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Abstract The present work describes, for the first time, in
situ electrochemical preparation of dendrimer-encapsulated
Cu nanoparticles using a self-assembled monolayer of fourth-
generation amine-terminated polyamidoamine (PAMAM)
dendrimer as the template. Atomic force microscopy (AFM)
and X-ray photoelectron spectroscopy (XPS) studies of the
modified surface confirmed the presence of Cu nanoparticles
entrapped in dendrimer film. Au electrode modified with a
monolayer of the dendrimer enables preconcentration and
subsequent voltammetric detection of Cu2+ at picomolar
concentrations. Further, Cu nanoparticles in the dendrimer
monolayer could be electrochemically derivatised to Cu
hexacyanoferrate, which exhibits specific crystal planes,
unlike the random distribution of crystal planes in bulk-
formed Cu hexacyanoferrate, which is another catalytically
active material for sensor applications.

Keywords PAMAM dendrimers . Copper–dendrimer
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Introduction

Synthesis of nanostructured materials, possessing very high
surface area has made a significant impact in the design of
electrochemical platforms for sensors, catalysts, fuel cells,
batteries and so on. We report here, for the first time, the
electrochemical synthesis, characterization and applications

of copper nanocomposites directed by the self-assembly
of fourth-generation amine-terminated polyamidoamine
(PAMAM) dendrimer (G4NH2). Dendrimers, also known
as cascade polymers or arborols, are a new class of materials
that have received the attention of research workers at the
global level [1–4]. Dendrimers are unique core-shell struc-
tures possessing three basic architectural components: a core,
an interior of shells (generations) consisting of repeating
branching units and terminal groups (the outer shell or
periphery). PAMAM dendrimers facilitate the synthesis of
metal nanoparticles, since metal ions like Cu2+, Co2+, Pt 2+

and Pd 2+ are known to partition into the dendrimer [5–8].
The terminal functional groups like –NH2, –COOH and –OH
serve as handles for attaching the dendrimers to electrode
surfaces. The interior amine groups complex metal ions,
which could be reduced to yield metal nanoparticles
encapsulated within the dendrimer cavity. Thus, mono and
bimetallic nanoparticles stabilized by dendrimers have been
prepared and characterized [9–13]. In all these reports, the
metal ions are initially complexed within the dendrimer and
then chemically reduced by borohydride ions. Moreover,
incorporation of these metal nanoparticles onto electrode
substrates without the loss of electrocatalytic activity has
been found to be difficult [14, 15]. This work opens up the
possibility of growing metal dendrimer nanocomposite in situ
on the electrode surface. G4NH2 dendrimer, initially self-
assembled on Au surface, serves as a basket for loading
catalytically active metal nanoparticles. Copper-modified
electrodes have been the subject of interest owing to their
electrocatalytic properties. Cu adlayers on Pt electrodes are
known to promote the oxidation of formic acid [16].
Microporous deposit of Cu on glassy carbon electrode has
been evaluated for the detection of nitrate and nitrite [17, 18].
The preparation of Cu nanoparticles through different
approaches has been already reported wherein chemical and
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electrochemical preparation have been attempted and the
earlier reports are well documented [19]. The utility of Cu
nanoparticles have been evaluated for the analysis of
substrates like nitrate and nitrite, oxygen, hydrogen peroxide,
glucose, o-dihydrophenolic compounds etc. The use of
dendrimer molecules as surface anchors for the preparation
of Cu–dendrimer nanocomposite has been described for the
first time in this work.

The metal loading on the electrode surface, modified by
dendrimer molecules, can be tuned at will by changing the
copper ion concentration in the preconcentration step and this
property has been shown to be advantageous for recognition
of metal ions at ultra trace levels in biological samples,
environmental samples etc. Anodic stripping voltammetry has
been routinely used bymany researchers for the determination
of Cu where the detection limit achieved was of the order of
micromolar level only. Analysis of Cu in beer samples has
been performed with this method [20]. Amperometric
detection of Cu by a yeast biosensor using flow injection
analysis has been recently reported wherein the detection limit
observed was 16–32 mg L−1 [21]. Enhanced detection has
been achieved with sonoanalysis and in the presence of
surfactants. This kind of enhanced detection has led to sub-
micromolar detection limits [22, 23]. Analysis of Cu in
blood has been achieved with the help of sonoelectroanalysis
wherein the minimum detection limit achieved is 0.62 ppm
of Cu [24]. In this report, we have shown that the multidentate
interactions of the dendrimer molecules with the copper ions
can lead to a detection limit at the picomolar level.

The interfacially directed growth of Cu–dendrimer nano-
composite within the aqueous shells of dendrimer is demon-
strated with the help of atomic force microscopy (AFM) and
X-ray photoelectron spectroscopy (XPS) measurements. It
has also been shown for the first time that the dendrimer-
entrapped metal clusters could be further derivatised to copper
hexacyanoferrate whose growth is again dictated by the
dendrimer. Compared with randomly oriented crystal growth
under bulk conditions, the template-induced crystal growth
revealed that only certain growth orientations are preferred.
Hexacyanoferrates are one of the longest known coordination
compounds, whose redox and electrochromic properties have
been extensively studied in basic and technologically oriented
research [25–34]. Also the scope for converting the copper
nanoparticles into its hexacyanoferrate derivative has been
demonstrated for its catalytic and sensing characteristics.

Essentially three objectives have been realized in this
paper: (1) the electrochemical preparation of Cu–dendrimer
nanocomposite; (2) it is shown that the dendrimer-modified
gold substrate can be tuned for preconcentrating Cu ions of
different concentrations, which can be sensed by anodic
stripping voltammetry: the limit of detection can be extended
to picomolar levels by this method; (3) we have explored the
structure-directing property of the PAMAM dendriner mole-

cule during the electrochemical derivatisation of Cu–
dendrimer nanocomposite into copper hexacyanoferrate films.

Experimental

Apparatus

Cyclic voltammograms were recorded using a Wenking
Potentiscan (POS 88) and X-Y/t recorder (Rikadenki) and
PARSTAT2263. A conventional three-electrode electrochem-
ical cell was used with a gold electrode as the working
electrode, Pt electrode as the counter electrode and an Hg|
Hg2SO4|H2SO4 (0.5 M) (MSE) as reference electrode. For
stripping experiments gold disc electrode (8 2 mm) was
used. Gold slides (1,000-Å gold coating on silicon wafers
with an intermediate adhesion layer of Ti, 100-Å thickness
procured from Lance Goddard associates, USA) of size 1×
1 cm2 were used for XPS and AFM measurement and for the
characterization of copper–dendrimer nanocomposite.

The VG ESCA MK200X was used for XPS analysis.
AlKa X-ray (1,486.6 eV) with 300-W power was used as
the exciting source, and a pass energy of 20 eV was used
for data collection. The energy analyzer employed was
hemispherical with a 150-mm diameter. Vacuum main-
tained during the experiment was 1.2×10−9 mbar.

Atomic force microscopic images were recorded with the
Molecular Imaging PicoSPM using gold-coated silicon
nitride 30-nm cantilevers (force constant 0.12 N m−1) and
CP-II scanning probe microscope (Veeco).

SEM images were taken using an Hitachi S3000-H.

Reagents

All stock solutions were prepared using triply distilled water.
PAMAM dendrimer was purchased from Aldrich. Analar
grade H2SO4 (Merck), CuSO4·5H2O (Merck), potassium
ferrocyanide (Merck) and ruthenium(III) hexamine chloride
(Aldrich) were used as received.

In situ electrochemical synthesis of copper–dendrimer
nanocomposite (CuDNC)

Gold substrate was immersed overnight in a 0.25 mM
solution of fourth-generation PAMAM dendrimer (G4NH2)
in ethanol. It was then withdrawn, washed with ethanol, air-
dried and then immersed in a 1 mM solution of copper
sulfate for 10 min. It is then removed from the solution,
washed with water and introduced into an electrochemical
cell containing 0.5 M sulfuric acid to electrochemically
reduce the Cu2+ ions trapped inside the dendrimer mono-
layer. Pt and Hg/Hg2SO4 electrode served as counter and
reference electrodes, respectively. The working electrode
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was clamped at a potential of −500 mV, i.e. sufficient to
reduce the copper ions.

Derivatisation of dendrimer-entrapped Cu nanaoparticles
to Cu hexacyanoferrate

The Au∣CuDNC electrode was subjected to electrochemical
cycling in a solution containing 0.5 mM potassium ferricy-
anide and 0.5 M each of HCl and KCl for 20 cycles in the
potential range from −0.4 to −0.6 V. The electrode was then
washed with water and characterized voltammetrically in
blank KCl medium.

Results and discussion

Self-assembly of G4NH2 dendrimers on gold surfaces

Gold electrodes, cleaned by standard pretreatment proce-
dures [35], were subjected to the following steps: (i)
modification of Au substrate by the self-assembly of
G4NH2; (ii) chemical preconcentration of copper ions into
the dendrimer cavities; and (iii) electrochemical reduction
of the copper ions to yield Cu–dendrimer nanocomposite

film. The presence of the dendrimer film on the electrode
was ensured by the electron transfer blocking properties of
the film compared with the bare electrode. The electron
transfer blocking property of the film was investigated by
studying the redox behaviour of ferrocyanide anions and
ruthenium hexamine cations on the modified electrode. The
blocking of electron transfer for the cationic ruthenium
hexamine and unblocking for ferrocyanide anions revealed
the presence of dendrimers on the surface.

Figure 1a shows that a reversible electron transfer response
was observed for the negatively charged [Fe(CN)6]

4−/3− in
acidic medium on the modified electrode. Figure 1b shows
the electron transfer characteristics for the negatively charged
Fe (CN)6]

4− ions in phosphate buffer medium. The current is
very much lowered in phosphate buffer medium and the
reversibility is also affected to some extent. The tertiary
amine group and the end primary amine group of the
PAMAM dendrimer have pKa values of 5.5 and 9.6,
respectively. As pH increases, the deprotonation of tertiary
amine groups takes place after pH 5.5 and the interaction of
the film with negatively charged ferrocyanide ions decreases.
Thus, [Fe (CN)6]

4−/3− electron transfer is not completely
blocked over a wide range of pH on a dendrimer-modified
electrode.
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Fig. 1 Cyclic voltammogram
representing the response of
potassium ferrocyanide on a
dendrimer-modified electrode in
a 0.5 M H2SO4 b Phosphate
buffer pH 7.0. Scan rate
50 mV s−1

Fig. 2 AFM image of gold
substrate modified by the self-
assembly of fourth-generation
amine-terminated dendrimer
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Similar voltammetric experiments with [Ru(NH3)6]
2+/3+

in acidic and neutral media revealed the absence of redox
behaviour on modified electrode (data not shown). It is
expected that in both media the dendrimer remains
positively charged. Below pH 5.5, the tertiary and primary
amine groups remain protonated; beyond pH 5.5, primary
amines remain protonated. The positively charged den-
drimer molecules are electrostatically attracted by the
negatively charged ferrocyanide anions and the electron

transfer is therefore not blocked. In the case of positively
charged [Ru(NH3)6]

3+ ions, the positively charged den-
drimer molecules exert repulsive electrostatic interactions
and hence the electron transfer is blocked completely.

The formation of dendrimer film on Au surface through
self-assembly is also confirmed by AFM measurements.

Fig. 3 AFM images: a two-
dimensional topographic
view, b deflection image
of Au∣CuDNC, c three-
dimensional view and
d enlarged image of a
single CuDNC particle

Fig. 4 XPS of Cu–dendrimer nanocomposite electrode
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Fig. 5 Cyclic voltammogram representing the response of Cu–
dendrimer nanocomposite electrode in 0.5 M sulfuric acid. Scan rate
50 mV s−1
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The AFM image of the dendrimer-modified gold substrate
is given in Fig. 2. The dendrimer molecules are assembled
regularly on the gold substrate. The average height of the
assembled layer is nearly 5.0±0.5 nm, which indicates a
monolayer of dendrimer self-assembled on Au substrate
[36]. From this we presume that the dendrimer molecules
align themselves in a vertical orientation as explained in the
case of self-assembly of phenanthroline–Au(111) bonding
where the authors have observed that phenanthroline mole-
cules interact with the Au(111) surface through nitrogen
atoms and are aligned in a vertical fashion, whereas on HOPG
the molecules are found to lie flat [37]. The dendrimer-
modified Au surface provides an ideal platform for pre-
concentration of metal ions.

Characterisation of copper–dendrimer nanocomposite

Figure 3 presents the AFM image of Cu–dendrimer nano-
composite obtained after electrochemical reduction of the
dendrimer film chemically preconcentrated with copper
ions. The particles, in the size range of 75–125 nm, are
distributed randomly on the surface. Some of the particles
are aggregated and exhibit a size of around 200 nm
(Fig. 3d). The dendrimer cavities trap the copper ions,
which are electrochemically reduced and entrapped inside
the dendrimer through strong complexation by the interior
functional groups. Thus this novel methodology enables the
dendrimer to be loaded with copper ions that are then
electrochemically reduced to yield dendrimer-encapsulated
Cu nanoparticles; the dendrimer thus acts as a template,

controls particle size and prevents agglomeration. Figure 3c
shows that the particles oriented in certain directions.

Figure 4 depicts the XPS response of the Cu–dendrimer
nanocomposite film obtained from a 5 mM Cu2+ solution.
The peaks corresponding to Cu2p3/2 and Cu2p1/2 appear at
932.7 eV and 932.5 eV, respectively [38]. These results
confirm that the copper ions inside the dendrimer film
undergo reduction and are present as Cu atoms trapped

Fig. 7 Anodic stripping voltammogram for 1×10−3 M Cu2+ in the
presence of 1×10−4 M each of Bi3+ and Cd2+ ions in 1 mM acetate
buffer (pH 4.5). Scan rate50 mV s−1

Fig. 6 Anodic stripping voltam-
mograms for different concen-
trations of Cu(II) in acetate
buffer. The concentration of Cu
(II) ions used for preconcentra-
tion is a 1×10−3 M,
b 2×10−3 M, c 3×10−3 M,
d 5×10−3 M; 1 2×10−11 M,
2 5×10−10 M, 3 2×10−9 M
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inside the film. This approach opens up a novel methodology
for in situ preparation of metal–dendrimer nanocomposites
directly on the electrode surface by an electrochemical route.

Figure 5 shows the voltammetric response of Cu–
dendrimer nanocomposite formed on Au substrate in 0.5 M
sulfuric acid. The anodic peaks appear at −0.18 V, 0.16 Vand
0.35 V. Two cathodic peaks appear at 0.02 V and −0.32 V.
The anodic peak appearing at −0.18 V corresponds to
the bulk-deposited Cu, and the other two anodic peaks
correspond to underpotential deposition (upd) of copper.
The two peaks corresponding to Cu upd may arise due to Cu
adlayers arising from two different ordered phases. The
cathodic peak at 0.021 V corresponds to Cu upd and the one
occurring at −0.021 V corresponds to bulk Cu. The
phenomenon of upd indicates the onset of deposition of
metal adatoms at various types of substrates in potential
ranges positive to the reversible Nernst potential. The
occurrence of upd is, in general, inferred from cyclic
voltammetric studies wherein peaks corresponding to sub-
monolayer adsorption are observed at potentials more
positive than Nernst potential. Thus the charge involved in
the adsorption and deposition process can be conveniently
analysed by integrating the observed current response over
the entire time domain. Because the origin of this phenom-
enon lies in the enhanced interaction of depositing metals
with foreign substrates, the work function differences play
a predominant role in dictating the potential shift. The

Cu concentration in the monolayer, estimated by charge
integration of the anodic peaks, is 550 μC cm−2 for bulk
deposition and for upd it corresponds to 20 μC cm−2. The
charge associated with the two upd peaks were taken into
account for the calculation. The charge associated with the
Cu upd phenomenon is very small and this implies that the
amount of free gold surface available for upd is low. In
other words the coverage of dendrimer on the gold surface
is nearly maximum and hence only very little space is
available as bare gold for upd to occur. The charge
corresponding to the bulk Cu deposit is slightly greater
than that expected for a monolayer coverage [39]. The Cu
concentration inside the film can be controlled by varying
the copper ion concentration in solution and the preconcen-
tration time. This implies that the loading of Cu ions inside
the dendrimer can be tuned at will. By fixing the preconcen-
tration time and by varying the metal ion concentration, we
can use the metal encapsulation property of the dendrimer for
trace analysis of Cu ions. This shows the effect of numerous
complexing sites available within the dendrimer. The struc-
tural architecture of the dendrimer offers an ideal environment
to trap guest species. The dendrimer monolayer on the
modified substrate can act as an array of molecular baskets,
allowing relatively higher loading of metal atoms.

Recognition of copper ions at trace levels

The fact that Cu concentration inside the film can be
controlled by varying the copper ion concentration in

Fig. 8 Anodic stripping voltammogram for 1×10−3 M Cu 2+ in the
presence of a 1×10−3 M Bi 3+ and b 2×10−3 M Bi 3+

Fig. 9 Represents cyclic voltammograms corresponding to a
PAMAM dendrimer self-assembled on gold surface derivatised as
copper hexacyanoferrate. Scan rate (mV s−1) a 50, b 100, c 200. Peaks
corresponding to CuHCF (2) and unreacted copper (1) are marked
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solution offers an analytical methodology for estimating
copper ions present at ultra trace levels. To study the
interference of other ions like Cd 2+ and Bi3+ the analysis
conditions were optimized at pH 4.5 using acetate buffer. In
acetate buffer the peak corresponding to bulk-deposited Cu
shifts to −0.1 V and this peak is considered for the analysis
of Cu. Figure 6 depicts the stripping voltammograms for
different concentrations of cupric ions. The voltammograms
were recorded in acetate buffer (pH 4.5). It can be seen that
the stripping current increases proportionally with the
concentration of copper ions in solution and concentrations
down to 10−12 M levels gives rise to measurable current
signals. This implies that the detection limit can be pushed
down further by resorting to differential pulse anodic
stripping voltammetry. The linear fit between the peak
current concentrations yields a correlation coefficient
of 0.99784 and the equation of the fitted straight line is
I=0.2948+3.69 C. The interference of ions like Cd2+ and
Bi3+ on the recognition was studied and the recognition of
copper was not affected by their presence. This experiment
demonstrates that the amount of copper ion loading inside
the dendrimer can be tuned to will by changing the cupric
ion concentration in the preconcentration solution and the
stripping currents are proportional to the copper loading
inside the dendrimer.

Effect of interferent ions

The anodic stripping voltammetric response for 1×10−4 M
each of Bi3+ and Cd2+ ions in the presence of 1 mM Cu2+ in
acetate buffer of pH 4.5 is presented in Fig. 7. The stripping
peak at −400 mV corresponds to Cd2+; the peak at −200 mV
corresponds to Bi3+; and the peak at −100 mV corresponds
to Cu2+. The three metal ions are well resolved along the
potential axis. Figure 8 shows the effect of preconcentration
of two different concentrations of Bi 3+ (1 mM and 2 mM)
solutions in the presence of 1 mM Cu2+ solution. As the
concentration of Bi3+ increases, the second cathodic peak
at −200 mV increases indicating that the peak appearing at
−200 mV corresponds to that of Bi.

Electrochemical derivatisation of copper–dendrimer
nanocomposite films

The Cu–dendrimer nanocomposite is suitable for further
derivatisation into useful analogues like copper hexacyano-
ferrate (CuHCF). The cyclic voltammogram exhibits the
characteristic features of CuHCF (peak 2) and unreacted
copper (peak 1) (Fig. 9).

The morphology of the CuHCF film obtained as above is
shown in Fig. 10, which exhibits regular crystalline features
with cubical shape. The XRD pattern (Fig. 11) revealed the
presence of only a few peaks unlike the randomly oriented
crystal features for bulk-formed CuHCF. Only the peaks
corresponding to the planes (200), (400) and (311) were
observed. The peak corresponding to the (200) plane
appears with 100% intensity in the case of bulk-formed,
randomly oriented CuHCF, whereas in the present case of
the templated CuHCF the intensity of the (200) plane is
insignificant. Thus in the presence of the template, the
growth is restricted to only a few orientations [40–42]. The
appearance high-order planes implies we may end up with
crystals with chirality by using this templated approach.
Further work in this direction is in progress.
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Fig. 11 XRD pattern for copper hexacyanoferrate formed by the
electrochemical derivatisation of copper-dendrimer nanocomposite

Fig. 10 SEM image of CuHCF
film formed by electrochemical
derivatisation of Cu–dendrimer
nanocomposite electrode
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Conclusions

An electrochemical method for the in situ formation of Cu–
dendrimer nanocomposite has been demonstrated for the
first time. The loading of copper ions in the dendrimer film
can be altered by changing the concentrations of copper
ions in the preconcentration solution. This provides a
means for preparing dendrimer films with varying concen-
trations of copper ions and the same can be favourably used
for sensing copper ions at ultra trace levels, even in the
presence of potentially interfering ions like Bi3+ and Cd2+

ions. This opens up the possibility of estimating copper
ions in biological and environmental samples where trace
analysis of copper ions is required. The dendrimers can act
as sieves and preconcentrate metal ions, which can be
selectively sensed by electrochemical stripping analysis.
Furthermore, the copper dendrimer nanocomposite on the
electrode can be derivatised electrochemically into stable
biomimetic catalytic material like copper hexacyanoferrate.
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