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Novel Poly(acrylic acid)-Mediated Formation of this communication, we develop a polyelectrolyte-based pre-

Composited, Poly(3,4-ethylenedioxythiophene)-Based Pparative route to composited nanowires based on PEDOT
Conducting Polymer Nanowires conducting polymer, involving chemical polymerization of
EDOT monomer at elevated temperature for several hours or

Xuping Sun*' and Matthias Hagner* at room temperature for several days with the use of fe€l

an oxidant in the presence of a poly(acrylic acid) (PAA). This
polymerization process leads to water-dispersible, wirelike
nanocomposites, namely, nanowires which are about 20 nm in
diameter and several hundred nanometers in length and at the
Receied August 28, 2007 same time, exhibits excellent conductivity. It is found that such
Revised Manuscript Receed October 25, 2007 nanowires are assemblies consisting of smaller nanowires and

In recent years, conducting polymers have received consider-the use of PAA in the synthesis solution is crucial to their
able attention because of their combination of useful mechanical, formation. Nanocomposites in the form of flowers and cages
optical, and electronic propertfeand potential applications to ~ ¢an be obtained by simply varying the amount of PAA used. A
electronic devices, sensors, corrosion protection, and actuatorspossible mechanism is also proposed to explain the formation
etc? The synthesis of conjugated polymers in a form that can Of the assemblies.
be easily processed in aqueous medium has been one of the EDOT and PAA were purchased from Aldrich, and FeCl
major challenges in the fields of conducting polymers and has was bought from Merck. All chemicals were used as received
stimulated much progress in the commercial afeAaong without further purification. Sample 1 was prepared as fol-
them, poly(3,4-ethylenedioxythiophene) (PEDQOT) is one of the lows: In a typical experiment, 1 mL of 0.2 M EDOT in
most promising conducting polymers and widely studied becausetetrahydrofuran was added into 0.009 M PAAG®{ethanol
it exhibits some very interesting properties including transparent solution (HO:ethanol= 3:1, pH~ 6.95) with 1:1 molar ratio
in thin films, highly conductive, and more stable than most other of PAA (repeating unit) to EDOT, then 0.8 mL of 1.6 M FgClI
conducting polymer$.PEDOT is usually prepared through aqueous solution was introduced, and the mix solution thus
chemical or electrochemical polymerization of 3,4-ethylene- formed was heated at 8C for 4 h, leading to a green solution.
dioxythiophene (EDOT) monomer. Unfortunately, the resulting As-obtained products were concentrated by centrifugating the
PEDOT is an insoluble and therefore not processable polymer.solution and sequentially washed with water and ethanol several
The solubility problem was subsequently circumvented by using times to remove unused reactants and reaction byproducts, and
a water-soluble poly(styrene sulfonic acid) (PSS) as the charge-then were dispersed again in water for further characterization.
balancing dopant during polymerization, leading to water-  Transmission electron microscopy (TEM) measurements were
soluble, submicrometer sized gel particles of PEDOT:PSS made on a Zeiss LIBRA 120 microscope operated at an
composite: It is further evidenced that the coating of such accelerating voltage of 120 kV. Samples for TEM examination
PEDOT:PSS dispersion on the substrate only gives a polymerwere made by placing a drop of the disersion on a carbon-coated
film with a granular morpholog. copper grid and air-dried at room temperature. For characteriza-

Up to now, there are many papers reporting on the preparationtion by scanning electron microscopy (SEM) 20 of the
of PEDOT nanostructures including nanoparticles and one- dispersion was placed on an indium tin oxide (ITO) glass slide
dimensional (1D) nanostructures. For example, PEDOT nano- and air-dried at room temperature. SEM measurements were
particles were prepared by dispersion polymerization of EDOT made on a Zeiss CrossBeam 1540XB microscopy at an
monomer in a methanol/water mixture in the presence of a accelerating voltage of 5 kV.

stabilizer? Nanostructured PEDOT polymers in the form of Figure 1 shows typical TEM images of the resulting disper-
tubes, rods, thimbles, and belts were prepared by usiB@:Al  sjon. Lower magpnification TEM image (Figure 1a) indicates
membrane as a hard templéteAnother method for the ot the dispersion consists of a large quantity of nanowires. It
preparation of EDOT nanotubes is based on electrochemicalig clearly seen that some nanowires are well-separated from each
deposition of PEDOT around the electrospun nanofibers tem- other and at the same time, a fraction of nanowires seem to
plates of biodegradable poly{actide) (PLLA) or poly(lactide-  haye sintered. However, a closer examination reveals that these
co-glycolide) (PLGA) and the following removing the fiber  nanowires are not in direct physical contact, which can be
template$. PEDOT nanorods were also successfully fabricated oyigenced by higher magnification TEM image (Figure 1b). It
with a reverse cylindrical micelle-mediated interfacial polym- - shoy|d be noted that the evaporation of the solvent and the high
erization techniqué? Besides, PEDOT nanofibers were syn- yacyum used for sample preparation and characterization in the
thesized by using a X0s seeding approact. _ _ TEM technique may have led to secondary aggregation of these
Nanocomposites are a special class of hybrid materials with hanowires on the grid substrdfeFrom Figure 1b, it is also

versatile properties provoked by combining the merits of the t5,nd that the nanowires are about 20 nm in diameter and
sources and may find applications in many fields and therefore, seyeral hundred nanometers in length. Interestingly, a closer
the synthesis of such kind of materials has become the researchjie\y of one single nanowire reveals that it is an assemblied
focus:? However, the method for preparing water-dispersible, strycture consisting of smaller nanowires in a side-by-side
PEDOT-based nanocomposites with unique morphologies, 10 manner (inset in Figure 1b)
the best of our knowledge, is not available in the literature. In
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We analyzed the elemental composition of the nanowires after
centrifugating them from the dispersion and drying them under
* Correspondence should be addressed to this author. E-mail: vacuum overnight at 50C. On the basis of the elemental
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t Fachbereich Chemie, Univerditdonstanz. composition (C, 49.36; H, 3.14; O, 33.87; S, 13.25 (total:
* Fachbereich Physik, Universit§onstanz. 99.64)), we can conclude that the nanowires formed from EDOT
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. o . ~ Figure 3. SEM image of the nanostructures obtained at molar ratio
Figure 1. (a) Lower magnification TEM image of sample 1. Inset: 3y 4:1 and (b) 1:10 of PAA (repeating unit) to EDOT, under otherwise
the photograph of the solution. (b) Higher magnification TEM image  jgentical conditions used for preparing sample 1. Inset: a closer view
of sample 1. Inset: a closer view of one single nanowire. of the nanostructures.

‘ 4 . To get further insight into the influence of the amount of

o PAA on the formation of the nanostructures, we prepared

- another two samples at different molar ratio of PAA to EDOT,

under otherwise identical conditions used for preparing sample
1. Figure 3 shows typical SEM images of these two samples.
When the molar ratio is increased up to 4:1, we obtained a large
guantity of flower-like nanostructures, as shown in Figure 3a.
A closer view of the flower (inset) reveals that each flower petal
is also an assemblied structure consisting of small nanowires.
However, when the molar ratio is decreased down to 1:10, most
of the resulting nanostructures are cages in shape, as shown in
Figure 3b. A closer view of such nanocage (inset) indicates that
it consists of smaller nanoparticles.

. -~ - The formation of these nanowires could be attributed to PAA-
Figure 2. SEM image of PEDOT structures obtained in the absence Mediated self-assembly of PEDOT in solution. The possible
of PAA. formation mechanism is given as follows. When the reaction

of chemical polymerization occurs, EDOT monomers are
and PAA and the chemical polymerization of EDOT by FeCl qxidized int(_) posi_tively charged oligomeric PE_DOT c_hains
in the presence of PAA results in the formation of PEDOT: first.!* PAA is a kind of weak polyelectrolyte with partially
PAA composites. We also measured the dc conductivity of hegatively charged polymer chain and widely used as a building
nanowires dried under vacuum overnight at 8D with the block for the creation of multilayer thin films on solid surfaces
standard four-probe technique and it suggests that their con-via a Iayer-by-l_ayer technique based on electrostatic attraction
ductivity is high up to about 0.56 S/cm which is comparable to interactions'® Liu et al. has demonstrated the use of PAA as a

that of commercial available PEDOT:PSS compi@dthough template for the generation of colloidal fibrils of polyaniline:
the PEDOT:PSS dispersion in water is dark blue in color, the PAA complex in solution through the electrostatic interactions

PEDOT:PAA dispersion in our present study is green in color g‘iﬁ’?gln positively cr;a;gsd ptquanllmetagctihn?gt;ﬁtlchly ;:ha;gﬁd
(inset in Figure 1a), which may be due to the involvement of . ~ nourpresent study, its expected that the electrostatic
. . interactions between these positively charged PEDOT oligomers
different polyelectrolyte and different morphology of the ; - . .
mposited products obtained and the partially negatively charged PAA chain drive the
composited products obtained. ) ~ oligomers to assembly along the PAA chain. Such PEDOT
It should be noted that the use of PAA in the synthesis oligomers bound to the polymer chain then serve as “seeds”
solution was critical to the formation of these nanowires, which for the further polymerization of other EDOT monomers along
can be evidenced by the fact that we only obtained irregular the chain, that is, PAA chain acts as a “template” and PEDOT
aggregated structures of small nanoparticles when the synthesigare polymerized along it. As a result, a PEDOT-coated PAA
was performed in the absence of PAA, as shown in Figure 2. nanocomposite is formed. Although PAA chain is flexible in
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solution, the coating of PEDOT along it during the polymeri-
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ites. It is found that these composites are nanowires assemblied

zation may change its nature of flexibility and a relatively rigid from smaller nanowires in a side-by-side manner and exhibit
PEDOT-coated PAA 1D nanocomposite is formed. On the other excellent conductivity. It also suggests that the use of PAA in

hand, the PEDOT is rich in-type bonds. It is well-known that
m— interactions often exist in-conjugated materials.Li et

the synthesis solution plays a key role in the formation of
nanowires and the morphologies of the nanocomposites can be

al. has also demonstrated the self-assembly of gold nanoparticlegontrolled by varying the amount of PAA used. Our observations

into uniform spherical assemblies through-s interactions
between the PEDOT capped on the individual nanopartiéles.
We may suggest that the strong-r interactions between the

are significant for the following reasons: (1) It provides us a
new water-dispersible and easily processable PEDOT disper-
sions for applicationd? (2) It presents a simple self-assembly

PEDOT coated on the individual PAA chains can drive these strategy for the morphology-controlled preparation of nano-

smaller nanowires to further self-assembly into larger dfies.

composites based on PEDOT. (3) It extends the use of

When there is no PAA in this synthesis, only PEDOT nano- polyelectrolyte as a template for designing interesting nano-
particles are formed first, and because of the absence of astructures.

effective “template” to direct their growth, it is not surprising
to have found that only irregular aggregated structures are
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