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a b s t r a c t

Dendritic molecules contain multifunctional groups that can be used to efficiently control the proper-
ties of an electrode surface. We are developing strategies to generate a highly functionalized surface
using multifunctional and rigid dendrons immobilized onto different substrates. In the present work,
we explore the immobilization of a dendritic molecule: 3,5-bis(3,5-dinitrobenzoylamino) benzoic acid
(D-NO2) onto carbon surfaces showing a simple and rapid way to produce conductive surfaces with elec-
troactive chemical functions. The immobilized D-NO2 layer has been characterized using atomic force
microscopy and cyclic voltammetry. D-NO2 adsorbs onto carbon surfaces spontaneously by dipping the
electrode in dendron solutions. Reduction of this layer generates the hydroxylamine product. The result-
ing redox-active layer exhibits a well-behaved redox response for the adsorbed nitroso/hydroxylamine
couple. The film permeability of the derivatized surface has been analyzed employing the electrochemical
response of redox probes: Ru(NH3)6

3+/Ru(NH3)6
2+ and Fe(CN)6

3−/Fe(CN)6
4−. Electrocatalytic oxidation of

nicotinamide adenine dinucleotide onto a modified carbon surface was also observed.
© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Self-assembled monolayers (SAMs) represent an extremely
versatile tool for modifying sensor surfaces. In particular,
self-organized molecular layers combining both structural and
functional control could be a key concept for the development
of new materials. Dendrons and dendrimers are precisely quan-
tized, three-dimensional nanostructures that offer such control and
provide a promising route for constructing new nanodevices and
optimizing nanosensors [1–4]. The monodisperse nature of den-
drons and dendrimers makes them important for nanoscientists.
They are unlike traditional polymers in which critical nanoscale
parameters, such as size, shape, and functionality, can be precisely
controlled through their architecture, i.e. their cores, interiors, and
surfaces [5].

For the purpose of taking advantage of the specific structure
of dendritic macromolecules to enrich the area of SAMs, recently
several specific dendrimers have been studied to fabricate organic
thin films [6–8]. Particularly, dendrimers and dendrons are of great
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interest to both nano and polymer scientist as building blocks due
to their unique, architecturally driven, macromolecular properties
[9–13]. By having a high density of functional groups on their sur-
faces, dendrimers and dendrons are useful as spacers or linkers
between surfaces of solid supports and biological macromolecules,
such as peptides, proteins, antibodies, and DNA strands [14–17]. In
addition, using dendritic molecules can increase the selectivity of
the material [18]. The developments of useful (bio)functionalization
methodologies, as well as the incorporation of novel materials hav-
ing unique properties, are subjects of intensive studies. In particular,
the fourth-generation poly(amidoamine) (G4-PAMAM), a highly
branched dendritic macromolecule with a particle size of ca. 5 nm
and 64 surface amine groups per particle, can be obtained com-
mercially and was used in several studies for the development of
biosensors [19–22].

Considering the extremely rich structural variation of dendrons
and dendrimers several tailor-made surfaces could be available for
pattern recognition and functional chips. Recently, self-assembled
dendron thiols on gold, with a high density of peripheric-end amine
groups, have been studied as a bioreactive platform useful for the
immobilization of biological macromolecules for various biosen-
sor applications, such as the fabrication of DNA microarrays and
protein chips [23]. Different sizes of Frechet-type dendrons with
a thiol group at a focal point can form patterned stripes with
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nanometer-sized features and long-range order when they are used
for the preparation of SAMs onto metal surfaces [24]. In addition, the
precisely tailored structure of dendron-thiols with local controlled
hydrophobic and hydrophilic peripheries allows a nano-separation
in a confined state, leading to the formation of an energetically
favorable pore structure [25].

With the aim of gaining some additional insight about the chem-
ical modification of electrode materials using dendritic molecules,
[3,5-bis(3,5-dinitrobenzoylamino) benzoic acid] or (D-NO2) has
been synthesized. The dendritic molecule contains three aromatic
rings in its body, four nitro groups as peripheric-ends and a car-
boxylic acid group as focal point. The presence of functional groups
can significantly alter the nature and magnitude of the interac-
tions between aromatic molecules and electrode surfaces. Recently,
Wuest et al. reported that the energy of adsorption of 1,3,5 trini-
trobenzene on carbon is close to three times greater than that of
nitrobenzene, and the presence of carboxyl groups on the benzene
ring dramatically increases binding to graphite [26]. In a previous
work, we analyzed the attachment of D-NO2 on gold electrodes [27].
D-NO2 adsorbs onto gold electrode surfaces by dipping the metal
surface in a dendron solution overnight or via grafting of cystamine
covalently attached to gold electrode. Reduction of this layer gener-
ates the hydroxylamine product with a coulometric yield estimated
at around 60%. The resulting redox-active layer exhibits a well-
behaved redox response for the adsorbed nitroso/hydroxylamine
couple [27].

Carbon electrodes are widely used in electrochemical applica-
tions due to their relatively low cost compared to other electrodes
(for example, gold or platinum). Glassy carbon is popular as an
electrode material due to its excellent mechanical and electrical
properties, wide usable potential range and relatively repro-
ducible performance [28]. Modification of the carbon surface is an
important objective in electrochemistry and material science and
provides a promising route to achieve in a simple way new mate-
rials for electrocatalysis or biosensing platforms. In the present
paper, assuming that �–� interactions should favor the adsorp-
tion onto carbon surfaces, we explore the immobilization by direct
adsorption of D-NO2 onto glassy carbon (GCE) and highly ordered
pyrolytic graphite (HOPG) electrodes. Cyclic voltammetry has been
used as the electrochemical probe to characterize the derivatized
surface. The dendron attachment was followed through the obser-
vation of the electrochemical signal of reporting groups such as the
nitro one. A comparative analysis with literature data, and a “finger-
printing” by comparison of the voltammetry of the electrochemical
reduction of an aryl-nitro moiety in aqueous solution was made.
Modified surfaces were studied through Atomic Force Microscopy
(AFM). Diffusion controlled redox couples such as Ru(NH3)6

3+/2+

and Fe(CN)6
3−/4−were employed to analyze the blocking proper-

ties of the D-NO2 layer coated. Lastly, electrocatalytical oxidation
toward NADH was evaluated.

2. Experimental

2.1. Materials

3,5-Dinitrobenzoyl chloride (Fluka, 98%) was used as received;
N,N-Dimethyladetamide (DMAc, Tedia) was dried over 0.4 nm
molecular sieves; and 3,5-diaminobenzoic acid (Aldrich, 98%) was
purified by recristallization from water. The synthesis of den-
dron (3,5-bis(3,5-dinitrobenzoylamino) benzoic acid) or (D-NO2)
(see Scheme 1) was obtained following the Kakimotoı̌s procedure
[29–31] by using 3,5-diaminobenzoic acid and 3,5-dinitrobenzoyl
chloride in DMAc. The rest of commercially available chemicals
were reagent grade and were used without further purifica-
tion. All solutions were prepared immediately prior to their use.
Phosphate buffer solutions used in this work contained 0.1 M

Scheme 1. Schematic representation of D-NO2: 3,5-bis(3,5-dinitrobenzylamine
benzoic acid).

Na2HPO4/NaH2PO4. Water was purified with a Millipore Milli-Q
system.

2.2. Glassy carbon electrodes preparation

Prior to its modification, the GCE (CH Instruments, Inc. Austin,
TX) of 3.0 mm diameter were polished using 1, 0.3 and 0.05 mm
alumina (Buehler) and rinsed with water and ethanol. After its pol-
ishing, the electrodes were sonicated for 10 min in distilled water
and dried in a N2 flux. GCE were incubated in a dimethylsulfoxide
(DMSO) solution containing 1–10 mM of D-NO2 for times varying
from 5 seconds to overnight. Following the modification, the deriva-
tized surface (D-NO2/GCE) was subsequently rinsed with copious
volumes of ethanol and water, and employed immediately after its
preparation.

2.3. Electrochemical measurements

All electrochemical measurements were performed at room
temperature with an Autolab electrochemical analyzer and a con-
ventional three-electrode system, comprising a carbon working
one, a platinum foil as the auxiliary, and a Ag/AgCl 3.0 M NaCl
electrode (from BAS) as the reference. All potentials were reported
versus the Ag/AgCl reference electrode at room temperature. Nitro-
gen gas was used to deaerate all aqueous solutions before their
use.

2.4. Atomic force microscopy (AFM)

AFM Images were acquired with a commercial Nanotec Elec-
tronic System operating in tapping mode at an atmosphere pressure
and room temperature. Acquisition and image processing were
performed using the WS × M free software [32]. Budget Sensors
Multi75E cantilevers with an electrically conductive coating of 5 nm
chromium and 25 nm platinum on both sides of the tip, resonance
frequency in the range of 60–90 kHz, nominal force constant in the
range of 1–7 N/m and radius smaller than 25 nm, were used. The
reason for using conductive tips involves additional measurements
of Kelvin Probe Force Microscopy that are in progress. The samples
for AFM analysis were prepared by immersing freshly cleaved HOPG
in a Dimethylsulfoxide (DMSO) solution containing 1–10 mM of D-
NO2. Samples were subsequently rinsed with copious volumes of
ethanol and water, dried under nitrogen flux and analyzed imme-
diately.

3. Results and discussion

3.1. Voltammetric characterization of D-NO2/GCE

Fig. 1 shows cyclic voltammograms recorded from -0.8 to 0.6 V
versus Ag/AgCl for a D-NO2 modified GCE (by self-assembly) in
phosphate buffer solution (pH 7) at 0.1 V s−1. The initial poten-
tial was set at −0.2 V, scanning in the positive direction until 0.6 V
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Fig. 1. Cyclic voltammograms at 0.1 V s−1 for a D-NO2/GCE in 0.1 M phosphate buffer
(pH 7). First (solid line) and second (dashed line) scan.

without the appearance of any faradaic process. In the reduc-
tive direction, two large reduction waves labeled as system I
are observed between −0.4 and −0.7 V. Two oxidative waves are
observed at more positive potentials, ca. 0.5 V, than the reduc-
tion potential of system I, which appear only if the cathodic
switching potential reaches −0.5 V. Once the oxidative processes
appear, the corresponding reduction peaks appear at 0.020 V and
−0.080 V, respectively. This is indicative that system I is elec-
trochemically irreversible and that the new system, labeled as
system II, is electrochemically quasi-reversible. Although the elec-
trochemical behavior of D-NO2 adsorbed onto GCE is qualitatively
similar to that previously reported on gold [27], two important
differences are found. For each system (I and II), the appearance
of two waves instead of one is observed and the self-assembly
of D-NO2 onto GCE is reached in a few minutes instead of the
long time of incubation (more than 12 h) observed for gold sur-
faces. In addition, the amount of surface active nitro groups is
much higher than when the electrode is modified with the precur-
sor (3,5-dinitrobenzoic acid) by self-assembly (see Supplementary
Information). It is important to point out that the voltammetry
of nitrobenzene and nitrosobenzene physisorbed onto different
substrates [33–37] is indeed characteristic of the electrochemical
reduction of an aromatic nitro compound and it is consistent with
the general mechanism previously described by Compton et al.
[35,36]. By analogy, in our case system I should correspond to the
four-electron reduction of each nitro moiety to the corresponding
aryl hydroxylamine. On the subsequent positive-going sweep, sys-
tem II can be attributed to the two-electron oxidation/reduction
of the aryl-hydroxylamine/aryl-nitroso moieties. The charge corre-
sponding to system I (0.25 mC cm−2) is in good agreement with that
associated with system II during the second scan (0.15 mC cm−2), as
expected from the ratio of stoichiometries of reactions 1 and 2. The
nature of two waves instead of one in the scans for each system (I
and II) will be discussed further on.

Fig. 2 shows cyclic voltammograms for D-NO2/GCE upon con-
tinuous cycling in 0.1 M phosphate buffer solutions (pH 7). The
subsequent voltammograms give rise essentially to the same elec-
trochemical behavior of System II but the two waves join in one and
whereas the reduction wave decreases reaching a similar value than
the oxidation wave, until a stabilized voltamperometric profile is
reached. The charge decrease may be caused by desorption from the
electrode of some active species during the continuous cycling. In
order to characterize whether the molecules were indeed attached
onto the carbon surfaces we performed the following three step
procedure. First, between 30–50 multiple scans were performed
on each of the modified GCE around system II until the voltammet-

Fig. 2. Cyclic voltammograms at 0.1 V s−1 for a D-NO2/GCE in 0.1 M phosphate buffer
(pH 7) upon continuous cycling in the potential range from −0.8 to 0.6 V. Sec-
ond (solid line) and 50th (dashed line) scan. Bare GCE (dotted line) is shown for
comparison.

ric response was found to remain stable. Next, the electrode was
removed, the electrolyte solution was replaced with fresh solution
and a new scan performed. In every case, the observed voltam-
mogram was found to overlay the previous scans, indicating that
the redox-active species are only present on the electrode surface.
Finally, the scan rate was varied from 0.05 up to 0.225 V s−1 as
shown in Fig. 3. The inset illustrates the scan rate dependence of the
peak current density. For both, the cathodic and anodic peak cur-
rents, Ip,c and Ip,a respectively, a linear dependence on the sweep
rate v was found indicating that the molecules adsorbed on the
surface constitute a surface-confined redox pair.

To provide us a further insight into the presence of two cathodic
current peaks for system I and two anodic and their correspond-
ing cathodic waves for system II instead of only one, as expected
for reaction 1 and 2, respectively, voltammograms were carried out
increasing the negative potential limit progressively. Fig. 4 shows
the effect of the lower switching potential. When the onset of
the first wave was reached (ca. −0.5; cathodic peak A), the quasi-
reversible couple appears centered at 0.0 V. On the second scan,
sweeping the potential to more negative values results in the gen-
eration of the cathodic current peak B which is clearly associated to
the couple centered at ca. −0.08 V. In addition, a voltamperogram
profile obtained after repetitive cycling for system II only exhibits a

Fig. 3. Cyclic voltammograms at different sweeps rates of D-NO2/GCE measured for
the response after 50 scans in the potential range from −0.3 to 0.6 V. Inset shows
plots of anodic (�) and cathodic (�) peak current as a function of v.
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Fig. 4. (a) Electrochemical behavior of D-NO2/GCE in 0.1 M phosphate buffer (pH 7) obtained applying the potential-time routine indicated in the inset. First (solid line),
second (dashed line) and third (dotted line) scan. (b) Scheme of proposed reactions.

couple centered at 0.04 V with broad waves related to the convolu-
tion of both peaks (as the observed in Fig. 2 for the 50th scan). This
behavior could be explained considering the differences in energy
for the reduction of the two NO2 substituents in each aromatic ring
of D-NO2. Assuming that cathodic peak A is associated with the
reduction of one NO2 substituents, the reduction of the second NO2
substituents (the cathodic peak B) occurs at more negative poten-
tials due to the disappearance of the negative inductive effect of
an electron acceptor like NO2 in the meta position [38]. The anodic
peak C is related to the oxidation of one NHOH substituent, while
the anodic peak D is associated to the oxidation of the other NHOH
substituent, which now has a NO substituent in the meta position
(see Fig. 4b).

3.2. Electrochemical response of redox probes to evaluate the film
permeability of D-NO2/GCE

The cyclic voltammetry is an important technique used to
evaluate the blocking property of the layer-coated electrodes
using diffusion controlled redox couples as probes [39,40]. With
this purpose, we chose the Ru(NH3)6

3+/Ru(NH3)6
2+ couple, which

undergoes a simple charge transfer process with a high rate
constant, independent of the nature and concentration of the sup-
porting electrolyte. Fig. 5a shows the cyclic voltammograms of bare
GCE and D-NO2/GCE in 2 mM hexaammineruthenium(III) chloride
at a potential scan rate of 0.1 V s−1 in 0.1 M phosphate buffer solu-
tion (pH 7). The bare GCE shows a voltammogram for the redox
couple that corresponds to a reversible diffusion controlled elec-
tron transfer reaction. There were no significant differences in
the electrochemical response of the Ru(NH3)6

3+/Ru(NH3)6
2+ cou-

ple on D-NO2/GCE. This behavior goes in with the redox response
of the aryl-hydroxylamine/aryl-nitroso moieties (system II) indicat-
ing that the dendritic molecules attached onto the carbon surface
do not block the electron transfer reaction of this redox probe.

Identical behavior was observed with the electron transfer
reaction of Fe(CN)6

3−/Fe(CN)6
4− onto modified GCE (Fig. 5b). The

conducting state is nearly metallic, with small or negligible injec-
tion barrier between carbon and the conducting layer. The electron
transfer between the electrochemical active species in solution and
the electrode surface can occur through the defects that arise dur-
ing the formation of the layer (pinholes) or by the uncovered carbon
surface. On the other hand, when the redox reaction of a molecule
is not accessible on the electrode, the electron transfer reaction can
occur through the layer [41]. Previous studies on biphenyl and nitro-
phenyl films grafted on GCE after an activation treatment show a
similar conductance response [41]. The modified electrodes exhib-
ited slower electron transfer than unmodified GCE, however, after a

negative potential excursion to −2.0 V vs. Ag/Ag+, the modified elec-
trodes exhibited much faster electron transfer kinetics, approaching
those observed on bare GCE. The effect is attributed to an apparently
irreversible structural change in the film which increases the rate of
electron tunneling. The increase in the electron transfer rate is con-
sistent with an increase in the electron tunneling rate through the
monolayer, caused by a significant decrease in the tunneling barrier
height due to the arrangement of phenyl rings into the same plane
[41].

To analyze the coverage of D-NO2 attached onto carbon surfaces,
atomic force microscopy (AFM) measurements were carried out.
Fig. 6 shows AFM images where bare and derivatized HOPG after
incubation in 10 mM D-NO2/DMSO solution for 15 min are com-
pared. The morphologies of both type of surfaces, bare (Fig. 6a) and
derivatized HOPG (Fig. 6c–e), are completely different. While we
observe the typical HOPG terraces separated by steps, like the one

Fig. 5. Cyclic voltammograms at 0.1 V s−1 for a GCE in 0.1 M phosphate buffer (pH
7) containing 2 mM Ru(NH3)6Cl3 (a) or 2 mM K3Fe(CN)6 (b) in the potential range
from −0.8 to 0.6 V. GCE incubated in 10 mM D-NO2 solution for 15 min (solid line)
and bare GCE (dashed line).
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Fig. 6. AFM topographical images in tapping mode for a bare (a) and modified (c–e) HOPG after incubation in 10 mM D-NO2 solution for 15 min. The profile shown in (a) is
depicted in (b). AFM images: (a) and (c) 320 nm × 320 nm, (d) 600 nm × 600 nm, and (e) 3000 nm × 3000 nm. The comparison of roughness acquired from images (a) (�) and
(c) (©) is shown in (f).

observed in Fig. 6a, whose profile (Fig. 6b) shows it as a double
atomic step (∼0.7 nm), the covered one shows a bubbled surface
where only much more higher steps, than those observed for the
bare surface, can be distinguished (see Fig. 6e). In addition, it is
quite clear from the roughness analysis performed in Fig. 6f, that
the one of the covered surface is larger than the bare roughness. The
double peak appearing in Fig. 6f for the bare surface corresponds,
each peak to the roughness of each terrace, while the difference
between them is simply the step height between both terraces,
shown in Fig. 6a. The analysis clearly shows that the derivatized
surface obtained after 15 min of incubation (10 mM solution) is
fully and homogeneously covered by the dendron. This is supported
by Kelvin Probe Force Microscopy measurements, where no local
contrast was observed in images for the same sample (not shown
here), indicative of an electrically homogenous and, in this case,
completely covered surface. AFM images for partially covered car-
bon surfaces can be obtained decreasing either the incubation time
or the concentration of the dendron solution (see Supplementary
Information).

The present results raise some interesting possibilities in elec-
troanalysis and related areas. By using D-NO2 modified GCE,
solution species interact with a conducting organic layer rather than
a graphitic or metallic surface. There is a little difference between a
bare surface and the D-NO2/GCE for the case of outer-sphere redox
systems, but for any electrocatalytic process involving adsorption
or interaction with surfaces sites, the modified surface may behave
very differently from bare GCE. Having the chance to have a func-
tional group (such as the nitro group), dendron modified GCE may
allow variations in catalytic activity while the electron transfer still
occurs.

3.3. Electrocatalysis of NADH oxidation

As stated in Section 3.1, D-NO2 spontaneously adsorbs onto
GCE by dipping the electrode in a dendron solution. Reduction

of this layer generates the hydroxylamine product. The resulting
redox-active layer exhibits a well-behaved redox response for the
adsorbed nitroso/hydroxylamine couple. This has been shown to
be important in electrocatalytic oxidation of nicotinamide adenine

Fig. 7. (a) Electrochemical behavior of D-NO2/GCE after cycling in 0.1 M phosphate
buffer (pH 7) in the absence (solid line) and presence of NADH: 0.1 mM (dot line) and
0.5 mM (dashed line). (b) unmodified GCE in the absence (solid line) and presence
(dashed line) of 0.5 mM NADH. Scan rate v = 0.002 V s−1.
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dinucleotide (NADH) onto gold electrodes [33], in biosensor appli-
cations [38,42,43] and the electroanalytical explotation of nitroso-
phenyl modified substrate for the quantification of thiols [44,45].

To test the potential electrocatalytic activity of these materi-
als onto GCE, the cyclic voltamperometric responses of derivatized
D-NO2/GCE were obtained in the absence and presence of NADH
(Fig. 7).

Fig. 7a shows cyclic voltammograms for the modified GCE in
absence and increasing the concentration of NADH. The solid line
shows the anodic response of two-electron oxidation of the aryl-
hydroxylamine moieties and the corresponding electro-reduction
processes (system II). On one side, an enhancement of the anodic
current peak at ca. 0.12 V and a decrease in the cathodic wave
are clearly observed upon addition of NADH. On the other, it is
important to notice that the potential at which this electrocat-
alytic reaction takes place is shifted 480 mV with respect to the
non-catalyzed reaction, which typically takes place at about 0.60 V.
For comparison purposes, cyclic voltammograms obtained with an
unmodified electrode in the absence and presence of NADH are
also shown (Fig. 7b). There is no evidence of anodic peaks, which
indicates that the direct oxidation of NADH is out of these limits.
Furthermore, the generation-on-demand of surface-immobilized
hydroxylamine product by electrochemically triggered reaction is
the responsible of the electrocatalytic effect. The electrocatalytic
effect only shows up after the electrochemical reduction of D-
NO2/GCE is reached to form the hydroxylamine compound.

4. Conclusions

In this work, the synthesis of a dendritic molecule (D-NO2) and
its immobilization onto GCE and HOPG was achieved. The func-
tionalization of carbon surfaces with D-NO2 provides controllable
properties for the electrode surface due to multifunctional groups of
the molecule. D-NO2 adsorbs onto carbon surfaces spontaneously
by dipping the metal surface in dendron solutions. The cooper-
ative effect of phenyl rings and the multifunctionality of D-NO2
(containing carboxyl and nitro groups) allow a direct and rapid
adsorption of the dendrons onto carbon surfaces. The reduction of
the dendron layer generates the hydroxylamine product. The result-
ing redox-active layer exhibits a well-behaved redox response for
the adsorbed nitroso/hydroxylamine couple.

The molecules attached onto the carbon surface form a layer
covering the whole surface, but do not block the electron trans-
fer reaction of redox probes like Ru(NH3)6

3+/2+ or Fe(CN)6
3−/4−.

In addition, the generation-on-demand of surface-immobilized
hydroxylamine product by the electroreduction of D-NO2/GCE has
an important electrocatalytic effect in NADH oxidation. This effect,
together with the remarkable simplicity of obtaining these films,
makes these carbon electrodes a potential important tool as elec-
trocatalysis and biosensing platforms.
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