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N
ovel polypyrrole (PPy) hollow micrometer-sized Y-junctions and capsules were

selectively prepared via in-situ polymerization. The rod junctions or particles of

benzyl orange (BO) precipitates were used as reactive templates which were

obtained by adding HCl or FeCl3 to BO aqueous solution, respectively. PPy formed on

the surface of the templates and the templates could be removed easily by routine

washing with water for BO-HCl or by direct self-degradation for BO-FeCl3.

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)

results showed that, the PPy hollow Y-junctions and capsules with morphologies simi-

lar to those of templates were obtained after templates removal. The effects of pH, the

speed of the oxidant addition and the reaction temperature on morphology of the PPy

microstructures were investigated and the special hollow structures could be observed

always under the appropriate conditions. It was found that more PPy Y-junctions or cap-

sules were obtained when the polymerization rate was decreased either by controlling

the speed of oxidant addition or the reaction temperature, implying that the formation

of PPy micro/nanostructures by this BO template method is a relatively slow process.

Moreover, the structure and property of the PPy microstructures have been character-

ized by Fourier transform infrared spectrometry (FTIR) and X-ray diffraction (XRD)

techniques and electric conductivity measurements.

INTRODUCTION

Polypyrrole (PPy), one of the

intrinsically conducting polymers

(ICPs), has been widely studied

along with polyacetylene (PA) and

polyaniline (PANI). This polymer

has high conductivity, good envi-

ronmental stability, excellent

reversible redox property and

therefore with many attractive

potential applications [1].

Especially, morphologies of PPy

exert an important effect on the

physical and chemical properties of

the materials. For example, micro-

and nano-tubular PPy have remark-

able physical and chemical proper-

ties, originating from their 1-D hol-

low structure, high surface area, and
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enhanced transport ability and thus shows diverse

potential applications in nanoelectronics [2] and bio-

medical devices [3]. Hollow PPy micro/nano-spheres

have also gained significant importance in recent

years because of their container-type functionalities

and relatively low densities which can be applied in

different cases such as encapsulation, long-lasting

catalysis effect, gas adsorption, etc. [4].

By utilizing templates-synthesis methods [5] or

“template-free” approaches [6] chemists and materi-

als scientists have designed and fabricated PPy mate-

rials with different micro/nanostructures, e.g., fibres,

rods, tubes, spheres, cube, plate, nanopattern, etc. [7-

11]. The templates-synthesis methods usually require

a stepwise process including gaining the template

first, then covering the shell, and finally removing the

template materials by strong acids/bases or an 

organic medium or with elevated temperature.

Furthermore, the template removal process may

change the properties of the shell and increase the cost

and other risks for large-scale manufacturing [12].

By comparison, “template-free” methods general-

ly use organic acids, surfactant micelles, liquid crys-

talline and reverse micro-emulsions as “the soft tem-

plate” to synthesize the anticipant structures. Such

soft template is of benefit to dispense with the tem-

plate removal process, but with restriction of versatil-

ity for different systems [13]. On such basis, the selec-

tive fabrication of PPy, giving different morphologies,

using an easy method is still a stimulating challenge.

Up to now, few publications have been concerned

with the preparations of micro/nanotube junction for

PPy, which is in fact of great importance from view-

point of practical application, for example, electronic

transport measurements and biomedical devices [14].

Self-association of dyes and related substances is a

very important phenomenon in applied chemistry,

with wide uses in dye chemistry, biological staining,

photographic chemistry, and laser chemistry [15]. The

congeries thus formed could be utilized as a template

for construction of conducting polymer micro/nano-

structures. Recently, we have developed a novel

method to fabricate conducting polymer micro/nano-

tubes using templates based on methyl orange (MO),

an anionic azo dye [16-18]. 

In this work, we describe the preparation of PPy

hollow micrometer-sized tube junctions and capsules

by employing the precipitates of benzyl orange (BO),

another azo dye, which could self-associate to precip-

itate giving different morphologies with the aid of

suitable reagents such as HCl or FeCl3 as either water-

soluble or self-degraded templates. This result may

shed some light on the design and fabrication of more

complex micro/nano-structures of conducting poly-

mers.

EXPERIMENTAL

Materials

Pyrrole (Aldrich) was distilled under reduced pressure

before use. Benzyl orange (KO3SC6H4-N:N-

4C6H4NHCH2C6H5, potassium 4-[4´-(benzylamino)

phenyldiazo] phenylsulphonate), hydrochloric acid

(HCl), ferric chloride (FeCl3) and ammonium persul-

phate (APS) (all purchased from Shanghai Chem.

Co.) were used as received.

Synthesis of Polypyrrole Hollow Microstructures

For the preparation of PPy hollow micrometer-sized

Y-junctions, 50 mL of BO aqueous solution (2 mM)

was adjusted to pH = 2.0 by using 1 M HCl and the

BO precipitate (BO-HCl) appeared. 70 μL (1 mmol)

of pyrrole monomer and 0.23 g (1 mmol) of APS were

then added in sequence into the above system and the

mixture was stirred at 0ºC for 24 h. For the prepara-

tion of PPy hollow micrometer-sized capsules, 0.162 g

(1 mmol) of FeCl3 was dissolved in 50 mL of 2 mM

BO aqueous solution (0.1 mmol) and a flocculent pre-

cipitate (BO-FeCl3) was appeared. Then 70 μL

(1 mmol) of pyrrole monomer was added and the mix-

ture was stirred at 0ºC for 24 h. The formed PPy pre-

cipitate was washed with deionized water/ethanol

several times until the filtrate became colourless and

neutral, and then dried under vacuum at 60ºC for 24 h.

Characterization

The morphologies were observed by scanning elec-

tron (SEM, JSM-5610, Kevex-Sigma) and transmis-

sion electron microscopies (TEM, JSM-6300 and

JEM-200CX, Jeol Co.). The molecular structures of

the products were characterized by a Fourier trans-

form infrared spectrometer (FTIR, Bruker Vector 22).

Wide-angle X-ray diffraction was taken with a
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Rigakud/Max-Ra diffractormeter using Ni-filtered Cu

Kα radiation. Conductivity measurement was made

on compressed pellets of the products at room temper-

ature by using the standard four-probe method and the

average conductivity was obtained from at least three

reduplicate measurements.

RESULTS AND DISCUSSION

The precipitates formed via the cooperation of BO

with HCl or FeCl3 as water-soluble and self-degraded

templates, respectively showed quite different mor-

phologies which were shown in Figures 1a and 2a.

The TEM image of BO-HCl templates displayed rod-

like structure with diameter of around 150-330 nm.

Moreover, these rods were linked together to form Y-

junctions, which in turn, constructed more complicat-

ed dendritic structures. BO-FeCl3 templates, on the

other hand, were in the form of particles with the

diameter of about 180-600 nm.

BO with a planar hydrophobic section and

hydrophilic edge groups could reveal different assem-

bly behaviours in its aqueous solution at different

acidic pH. In neutral condition, the hydration of the β
azo-nitrogen could prevent BO molecules from escap-

ing the bulk of the solution. In acidic condition, how-

ever, the BO molecule bares two opposite charges

(Scheme I) thus, intramolecular salts are likely

formed and no hydration occurred [19]. Hence, in our

presence case of HCl, BO molecules escaped from the

solution and self-associated to form a precipitation of

rod junction. On the other hand, it was known that

complexation could be achieved between organic

647Iranian Polymer Journal / Volume 17 Number 8 (2008)
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(a) (b)

(c)

Figure 1. TEM Images of (a) BO-HCl and (b) PPy tube junctions prepared using BO-HCl, and

(c) SEM image of PPy tube junctions prepared using BO-HCl template (magnification ×3990).



compounds like phenol or dye and flocculants like

Al3+ or Fe3+ [20]. In this case, FeCl3 can react with

negatively charged BO in solution, thus destabilize

the charged particles to form amorphous granular

aggregate. In previous studies, water-soluble azo dye

was found to have the ability of forming supramolec-

ular fibril [21], in which, methyl orange templates

showed fibrillar structure, regardless of adding HCl

or FeCl3 to the MO solution [16,18]. 

In this study, we found for the first time that BO

could form different morphologies readily as long as

different chemical reagents were incorporated in the

system. Using these precipitates with different mor-

phologies as templates, we fabricated PPy hollow

micrometer-sized Y-junctions or capsules, the mor-

phologies of which were alike to that of the tem-

plates. PPy formed on the surface of the templates,

and the templates could be removed easily by routine
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Scheme I. BO Molecular structure bearing two opposite charges in acidic solution.

  

 

(a) (b)

(c)

Figure 2. TEM Images of (a) BO-FeCl3 and (b) PPy capsules prepared using BO-FeCl3, and

(c) SEM image of PPy capsules prepared using BO-FeCl3 template (magnification ×20000).



washing with water, for BO-HCl, or by direct self-

degradation, for BO-FeCl3. 

The TEM and SEM images of PPy directed by the

BO-HCl template are shown in Figures 1b and 1c.

Micrometer-sized tube Y-junctions were obtained,

which are similar to the vessels in the bodies of ani-

mals and plants [22]. The outer diameter of the tubes

was around 133-270 nm and the wall thickness was

around 30-40 nm. It was concluded that the inner

diameter was 105-260 nm which was close to the

diameter of the templates. The TEM and SEM images

of the PPy capsules synthesized via the BO-FeCl3, as

shown in Figures 2b and 2c, displayed that the outer

diameter and shell thickness for the capsules are 300-

610 nm and 30-45 nm, respectively.

In the BO-HCl system, APS was employed as an

oxidant, as FeCl3 would break the dendritic templates

into fragments due to the interactions between Fe3+

and BO molecules [16]. Further investigation showed

that the BO-HCl began to precipitate when the pH

value decreased to 4.5 and would grow more at a

lower pH value. It was also found that PPy microme-

ter-sized dendritic structure without obvious morpho-

logical differences was obtained when the pH value of

the polymerization system was adjusted from 0 to 4.5.

In the BO-FeCl3 system, FeCl3 functioned as both a

flocculant and an oxidant. Pyrrole assembled on the

surface of the templates, and Fe3+ could be reduced to

Fe2+, thus, the templates self-degraded automatically

during the polymerization process instead of being

removed during the washing process [16].

After polymerization, hollow PPy capsules were

obtained, the inner diameter (167-530 nm, Figure 2b)

of which was slightly smaller than that of the original

particle template (Figure 2a). Meanwhile, TEM

images of the resulted PPy capsules without any treat-

ment revealed the hollow structure (not shown here).

These results confirmed experimentally the self-

degradation of templates during the polymerization

process.

The experiments mentioned above were performed

under various conditions such as: different pH values

of 0~4.5, temperature of 0~20ºC and with or without

stirring. In these circumstances the special hollow

structures were always observed. It is noticeable that

more micrometer-sized tube junctions or capsules of

PPy instead of usual PPy grains were obtained when

Figure 3. FTIR Spectra of conductive PPy with different

morphologies (a) tube junction; (b) capsule; (c) granule, and

the reduced PPy with different morphologies (d) tube junc-

tion; (e) capsule.

the polymerization rate was decreased either by con-

trolling the speed of the oxidant addition or reducing

the reaction temperature. This fact indicated that the

higher polymerization rate was propitious to the for-

mation of more PPy grains. In such case, pyrrole

monomers had no enough time to polymerize on the

templates and form the final PPy hollow Y-junctions

or capsules. The present work thus confirmed that the

formation of PPy micro/nanostructures by this BO

template method was a relatively slow process com-

pared with the formation of PPy grains. 

Figure 3 showed the Fourier transform infrared

spectra of PPy hollow Y-junctions or capsules. They

agreed well with the literature spectra of granular PPy

synthesized by a common method, indicating that

these materials are highly doped. A number of charac-

teristic peaks were identified as follows: the antisym-

metric and symmetric ring-stretching vibrations at

1540 and 1483 cm-1, the C-H in-plane vibration at

1283 and 1027 cm-1, the C-N stretching vibration at

1105 cm-1, and a C-H wagging vibration at 776 cm-1.

Two strong peaks at 1172 and 909 cm-1 implied the

doping state of PPy [23].

For the IR spectra of reduced dendritic structures

and capsules of PPy, there is a sharp reduction in the

intensity accompanied by frequency shifts in most
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Figure 4. XRD of PPy with different morphologies (a) tube

junction; (b) capsule; and (c) XRD of BO.

bands. Among them the peak at 1483 cm-1 almost dis-

appeared, implying benzoid structure of reduced PPy. 

From the X-ray diffraction patterns (Figure 4) of

the PPy hollow Y-junctions or capsules, it could be

seen that the resulting PPy is amorphous and the char-

acteristic peaks of BO crystal disappeared, indicating

that BO has been removed completely. 

The electric conductivities at room temperature

were 0.1 and 0.02 Scm-1 for PPy hollow Y-junctions

or capsules, respectively, both of which were lower

than that of the conventional PPy powders 

(8.2 Scm-1) [18]. The reason for this may be due to the

lesser compaction of the compressed pellets of PPy in

hollow dendritic and capsule structures compared

with PPy grains, although, there were still other rea-

sons to count for, such as degree of doping, morphol-

ogy, etc.

CONCLUSION

In summary, we have presented a simple method to

fabricate selectively, polypyrrole materials with hol-

low Y-junctions or capsules by azo dye precipitates as

templates. Experimental results showed that benzyl

orange could form different morphologies in coopera-

tion with different reagents. With HCl, the benzyl

orange precipitates showed micrometer-sized rod

junction morphologies which could act as a hard tem-

plate and could be removed easily by washing with

water. In the case of FeCl3, the benzyl orange precip-

itates appeared as particles, which had enough oxida-

tion ability to make pyrrole polymerize and was capa-

ble of being self-degraded as well. Using the tem-

plates, we achieved the construction of the special

morphologies of polypyrrole, such as hollow Y-junc-

tions or capsules. It was found that more PPy hollow

Y-junctions or capsules could be obtained when the

polymerization rate was decreased either by control-

ling in the speed of the oxidant addition or reducing

the reaction temperature. The present work demon-

strates a facile procedure for the fabrication of con-

ducting polymer materials with special morphologies.

More importantly, this finding could inspire creative

imagination to design new system and orchestrate

particular shape and morphology of micro/nanostruc-

tures.
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