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Abstract

This communication reports the production of polyphenylpyrrole coated silver nanoparticles at the liquid/liquid interface

by an EC-type mechanism. In the electrochemical step of the reaction N -phenylpyrrole facilitates the transfer of the silver
ion from an aqueous to an organic phase. This step is followed by a slow homogeneous electron transfer reaction from the

N -phenylpyrrole to the silver ion followed by polymerization and metal cluster growth. � 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

During the last two decades nanosized materials have
been studied intensively mainly for their potential use in
catalysis and electronics [1]. A lot of interest has focused
on tailoring the properties of these materials by chang-
ing their surface properties [2]. This change in surface
properties is commonly achieved by surrounding the
nanoparticle by another material, resulting in a so called
nanocompound.
Conducting polymers have also been studied for

their electronic properties. Recently, Cunnane and
Evans [3,4] have shown that it is possible to electro-
chemically generate conducting polymers at the inter-
face between two immiscible electrolyte solutions
(ITIES). Furthermore, Schiffrin et al. [5,6] have elec-
trodeposited metal particles at the ITIES. In this study
we combine these two fields of conducting polymers
and electrodeposition of metal particles to produce a
nanocompound. Similar novel but single phase type
reactions have been carried out by Selvan et al. [7–10]

between chloroauric acid and pyrrole in a copolymer
matrix forming 7–9 nm large gold particles surrounded
by a 24 nm shell of polypyrrole. Recently, Youk et al.
[11] prepared gold nanoparticles from a single phase
polyelectrolyte complex solution of terthiophene
amphiphiles.

2. Experimental

Li2SO4 (99.9%, Fluka) and Ag2SO4 (99.9%, Aldrich)
were used as the aqueous reagents with Millipore
MQ water with a resistivity of > 18 X cm used
throughout. N -Phenylpyrrole (Aldrich, 99%) and
Tetraphenylarsonium tetrakis (pentafluorophenyl) bo-
rate (TPAsTPBF20) were used as the organic reagents.
1,2-dichloroethane (1,2-DCE) (Fluka, 99.5%) was used
as the organic solvent in all experiments. The
TPAsTPBF20 was prepared from TPAsCl (Fluka) and
LiTPBF20 (Boulder Scientific), as described previously
[12]. All chemicals were used as received. A Solartron
1287A electrochemical interface connected to a PC was
used throughout. A conventional four-electrode elect-
rochemical cell was used [13]. The electrochemical cells
are chemically described as follows:
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Cell 1

AgjAgClj1 mM TPAsClðwÞj10 mM TPAsTPBF20ðoÞk
10 mM Li2SO4ðwÞ þ 0:25 mM Ag2SO4ðwÞjAgCljAg

Cell 2

AgjAgClj1 mM TPAsClðwÞj10 mM TPAsTPBF20ðoÞ
þ 100 mM N -PhenylpyrroleðoÞk10 mM Li2SO4ðwÞ
þ 0:25 mM Ag2SO4ðwÞjAgCljAg

where k denotes the polarizable liquid/liquid interface.
The reaction was studied by cyclic voltammetry. Prior to
each single sweep the applied potential was held at 100
mV for 120 s. The potential was then swept to 440 mV
and back to 100 mV. Scan rates of 80–0.1 mV/s were
used.
Since the sweep rates are very slow tetraethyl am-

monium ion (TEAþ) was transferred at similar condi-
tions to ensure that natural convection does not lead to
a decrease in the return peak. A solution of 0.5 mM
TEACl (Aldrich) in 10 mM of Li2SO4 was used for this
purpose. The organic phase was the same as used pre-
viously.
UV–VIS measurements were performed with a

Hewlett-Packard 8451A diode array spectrophotometer.
Partioning ions were used to set the potential in order to
drive the transfer of Agþ from the aqueous phase [14].
1.5 mM LiTPBF20(o) was added to the organic phase;
Liþ was the partioning ion. The cell is chemically de-
scribed below (Cell 3). For the blank measurement an
aqueous solution of 10 mM of Li2SO4 was used, the
organic solution was as Cell 3. Three millilitres of or-
ganic phase was contacted with 3 ml of the aqueous
phase. The reaction was allowed to proceed for 24 h.
The organic phase was then placed in a quartz cuvette
and the spectrum was recorded with an acquisition
of 25 s.

Cell 3

10 mM TPAsTPBF20ðoÞ
þ 100 mM N -PhenylpyrroleðoÞ
þ 1:5 mM LiTPBF20ðoÞk10 mM Li2SO4ðwÞ
þ 0:25 mM Ag2SO4ðwÞ

The potentials reported throughout have been corrected
to the Galvani scale by assuming a standard ion transfer
potential of 44 mV for TEAþ [15] between water and
1,2-DCE.

3. Theory

The reaction considered consists of a reversible fa-
cilitated ion transfer step followed by a slow irreversible
chemical reaction:

Er : Ag
þðwÞ þ PhenylpyrroleðoÞ

$ Agþ � PhenylpyrroleðoÞ

Ci : Ag
þ-PhenylpyrroleðoÞ!kf Ag0-polyphenylpyrroleðoÞ

In the system studied phenylpyrrole is present in excess
and it can be assumed that its concentration remains
unchanged in the reaction layer. This assumption
reduces the mathematics of the mass transfer problem to
that of a simple ErCi-mechanism, and hence, the criteria
for ErCi-mechanisms [16] can be used. The peak ratio of
the forward and return peaks was calculated from
[17]:

ireturn
iforward

¼ ireturnð Þ0
iforward

þ
0:485 isp

� �
0

iforward
þ 0:086; ð1Þ

where ireturn and iforward are the peak current densities of
the return and forward scans. ðireturnÞ0 is the uncorrected
return peak current and ðispÞ0 is the current at the
switching potential.

4. Results and discussion

In Fig. 1 the potential window for the system is
shown in the absence and in the presence of N -phe-
nylpyrrole. In the absence of N -phenylpyrrole a region
of low current density is seen where no ion or electron
transfer occurs. This region is limited by the transfer of
TPAsþ from the organic to the aqueous phase at
negative potentials and the transfer of Agþ from the
aqueous phase to the organic phase at positive poten-
tials. In the presence of N -phenylpyrrole however, a
charge transfer wave occurs at E1=2 ¼ 336 mV. This is
attributed to the transfer of Agþ facilitated by the N -
phenylpyrrole. The scanned potential region is also
extended to the onset of Liþ transfer at the positive
end.

Fig. 1. Potential windows of 10 mM TPAsTPBF20(o), 0.25 mM

Ag2SO4(w) and 10 mM Li2SO4(w): (- - - -) without N -phenylpyrrole(o)
(Cell 1), (——) 100 mM N -phenylpyrrole(o) (Cell 2).
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In Fig. 2 single sweep voltammograms at high sweep
rates are shown. The charge transfer reaction appears
reversible with a 60 mV peak separation.
As the sweep rate is lowered the return peak gradu-

ally disappears (see Fig. 3). This is typical for an ErCi-
mechanism. The peak current ratio of the forward and
return scans is shown as a function of kfs in Fig. 4,
where s is the time between E1=2 and the switching po-
tential and kf is the heterogeneous forward rate con-
stant. The peak currents were calculated as described
above. The solid line corresponds to that predicted by
theory [16]. From the fit of the solid line a kf of
0:8
 10�3 s�1 was obtained.
The slow reaction rate obtained here is a direct con-

sequence of the high redox potential of the 1-phenyl-
pyrrole monomer. The chemical reaction between Agþ

and 1-phenylpyrrole proceeds by an initial charge
transfer step followed by polymerization with other
monomers or polymers. We do not believe that the
driving force for the overall reaction is very high due to
the high oxidation potential of the phenylpyrrole.
However it is felt that the additive contributions of the
potential for the reduction of silver in 1,2-DCE and the
facilitated transfer potential plus the energy gained from

the chemical step are sufficient to drive the reaction to
the extent witnessed by the presence of silver colloids
and oligomeric species in solution (shown later).
The diffusion coefficient for Agþ(w) was calculated

from the forward scan peak currents and a value of
1:2
 10�5 cm2 s�1 was obtained, see Fig. 5. This value
is in accordance with that found in the literature,
1:65
 10�5 cm2 s�1, for Agþ at infinite dilution and 25
�C [18].
The duration of the slow sweeps is much longer than

the general recommended ‘‘rule of thumb’’ of 300 s for
diffusion controlled electrochemical measurements. To
ensure that the reaction studied was an ErCi-mechanism
and not natural convection due to density gradients or
vibrations, TEAþ ion transfer was carried out under
similar conditions. No decay in the peak current ratio
was observed. The peak ratios obtained from this ex-
periment are also shown in Fig. 4.
The UV–VIS difference spectrum between the pre-

pared sample (Cell 3) and the blank is shown in Fig. 6.
In this experiment Liþ transfers from the organic phase
to the aqueous phase with the simultaneous transfer of

Fig. 3. Sweep rate dependence of Cell 2: (——) 1 mV/s, (� � � � � �) 0.5 mV/
s, (– – –) 0.25 mV/s and ( – �� – ) 0.1 mV/s.

Fig. 4. Plot of peak current ratio vs. logðkfsÞ (�) experimental data and
(——) theoretical fit. (N) peak ratio of TEAþ transfer at corresponding
sweep rates.

Fig. 5. Peak current of forward scan vs. square root of sweep rate: (�)
experimental data and (——) linear fit to the experimental data.

Fig. 2. Sweep rate dependence of Cell 2: (——) 80 mV/s, (� � � � � �) 40
mV/s, (– – –) 20 mV/s, ( – �� – ) 10 mV/s and ( – – ) 5 mV/s.
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Agþ from the aqueous phase to the organic phase since
the Galvani potential established by the partition of Liþ,
approximately 450 mV as anticipated from the voltam-
mogram in Fig. 1, is more positive than that of 1-phe-
nylpyrrole facilitated transfer of Agþ, 336 mV. The
distinct absorption peak of colloidal silver is seen at 390
nm. The absorption peak of silver particles in the size
ranges 3–20 nm in water is 380 nm [19]. For particles in
1,2-DCE the adsorption peak is shifted towards longer
wavelengths. From the dispersion relation of silver [20]
and the refractive index of 1.444 for 1,2-DCE the ad-
sorption peak of silver particles in the 3–20 nm size
range can be calculated, as outlined in reference [19], to
occur at 398 nm. Shorter wavelengths are expected for
smaller particles. The N -phenylpyrrole monomer ab-
sorbs at 260 nm when dissolved in 1,2-DCE. A sharp
peak has also appeared at 300 nm. Unfortunately, both
the phenyl rings of the TPAsþ and TPBF�

20 ions and N -
phenylpyrrole (260 nm [3]) also absorb in the region
below 300 nm, and therefore this peak is difficult to
characterize. However, it may correspond to the for-
mation of oligo- and polyphenylpyrrole [21]. The ab-
sorption peaks at 480 and 580 nm are indicative of
higher oligomer forms of pyrrole [22]. A golden brown
colour was also observed in the organic phase.

5. Conclusions

In this communication the electrochemical properties
of the liquid/liquid interface have been used to synthe-
size silver nanoparticles and polypyrrole by transferring
the silver metal ion from the aqueous phase to the or-
ganic phase, where it reacts with the pyrrole monomer.
Whilst there is no direct evidence for the formation of
polymer coated silver colloids we believe that due to the
facilitated transfer and, as such, the shorter reaction

distances that polymer coated colloids are the most
likely outcome. The reaction was studied by conven-
tional cyclic voltammetry using very slow sweep rates.
Fitting the data to the theory for ErCi-mechanisms
presented by Nicholson and Shain [16] gave an apparent
rate constant for the chemical step of 0:8
 10�3 s�1. A
diffusion coefficient of 1:2
 10�5 cm2 s�1 was obtained
for Agþ in water. UV–VIS measurements were carried
out to confirm the formation of colloidal silver and
polyphenylpyrrole.
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