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Abstract In this work, we report the electrochemical prop-
erties of the nafion–trimethylsilyl (Naf–TMS) polymer.
First, we introduce a procedure to dissolve Naf–TMS poly-
mer and the incorporation of ruthenium catalyst complexes
into it. The inclusion of the catalysts involved two strategies.
The first one concerned the direct formation of a Naf–TMS/
Ru complex solution. The second one consists of depositing
Naf–TMS solution on a glassy carbon electrode, followed
by the incorporation of Ru complexes under potentiody-
namic conditions. Electrochemical studies showed the good
ion permeation capability of Naf–TMS membranes and its
use as a good alternative approach to Nafion ion-conducting
membranes. The analytical capabilities of Naf–TMS- and
Naf–TMS/Ru-modified glassy carbon electrodes have been
tested for the detection of dopamine in standard solutions.
Detection limits in the order of nanomolar have been achieved
with working ranges extending over three decades in concen-
tration at pH 7.2. Further enhancement in the dopamine oxi-
dation current was achieved by the incorporation of Ru
complexes into the Naf–TMS polymer. This study offers a
new insight into the investigation of Naf–TMS resin as an ion-
conducting polymer.
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Introduction

The modification of electrode surfaces by polymers pro-
vides a unique opportunity to immobilize catalyst and there-
by extends the electrochemical methodology to systems
where promotion of charge transfer is required. Electroac-
tive catalysts can be bound quite readily to an electrode
surface by using a polymer layer. So far, perfluorinated
ionomer membranes have attracted great interest as a result
of their intrinsic properties such as ion exchange selectivity,
thermal stability and chemical–biological inertness. Also,
they are promising as matrixes for functional molecules
and as electrolytes. Among the family of perfluorinated
ionomers, Nafion® has been extensively studied primarily
because it has proved to be particularly useful in confining
large quantities of catalyst in the form of transition metal
complexes [1–4]. Nafion® has a number of applications as a
proton exchange membrane in fuel cells [5], in photovoltaic
cells [6] as an electrode modifier [1, 7, 8] and in ion-
selective electrodes [9] and voltammetric sensors [10]. Fre-
quently, the rate of the process involved in these applica-
tions entails a rapid charge and mass transport through the
polymer. However, an unfortunate low diffusion process of
some chemical species in the Nafion® films has the unde-
sirable effect of increasing the response time of the electrode
[11]. In this regard, the development and exploration of new
polymeric solid materials is necessary to establish fast
charge and molecular transport for future applications.

From previous studies [12], three regions have been distin-
guished in the matrix of Nafion®, which include semicrystalline-
type portions combined with non-crystalline areas in which the
anionic sulfonate groups are aggregated. It has been shown that
Nafion® in the hydrogen ion form is an effective solid “super-
acid” catalyst for a variety of organic reactions [13]. The highly
acidic sulfonic group of Nafion® is very reactive, whichmakes it
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a good reaction site where inorganic phases can be grown [14].
Based on these properties, Murata and Noyori [15] first reported
the preparation of Nafion–trimethylsilyl for which they sug-
gested the name nafion–TMS (Naf–TMS), which is a polymer-
supported silylating agent (Scheme 1).

On the other hand, the incorporation of redox centre
molecules in polymer membranes as Nafion® represents a
very promising approach to enhance charge transport and
produce functional materials with desirable redox, optical
and electrocatalytic properties. Immobilization of materials
such as Ru(II) and Ru(III) complexes, at modified electrode
surfaces, has found their possible application as highly
sensitive and selective electroluminescence sensors [16,
17], glucose biosensors [18], and biochemical sensors [19]
and these have also been introduced as a light-harvesting
material in hybrid photovoltaic cells [6]. Moreover, poly-
meric solid resins show potential as electrolytes. In electro-
chemical sensing, the partitioning of an analyte into the
polymer film is a process that is fundamental. In these cases,
a rapid charge and molecular transport is compulsory for an
efficient work.

Nafion® is the most common and currently studied per-
fluorosulfonated material. Nevertheless, it has problems asso-
ciated to its low operating temperature limit, it is expensive
and it has a relatively highmethanol permeability which limits
its application in fuel cells. These are factors that still limit its
wide-scale use. Several alternatives have been developed but
have not been further investigated. In the present study, we
report a method to dissolve nafion–trimethylsilyl resin and its
modification with Ru complexes from two methods. The
modified electrodes showed good ion permeation to cations
and fast response. Furthermore, we studied the analytical
response of Naf–TMS and Naf–TMS/Ru complex-modified
electrodes to detect dopamine (DA) in standard solutions,
which is an important cathecolamine-type neurotransmitter.
To the best of our knowledge, no report which addresses the

capability of polymer Naf–TMS to confine catalyst and its
role to detect and promote biological substances as DA is
available. The analytical response of Naf–TMS-modified
electrodes might be particularly relevant to electrochemical
biosensors, fuel and photovoltaic cells.

Experimental

Chemicals

Dopamine (Sigma), CH3CH2OH (Baker), H2SO4 (Merck),
HNa2PO4·12H2O (Merck), H2NaPO4·H2O (Merck) and KCl
(Merck) were all of reagent grade and used as received without
any further purification. Ruthenium complexes—K4[Ru
(CN)6] ([Ru(CN)6]

4−, potassium hexacyanoruthenate(II)
hydrate), C36H24Cl2N6Ru·xH2O ([Ru(phen)3]

2+, dichlorotris
(1,10-phenanthroline) ruthenium(II) hydrate, 98 %),
C30H24Cl2N6Ru·6H2O ([Ru(bpy)3]

2+ Tris (2,2′-bipyridyl) ru-
thenium(II) chloride hexahydrate)—and Naf–TMS were from
Sigma-Aldrich. All solutions were prepared withMilli-Qwater
(18.2 MΩ) before each experiment. The working solutions
were obtained by appropriate dilution in 0.1 M H2SO4 or
phosphate buffer solution (PBS) of corresponding pH.
Nafion–TMS was purchased from Sigma-Aldrich (0.5 meq)
in the form of polymer pellets.

Naf–TMS dissolution process

We have found that Naf–TMS is very resistant to chemical
attack, even by strong oxidants at elevated temperature, and
organic solvents. It has been well documented [20] that per-
fluorinated polymers interact much more strongly with binary
solvent systems. Then, dissolution of these polymers should
be more compliant by using two solvents. Naf–TMS was
dissolved in a 50:50 ethanol–water mixture. The procedure
for preparation of 1 wt/vol % solution was as follows: 1 g of
small pellets of the as-received polymer was transferred to a
beaker containing the solvent and it was placed in an ultra-
sonic bath for approximately 1 h, until the yellow shade of the
as-received polymer vanished. After this treatment, the poly-
mer pellets were moved to a containing solvent high-pressure
reactor, purged with Ar, and heated at 250 °C for 2 h. The
obtained solution was slightly viscous and transparent. The
GC electrodes were modified with this solution.

Supporting of Ru[(CN)6]
4− and Ru[(phen)3]

2+ in Naf–TMS
polymer

Two methods were used to incorporate Ru complexes into
the polymer: method 1—the incorporation of the ruthenium
complex was carried out under potentiodynamic conditions
after the Naf–TMS film formation on the electrode surfaceScheme 1 Chemical structure of the Naf–TMS polymer [15]
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and method 2—incorporation before film preparation (one-
step method). The former method involved deposition of an
aliquot of the corresponding Naf–TMS polymeric solution
onto a glassy carbon surface, allowing the solvent to evap-
orate at room temperature. Then, the electrode was im-
mersed in an electrochemical cell with a Ru complex-
containing solution and the potential was scanned at
100 mV s−1. In the one-step method, a mixture either of
K4[Ru(CN)6] ([Ru(CN)6]

4−) or C36H24Cl2N6Ru·xH2O ([Ru
(phen)3]

2+) and previously hydrated Naf–TMS pellets
(Aldrich) was heated in a sealed oxygen-free container for
2 h at 250 °C, employing a 50:50 mixture of ethanol–water
as solvent. The obtained solution was used to modify the
GC electrode. The presence of ruthenium in the Naf–TMS
matrix was confirmed by infrared (IR) spectroscopy of films
prepared from the Naf–TMS/Ru complex polymeric
solution.

Electrode preparation

A glassy carbon electrode was used as substrate to deposit
Naf–TMS and Naf–TMS/Ru complex. First, the electrode
was polished using diamond paste of 3 and 0.25 μm diam-
eter successively, followed by rinsing with acetone and later
cleaned abundantly with deionized water (Milli-Q water, 18
MΩ) for several times in an ultrasonic bath. The method to
prepare a GC-coated electrode involves deposition of an
aliquot of the corresponding Naf–TMS or Naf–TMS/Ru
complex polymeric solution onto the electrode surface, and
then the solvent was allowed to evaporate at room
temperature.

Electrochemical measurements

The electrochemical measurements were performed with an
Epsilon (Bioanalytical Systems) potentiostat–galvanostat.
The BASi-Epsilon EC (ver. 2.13.77) software was used for
control and data acquisition. A three-electrode glass cell was
employed. The GC, GC/Naf–TMS and GC/Naf–TMS/Ru
complex were used as working electrodes, the counter
electrode was a Pt wire and a mercury–mercury sulfate
(Hg/HgSO4, saturated solution) electrode served as refer-
ence. The parameters used for differential pulse voltamme-
try (DPV) were a scan rate of 20 mV s−1 and a pulse
modification of 50 mV in amplitude, 50 ms in duration at
intervals of 200 ms.

Infrared spectroscopy of Naf–TMS samples

The infrared spectra were recorded on a Digilab Varian
spectrophotometer. All IR spectra were measured in KBr
(Merck, IR spectroscopic grade), employing the transmis-
sion technique. Before the measurements, KBr was mixed

with freshly prepared solutions of Naf–TMS or Naf–TMS/
Ru complex, and the mixture was dried at 90 °C during
24 h. The films for IR spectroscopy were prepared from this
mixture.

Results and discussion

IR spectroscopy of Naf–TMS and Naf–TMS/Ru complex
samples

In order to show the preservation of the polymer after the
dissolution process and to demonstrate the presence of Ru
complexes into the Naf–TMS resin, we carried out a series
of IR spectroscopy studies. The infrared spectra of Naf–
TMS and Naf–TMS/Ru prepared according to method 2
are shown in Fig. 1. The spectral features observed were
well reproducible between different samples prepared by the
same method. The spectrum of Naf–TMS is very similar for
that reported [21] for a K+ salt of Nafion (Fig. 1a). In the
range between 1,400 and 500 cm−1, six very strong vibra-
tion bands are present; the assignment can be made by
comparison with previous reports [21, 22]. The band ob-
served at approximately 1,230 cm−1 can be attributed to
asymmetric C–F stretching, while the band at 1,154 cm−1

is attributed to symmetric C–F stretching [22]. These bands
are overlapped, suggesting several contributions arising from
the C–F bond embedded in different structural environments.

Fig. 1 Infrared spectra of Naf–TMS and Naf–TMS/Ru complex
in KBr. a Naf–TMS, b Naf–TMS/[Ru(phen)3]

2+ and c Naf–TMS/
[Ru(CN)6]

4−

J Solid State Electrochem (2012) 16:2867–2876 2869



In the region from 1,100 to 500 cm−1, a very sharp band
appeared at~980 cm−1. According to Laporta et al. [22] and
Ostrowska and Narebska [23], this band arises from the C–F
stretching of (CF–CF(R)–CF3) groups. Also, a very sharp
adsorption band can be observed at ~1,060 cm−1. From pre-
vious reports, one can assign this band to the –S–O stretching
adsorption [21]. The band at 636 cm−1 is due to the stretching
of C–S groups according to [24].

In the infrared spectrum of the dried Naf–TMS/Ru
[(phen)3]

2+ sample, absorption bands in the C–F stretching
frequency could also be detected (Fig. 1b). The analysis of
the spectrum is greatly aided by comparison with spectra
reported before [25]. In the fingerprint region (1,300–
1,800 cm−1), the infrared spectrum showed a small absorp-
tion which is distinguished at around 1,430 cm−1. Such band
corresponds to the stretching bands (C0C and C0N) of
phenantroline ligand according to [25]. The additional
bands observed at approximately 848 and 721 cm−1 are
mainly due to the ligand vibrations slightly perturbed by
coordination.

The infrared spectrum of [Ru(CN)6]
4−-modified Naf–

TMS is shown in Fig. 1c. Basically, all the Naf–TMS
features are preserved, with an additional absorption band
at 2,096 cm−1 which can be correlated to the CN group [26]
based on compounds containing a M2+(CN)6 fragment [27].
The CN frequency values are typically assigned to the
presence of M2+ metal ions [28, 29].

Voltammetric response as a function of Ru loading time
for Naf–TMS-coated electrodes (method 1)

Figure 2 shows a series of potentiodynamic responses for
Naf–TMS-coated GC electrodes as they were immersed in
an aqueous solution containing 1×10−4 M ruthenium com-
plexes as redox probes: (a) [Ru(bpy)3]

2+, (b) [Ru(phen)3]
2+

and (c) [Ru(CN)6]
4−, respectively. Curves were performed

under loading conditions in different electrolytes (0.1 M
H2SO4 and 0.1 M KCl) at a scan rate of 100 mV/s.

From Fig. 2a, the incorporation of [Ru(bpy)3]
2+ was

clearly fast as the maximum current was reached in only a
few scans (approximately 2 min) and remained virtually
constant by repeated cycling. According to a previous work
[1], incorporation of the same species in Nafion® films took
at least 20 min until a steady-state voltammogram was
obtained. The faster increase in voltammetric response can
be attributed to the faster diffusion of [Ru(bpy)3]

2+ in Naf–
TMS than in Nafion® films. As a result of the diffusion tail,
forward and backward scans showed anodic peaks slightly
larger than the respective cathodic ones. The observed oxi-
dation and reduction peaks are broad and separated by about
120 mV. For Nafion® films, this value was about 100 mV.

The incorporation of [Ru(bpy)3]
2+ is markedly faster than

that observed for [Ru(phen)3]
2+. Cyclic voltammograms for

the incorporation of [Ru(phen)3]
2+ into Naf–TMS exhibited

continuous increasing of anodic and cathodic peaks with
immersion time as the electroactive species was loaded into
the film (Fig. 2b). A steady-state voltammogram was
obtained at about 20 min of cycling when a maximum peak
current was reached. The peak currents obtained are much
smaller than those obtained with [Ru(bpy)3]

2+. The anodic
and cathodic peaks are broad and separated by about
104 mV at a scan rate of 100 mV/s (see Table 1), which is
far from the expected value for a Nerstian behaviour. A large
ΔE value usually indicates slow heterogeneous electron
transfer. Also, the diffusional tail suggested that some
redox-electrogenerated sites remained in the layer adjacent
to the electrode surface due to a relatively slow transport in
the polymer film.

The slower incorporation of the [Ru(phen)3]
2+ complex

into the film, compared to [Ru(bpy)3]
2+, correlates well with

its size, shape [30, 31] and hydrophobicity [32]. As the
ligand of the complex become more hydrophobic, it inter-
acts strongly with Naf–TMS and consequently it diffuses
slowly through the film, indicating that electron transfer
between bound [Ru(phen)3]

2+–Naf–TMS and the electrode
surface is slow. From the observed behaviour, we could
anticipate a lower diffusion coefficient (D) of the [Ru
(phen)3]

2+ complex inside the film (see Table 1). Also,

Fig. 2 Cyclic voltammograms recorded continuously for Naf–TMS-
modified glassy carbon electrodes immersed in a solution containing
different ruthenium complexes. a 1×10−4 M [Ru(bpy)3]

2+ (supporting
electrolyte, 0.1 M H2SO4), b 1×10−4 M [Ru(phen)3]

2+ (supporting
electrolyte, 0.1 M H2SO4), c 1×10−4 M [Ru(CN)6]

4− (supporting
electrolyte, 0.1 M KCl). Scan rate, 100 mV s−1

2870 J Solid State Electrochem (2012) 16:2867–2876



discrepancies in the interaction of [Ru(bpy)3]
2+ and [Ru

(phen)3]
2+complexes with other systems have been reported

[33]. Currently, we are carrying out spectro-electrochemical
experiments and, at the moment, we have observed a slower
inclusion of [Ru(phen)3]

2+ into Naf–TMS compared to
[Ru(bpy)3]

2+.
The electrochemical loading of the [Ru(CN)6]

4− complex
into the Naf–TMS film was not detected as a diffusional
peak (Fig. 2c). In view of the fact that a similar behaviour
was also observed with other anions such as [Fe(CN)6]

3−,
we can hypothesize that this can be due to a less affinity of
Naf–TMS for anions or to the more hydrophilic nature of
this Ru complex. The later may favour its incorporation only
in the hydrophilic domain of Naf–TMS. Nevertheless, by
the one-step method, the incorporation of the complex was
confirmed by IR spectroscopy.

For Naf–TMS films in contact with 1×10−4 M [Ru
(bpy)3]

2+ in 0.1 M H2SO4, the anodic peak currents were
proportional to v1/2, indicating that the current was con-
trolled by diffusion in the layers (Fig. 3). From the slope
of the plot shown as the inset in Fig. 3 and by the use of
Randles–Sevcik equation [34], D was calculated giving a
value of 1.7×10−3 cm2 s−1. Such a large value would indi-
cate a highly enhanced ion transport and a fast diffusion of
the reactant through the film. The diffusion coefficients of
redox species in solid macromolecules have been very sim-
ilar to those in aqueous solvents. For example, it has been
reported that redox molecules diffuse rapidly in solid

agarose and κ-carrageenan [35], which implies that molecular
diffusion of the redox moieties takes place in solids much like
in aqueous solution. This represents a clear advantage com-
pared to Nafion® films [1].

The surface concentration (Γ) of loaded [Ru(bpy)3]
2+ was

calculated by integrating the charge under the peak and
using the following equation:

Γ ¼ Q

nFA
ð1Þ

where Q is the charge on the forward or reverse scan in
Coulombs, n is the number of electrons transferred, F is
the Faraday constant (96,486 Cmol−1) and A is the
geometric area of the electrode (0.2827 cm2). By
following this relation, the obtained value for loaded
[Ru(bpy)3]

2+ was Γ0(3.5±0.5)×10−9 mol/cm2 (Table 1).

Ru complexes incorporated into Naf–TMS polymer
by method 2 (one-step method): effect of Ru complex
in the diffusion coefficient of a redox probe

In an attempt to study the charge propagation through Naf–
TMS-coated electrodes, we carried out electrochemical
studies with polymer-bound Ru complexes into Naf–TMS
films and studied their response in the presence of Ru
complexes or other redox probes in solution. The immobi-
lization of the ruthenium complexes into Naf–TMS was
carried out by the one-step method and the electrode surfa-
ces were prepared by depositing an aliquot of the Naf–TMS/
Ru complex solution and allowing the solvent to evaporate
at room temperature. The electrochemical responses of the
GC/Naf–TMS/[Ru(phen)3]

2+- and GC/Naf–TMS/[Ru
(CN)6]

4−-modified electrodes in supporting electrolyte are
presented as dashed lines in Fig. 4a, b respectively. Clearly,
[Ru(phen)3]

2+ was incorporated into Naf–TMS as can be
seen from the peak observed (dashed line, Fig. 4a) in blank
electrolyte (0.1 M H2SO4). In the case of [Ru(CN)6]

4- com-
plex, we could not observe any diffusional peak (dashed
line, Fig. 4b); however, its presence inside the Naf–TMS
film was confirmed by IR spectroscopy (Fig. 1c).

With the addition of 0.1 mM [Ru(bpy)3]
2+ to the

supporting electrolyte, both GC/Naf–TMS/[Ru(phen)3]
2+

and GC/Naf–TMS/[Ru(CN)6]
4− electrodes showed an

Table 1 Electrochemical
characteristics from cyclic
voltammetry of Naf–TMS and
Naf–TMS/Ru complex-modified
glassy carbon electrodes in the
presence of two ruthenium redox
probes (supporting electrolyte,
0.1 M H2SO4)

aScan rate, 100 mV/s

Electrode modifier Analyte ΔEa (mV) D (cm2/s) Γ (mol/cm2)

Naf–TMS 0.1 mM [Ru(bpy)3]
2+ 120±5 (1.7±0.2)×10−3 (3.5±0.5)×10−9

Naf–TMS/[Ru(phen)3]
2+ 0.1 mM [Ru(bpy)3]

2+ 150±4 (4.4±0.4)×10−6 (1.4±0.1)×10−10

Naf–TMS/[Ru(CN)6]
4- 0.1 mM [Ru(bpy)3]

2+ 97±4 (6.5±0.5)×10−4 (1.2±0.1)×10−9

Naf–TMS 0.1 mM [Ru(phen)3]
2+ 104±3 (1.6±0.4)×10−5 (4.8±0.2)×10−11

Naf–TMS/[Ru(phen)3]
2+ 0.1 mM [Ru(phen)3]

2+ 79±5 (4.5±0.5)×10−7 (1.1±0.2)×10−11

Naf–TMS/[Ru(CN)6]
4- 0.1 mM [Ru(phen)3]

2+ 110±10 (1.4±0.5)×10−5 (1.5±0.2)×10−11

Fig. 3 Cyclic voltammograms recorded at various scan rates at a Naf–
TMS-modified glassy carbon electrode in 0.1 M H2SO4 in the presence
of 1×10−4 M [Ru(bpy)3]

2+. Inset, linear dependence of anodic peak
current on square root of scan rate
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increase in the peak current (Fig. 4a, b respectively). It
is evident that, even in the presence of cationic species
and high possibilities of electrostatic repulsion, the GC/
Naf–TMS/[Ru(phen)3]

2+ electrode still allows the diffu-
sion of another cationic species into the host matrix,
although the intensity of the peak is about one order of
magnitude less than the electrode modified with Naf–
TMS only. The anodic peak current was linearly pro-
portional to the square root of the scan rate (inset
Fig. 4a). From this relation, we calculated D (Table 1)
and the obtained value was three orders of magnitude
smaller than that in Naf–TMS.

In the case of the GC/Naf–TMS/[Ru(CN)6]
4− electrode,

there was a significant increase in both the anodic and
cathodic currents observed for [Ru(bpy)3]

2+ compared to
the GC/Naf–TMS/[Ru(phen)3]

2+ surface. Also, for this elec-
trode, we observed the smallest ΔE and the fastest electron
transfer for [Ru(bpy)3]

2+ (97±4 mV; see Table 1). Based on
these observations, we speculate that the redox reaction
occurring at the Naf–TMS/[Ru(CN)6]

4−-modified electrode
is probably driven by a balance among hydrophobic attrac-
tion, electrostatic binding and ion water solubility. The
voltammograms are asymmetric with the cathodic peak
being smaller than the anodic peak, clearly indicating differ-
ences in diffusion coefficients for [Ru(bpy)3]

2+ and the
electrogenerated [Ru(bpy)3]

3+. In the oxidation of the 2+
to the 3+ complex, the electrostatic interaction between the
complex [Ru(bpy)3]

2+ and the anionic [Ru(CN)6]
4− seems to

be stronger. Nevertheless, on reduction, this interaction
becomes weaker, which makes [Ru(bpy)3]

3+ diffuse slowly

in the polymer film. The scan rate dependence is shown as
inset in Fig. 4b. The good linearity of the plot allowed us to
determine the value of D to be 6.5±0.5×10−4 cm2/s.

In order to further understand the charge transport
mechanism within and through the system, currently
we are performing spectro-electrochemical measure-
ments. Charge transport can be understood as diffusion
of charges in the matrix, charge hopping between re-
dox centres or a combined mechanism where hydro-
phobic and electrostatic interactions play an important
role [36].

Electrochemical oxidation of DA at GC/Naf–TMS
and GC/Naf–TMS/Ru complex electrodes in phosphate
buffer solution at pH 7.2

The analytical capabilities of Naf–TMS and Naf–TMS/
Ru complex-modified electrodes were evaluated by mea-
suring the peak current as a function of a redox probe
concentration. In this case, we explore the analytical
electrode response using dopamine as a redox probe.
Figure 5a shows the first scan of a series of differential
pulse voltammograms at a GC/Naf–TMS-modified elec-
trode obtained for DA concentration ranging from 0.9 to
20 μM in phosphate buffer solution at pH 7.2. The

Fig. 4 Series of cyclic voltammograms measured at different scan
rates using a Naf–TMS/[Ru(phen)3]

2+ and b Naf–TMS/[Ru(CN)6]
4−-

modified glassy carbon electrodes in 0.1 M H2SO4 in the presence of
1×10−4 M [Ru(bpy)3]

2+. Inset, linear dependence of anodic peak
current on square root of scan rate

Fig. 5 Differential pulse response obtained for several concentrations
of dopamine in phosphate buffer solution pH 7.2 recorded at a Naf–
TMS (1×10−6–2×10−5 M [DA]), b Naf–TMS/[Ru(phen)3]

2+ (7×10−8–
3×10−6 M [DA]) and c Naf–TMS/[Ru(CN)6]

4− (6×10−8–3×10−6 M
[DA])-modified glassy carbon electrodes. Scan rate, 20 mV s−1; pulse
amplitude, 50 mV; pulse duration, 200 ms. Insets, linear dependence of
peak current on DA concentration

2872 J Solid State Electrochem (2012) 16:2867–2876



inset in Fig. 5a shows the linear response of the peak
current with the concentration of DA. The sensitivity
obtained from the slope was 0.1±0.01 μA/μM, and
considering a (3×noise/sensitivity) ratio, the limit of
detection was 0.1±0.01 μM, which is similar to that
of Nafion®-modified electrodes after preconcentration
[37] and that reported by Chen et al. [38] for mercap-
topropylphosphonic acid-modified gold electrodes.

We are not sure about the mechanism according to
which DA is easily oxidized on the Naf–TMS electrode.
Since Naf–TMS is not a cation exchange polymer, we
would expect that ionic exchange cannot be the reason
to readily oxidize DA; instead we consider that the
increase in sensitivity could be due mainly to hydro-
phobic interactions. It has been demonstrated that hy-
drophobic interactions are sufficiently strong even to
compensate electrostatic repulsions of cationic DA with
positively charged polymers (polydimethylaniline) as
was reported before by Roy et al. [39]. Also, Vasantha
and Chen [40] have observed the same phenomenon
between a polymer film (poly(3,4-ethylendioxy)thio-
phene) and DA. Hydrophobic interactions have also
been documented by Kumar and coworkers [41].
Through voltammetric studies, they found that DA adsorption
is favoured in hydrophobic regions of polymers, increasing
the DA oxidation current. The importance of hydrophobic
interactions associated with the binding of cationic species
to micellar media has also been apparent in systems where no
electrostatic forces are present. Moreover, if we take into
account the fact that the introduction of a trimethylsilyl group
increases the hydrophobicity of the film, we expect that a
hydrophobic environment facilitates the oxidation of DA by
means of hydrophobic interactions. Nevertheless, we do not
discard the possibility of electrostatic interactions since the
very acidic SO3 group of Naf–TMS could lodge part of the
cationic DA+ at this pH. In the next section, we present a study
at different pH values to explore this assumption.

Loading Ru complexes into the Naf–TMS polymer
further enhances the sensitivity and improves the detec-
tion limit to detect DA. This improvement can be at-
tributed to an enhancement of the efficiency in charge
hopping due to Ru redox centres within the film [36,

42, 43] or to additional negatively charged ion exchange
sites in the film provided by the [Ru(CN)]4− sites.
Differential pulse voltammograms obtained at neutral
pH, with GC/Naf–TMS/[Ru(phen)3]

2+ and GC/Naf–
TMS/[Ru(CN)6]

4− electrodes, are shown in Fig. 5b, c,
respectively, with the calibration plots presented as in-
set. Both modified surfaces exhibited a highly linear
response (r00.999±0.002) along two orders of magni-
tude of DA concentrations. The analytical and electro-
chemical parameters obtained are reported in Table 2.

From Fig. 5b, c, it can be clearly seen that both Ru
complex-modified electrodes are rather sensitive to detect
low concentrations of DA. At pH 7.2, they showed relative-
ly identical characteristics and we did not observe any effect
of the ligand attached to the metal ion (Ru) for the electro-
oxidation reaction. For both electrodes, the current detected
was about eight times higher than that obtained with GC/
Naf–TMS. A plot of the DA concentration versus the mea-
sured current is shown as inset in Fig. 5b, c for GC/Naf–
TMS/[Ru(phen)3]

2+ and GC/Naf–TMS/[Ru(CN)6]
4− elec-

trodes, respectively. The slope of this plot is 0.83±
0.02 μA/μM for the inset in Fig. 5b and 1.04±0.02 μA/μM
for the inset in Fig. 5c. The corresponding detection limits
obtained were 13±2 and 6±1 nM. These values were similar
to those reported for other modified electrodes [44]. As can be
seen, the detection limit of electrodes modified with [Ru
(CN)6]

4− was slightly improved, which can be due to an
electrostatic interaction between cationic DA+ [45] and
[Ru(CN)6]

4−.
In an attempt to elucidate the role of ruthenium on the

oxidation mechanism of the redox probe, we carried out
experiments in the presence of low concentrations of dopa-
mine and performed a study based on semiintegration analysis
[46, 47]. Figure 6 (solid line) shows the cyclic voltammogram
for the oxidation of 1 μM DA in phosphate buffer solution
after baseline correction. The redox pair associated with the
DA oxidation and reduction appeared at −0.213 V (±0.005)
and −0.238 (±0.005) V, respectively. The high sensitivity of
the electrode at low concentrations of analyte can be clearly
observed. The voltammetric response obtained with the
GC/Naf–TMS/[Ru(phen)3]

2+ electrode indicates fast electron
transfer kinetics for DA and a Nerstian behaviour since the

Table 2 Analytical parameters obtained from differential pulse and cyclic voltammetry using Naf–TMS and Naf–TMS/Ru complex-modified
glassy carbon electrodes in the presence of several concentrations of dopamine (supporting electrolyte: phosphate buffer solution, pH 7.2)

Electrode modifier [DA] 10−6 M Sensitivity (μA/μM) Detection limit (M) ΔEa (mV) D (cm2/s)

Naf–TMS 1.0–20.0 0.1±0.01 1.0±0.01×10−7 160±5 b

Naf–TMS/[Ru(phen)3]
2+ 0.08–3.0 0.83±0.02 13.0±2×10−9 77±2 (2.8±0.4)×10−7

Naf–TMS/[Ru(CN)6]
4- 0.07–2.7 1.0±0.02 6.0±1×10−9 60±2 (4.7±0.5)×10−7

a Determined at 1.2×10−4 M DA by CV; scan rate, 100 mV s−1

b Non-linear dependence of current vs square root of scan rate
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separation of peak potentials,ΔE, was only 0.025 V (it would
be 0.030 V for a redox reaction involving two electrons [48]).
With continuous scanning,ΔE remained constant. The results
thus far indicate that electron transfer can occur rapidly on the
GC/Naf–TMS/[Ru(phen)3]

2+ electrode, even though DA is
positively charged under these conditions. This result is sup-
ported by the observation that the electrostatic repulsion in the
presence of cationic redox couples might be compensated by
hydrophobic interactions between DA and the polymer films
[39, 40]. The catalytic activity is attributed to a combination of
chemical catalysis with redox mediation dictated by adsorp-
tion. Semiintegration of the DAvoltammogram deviates from
the ideal sigmoidal shape (Fig. 6, dashed line), where the
current is diffusion-limited and exhibits a peak above the
diffusion plateau. This points towards a process not entirely
controlled by the diffusion of a charge transfer active species.
Contribution due to the oxidation of adsorbed species, similar
to that reported by Baur et al. [47] for DA in PBS pH 7.4,
cannot be excluded.

Cyclic voltammograms in the presence of 118 μM DA in
PBS pH 7.2 are shown in Fig. 7a–c for GC/Naf–TMS, GC/
Naf–TMS/Ru[(phen)3]

2+ andGC/Naf–TMS/Ru[(CN)6]
4− elec-

trodes. For the GC/Naf–TMS surface, the redox pair associated
to DA oxidation/reduction appears at −0.142 V (P1) and
−0.302 V (P1′), respectively, leading to an ΔE value of
0.16±0.007 V. In contrast, for the GC/Naf–TMS/Ru
[(phen)3]

2+ electrode, the ΔE value decreased considerably
(0.077±0.005 V, P2 and P2′). This clearly reflects the
ruthenium effect to overcome the energy barrier to ox-
idize DA. Based on the results obtained by DPV, we
expected a similar behaviour of the GC/Naf–TMS/[Ru
(CN)6]

4− electrode to oxidize DA. As can be seen in Fig. 7c,
DA oxidation and reduction occur at similar potentials com-
pared to the GC/Naf–TMS/Ru[(phen)3]

2+ electrode; we ob-
served only a slight improvement in ΔE value (0.060±
0.003 V, P3 and P3′).

As is well known, DA at pH between 1 and 7 is found in
the cationic form [45]. Since Ru[(phen)3]

2+ and DA+ are
both positively charged, the electrostatic interaction cannot
explain the improvement observed in the voltammetric

response. Instead we consider that hydrophobic interactions
are the reason. In Ru[(phen)3]

2+, the charge is localized on
the central metal ion, and the ligation sphere, which interacts
with the solvating water molecules, is hydrophobic, favour-
ing this kind of interaction. As mentioned above, it has been
demonstrated that hydrophobic forces are sufficiently strong to
compensate electrostatic repulsions [39, 49]. In the case of GC/
Naf–TMS/[Ru(CN)6]

4− electrode, we suppose an electrostatic

Fig. 6 Cyclic voltammogram for 1 μM DA in PBS pH 7.2 at Naf–
TMS/Ru[(phen)3]

2+-modified glassy carbon electrode. Scan rate,
100 mV s−1 (black solid line). The dashed line corresponds to the
semiintegral analysis [46, 47] of the corresponding voltammogram

Fig. 7 Cyclic voltammograms recorded at different scan rates in the
presence of 1.2×10−4 M DA in phosphate buffer solution at a Naf–
TMS, b Naf–TMS/[Ru(phen)3]

2+ and c Naf–TMS/[Ru(CN)6]
4−-modi-

fied glassy carbon electrodes. Insets, dependence of anodic current
peak on the square rate of the scan rate. Scan rates from 10 to
100 mV s−1

Fig. 8 Series of differential pulse voltammograms for a 20-μM DA
recorded at several pH values: (a) 1, (b) 3, (c) 7, (d) 9 and 11 (dashed
line) using a modified Naf–TMS glassy carbon electrode. Scan rate,
20 mV s−1; pulse amplitude, 50 mV; pulse duration, 200 ms. Inset,
dependence of anodic peak potential versus pH of the electrolyte
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(and strong) interaction between cationic DA+ and [Ru(CN)6]
4

− anions, which can explain the further decrease in the ΔE
values for the oxidation–reduction peaks.

Insets of Fig. 7 show the current response of the Naf–TMS
and Naf–TMS/Ru complex electrodes in the presence of
118 μM DA at scan rates from 10 to 100 mV/s. Clearly, the
GC/Naf–TMS surface does not follow a linear dependence of
peak current to the square root of the scan rate. However, the
response for Naf–TMS/Ru complex electrodes showed a good
linear dependence as can be seen in insets of Fig. 7b, c. From
the slope of these figures, the D of the reactant was calculated
and the values were rather similar for both Ru-modified elec-
trodes at (2.8±0.4)×10−7 and (4.7±0.5)×10−7 as observed in
Table 2.

pH dependence on the analytical behaviour
of Naf–TMS-modified glassy carbon electrode

As is well known, the electrochemical characteristics of
catecholamine redox probes are pH dependent. This phe-
nomenon arises from purely thermodynamic conditions but
also would reflect the kind of interactions involved in the
oxidation of dopamine. Figure 8 shows a series of differen-
tial pulse voltammograms recorded for 20 μM DA at vari-
ous pH values using a GC/Naf–TMS electrode. As can be
seen, the peak potential of the dopamine oxidation presents
a pH dependence. A potential shift to more negative values
occurs as the pH of the electrolyte increases, following a
Nerstian behaviour expressed by the slope of the linear
dependence of peak potential vs pH (shown as inset in
Fig. 8). The slope of the line is −56 mV/pH unit, and from
Nerst equation one would expect a slope of −59 mV/pH unit
in a plot of E vs pH. This result gives us the idea that
electrostatic interactions are also implicated in the oxidation
of dopamine. At present, we are investigating the role of
interfering substances and anions such as ascorbic acid and
uric acid in the analytical response of dopamine. After-
wards, we will address the analytical capabilities of Naf–
TMS and Naf–TMS/Ru complex-modified electrodes to
other systems, for example, to detect heavy metal ions. This
issue has been focused in a recent paper dealing with
polyphenol-modified electrodes [50], which present excel-
lent analytical properties.

Conclusions

We studied the nafion–trimethylsilyl resin and its modifica-
tion with Ru complexes on glassy carbon electrodes and
applied it for the study of DA oxidation in standard solu-
tions. The results allow for some generalizations about the
behaviour of Naf–TMS-modified glassy carbon electrodes.
Naf–TMS membranes provide a short-time electrochemical

response to detect cations. This response fluctuates depend-
ing on the intrinsic properties of the analytes. We found that
differences in size, shape and hydrophobicity of the redox
probes would lead to variations in the rate of diffusion
trough the membrane. It was also found that the rate of the
charge transfer process may involve hydrophobic and elec-
trostatic interactions which would allow one to finely tune
the properties of the membrane for possible analytical appli-
cations. The modification of Naf–TMS with Ru complexes
further increased the rate of the charge transfer process and
decreased the energy barrier for dopamine sensing. In-depth
studies of the properties of Naf–TMS are underway to
completely understand the charge transport mechanism in
Naf–TMS and ruthenium-modified Naf–TMS membranes.
These results will contribute to the wider use of nafion–
TMS films as an electrode modifier in electrochemical
applications and hopefully improve our understanding of
non-covalent interactions of organic and hybrid species
within membrane films.
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