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Au-nanoparticle–bis-bipyridinium cyclophane superstructures:
assembly, characterization and sensoric applications
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A three-dimensional conductive superstructure of 12 ± 1 nm Au-nanoparticles was built up on a conductive (indium-
doped tin oxide) glass support by means of alternating treatments with Au-nanoparticle and cyclobis(paraquat-p-
phenylene) tetrachloride solutions. The structure was characterized by absorbance spectroscopy (showing layer
build-up and interparticle coupling), and cyclic voltammetry of the gold surface and crosslinking bipyridinium
units (showing near-monolayer packing of each nanoparticle layer and a ratio of ca. 100 crosslinker molecules for
each nanoparticle). The organic crosslinker molecule acts as a receptor for π-donor substrates, thus causing the
concentration of such guests at the conductive superstructured array. This effect facilitates the use of the electrode
as an effective sensing matrix for p-hydroquinone, 3,4-dihydroxyphenylacetic acid, dopamine and adrenaline, to
concentrations as low as 1 µM. The sensitivity of the nanostructured array is controlled by the number of receptor/
Au-nanoparticle layers associated with the electrode. Control experiments reveal that the superstructured electrode
exhibits selectivity which is a consequence of specific interactions between the guests and the receptor, rather than the
result of surface area or microenvironmental effects.

Introduction
The chemical modification of surfaces with functionalized
monolayers or thin films attracts extensive research efforts
directed towards the miniaturization of devices and the tailor-
ing of nanoscale composite assemblies with unique electronic
and photonic functions.1 The functionalization of electrodes
with ordered molecular redox-active components has yielded
assemblies revealing vectorial electron transfer 2 and sensoric
activities such as pH-sensors.3 The functionalization of solid
supports (e.g. piezoelectric crystals or electrodes) with mono-
layers consisting of molecular receptor units 4 or oligo-
nucleotides 5 has enabled the analysis of the formation of
complementary recognition or affinity complexes at the sensing
interfaces. Modification of electrodes with photoisomerizable,
redox-activated monolayers or thin films 6 has been reported
to stimulate the electronic transduction of recorded optical
information, while the functionalization of conductive supports
with photoisomerizable monolayers 7 yields photocommand
surfaces for controlling interfacial electron transfer. Similarly,
photoactive monolayers or thin films have been used to
generate patterned micro-domains of controllable physical or
chemical functionality.8

Nanoparticles and functionalized nanoparticles are exten-
sively studied because of their unique optical,9 photocatalytic,10

electronic,11 and catalytic 12 functions. The assembly of nano-
particles on solid supports is expected to yield systems of
unique photonic and electronic properties. Au- or Ag-colloid
monolayers can be assembled on glass or conductive glass
supports by the self-organization of the metal particles onto
aminosiloxane or thiolsiloxane layers associated with the solid
supports.13–15 Enhanced resonance Raman spectroscopy of
molecular adsorbates,13 and high-surface area roughened
surfaces for electrochemical processes,15 have been reported for
these colloid monolayers. Au- or Ag-nanoparticles, or Au–Ag
composite arrays, have been constructed by the use of dithiols 16

or diaminobipyridinium 17 as molecular crosslinkers. Similarly,
layered polyelectrolyte–Au-nanoparticle arrays have been
assembled on surfaces.18 Recently, interest has grown in the
nanometer-scale organization of metal colloids for the
assembly of nano-devices. Au55-clusters have been reported to
act as a tunnel resonance resistor 19 and an Au-cluster was used

as a single electron tunneling transistor.20 A Zn()-porphyrin–
viologen dyad was used to crosslink Au-nanoparticles, and the
resulting array was employed as the active interface in a photo-
electrochemical cell.21

In another study,22 we reported on the assembly of a three-
dimensional Au-superstructure crosslinked by a bipyridinium
cyclophane and assembled on a conductive ITO surface. It was
demonstrated that the Au-superstructure exhibits lateral con-
ductivity, and that the bipyridinium cyclophane ‘glue mole-
cules’ act as receptor sites for the electrochemical sensing of
hydroquinone. Enhanced sensitivity for the sensing of hydro-
quinone was observed, as a result of the concentration of the
analyte in the receptors’ binding sites. In this paper we address
in detail the characterization of the three-dimensional Au-
nanoparticle array, and discuss the application of the assembly
for the electrochemical sensing of various π-donor substrates,
and specifically neurotransmitters, e.g. dopamine, dihydroxy-
phenylacetic acid, adrenaline.

Experimental
Materials

Cyclobis(paraquat-p-phenylene)† tetrachloride was synthesized
according to the literature.23 12 ± 1 nm Au-colloids were syn-
thesized 24 by the addition of AuHCl4�3H2O (50 mg) to a rapidly
stirring, refluxing solution of sodium citrate (100 mg) in water
(500 mL), which was then stirred under reflux for a further 15
min before being allowed to cool. Ultrapure water was used
throughout this work and was obtained from a nanopure
system (Barnstead). All other materials (Aldrich) were used
with no further purification.

Electrode modifications

All electrodes were indium-doped tin oxide (ITO) coated (both
sides) glass cut to 10 × 20 mm. Cleaning and silylation of the
electrodes were performed according to the literature.15 The elec-
trodes were washed with ethanol, sonicated for 15 min in 5%
HCl, washed with ethanol, and then with water. Silylation was
performed by immersion in a 2–3% solution of 3-aminopropyl-

† Paraquat is 1,1�-dimethyl-4,4�-bipyridinium.
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Scheme 1 The stepwise assembly of the three-dimensional array of the bis-bipyridinium cyclophane and Au-nanoparticles on a conductive ITO
support.

triethoxysilane for ca. 2 min, after which the electrodes were
washed thoroughly with ethanol, and were then heated to
110 �C for 10 min. Finally, the silylated electrodes were washed
with water. Colloid treatment of electrodes consisted of immer-
sion in the colloid solution for 2 h, and cyclophane treatment
with immersion in a ca. 30 mM solution of the cyclophane
tetrachloride for 30 min. After each treatment, the electrode
was washed three times with water. Special attention was paid
to avoid the drying of the electrode. The electrodes were stored
in water, and during electrochemical measurements the lower
3–5 mm of the electrodes were immersed in the electrochemical
cell.

Instrumentation

Absorbance spectra were measured on a Uvikon 860
(Kontron) spectrophotometer, and the pHs of buffer solutions
with a pH-meter (Corning ion analyzer 150). Transmission
Electron Micrographs (TEM) were obtained on a Jeol 100 CX.
300 Mesh carbon/formvar-coated grids were pretreated by the
evaporation of a drop of aqueous 3-aminopropyltriethoxy-
silane (1 ppm), and were then washed with water. The sample
was deposited on the grid by interaction for 10 minutes, fol-
lowed by washing with water to remove any unbound particles.
Electrochemical measurements were performed using a poten-
tiostat (EG&G, Versastat) connected to a personal computer
(EG&G). All measurements were carried out at ambient tem-
perature (25 ± 3 �C) in a three compartment electrochemical
cell consisting of the chemically modified electrode as the work-
ing electrode, a glassy carbon auxiliary electrode isolated by a
glass frit, and a saturated calomel electrode (SCE) connected to
the working volume with a Luggin capillary. All potentials are
reported with respect to the SCE. Argon bubbling was used to
remove oxygen from the electrolyte solutions in the electro-
chemical cell.

Results and discussion
The Au-nanoparticle/cyclobis(paraquat-p-phenylene) (bipyrid-
inium cyclophane 1) superstructure was assembled as outlined
in Scheme 1. An ITO conductive glass support was first func-

tionalized with an aminopropylsiloxane film. The resulting
functionalized support was then interacted with a citrate-
stabilized Au-nanoparticle suspension (diameter 12 ± 1 nm) to
yield a self-assembled metal colloid layer. The resulting inter-
face was treated with cyclobis(paraquat-p-phenylene) (1) and
then again with the Au-colloid. By the repeated interaction of
the electrode with 1, and then with the gold nanoparticles,
an array with a controllable number of Au-layers could be
generated.

The formation of the Au-colloid was supported by spectro-
scopic and electrochemical means. Fig. 1 shows the absorption
spectra of the Au-colloid superstructures upon the build-up of
the particle layers. The characteristic Au-plasmon absorbance
at λ = ca. 520 nm increases in intensity with number of layers. It
is also observed that with the increase of the number of layers, a
second absorbance band at λ = ca. 650 nm is formed, which is
strengthened and is bathochromically shifted as the number of
Au-particle layers increases. This absorbance has been attrib-
uted to exitonic transitions caused by interparticle plasmon
coupling, a phenomenon which emerges at interparticle

Fig. 1 Absorbance spectra of the layered receptor–Au-colloid super-
structure: (a) one Au-layer (b) two Au-layers (c) three Au-layers (d) four
Au-layers (e) five Au-layers.
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spacings below 5 nm.25 Thus, the bipyridinium cyclophane (1)
acts as a molecular crosslinker of the Au-particles. Further evi-
dence that these absorbance changes occur as a result of the
aggregation of Au-nanostructures is obtained by following the
spectral changes of a citrate-stabilized Au-nanoparticle solu-
tion upon the addition of 1. Fig. 2 shows the spectral changes
of the sample upon the addition of various quantities of 1.
Upon the addition of a small amount of 1, the intensity of the
plasmon absorbance at 520 nm is reduced and a band at λ = ca.
650 nm, similar to the spectra observed with superstructure
growth on the surface, is formed. As more cyclophane is added,
this absorbance intensifies at the expense of the plasmon
absorbance of individual particles (λ = ca. 520 nm). After long-
er interaction times (2 h) of the Au-particles with 1, at a concen-
tration of at least 100 molecules per colloid particle, the solu-
tion turns turbid and the particles ultimately precipitate. Fig. 3
shows electron micrographs of colloid suspensions after inter-
action with cyclophane 1 at concentrations of 0, 50, and 100
molecules per particle, for 15 min. With no interaction, only
single particles are observed (Fig. 3(A)), but as the aggregating
agent is added in larger concentrations, clusters and aggregates
become prominent (Fig. 3 (B and C)). Further association of
these multiparticle structures causes the eventual precipitation
of the Au nanoparticles.

Fig. 2 Absorbance spectra of Au-nanoparticle suspensions 15 min
after the addition of various quantities of cyclobis(paraquat-p-
phenylene): (a) without any addition (b) after the addition of (an aver-
age of) 50 molecules of 1 per Au particle (c) after the addition of 100
molecules of 1 per Au particle.

Fig. 3 Representative aggregates of Au-nanoparticles observed in
the transmission electron micrographs of amine-functionalized grids
treated with Au-colloid suspensions to which various quantities of
cyclobis(paraquat-p-phenylene) have been added: (A) without any addi-
tion (B) after the addition of 50 molecules per Au particle (C) after the
addition of 100 molecules per Au particle.

Fig. 4 shows cyclic voltammograms of the Au-colloid layered
array upon construction of the superstructure. The character-
istic cyclic voltammogram of Au is observed, consisting of an
oxidative wave corresponding to the formation of the Au-oxide
layer on the colloid particles, followed by a wave corresponding
to the reduction of the oxide layer. The cyclic voltammograms
increase almost linearly except for the first layer, which reveals
a lower content of Au-particles. This lower content of the Au-
nanoparticles in the base layer is attributed to the inefficient
aminopropylsiloxane functionalization of the ITO surface,
leading to the incomplete coverage of the surface with the gold
particles. The build-up of the second layer onwards, where the
Au-nanoparticles are crosslinked by 1, exhibits a dense con-
figuration. By the coulometric assay of the reduction wave of
the Au-particles, the total gold area per layer can be estimated.
Knowing the diameter of the Au-particles, and assuming that
all of the particle surface is exposed to the electrochemical
reaction, we estimate the lower limit of the surface density
of Au-particles to be 0.8 × 1011 particles cm�2 per layer. This
value is in excellent agreement with the surface coverage value
determined by AFM for a single Au-particle layer on the
base aminosiloxane matrix (1 × 1011 particles cm�2).26

As cyclobis(paraquat-p-phenylene) (1) is electroactive, the
increase in the electrochemical response of the molecular
crosslinker could reflect the build-up and formation of the par-
ticle superstructure. Fig. 5 shows the cyclic voltammograms of
the molecular crosslinking units upon formation of the layered
array. The cyclic voltammogram of 1 increases as the number
of Au-layers is raised. This implies that 1 indeed acts as molecu-
lar crosslinking ‘glue’ for the particles, and that the formation
of each additional Au-layer requires the pre-assembly of the
cyclophane. By the coulometric analysis of the electrical
responses of 1 upon the build-up of the array, we estimate the
content of 1 to be 1.5 × 10�11 moles cm�2 per layer (Fig. 5,
inset). Knowing the surface coverage of the Au-particles, we
estimate that ca. 100 crosslinking molecules of 1 are associated
with each Au-particle in the superstructure, a value that is in
excellent agreement with the estimated number required to
precipitate Au-colloid from solution (vide supra). Thus, the
formation of the nanoparticle array may be attributed to
electrostatic attraction between the positively-charged cross-
linker (1) and the negatively-charged citrate-stabilized particles.
The fact that the molecular crosslinker 1 is electrochemically
observable upon the build-up of the superstructure implies that
the array exhibits three-dimensional conductivity. It should be
noted that the 1-crosslinked Au-particle structures exhibit high

Fig. 4 Cyclic voltammograms of the layered Au-colloid assemblies
corresponding to the electrochemical oxidation and reduction of the
particle surface: (a) to (e) correspond to one up to five layers of Au-
particles. Experiments were carried out in 1.0 M H2SO4, scan rate 50
mV s�1. Inset: Calibration curve corresponding to the surface coverage
of Au-nanoparticles against number of layers (extracted by coulometric
analysis of the gold oxide reduction peak).
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stability. Introduction of the modified surfaces into a buffer
solution does not affect the superstructure properties, and only
physical scratching removes the Au-particles from the ITO
surface.

Cyclobis(paraquat-p-phenylene) (1) acts as a π-acceptor
receptor for the complexation of π-donor substrates such as
dialkoxybenzene derivatives and hydroquinone substrates.27

Accordingly, we envisaged that 1–Au-particle arrays assembled
onto the ITO conductive glass could act as electrochemical
sensing interfaces for hydroquinone derivatives as a result of
the preconcentration of the substrate by the organized array.
The three-dimensional conductivity of the superstructure,
together with the redox-activity of hydroquinones, implies that
electrochemical sensing of these substrates is feasible. Further-
more, the fact that a controllable number of receptor–Au-
particle layers can be assembled on the conductive support
suggests that interfaces for hydroquinones of tunable sensitivity
can be tailored. Fig. 6 shows the cyclic voltammograms of ITO
electrodes that are modified with various numbers of 1-receptor
and Au-particle layers in the presence of p-hydroquinone (2) at
1 × 10�5 M. No electrochemical response for 2 is observed at
the ITO electrode that was modified only by a single layer of
Au-colloid due to the low bulk-concentration of the hydro-
quinone in the electrolyte solution. The hydroquinone is,
however, detected electrochemically, (E� = 0.02 V vs. SCE at

Fig. 5 Cyclic voltammograms corresponding to the redox activity of
the crosslinker (1) in arrays of different numbers of layers: (a) to (e)
correspond to one up to five layers of Au-particles. Experiments were
recorded under argon in 0.1 M phosphate buffer solution, pH = 7.2,
scan rate 100 mV s�1. Inset: Calibration curve corresponding to
the surface coverage of 1 against number of layers as extracted by
coulometric analysis of the curves.

Fig. 6 Cyclic voltammograms of the layered 1–Au-colloid arrays
in the presence of hydroquinone (2) 1 × 10�5 M. (a) ITO electrode
modified only with a layer of Au-colloid. (b) to (f) One to five Au-
nanoparticle layers. All data were recorded under argon in 0.1 M
phosphate buffer solution, pH = 7.2, scan rate 100 mV s�1.

pH = 7.2), in the presence of the 1–Au-colloid arrays. The elec-
trochemical responses of 2 increase as the number of 1–Au-
particle layers increases. This is consistent with the improved
preconcentration of 2, at the nanostructured array, by the
receptor units that generate surface-associated π-donor–
acceptor complexes between 1 and 2. As the surface coverage of
1 in the array increases, enhanced preconcentration of 2 at the
conductive support occurs. In addition, the electrochemical
response of hydroquinone (2) is further enhanced by a dramatic
decrease in the peak-to-peak separation of its redox wave as
the number of layers increases, implying improved interfacial
electron-transfer kinetics upon the buildup of layers.

Several additional control experiments were performed in
order to elucidate the nature of the binding interactions
between 2 and the particle array. It is still possible that non-
specific interactions between 2 and the cyclophane/Au array
lead to the association of 2 to the matrix. Furthermore, the
build-up of the Au-nanoparticle array increases the surface
area of the conductive support, which could account for the
enhanced amperometric response of p-hydroquinone (rather
than the host–guest interaction that we propose). To address
these issues, a related nanostructured array consisting of N,N�-
diaminoethyl-4,4�-bipyridinium and Au-particles was con-
structed.17 It is well established that the bipyridinium cyclo-
phane 1 exhibits a substantially higher affinity for π-donor
substrates as compared to the single N,N�-dialkyl-4,4�-bipyrid-
inium constituent. This originates from the possibility of inter-
calating the π-donor between the two π-acceptor sites of 1.
Indeed, interaction of 2, 1 × 10�5 M, with an N,N�-dialkyl-4,4�-
bipyridinium-crosslinked Au-array (5 layers) does not yield any
noticeable electrochemical response for p-hydroquinone. These
results indicate that neither the increased surface area of the
electrode nor non-specific interactions are the origin of the
electrochemical sensitivity for sensing 2, and that the electro-
chemical responses of 2 in the presence of the bipyridinium
cyclophane/Au-colloid arrays originate from the formation of
specific π-donor–acceptor complexes between the analyte and
the crosslinking receptor sites. The porosity of the assembly
and the possible shielding of 1 towards 2 by the Au-particles
were also examined (Scheme 2): p-hydroquinone was sensed by

a 3-layer cyclophane–colloid assembly (of which the final treat-
ment was with the cyclophane component). A fourth layer of
Au-particles was then assembled onto the same electrode, and 2
was reanalyzed. In the first electrode configuration, 1 is exposed
to the analyte solution, whereas in the latter electrode structure,
all receptor sites are shielded by the Au-particles. We find that
the electrical response of 2 is identical in the two electrode con-
figurations. This clearly indicates that 1 is similarly accessible by
the two crosslinking receptor configurations, implying that the
Au-particle array is indeed porous.

A five-layer 1–Au-nanoparticle assembly was used to sense
p-hydroquinone (2) at different concentrations. Fig. 7 shows the
cyclic voltammograms acquired. As the bulk concentration of
2 increases, its amperometric response is enhanced. Fig. 7,
inset, shows the derived calibration curve corresponding to the
coulometric analysis of the electrochemical response of 2 at
different bulk concentrations. The crosslinked Au-nanoparticle-

Scheme 2 Schematic demonstration of the porosity of the multi-
layered receptor–nanoparticle architecture to molecular analytes.
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functionalized electrodes are stable and reusable sensing inter-
faces for at least two weeks for the analysis of p-hydroquinone
(2) and the other hydroquinone derivatives described in the
present study (vide infra). The hydroquinones associated with
the sensing interface can be washed off by immersion in a pure
phosphate buffer solution, regenerating the sensing interface.

The selectivity of the array is a major issue. In order to assess
the selectivity of the 1–Au-nanoparticle array for hydro-
quinones over other substrates, we attempted to use the array to
sense dihydroxymethylferrocene. No electrochemical response
for this π-donor could be detected, presumably because it is too
large to be bound by the cyclophane 1. Construction of an
Au-nanoparticle superstructure with the enlarged cyclophane
cyclobis(paraquat-p-biphenylene) (3), however, yields an array
that is capable of sensing dihydroxymethylferrocene, but not
p-hydroquinone.28 Clearly, the receptor–Au-nanoparticle super-
structures reveal substrate selectivity based on the ‘fit’ of the
analyte in the cavity of the cyclophane.

Similarly, 3,4-dihydroxyphenylacetic acid (4) was analyzed by
the bipyridinium cyclophane-crosslinked Au-particle array. Fig.
8(A) shows the cyclic voltammograms of ITO supports func-
tionalized by different numbers of crosslinked Au-layers in the
presence of 4. The electrochemical response of 4 at E� = 0.10 V
vs. SCE at pH = 7.2 rises as the number of Au-layers increases.
Since 4 is negatively-charged at pH = 7, its electrostatic attrac-
tion by the bipyridinium cyclophane sites could lead to its con-
centration at the electrode support, and thereby to the resulting
electrical response. To address this possibility, we used an ITO
glass modified by five layers of the Au-colloid and crosslinked
by the unimolecular N,N�-diaminoethyl-4,4�-bipyridinium
‘molecular glue’. No significant electrical response for 4 could
be detected in the presence of this Au-array, implying that
electrostatic interactions do not play an important role in the
concentration of 4 at the electrode. We thus conclude that con-
centration of 4 at the conductive support originates from
π-donor–acceptor interactions between 4 and the bis-bipyrid-
inium cyclophane receptor sites. The cyclic voltammograms of
a five-layer Au-colloid array in the presence of different concen-
trations of 4 are shown in Fig. 8(B). As the concentration of 4
increases, its amperometric response is enhanced, allowing us to
derive the respective calibration curve (Fig. 8(B), inset).

The potential of the 1-crosslinked Au-nanoparticle super-
structure for practical sensing applications is of particular
interest. Several neurotransmitters include the o-hydroquinone
moiety, and thus they may feasibly be sensed by their concen-
tration in the 1–Au-nanoparticle array. Accordingly, cyclobis-
(paraquat-p-phenylene)–Au-particle array was also used to

Fig. 7 Cyclic voltammograms of a layered bis-bipyridinium–Au-
nanoparticle array (five layers) in the absence of p-hydroquinone (curve
a) and in various concentrations of p-hydroquinone, (2); (b) 1 × 10�6

M; (c) 2 × 10�6 M; (d) 4 × 10�6 M; (e) 8 × 10�6 M; (f) 1.6 × 10�5 M; (g)
3.2 × 10�5 M. Inset: Calibration curve corresponding to the electro-
chemical sensing of (2). All data were recorded under argon in 0.1 M
phosphate buffer, pH = 7.2, scan rate 100 mV s�1.

electrochemically sense a series of neurotransmitters, e.g.
dopamine (5) and adrenaline (6). These substrates contain
π-donor o-hydroquinone units, but in addition include β-amino-
alkyl substituents on the aromatic ring. The common struc-
ture of these compounds leads to common electrochemical
behavior. The electrochemistry of these compounds has been
examined and discussed in homogeneous aqueous solution,29

and is summarized in Scheme 3. Oxidation of the o-hydro-
quinone residue to the respective quinone (I) is only partly
reversible since the amine substituent induces a Michael addi-
tion accompanied by a ring-closure and the formation of
intermediate II, exhibiting reversible or quasi-reversible electro-
chemical properties. Fig. 9(A) shows the second scanned cycles
of cyclic voltammograms of dopamine (5) (1 × 10�5 M) in the
presence of ITO electrodes functionalized with different num-
bers of crosslinked Au-layers. In addition to the redox wave
corresponding to the bipyridinium crosslinker at E� = �0.44 V
vs. SCE, two additional quasi-reversible redox waves at
E� = �0.25 V and 0.3 V vs. SCE are observed. The ampero-
metric responses and the charge associated with these waves
increase with the number of layers. No electrical response for
dopamine (5) at a bulk concentration of 1 × 10�5 M could be
detected either at a bare ITO electrode or at a 5-layer electrode
crosslinked by N,N�-diaminoethyl-4,4�-bipyridinium,17 suggest-
ing that the response for 5 at the cyclophane-crosslinked elec-
trode results from the binding of the the analyte to the receptor
1. The enhanced local concentration of 5 at the nanostructured
surface yields the observed electrical response. As previously
noted, the cyclic voltammograms shown in Fig. 9(A) represent
the second scanned cycle. In the first cycle, the redox wave at

Fig. 8 (A) Cyclic voltammograms of the layered 1–Au-colloid arrays
in the presence of 3,4-dihydroxyphenylacetic acid (4) 1 × 10�5 M. (a) to
(e) One to five Au-nanoparticle layers. (B) Cyclic voltammograms of a
5-layer electrode in the presence of various concentrations of 4;
(a) 0 M; (b) 10 × 10�6 M; (c) 20 × 10�6 M; (d) 30 × 10�6 M; (e)
40 × 10�6 M. Inset: Calibration curve corresponding to the electro-
chemical sensing of 4 by the analysis of the peak current of the sub-
strate’s redox wave (at E� = 0.18 V vs. SCE). All data were recorded
under argon in 0.1 M phosphate buffer solution, pH = 7.2, scan rate 100
mV s�1.
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E� = �0.25 V is not observed and the anodic wave at 0.3 V is
broader and of greater intensity. The former wave is only
observed after the oxidation of 5 takes place, initiating the
Michael-type ring closing reaction (Scheme 3). It is the product
of this reaction that is responsible for the reduction wave at
E� = �0.25 V in the second cycle. This product (species II in
Scheme 3) is also a superior π-donor to the starting material,
and as a result may remain preferentially bound in the matrix,
accounting for its high electrochemical visibility and allowing it
to be used as a probe for the bulk concentration of 5. Fig. 9(B)
shows the cyclic voltammograms (second scanned cycles) for an
ITO electrode consisting of five Au-layers at different concen-
trations of 5. The oxidation waves (ca. 0.3 V vs. SCE) as well as
the reversible redox wave of the secondary product increase as
the bulk of concentration of 5 is elevated. It is difficult to derive
coulometric data from the ill-defined wave for the oxidation of
5, but the reversible redox-wave corresponding to the secondary
product can be used to derive the respective calibration curve,
Fig. 9(B), inset. Similar results are obtained for adrenaline (6).
Fig. 10 shows the cyclic voltammograms of ITO electrodes
(second scanned cycles) modified by five layers of 1-crosslinked
Au-particles at different concentrations of 6. In addition to the
constant redox wave at E� = �0.46 V vs. SCE (corresponding
to the cyclophane crosslinker), two other waves are observed:
a quasireversible redox wave at �0.28 V, and an irreversible
oxidation wave at 0.3 V vs. SCE. The quasireversible wave is
only observed in the second cycle, supporting its assignment as
the response of the secondary product formed by a Michael-
type cyclization after the oxidation of 6. The irreversible
oxidation wave at 0.3 V is therefore attributed to the oxidation

Fig. 9 (A) Cyclic voltammograms of the layered 1–Au-colloid arrays
in the presence of dopamine (5) 1 × 10�5 M. (a) to (e) One to five Au-
nanoparticle layers. (B) Cyclic voltammograms of a 5-layer electrode
in various concentrations of 5; (a) 0 M; (b) 17 × 10�6 M; (c)
35 × 10�6 M; (d) 70 × 10�6 M; (e) 140 × 10�6 M. Inset: Calibration
curve corresponding to the electrochemical sensing of 5 by the analysis
of the oxidation peak of the product of the electrocatalyzed Michael-
type cyclization of 5 (at E� = �0.20 V vs. SCE). All data were recorded
under argon in 0.1 M phosphate buffer solution, pH = 7.2, scan rate
100 mV s�1.

of 6 and the formation of species I (Scheme 3). The reduction
of the electrogenerated quinone is barely visible since the sub-
sequent Michael addition is fast. The irreversible oxidation
waves corresponding to the oxidation of 6 (Fig. 10), as well as
the reversible redox-waves of the electrogenerated product,
increase as the bulk concentration of 6 is elevated. Using the
reversible wave as a probe, we derived the appropriate cali-
bration curve for the sensing of 6, (Fig. 10, inset). It should be
noted that within this concentration range, adrenaline (6) could
not be sensed by either a bare ITO electrode or a 5-layer elec-
trode crosslinked by N,N�-diaminomethyl-4,4�-bipyridinium,
verifying that its observed electrochemical sensing originates
from its association with the cyclophane 1. Also the substrates
5, 6 are positively-charged at pH = 7.2, so even though the sub-
strates are electrostatically repelled by the cyclophane receptor,
their concentration at the crosslinked Au-superstructure occurs.

In all of the systems that were studied, the sensing electrodes
can be regenerated and reused by their rinsing with a phosphate

Fig. 10 Cyclic voltammograms of a 5-layer electrode in various con-
centrations of adrenaline (6); (a) 10 × 10�6 M; (b) 20 × 10�6 M; (c)
40 × 10�6 M; (d) 60 × 10�6 M; (e) 80 × 10�6 M. Inset: Calibration curve
corresponding to the electrochemical sensing of 6 by the analysis of the
reduction peak of the product of the electrocatalyzed Michael-type
cyclization of 6 (at E� = �0.26 V vs. SCE). All data were recorded
under argon in 0.1 M phosphate buffer solution, pH = 7.2, scan rate
100 mV s�1.

Scheme 3 Electrochemical transformation of 4-(β-aminoalkyl)-1,2-
benzohydroquinones.
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buffer solution. In the present study we prepared for each
analyte new sets of nano-structured Au-electrodes. We find
excellent reproducibility in the formation of the functionalized
conductive supports.

Conclusions
We have presented a novel approach to tailoring super-
structures of Au-nanoparticles crosslinked by the molecular
π-acceptor cyclobis(paraquat-p-phenylene) (1), acting as a
‘molecular glue’ for the metal particles, and as a receptor for
π-donor substrates. We have demonstrated that the crosslinked
Au-particle array exhibits high porosity for molecular sub-
strates and three-dimensional conductivity. This enables the
organization of selective electrochemical sensing interfaces of
tunable sensitivity. We have demonstrated that the binding of
various hydroquinone substrates to the receptor sites together
with the three-dimensional conductivity of the array enables
the enhanced electrochemical sensing of the substrates.
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