C) for 4–5 h.

Measurement and characterization

A pH meter (PHSJ-4A, Shanghai Precision & Scientific
Instruments Co., Ltd., China) was used to in situ record the
pH of the upper aqueous phase. Morphologies of the
products were examined on a FE-SEM 6700 F (JEOL) field
emission scanning electron microscope (SEM). The dried
powder of products (in their doped state, showing a dark-
green color) obtained from the systems with higher initial
acidity were directly taken for SEM examination. The
brown-yellow products obtained from the systems with
lower initial acidity were coated with carbon through
sputtering before SEM examination.

The in situ ultraviolet–visible (UV–vis) spectra of
products settled in the aqueous phase were recorded by
carrying out the polymerization in the sample cell of the
UV–vis spectrometer (U2001 UV–vis Spectrophotometer,
Hitachi). The height of the interface between the two
immiscible liquid phases in the sample cell was carefully
adjusted to let the testing light penetrate through the
bottom aqueous phase [29]. Before transferring the
organic phase (as the upper layer) into the sample cell,
the aqueous phase was first detected as the blank. The
UV–vis spectra of the final product were recorded by
dissolving the dedoped sample into N, N-dimethylformamide
(DMF). A spot of the dried sample (doped) was well
mixed with KBr powder and the mixture was pressed
into a thin pellet to detect their Fourier transform infrared
(FTIR) spectra on a spectrophotometer (Bruker FT-IR
Tensor 27 Spectrometer). The molecular weight of PANI
synthesized from the system with an initial pH=3 in the
aqueous phase was measured on a gel permeation
chromatography (GPC), with THF as the flowing phase,
polystyrene as the standard and the eluent flow rate of
1.0 ml/min. The GPC instrument (Waters-Breeze USA)
was constituted by a Waters 717 plus Autosampler, a
Waters 2414 Refractive Index Detector and a Waters
1515 Isocratic HPLC pump.
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Results & discussion

Dependence of PANI micro/nanostructures on the initial
acidity

In spite of an interfacial polymerization approach, PANI
micro/nanostructures with versatile morphologies were
obtained by tuning the initial acidity in the aqueous phase.
Our study showed that probably due to PANI’s specific
self-assembly behaviors related to the initial acidity, the
interfacial polymerization could also yield other types of
PANI micro/nanostructures besides the most often encoun-
tered nanofibers, which once have been considered as the
common products resulted in this synthetic approach.
Though acidity at the interface was said to be slightly
lower than that of the bulk aqueous phase due to the
presence of organic phase, they probably exhibit the same
profile during the polymerization. So, pH value detected in
the bulk aqueous phase can be considered as an approxi-
mation of pH at the interface, which is the main reaction
site for the reactants. As a result, with the initial acidity of
aqueous phase adjusted, aniline interfacial polymerization
systems possessing nearly identical conditions have yielded
PANI micro/nanostructures with versatile morphologies.
For instance, when initial pH in the aqueous phase (APS
solution in deionized water) was decreased to 1.2 by adding
sulfuric acid solution, PANI nanofibers with much larger
aspect ratios (Fig. 1a), which were similar to those usually
obtained in the typical interfacial polymerization system
[30] presented. And PANI obtained in the system with
pristine APS solution in deionized water as the aqueous
phase (pH=2.0) were irregular nanoparticles mixed with a
small portion of short nanofibers (Fig. 1b). Moreover, rod-
like PANI with smooth surfaces were resulted from the
systems with aqueous phase pH around 2.5 (Fig. 1c); PANI
microspheres with hairy surface and diameters of 2–3 μm
were obtained in the system with higher initial pH (pH=3,
4 and 6 for Fig. 1d–f), respectively. It is rather interesting to
find that these urchin-like PANI microspheres are success-
fully synthesized through the interfacial polymerization,
which once has been well-known as “a general chemical
route to PANI nanofibers” [30], without introducing special
dopant [31] or using monomers with certain substituent
groups [32].

Molecular structures of these PANI products can be
categorized into two types with respect to the initial acidity
(pH>2.5 or pH<2.5) in their synthetic systems. The one-
dimensional products and those irregular nanoparticles
(synthesized with higher acidity, initial pH<2.5) exhibited
molecular structural features resembling that of the “stan-
dard” PANI (Fig. 2). For example, there are two absorbance
bands with their maxima at 334 nm and 620 nm in the UV–
vis spectra, which can be assigned to the π-π* excitation of

the para-substituted benzenoid segment and excitation of
the quinoid segment of the emeraldine base form PANI,
respectively. In the FTIR spectra, peaks around 1580 cm−1,
1481cm−1, 1298 cm−1 and 1136 cm−1 correspond to the
stretching deformation of quinoid structure, benzenoid
structure, the C-N stretching of secondary aromatic and
the aromatic C-H in-plane bending, respectively. As a
comparison, PANI microspheres synthesized in the system
with initial pH above 3 probably have branched structures
resulted from ortho-coupling of the monomers, which are
easily formed in the mildly acidic polymerization system
[7]. These structural features are supported by the samples’
spectra (Fig. 2), e.g., the absence of quinoid segment
excitation band (at 600–660 nm) in the UV–vis spectra and
a much obvious band at 1444 cm−1 (assigned to the
branched structures) in the FTIR spectra. It is probable
that, formation of PANI micro/nanostructures is fundamen-
tally directed by the self-assembly of PANI molecules at a
certain acidity level, and the interfacial polymerization
approach actually is not a prerequisite technique.

Initial acidity profile tuned by reactants’ transfer

In corresponding to the different initial acidities, variation
of early stage acidity which was tuned by controlling the
reactants’ transfer also manifested its effects on the
molecular structure and morphology of aniline polymeriza-
tion products. Here, the polymerization systems with
different interfacial areas (Fig. 3) and the ones which are
partially magnetic-stirred (Fig. 6c) were employed. Obser-
vation on the three polymerization systems (with all the
conditions except for the interfacial area kept identical)
found that color change of the reaction mixture, i.e., from
colorless transparent to light yellow, first took place in the
reaction vessel with the largest cross section area (S3), and
then appeared in S2 and S1, indicating the highest
polymerization rate in S3. As the reaction continued, the
aqueous phase in S1 gradually turned to black green,
whereas that in S2 showed black brown and the aqueous
phase in S3 looked orange red till the late stage of
polymerization. After the same reaction duration, conse-
quently, PANI nanofibers (Fig. 3a), urchin-like micro-
spheres (Fig. 3b) and microscale tube/rod-like products
mixed with nanoparticles (Fig. 3c) were produced in S1, S2
and S3, respectively. In the products from S2 and S3, there
were still a small amount of rod-like products with smooth
surface and lengths up to several-micrometers. Structural
analyses (Fig. 4) showed that S2 and S3 systems yielded
PANI with much obvious features like those obtained from
the mildly acidic systems. For example, in the FTIR spectra
of these products (obtained from S2 and S3), additional
bands at 1446 cm−1 and 1041 cm−1 (as compared with the
standard PANI) can be assigned to ortho-coupling induced
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Fig. 2 UV–vis (a) and FTIR (b)
spectra of PANI obtained in the
polymerization systems with
different initial pH values in
their aqueous phases
(corresponding to the samples
shown in Fig. 1)

Fig. 1 PANI prepared in the
interfacial polymerization sys-
tems with different initial pH
values in their aqueous phases.
(a)the typical nanofibers; (b)
irregular nanoparticles mixed
with a small amount of short
nanofibers; (c) nanorods bearing
much smoother surfaces; (d)-(f):
urchin-like microspheres with
hairy surfaces. The insets of (d)-
(f) were SEM images with a
larger magnification for the
corresponding samples (Support-
ing information, S-Figure 6–9).
The initial aqueous phase pH
values were adjusted approxi-
mately to 1.2(a), 2.0(b), 2.5(c),
3.0(d), 4.0(e) and 6.0(f), respec-
tively.Other synthetic conditions:
[aniline] = [APS] = 0.05 M, the
organic phase was CCl4
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units and sulfonic SO�
3 groups [7], respectively. As a

comparison, the S1 system resulted in PANI bearing
molecular structure in the typical emeraldine salt form,
which is usually encountered in a highly acidic system.

We think that the reactants’ specific diffusion behaviors
in the three systems during the early stage of reaction have

induced different acidity profiles and consequently led to
molecular structural and morphological differences among
those PANI samples. Take the cases of S1 and S2 as
examples, pH at the interface of S2 where a much larger
number of aniline monomers presented, will increase more
quickly than that in S1 at the early stage of reaction. And
polymerization in S2 will proceed faster than that in S1, as
these neutral aniline molecules presenting at a much higher
pH level are more oxidizable than anilinium cations
(existing at lower pH level) [2]. In comparison with S2
and S1, due to the highest initial pH level, the S3 system
probably has yielded the majority of polymerization
products at the early stage of reaction, during which a
rapid proton releasing also occurred. The pH profile in S3
thus is supposed to increase rapidly at first and then
drastically drop, as schematically shown in Fig. 5. The
short belt-like and rod-like microstructures are likely
formed through self-assembly of the polymerization prod-
ucts directed by non-covalent interactions, e.g., hydrogen
bondings, which are indicated by the vibrational band (at
3236 cm−1) in the sample’s FTIR spectrum (Fig. 4). At the
late stage of reaction in S3, subsequent polymerization
proceeding with much strong acidity may lead to irregular
PANI nanoparticles, as reported by Travas-Sejdic et al.

Fig. 3 The schematic aniline polymerization systems with different
cross section areas and typical SEM images of the corresponding
products. (a) Interacted nanofiber-like products obtained from S1; (b)
urchin-like microspheres obtained from S2; (c) microscale tube/rod-
like products mixed with nanoparticles obtained from S3. The cross

section areas of S1, S2 and S3 were approximately 2.5, 12.5 and 50.2
cm2, respectively. For the three polymerization systems: [aniline]
=0.05 M, [APS] =0.025 M. The molar ratio of aniline and APS was
kept at 1:1 by setting the volume of APS solution two times as that of
the aniline solution

Fig. 4 FTIR spectra of PANI prepared in the polymerization systems
which are carried out in the reaction vessels with different cross
section areas (corresponding to the samples shown in Fig. 3)
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[33]. Due to modest monomer diffusion and slow monomer
diffusion in the S2 and S1 systems, respectively, their pH
profiles can also be sketched as what shown in Fig. 5. In
the S1 system, a much lower pH level through the whole
polymerization duration can be used to explain the presence
of interacted fiber-like products (Fig. 3a), and these urchin-
like microspheres (Fig. 3b) are probably formed due to a
moderate acidity level at the early stage of reaction in S2.

Variation of the early stage acidity as well as its effects
on the molecular structure and morphology of PANI was
further elucidated by employing a partially-stirred interfa-
cial polymerization system. In this case, slow stirring
applied to the bottom phase was utilized to change the
acidity profile by accelerating reactants’ transfer while

maintaining a complete interface between the two immis-
cible phases (Fig. 6c). As protons are not fast released at the
beginning of reaction, acidity of the aqueous phase then is
dominated by the diffusion of aniline. The in-situ monitored
pH profile in the upper aqueous phase showed that there
was indeed a significant increase of pH during the early
stage of reaction due to accelerated aniline diffusion, as
compared with the static system (Fig. 7). With this
increasing pH, the stirred system first showed a light
yellow color at about 45 min after the reactants were put
together, whereas its static counterpart first showed a light
pink color at about 90 min and then gradually turned to
yellow brown. After the same reaction duration, irregular
nanoparticles were obtained in the static system (Fig. 6a),
and micro-sized urchin-like spheres (Fig. 6b) were pro-
duced in the partially stirred system, respectively. These
PANI microspheres have molecular structures (Supporting
information, S-Figure 3) and morphologies very similar to
those synthesized in the system with initial pH of 3 or
higher than 3 (Fig. 1d–f). However, in the partially stirred
system, PANI microspheres were obtained with pristine
APS solution as the aqueous phase, which had an initial pH
value around 2 at the reaction temperature and seemed not
to result in PANI microspheres in a normal system (Fig. 1b;
Supporting information, S-Figure 1, S-Figure 2). It can be
said that a much significant pH increase induced by
accelerated reactants’ diffusion during the early stage of
polymerization, has actually played a similar role as the
pre-lowered initial acidity. The controllable synthesis of

Fig. 5 Sketched pH profiles in the polymerization systems with
different interfacial areas (corresponding to those shown in Fig. 3)

Fig. 6 (a) PANI nanoparticles
obtained in the static interfacial
polymerization system; (b)
urchin-like microspheres
obtained in the interfacial poly-
merization system with its or-
ganic phase magnetically stirred;
(c) photograph of the experi-
mental settings used for the
mildly stirred interfacial poly-
merization system; (d) micro-
rods and nanospheres obtained
in the system with its aqueous
phase magnetically stirred. Oth-
er synthetic conditions: [aniline]
= [APS] =0.05 M. The stirring
speeds for (b) and (d) were
240 rpm and 150 rpm, respec-
tively. APS solutions in distilled
water were used as the aqueous
phases for all the three systems.
The organic phase was aniline
solution in xylene (or CCl4) for
the system with its aqueous
phase (or its organic phase)
magnetically stirred.)

Early stage pH profile: the key factor controlling 2125



PANI, therefore, is possible to carry out by adjusting the
transfer of reactants with a consideration on the pH profile
during the early stage of reaction.

When the aqueous phase was magnetically stirred, PANI
spherical nanoparticles as well as thick-rods with lengths up
to several micrometers presented as the major and minor
products, respectively (Fig. 6d). In this case, pH in the
aqueous phase may start to increase at the beginning of
reaction, as what happened in the system with a stirred
organic phase. However, due to accelerated diffusion in the
aqueous phase, APS enriched at the interface could afford a
higher polymerization rate which will lead to fast pH drop
once the polymerization begins. Probably, formation of
these PANI nanospheres (Fig. 6d) occurred during the early
reaction stage at a higher pH level, and the rod-like
products were produced in the subsequent reaction phase
at a lower pH level. FTIR spectra of PANI produced in the
system with a stirred aqueous phase also exhibited
characteristics which are usually assigned to those synthe-
sized in a mildly acidic medium (Supporting information,
S-Figure 3), further indicating the PANI’s structural
dependence on the early stage acidity profile.

Initial acidity profiles affected by the reactants’ dosage

Besides a larger interfacial area or stirring applied to the
system, excess aniline was also found to induce acidity
variation during the early stage of polymerization, and
consequently bring in PANI with molecular structural and
morphological features which are typical for those obtained
in the mildly acidic medium. In the interfacial polymeriza-
tion system with excess aniline, pH in the aqueous phase
kept increasing for ca. 150 min once the reactants were

mixed (Fig. 7c). A rather long pH increasing period (nearly
15 h) was detected in the system with a much lower APS
concentration (e.g., 8.3×10−3 M, Supporting information.
S-Figure 4). As a result, in the presence of excess aniline,
microscale rod-like PANI with smooth surfaces and pseudo
PANI microspheres with rough surfaces again presented
(Fig. 8a); and these spherical products became dominant
when the reactants’ concentrations were lowered (Fig. 8b).
This can be explained as, the APS solution with a
concentration of 8.3×10−3 M gives pH of ca. 2.7 at the
reaction temperature, and when this APS solution serves as
the aqueous phase, a long pH increasing period beginning
with mild initial acidity (Supporting information, S-Figure 4)
could easily induce PANI microspheres, as we have shown
in the former sections.

These PANI micro-spheres (Fig. 8b) obtained with
excess aniline are undoubtedly constructed through self-
assembly of PANI molecules with structural features
induced by specific pH profiles. They exhibit a brown
yellow color which is common for the insulating PANI
samples obtained from a mildly acidic system. Their FTIR
and UV–vis spectra (Fig. 9) also indicated structural
features typically belonging to PANI synthesized in this
case, e.g., an additional band at 1446 cm−1 in the FTIR
spectrum and the absence of π→polaron absorbance band
in the UV–vis spectrum, indicating the presence of
branched units [34]. With structural defects as compared
with the “standard” PANI which bears a well-developed
para-linked conjugation structure, these PANI molecules
may exhibit less hydrophilicity due to deficiency of doping.
TEM image shows that the microsphere is solid and has
numbers of nanofibrils on its surface (Fig. 8d). Based on
these characterization results, a possible formation process
of these PANI microspheres, including the ones shown in
Figs. 1 and 3, can be given as follows. At the early stage of
reaction under a higher pH level, PANI molecules bearing
dual features, i.e., composed of hydrophilic and hydropho-
bic units [2] formed at the interface between the two
immiscible phases will self-assemble into microspheres.
Afterwards, the hydrophilic PANI molecules formed with
stronger acidity (probably bearing structures as the “stan-
dard” PANI) may constitute nanofibrils on the surface of
those early formed microspheres.

When excess APS was used, electrical insulating PANI
with a brown color was obtained. These products were
shown to be irregular aggregates mixed with very short
nanofibers (Fig. 8c), and their spectral characteristics are
analogous to those synthesized by Chiou et al. [12]. In the
presence of excess APS, probably the majority of mono-
mers were consumed to produce aniline oligomers during
the early stage of reaction [12]. However, these oligomers
formed at the interface can be easily dissolved into the
organic phase and less oligomers will be left to direct the

Fig. 7 The in-situ recorded pH profiles in the aqueous phase of the
static polymerization system (a), the system with a slowly stirred
organic phase (b) and the static system with excess aniline (c). Other
synthetic conditions: (a) & (b): [aniline] = [APS] =0.05 M; c: [aniline] =3
[APS] =0.15 M
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self-assembly of subsequently formed polymers [12],
resulting in irregular aggregates. Therefore, by virtue of
the interfacial polymerization system, PANI’s molecular
structural and morphological dependence on the dosage of
the reactants was again attributed to the acidity change,
especially acidity profile during the early stage of reaction.

Effects of the reactants’ dosage on the acidity profile
discussed with our findings are still shown to be valid by
referring the work of Zhou et al. [14]. In their study, the
polymerization system containing aniline and APS with a
molar ratio of 5:1 started with an initial pH nearly in the
neutral range. We think that, probably due to excess aniline
which can neutralize the released protons, pH level in this
reaction system was still above 5.5 after 1 h since the

beginning of the reaction. As a comparison, pH in the
polymerization system containing aniline and APS with a
molar ratio of ca. 1.7:1 had dropped below 4.75 at the same
reaction duration. With the specific pH profiles in the two
systems especially during the early stage of reaction, it is
then reasonable to obtain nearly pure PANI nanoplates in
the former case and nanofibers on flower-like superstruc-
tures in the latter case, respectively.

Specific structures of polymerization products determined
by early stage acidity level

In order to gain more insight on the roles played by the
early stage pH profile, aniline polymerizations carried out

Fig. 8 (a) Microscale pseudo
spheres as well as microrods
obtained with excess aniline; (b)
nearly pure microspheres
obtained with excess aniline but
at a lower concentration as
compared to that shown in (a);
(c) irregular nanoparticles
obtained with excess APS; (d) a
TEM image of the microsphere
from the sample shown in (b).
Other synthetic conditions: (a):
[aniline] =3[APS] =0.05 M; (b):
[aniline] =3[APS] =0.025 M; (c)
[APS] =3[aniline] =0.15 M

Fig. 9 UV–vis(a) and FTIR(b)
spectra of the PANI samples as
shown in Fig. 8
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in the highly acidic system and mildly acidic system, i.e.,
with initial pH of 0.4 and 4.0, were in-situ monitored,
respectively. It was found that both of the two systems
showed continuously decreased pH with nearly the same
falling trend, except that pH level in the system with initial
pH of 4.0 still stayed above 3 almost 300 min after the
reactants were put together (Supporting information, S-
Figure 5). Much obvious UV–vis absorbance bands
corresponding to the polymerization products have been
detected at about 17 min and 25 min reaction duration in
the two systems, respectively (Fig. 10). The in-situ detected
UV–vis spectra are similar to those recorded in a typical
acidic system and a natural system obtained by Fu et al.,
respectively [35]. For example, the spectrum recorded from
the highly acidic system shows an absorbance band at ca.
425 nm and a “tail” above 660 nm, which can be attributed
to the typical characteristics of conventionally synthesized
PANI in the emeraldine salt form (Fig. 10a). The spectrum
recorded from the mildly acidic system just exhibits a
significant absorbance band at ca. 407 nm, and the lack of a
peak around 600 nm may probably due to presence of
O=Q=N- [36], where both O and N could be preferred sites
for hydrogen bonding [7]. It can be said that though pH in
most of the aniline polymerization systems will drop to a
low level at the end of reaction, the specific pH profile
during the early reaction stage (which in some cases may
last for a considerable long period) has accompanied
formation of a certain amount of polymerization products.

A closer look at the in-situ detected UV–vis spectra
indicates that with different initial acidities, aniline poly-
merization products have exhibited significant structural
differences since the beginning of the reaction. For
example, an absorbance band at 288 nm was first detected
from the polymerization system with initial aqueous phase
pH of 0.4, whereas its counterparts with a lower initial
acidity (pH=4.0) first gave an absorbance band located at
278 nm. These two kinds of spectral features can be
attributed to the presence of aniline dimers (p-amino-
diphenylamine) and substituted quinines, respectively. As

the former were found to have an absorbance band at
290 nm in the in-situ detected UV–vis spectrum [37], and
the latter were usually obtained from the aniline polymer-
ization system with mild acidity, showing a strong π-π*
peak centered at 250–314 nm in their UV–vis spectra [38].
Moreover, the absorbance band at 288 nm quickly became
weak and nearly diminished as the reaction continued,
whereas the absorbance band at 278 nm exhibited strong
intensity for a long period (Fig. 10). Evolution of these
UV–vis spectra indicates that polymeric products with
increasing conjugation length are gradually formed in the
highly acidic system [37], whereas the amount of oligo-
meric products containing branched units increases in the
mildly acidic system, respectively. This also agrees with the
GPC result that PANI exhibiting microscale sphere-like
morphology (synthesized in the polymerization system with
an initial pH of 3) had weight-average molecular weight of
ca. 4063, which is much lower than that of the “standard”
PANI obtained in the medium with higher acidity [14].

Self-assembly of early stage products

Dependence of PANI’s molecular structure and morphology
on the acidity profile is probably originated from the early
stage polymerization products formed at a certain acidity
level. This is further illustrated by introducing aniline
oligomers pre-synthesized in a neutral medium into the
typical polymerization system conducted in a highly acidic
medium. Aniline oligomers exhibiting branched units (as
shown in the FTIR spectrum, Fig. 11, down-right panel)
induced by ortho-substitution were chose because their self-
assembled supramolecular structures are much different
from those commonly constructed in a highly acidic
system. In this case, it is expected that effects of the self-
assembled oligomers on the final products could be
effectively investigated. These oligomers were supposed
to quickly precipitate and probably serve as nucleates for
the subsequent formed polymers, when their solution in
THF was introduced into the aqueous polymerization

Fig. 10 Time-dependent UV–
vis spectra in-situ detected from
the aniline interfacial polymeri-
zation systems with typically
strong acidity (initial pH=0.4, a)
and mild acidity (initial pH=4.0,
b) in their aqueous phases.
Other synthetic conditions:
[aniline] = [APS] =0.05 M
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system. In the presence of oligomers pre-synthesized in a
neutral medium, aniline polymerization proceeded in a
highly acidic medium then can be studied as the one
conducted in a “falling pH” system with a much higher
initial pH. During the experiment, it was observed that,
brown yellow products firstly precipitated in the system
with the addition of oligomers solution and dark green
color showed up after a certain period (ca. 3 h). In the
system where the oligomers’ solution was merely mixed
with APS hydrochloric solution, brown yellow solid
products precipitated quickly and kept their color till the
late stage of the reaction. As a comparison, the aniline
polymerization system without pre-synthesized oligomers
showed a blue color at first and later became dark green,
which is usually occurred in the conventional aniline
polymerization system. After the same reaction duration,
the polymerization system containing pre-synthesized
oligomers yielded mainly microscale belt-like products
(Fig. 11a), and nanofibers (Fig. 11b) exhibiting spectral
features belonging to the “standard” PANI were produced
in the counterpart system which is free of pre-synthesized
oligomers.

Formation of the belt-like products can be attributed to
self-assembly of PANI molecules directed by the early
precipitated oligomeric aggregates. As these pre-
synthesized oligomers with branched units are hardly to
dope even in a highly acidic reaction medium [2], they
could be more easily oxidized by APS than anilinium
cations. In the reaction system containing pre-synthesized
oligomers, it was observed that brown yellow solid

products first precipitated prior to the dark green products.
And in the parallel reaction system, short belt-like products
stacking into bundles were produced when the pre-
synthesized oligomers were mixed with APS (Fig. 11c).
Therefore, we suppose that in the polymerization system
with pre-synthesized oligomers introduced, the oligomers
can be first oxidized by APS and simultaneously self-
assemble into micro/nanoscale aggregates (e.g., bundles
composed of short nanorods) with well-defined morpholo-
gy. The later produced PANI molecules then will probably
deposit on these early formed oligomeric precipitates, due
to the autocatalytic effects of aniline polymerization and the
strong tendency for heterogonous nucleation. Consequently,
microscale belt-like products instead of nanofibers were
obtained in the presence of pre-synthesized oligomers. The
specific effects of oligomers’ concentration, aniline’s
concentration and the organic solvent, etc., on the mor-
phology of PANI obtained with pre-synthesized oligomers
may need further investigation, which is beyond the scope
of this paper. However, the present results show that aniline
oligomers pre-synthesized in a neutral medium have,
indeed, affected the self-assembly behavior of PANI
molecules formed at a high acidity level. In a common
aniline polymerization system, the early formed products
thus probably play important roles during the construction
of PANI micro/nanostructures, regardless of the whole
polymerization course. The pH profile during the early
reaction phase, which can induce oligomeric products with
certain molecular structures and self-assembly behaviors, is
rather important to concern. It is easily understood that the

Fig. 11 (a) Microscale belt-like
PANI obtained in a highly acidic
reaction medium with pre-
synthesized oligomers intro-
duced; (b) PANI nanofibers
obtained with nearly the same
synthetic conditions as that for
(a) but in the absence of pre-
synthesized oligomers; (c)
Bundle-like products formed by
mixing the pre-synthesized
oligomers’ solution in THF with
APS hydrochloric solution. The
down-right panel shows the
FTIR spectra of the samples
shown in (a), (b) and (c). Other
synthetic conditions: (a) [ani-
line] = [APS] =0.01 M,
[oligomers] =0.9 mg/ml; (b)
[aniline] = [APS] =0.01 M,
[oligomers] =0 M; (c) [APS]
=0.01 M, [aniline] =0 M,
[oligomers] =0.9 mg/ml
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exact duration of the “early stage” of a specific polymer-
ization system depends on the temperature, reactants’
concentrations and types of oxidants, etc. Nevertheless,
the findings based on our investigation could help others to
concentrate more on the self-assembly behaviors of PANI
molecules when they were formed at a certain acidity level,
other than merely correlating various synthetic conditions
with the products’ morphologies.

Conclusions

Transfer and dosage of the reactants were employed to tune
the aqueous phase pH profile in the aniline interfacial
polymerization system, which is free of extra electrolytes.
The accelerated monomer transfer was found to induce
increase of pH at the early stage of reaction especially in
the absence of pre-added dopants. Due to fast oxidation rate
at a high pH level, pH exhibiting an increasing profile
during the early stage of reaction was found to have similar
effects as the pre-lowered initial acidity and consequently
determine the molecular structures and morphologies of the
final products. Acidity profiles in the early stage of reaction
were shown to play their roles by affecting the molecular
structures of early formed polymerization products, which
probably direct the self-assembly of subsequently formed
PANI. This was verified by introducing aniline oligomers
pre-synthesized in a neutral medium into the aniline
polymerization system performed in a highly acidic
medium, where the most often encountered nanofibrillar
products have been replaced by microbelts. Therefore, for
the controllable synthesis of PANI micro/nanostructures,
acidity profile during the early stage of reaction, rather than
that through the whole polymerization course should be
highly concerned.
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