
Full Paper

In Situ Fabrication of Single Poly(methyl pyrrole) Nanowire
Kumaran Ramanathan,a Mangesh A. Bangar,a Minhee Yun,b Wilfred Chen,a Ashok Mulchandani,a* Nosang V. Myunga*
a Department of Chemical and Environmental Engineering, and Center for Nanoscale Science and Engineering, University of
California, Riverside, CA 92521, USA

*e-mail: myung@engr.ucr.edu; adani@engr.ucr.edu
b Department of Electrical and Computer Engineering, University of Pittsburgh, Pittsburgh, PA 15261, USA

Received: October 13, 2006
Accepted: November 9, 2006

Abstract
One hundred nm wide by four mm long poly(methyl pyrrole) (PMPy) nanowires without and with biomolecule, biotin-
quantum dot, were synthesized by electrochemical polymerization of 1-methyl pyrrole with chloride and p-toluene
sulfonate dopants in nanochannels between microfabricated gold electrodes. Scanning electron microscopy
examination revealed well-confined dendrite free chloride-doped PMPy nanowires with embedded biotin-quantum
dot. Current vs. voltage investigation demonstrated ohmic nature of contact for all nanowires. Chloride-doped PMPy
nanowires were more conductive than with p-toluene sulfonate doped PMPy nanowires whereas entrapment of
biotin-quantum dot increased the conductivity.
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1. Introduction

One-dimensional (1-D) nanostructures [1], such as nano-
wires [2 – 5], nanobelts, nanospring, nanotubes [6, 7], and
metallic nanowires [8], are extremely attractive for (bio)-
electronic detection because of a number of reasons. First,
their high surface-to-volume ratio, together with novel
electron transport properties of the 1-Dnanostructures, give
rise to large resistance/conductance changes in the nano-
structures associated with the binding of molecules onto the
surface of the nanostructures to potentially single-molecule
detection [2]. Second, the direct conversion of chemical
information into an electronic signal can take advantage of
the existing low power microelectronic technology [9, 10]
and lead to miniaturized sensor devices [11, 12]. Finally, the
small size of the nanostructuresmakes it possible to develop
high density arrays of individually addressable nanostruc-
tures for simultaneous analysis of a rangeof different species
and massive redundancy to reduce false positive/negative.
Several groups have demonstrated that the conductance

of nanotubes and nanowires are sensitive to the adsorption
of different molecules. When functionalized with biorecep-
tors, label-free bioaffinity sensing can be achieved rapidly
with extremely high sensitivity [2, 13]. However, finding a
quick and reliable method to assemble a single, let alone
many for high density arrays, nanowire and nanotube into a
device and to connect them for electrical measurements has
been a challenge. Additionally, because of harsh conditions
used for synthesis of nanowires and nanotubes [14, 18], the
modification with biomolecules can only be performed
postsynthesis and positioning which also involves complex
chemistries and harsh chemicals.

Conducting polymers [19 – 21] nanowires [22 – 25] such as
polypyrrole (PPy), poly(methyl pyrrole) (PMPy), polyani-
line (PANI) and polythiophene (PT) havemany advantages
compared to CNTand silicon nanowires. First, they exhibit
electrical, magnetic, optical properties of metals or semi-
conductors while retaining the attractive mechanical prop-
erties and processing advantages of polymers. Their con-
ductivity can be controllably varied from the insulating
through the semiconducting to metallic regime by oxidizing
(p-type doping) or reducing (n-type doping). Second, they
are inexpensive, flexible, and air-stable. Third, they can be
synthesized electrochemically, allowing an easy control of
the initiation and termination of polymerization by simply
switching the current on and off, respectively. Fourth,
polymerization can be performed from benign aqueous
environment in ambient conditions, making one-step syn-
thesis of biologically-functionalized nanowires possible by
the incorporation of biological molecules during the elec-
trochemical polymerization. Fifth, a diversity of monomers,
dopants and electropolymerization conditions can be used
for designing nanowires of tailor-made properties such as
conductivity, selectivity, porosity, etc. Finally, the electrodes
used for electropolymerization are the built-in contacts for
the subsequent biosensor measurements.
We recently reported a single step technique for the

growth and entrapment of biomolecules (avidin-quantum
dot conjugate or avidin) into conducting polypyrrole nano-
wire grown within 100 nm wide and 3 mm long channels
between gold electrodes [26]. In the present article, we
extended our effort to demonstrate the versatility of our
fabrication method by electropolymerizing poly(methyl
pyrrole) (PMPy) nanowires with an entrapped biomolecule
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(i.e., Biotin conjugated quantum dot (Bqd)). PMPy was
selected because it posses better electrochemical stability in
oxidized states, greater mechanical strength, high anode
activity and relatively low production cost compared to
polypyrrole [27, 28].
The dopant anions (counter anions) in conducting poly-

mer strongly influence physical properties including mor-
phology, conductivity, dielectric constant, color, adhesion,
and mechanical strength. A variety of anions ranging from
inorganic such as chloride, perchlorate, and hydrogen
sulfate, to organic such as p-toluene sulfonate, p-bromo-
benzene sulfonate, enzyme, anitobody and DNA have been
utilized as dopants for conducting polymer electrosynthesis
[29, 30]. In order to examine the effect of dopants, two
different anions (i.e., chloride and p-toluene sulfonate
(PTS)) were selected to investigate their effects on the
conductivity and morphology of PMPy nanowires.

2. Experimental

The deposition and growth of the conducting polymer
nanowire are based on well-known electrooxidative poly-
merization processes, wherein maintaining an optimal
current flow between the anode and cathode, results in the
initiation and growth of the conducting polymer from the
anode, filling the gap between the two electrodes and
establishing contact with the cathode. The procedure for
growth of the PMPy nanowire or biomolecule entrapped
PMPy nanowire is performed in a single step. The ability to
grow arrays of similar conducting polymer nanowires was
recently demonstrated [26, 31].
The platform for the growth of the conducting polymer

nanowire is described elsewhere [4]. In a typical experiment,
the silicon substratewith the e-beampatternednanochannel
on electrodes were mounted on a probe station and
connected using contact pins to the contact pads of electro-
des for the anode and cathode. A quasi Ag reference
electrode was placed at an optimal distance between the
electrodes and close to the channel. A 2 mL deaerated
monomer solution (0.3 M1-methyl pyrrole in 0.01 MKCl or
0.01 MPTS)was placed on the surface of the channel and its
contact with the reference electrode was ascertained. A
0.2 mM solution of Bqd in 100 mL of methyl pyrrole electro-
lyte solution was used as the electrolyte solution to obtain
biomolecule entrapped PMPy nanowire. The electropoly-
merizationwas initiated by applying a 100 nAcurrent on the
stationary drop of the monomer solution and the change in
potential of the anode was monitored. In general the
potential value rises to about 2.3 to 2.8 V vs. reference
electrode from the open circuit potential, within 2 s after
initiating the electropolymerization. Thereafter the poten-
tial remains constant or shows a gradual decrease until the
nanowire contacts with the cathode. At the point of contact
with the cathode the potential drops to approximately 0.0 V
and the electropolymerization is stopped within 25 s after
the contact. In this period the potential changes at the anode
depend on the various electrode processes on its surface.

3. Results and Discussion

Figure 1A shows a typical chronopotentiogram for the
deposition of chloride-doped PMPy-Bqd nanowire in
0.01 M KCl. The change in the anode potential was
monitored as a function of time. The initial potential of
2.8 V was acquired within 1sec followed by a decline to a
constant value of 2.5 V for 8 sec prior to dipping to 0.2 V.
Thereafter the potential gradually reached to 0.0 V upon
further electropolymerization. The sharp dip around 8 s
demonstrates the establishment of the contact of the PMPy-
Bqd nanowire with the cathode. The potential changes were
controlled by the electrode processes during PMPy nano-
wire formation. A similar profile was also obtained for
PMPy nanowire without Bqd (Fig. 1B). A potential of 2.5 V
was achieved following application of the 100 nA current.
Thereafter, the potential stabilized around 2.2 V and
remained constant for about 12 sec prior to dipping to
0.0 V. Further, the potential remained constant.
In order to further verify the integrity and stability of the

chloride-doped PMPy nanowires, current voltage (I –V)
characteristics were performed. As shown in Figure 2A, the
I –V characteristics for the wet chloride-doped PMPy
nanowire containing the Bqd was much steeper, showing a
higher conductance as compared to the chloride-doped
PMPy nanowire without the entrapped Bqd (Fig. 2B). The
higher conductance of the Bqd entrapped PMPy nanowire
may perhaps be due to the participation of the semiconduct-
ing nanoparticles (Bqd) in the conductivity processes. In this
instance the quantumdots (ZnS coatedCdSe nanoparticles)
were conjugated to the biotin molecule using a polymeric
support layer.
The linear change in the current with potential shows the

ohmic nature of the contact between the chloride-doped
PMPy nanowire and the gold electrodes. This also demon-
strates that the nanowire behaves like a typical metallic
nanowire, and obeys ohms law, with negligible contact
resistance between the PMPy nanowire and gold electrodes.
A similar investigation was performed with p-toluene

sulfonate (PTS) doped PMPy to investigate the effect of
sulfonate ion doping on nanowire morphology and con-
ductivity. Figure 3A shows a typical chronopotentiogram
for the deposition of PTS-doped PMPy-Bqd in 0.01 M PTS.
The PTS-doped PMPy-Bqd was obtained within 46 s upon
passage of current. Following the nanowire formation the
potential was stable at 0.0 V for about 22 s before the
deposition process was stopped. This demonstrates the
integrity and stability of theBqd embeddedPMPynanowire
after formation. The profile for PTS-doped PMPy without
Bqd (Fig. 3B) was similar. The nanowire was formed within
9 s and the potential remained around 0.0 V for more than
26 s, demonstrating the integrity and stability of PTS-doped
PMPy nanowire.
Wet I –V characterization of PTS-doped PMPy nano-

wires with entrapped Bqd showed a slightly higher con-
ductance (Fig. 4A) when compared to without the entrap-
ped Bqd (Fig. 4B). An earlier report [28] had examined the
compatibility in size betweenofPTSandpyrrole leading to a
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closer interaction and hence serving as an “ordering”
element for the polypyrrole chains, providing the flexible
properties of the nanowire. The preferential incorporation
of PTS probably leads to a lesser incorporation of Bqd,
thereby resulting in a lower conductance value. The native
PTS-doped PMPy nanowires had a lower conductance
compared to the chloride-doped PMPy nanowires. Similar
results have been reported in thin films where the con-
ductivity and specific gravity decreased with increase in
anion size [32]. In addition, the change in conductance in the
presence of Bqd was higher in chloride-doped PMPy
compared to PTS-doped PMPy, perhaps due to a higher
Bqd incorporation.
The confinement and uniformity of the chloride-doped

PMPy-Bqd nanowire was further confirmed by the SEM
and high resolution optical image (Fig. 5A) [33]. The well

Fig. 1. The chronopotentiograms of chloride-doped PMPy nano-
wires with Bqd (A) and without Bqd (B). The electropolymeriza-
tion solutions contain 0.3 M MPy in 0.01 M KCl with 0.2 mM Bqd
(A) and without Bqd (B). The applied current was 100 nA on a
2 mL drop placed on the channel.

Fig. 2. The wet Current versus voltage (I –V) characteristics
recorded on 100 nm PMPy nanowires with Bqd (A) and native
PMPy (B) at a scan rate of 50 mV/s.

Fig. 3. The chronopotentiograms of PTS-doped PMPy nano-
wires with Bqd (A) and without Bqd (B). The electropolymeriza-
tion solutions contain 0.3 M MPy in 0.01 M PTS with 0.2 mM Bqd
(A) and without Bqd (B). The applied current was 100 nA on a
2 mL drop placed on the channel.
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confined nanowire within the 100 nm channel is clearly
observed. However, PTS-doped PMPy-Bqd nanowire
showed a poorly defined porous nanowire (Fig. 5B). The
presence of the Bqd within the chloride-doped PMPy
nanowire was verified by the presence of the Cd peak in
the EDS analysis (Fig. 5C). In addition to the Cl peak from
the dopant, the Si and Au peaks from the substrate are also
observed.

4. Conclusions

We demonstrated electrochemically controlled single step
growth andbiomolecular functionalization of a 100 nmwide
4 micron long PMPy nanowire between microfabricated
gold electrodes. Two different anions (i.e., inorganic chlo-
ride and organic p-toluene sulfonate (PTS)) were examined
as dopants to investigate their effects on the conductivity
and morphology of PMPy nanowires. The morphology and
conductance of MPPy nanowires were strongly influenced
by dopant types. Chloride-doped PMPy nanowires were
well-confined within nanochannel and uniformwith greater
conductance thanPTS-dopedPMPy. In addition, the change
in conductance in the presence of Bqd was greater in
chloride-doped PMPy compared to PTS-doped PMPy,
which might be due to a higher Bqd incorporation.
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