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Lutetium bisphthalocyanine (LuPc2) nanowires have been successfully obtained by electrophoretic deposition
(EPD). The influence of the deposition conditions and annealing in the structure of the films has been studied by AFM,
SEM, X-ray diffraction (XRD), UV-vis absorption, and near-infrared (NIR). The electrochemical properties of the
EDP films immersed in different electrolytic solutions (KCl, MgCl2, KClO4, HCl, and NaOH) indicate that anions
diffuse inside the film to maintain the electroneutrality and the kinetics follows the Randles-Sevcik equation. The
stability of the response increases strongly upon annealing due to the improvement of the adhesion of the sensitive
material to the substrate. The EPD films have been successfully used to detect caffeic acid (an antioxidant of interest in
the food industry). The anodic peak associated with the oxidation of caffeic acid appears at 0.54 V and is linearly
dependent on the caffeic acid concentration in the 6�10-5M to 5�10-4M range with a detection limit of 3.12�10-5M.
The electrochemical behavior of the annealed LuPc2 EPD films is similar to that observed using Langmuir-Blodgett
(LB) nanostructured films. However, the different molecular organization of the molecules inside the film causes
differences in the shape and position of the peaks. Although LuPc2 sensors prepared with both EPD and LB techniques
provide stable and reproducible responses, the use of EPD is preferred for real sensing applications because of its lower
cost, shorter preparation time, and longer lifetime.

1. Introduction

Phthalocyanine compounds are among the most interesting
materials for sensing applications because their optical, electronic,
and electrochemical properties can be modified under different
conditions.1-3 The electrochemical behavior of electrodes chemi-
cally modified with phthalocyanines has been exploited to con-
struct potentiometric or amperometric sensors for the analysis of
a variety of liquids.4-6 The control of the structure at the nano-
metric level (size, orientation, alignment, thickness, etc.) is an
important tool used to modulate the sensor response. Nano-
structured thin films have shown great potential in improving the
sensitivity and reliability of chemical sensors.7,8

Typical methods used to fabricate nanostructured phthalo
cyanine films include drop-cast,9 self-assembly monolayer,10

self-assembly multilayer (or layer-by-layer),11-13 the Langmuir-
Blodgett technique,14-17 and the thermal vacuum evaporation
technique.18 Compared with these methods, which are accom-
plished at high cost and long experimental time, electrophoretic
deposition (EPD) can be an alternative way to prepare thin films
with low cost, simple apparatus, little restriction of the shape of
substrate and with a short formation time. EPD has recently been
used to deposit unique nanostructured films consisting of nano-
wires of metallophthalocyanines such as copper phthalocyanine
(CuPc)19-22 or aluminum phthalocyanine (AlPc).23 Studies of
their morphology and their optical properties have been done.
Attempts have also been made to prepare nanowires of gado-
linium and europium double-decker phthalocyanines.24-26

Lanthanide bisphthalocyanines (LnPc2) are of special interest
as sensitive materials due to their rich electrochemistry, which is
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related to the accessibility of a range of oxidation states centered
on the ligand.15,27-30 Voltammetric sensors based on Langmuir-
Blodgett (LB) films of a number of bisphthalocyanine derivatives
have been prepared. The electrodes show distinct responses when
immersed in different solutions, and this is the basis of their use as
electrochemical sensors.14,31,32 It has been demonstrated that
nanostructured LnPc2 LB films show faster kinetics and better
reproducibility than non-nanostructured electrodes,14 and these
properties make them more suitable for sensing applications.
However, the high cost and long time needed to prepare LB
electrodes are major constraints for practical applications.

The objective of this work is to obtain and characterize nano-
wires of a lanthanide bisphthalocyanine containing lutetium as
the central metal atom (LuPc2) using electrophoretic deposition
(EPD) and to analyze the sensing properties of the obtained film.
Therefore, films have been generated under different electrochem-
ical conditions. After the structural characterization, the films
have been employed as the working electrode in cyclic volta-
mmetry experiments. The electrochemical responses toward dif-
ferent ionic solutions and the kinetics of the responses have been
analyzed and compared with that observed in nanostructured LB
films. Finally, the electrodes have been used to detect caffeic acid
(an antioxidant of great interest in the food industry), and their
sensing properties have been evaluated.

2. Materials and Methods

The LuPc2 (with a sandwich structure) was synthesized as
previously reported.27,33 The lutetium bisphthalocyanine was
submitted for elemental analysis and the results obtained for
LuC64H32N16 were C, 64.06%; H, 2.68%; N, 18.68%; and C,
64.07%; H, 2.70%; N, 18.70% for calculated and found, respec-
tively. According to previous works,33 the IR (KBr) spectra
obtained for the LuPc2 shows the main peaks at 724 cm-1,
1115 cm-1, 1320 cm-1, 1450 cm-1, and 1516 cm-1. The 1H NMR
of the lutetiumbisphthalocyanine (dissolved inCDCl3) is included in
the Supporting Information. The chemical shifts obtained were δ=
9.20 ppm (atom a, 1H), δ=7.95 ppm (atom d, 1H), δ=7.89 ppm
(atom c, 1H), and δ=7.74 ppm (atom b, 1H). All these experi-
ments confirm the purity of the LuPc2. All reactants were
purchased from Panreac and were used without further purifica-
tion. Indium/tin oxide (ITO) coated glass slides (2.5 cm�1 cm)
were used as the cathode and a platinum plate was used as the
anode in the EPD experiments. Before deposition, the ITO glass
slides were sonicated for 5min in acetone and finally cleaned with
chloroform. The electrophoretic solution consisted of a lutetium
bisphthalocyanine (10-4 M) and trifluoroacetic acid (0.06M)
mixture diluted in chloroform. The electrodes were kept at a
constant distance (1 cm) and a direct current density of 20V.cm-1

was applied between the two electrodes. LuPc2 films were
prepared at three different deposition times: 40 s, 60 s, and 180 s.
After deposition, films were annealed at 150 �C for 1 h (at atmo-
spheric pressure) inorder to improve their electrochemical stability.

The Langmuir-Blodgett (LB) films were prepared in a KSV
2000 LB trough equipped with a Wilhelmy plate to measure the
surface pressure. Arachidic acidwas used for reducing the rigidity
of the Langmuir films. A mixture of bisphthalocyanine and
arachidic acid (1:1) was dissolved in chloroform (10-4 M) and
spread onto ultrapure water, which was kept at a constant tem-
perature (20 �C). The floating molecules were compressed at a
speed of 5 mm.min-1, with a surface pressure of 40 mN 3m

-1; LB
films were deposited onto ITO glass substrates, with a substrate
speed of 3 mm.min-1. A Z deposition type was observed. Under
these conditions, 20 ML films were obtained.

UV-vis absorption spectra were recorded using a Shimadzu
UV-1603 spectrophotometer. NIR transmittance spectra were
carried out in a Nicolet Magna-IR 760 spectrophotometer. AFM
images were registered in tapping mode using a microscope from
Digital Instruments (multimodeMMAFM-2). SEM images were
recorded in a Jeol JSM-S820. XRD data were obtained using a
Philips PW1830 diffractometer. 1HNMR spectrumwas recorded
with a Bruker Avance 400 Ultrashield instrument and was refer-
red to TMS. Elemental analysis was performed with a Perkin-
Elmer 2400Bmicroanalyzer. Electrochemical measurements were
carried out using a Parstat 2273 potentiostat (EG&G) using a
conventional three electrode cell. The LuPc2 nanowires deposited
on the ITO were used as the working electrode, a platinum sheet
was used as the counter electrode and a Ag/AgCl electrode was
used as the reference electrode. Cyclic voltammograms were
registered in 0.1 M aqueous solutions of KCl, MgCl2, KClO4,
HCl, and NaOH from -1.0 to 1.3 V (except in the case of HCl,
whichwas from-0.5 to 1.3V), at a scan rate of 0.05V.s-1. Caffeic
acid (5�10-4M) was dissolved in a solution of 12% (v/v) ethanol
and 0.033 M L-tartaric acid, pH 3.6. The voltammograms were
recorded from-0.5 to 1.3 V (vsAg/AgCl). For the detection limit
studies, the caffeic acid concentrations used were 6�10-5 M, 1�
10-4 M, 3�10-4 M, and 5�10-4 M.

3. Results and Discussion

3.1. Film Morphology of LuPc2 Electrodeposited Films.

EPD films were prepared at deposition times of 40, 60, and 180 s.
Initially, the UV-vis spectra of the prepared films showed a pur-
ple color (maximum at 520 nm) that corresponded to the pro-
tonated species.7,25-27 After preparation, the films were washed
with deionized water. Then, spectra were recorded every 2.5 min
(Figure 1a). It could be observed that the neutral green species
(with a maximum at 667 nm) was progressively formed. After
30 min, the formation of the green form was completed.

When the green neutral form was obtained, the spectra were
similar to those recorded in chloroform solutions with an intense
Q-band at 663, 666, and 667 nm for films prepared at 40, 60, and
180 s, respectively (Figure 1b).The similarity to the spectra registered
in solution (Q-band at 659 nm) excluded the occurrence of poly-
merization processes. According to the exciton theory,35 the
observed bathochromic shift of the Q-band can be associated
with the formation of J-aggregates. This result is in good agree-
ment with the UV-vis spectra previously published of LuPc2 LB
films where the formation of J-aggregates has been demon-
strated.36 In such films, the molecules are arranged with their
main axis perpendicular to the substrate.37,38

The films were then annealed (1 h, 150 �C, atmospheric
pressure) to improve the electrochemical stability (see Electro-
chemical Results section). The thermal treatment caused a drastic
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increase of the absorbance of the films. A small hypsochromic
shift was also observed (in films deposited for 180 s, the Q-band
shifted from 667 to 663 nm) (Figure 2a). The increase in the
absorbance can be associated to the reorganization and co-
alescence of smaller nanowires giving rise to larger and thicker
structures.

The absorbance of the Q-band and the Soret band (at 340 nm)
increased linearly with the deposition time (Figure 2b). This effect
is related to the number of LuPc2 equivalents that migrate to the
cathode and are electrodeposited onto the ITO surface. Con-
sidering that the absorbance of the Q-band of a 10 ML LB film
of LuPc2 is 0.1521, the calculated thickness of the EPD films
(expressed as “number of monolayers”) was 1.52, 2.10, and 12.00
for EPD films deposited during 40, 60, and 180 s, respectively. In
the case of annealed films, the number of “monolayers” obtained
has been 2.32, 4.73, and 19.90 for 40, 60, and 180 s, respectively.

The NIR transmittance spectra of the electrodeposited films
(see Supporting Information) showed a broad peak at 1424 nm
with a shoulder at 1264 nm. These broad peaks are assigned to an
intramolecular charge transfer between the two phthalocyanine
rings of the Pc2-LuPc-• molecule. The dianion Pc ring acts as an
electron donor and the radical monoion Pc ring as an electron
acceptor. Such bands have also been observed in LB films and
confirm that the LuPc2 molecules are in their neutral radical
state.39

Themorphologyof theLuPc2 thin films fabricated byEPDwas
analyzed by means of AFM and SEM. Figure 3a,b,c show the
AFM topographic images of the LuPc2 EPD films deposited onto
ITO substrates at the three studied deposition times. As shown in
Figure 3, the formation of LuPc2 nanowires was achieved under
the electrophoretic conditions used. These results are in good
agreement with the previous studies using other phthalocyanine

compounds.24,26 The mechanism of electrophoretic deposition
involves two steps. In the first step, protonated LuPc2 species
formed by the action of the acidic media migrate toward the op-
positely charged electrode. In the second step, the LuPc2 particles
nucleate and grow at the electrode surface. The rapid nucleation
rate is responsible for the formation of the nanostructures.40 As
reported in Table 1, the thickness of the nanowires and the
roughness of the films increased with the deposition time. Also,
an increase of the number of V-type structures could be observed
with increasing deposition time.

AFM images of annealed films (Figure 3d,e,f) clearly show that
the thermal treatment causes the coalescence of smaller nanowires
giving rise to larger and thicker structures. At the same time, an
increase of the number of branched structures and of the rugosity
is observed.25 The increase of the thickness can explain the en-
hancement in the absorbance observed in the UV-vis spectra
(Figure 2b). Similar results were obtained using SEMmicroscopy
(see Supporting Information).

In order to establish the degree of order of the obtained
structures, X-ray diffraction analysis were carried out (Figure 4).
Before annealing, an intense peak appears at 2θ=29.60 for films
obtained at 40 s, corresponding with a distance of 3.01 Å.
According to the previously published structure of the LuPc2
molecules,41 this peak can be associated with a stacking of the
LuPc2 molecules with the aromatic rings perpendicular to the
substrate other. This result agrees with the formation of J-aggre-
gates observed in UV-vis spectra with the molecules with their
main axis perpendicular to the substrate. An additional peak
could be observed at 2θ=6.97 (d=12.67 Å), which implies the
existence of a herringbone structure organization that could be
located in the V-type structures (Figure 4). This peak is small in
films deposited for 40 s and increases its relative intensity with the
deposition time. After annealing, molecules can obtain enough
energy to rearrange themselves and the peak at 2θ=6.97 increases
its intensity (250 counts in films deposited at 180 s and 350 counts
in annealed films).

In summary, nanowires are formed by stacking of the LuPc2
molecules with the aromatic rings perpendicular to the substrate
(as suggested by the observation of J-aggregates). AFM images
show the existence of branched structures that could contain
herringbone organization. When increasing the deposition times
or when applying a thermal treatment, the size and thickness of
the nanowires increase causing an enhancement of the absor-
bance. Simultaneously, the number of branchedV-type structures

Figure 1. Electronic absorption spectra of (a) a fresh EPD film deposited at 180 s. Spectra were recorded every 2.5 min. (b) Electronic
absorption spectra of a LuPc2 chloroform solution 10-4 M (dotted line) and of the EPD film in the neutral green form (solid line).

Figure 2. (a) Electronic absorption spectraof aLuPc2 filmdeposited
by EPDduring 180 s, before (___) and after (---) annealing. (b) Linear
relationship between the absorbance and the deposition time after
annealing.
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increases (observed in the AFM images), enhancing the intensity
of the X-ray peak at 2θ=6.97.
3.2. Electrochemical Response of the LuPc2 Nanowires:

Kinetics, Reproducibilty, and Stability. Electrochemical ex-
periments were carried out by immersing the ITO electrodes in a
variety of ionic solutions and registering the corresponding cyclic
voltammograms.A clear voltammogramwas obtained for the first
cycle, but with successive cycles, the films became detached from
the electrode and reproducible results could not be obtained. In
contrast, highly reproducible voltammograms were obtained
when using annealed films due to the improvement of the adhesion
of the sensitive material to the substrate. The results described in
the following paragraphs correspond to annealed films.

The electrochemical behavior of the LuPc2 films electrodepos-
ited for 40, 60, and 180 s is illustrated in Figure 5 using KCl as an

electrolyte. The voltammograms displayed two quasireversible
processes corresponding to the one electron ring oxidation Lu-
(III)Pc2/Lu(III)Pc2

þ (peak I): (E1/2=0.56V) and the one electron
ring reduction Lu(III)Pc2/Lu(III)Pc2

- (peak II) (E1/2=-0.42 V)
of the bisphthalocyanine molecule (In Figure 5, Ia means anodic
wave and Ic means cathodic wave). As expected, the intensities of
the peaks increase with the deposition time due to the increasing
amount of phthalocyanine that migrates to the cathode.

This behavior is quite similar to the well-known electrochemi-
cal activity previously described for LB films14 (Figure 6), with a
few notable exceptions. Peak I appears at slightly higher poten-
tials (E1/2=0.64V) inLB filmsdue to the presenceof the arachidic
acidused to facilitate the deposition of the floatingmonolayers. In
EPD films, a shoulder in the anodic wave of peak I (at ca. 0.5 V)
was observed in thick films as a reflection of the coexistence of two

Figure 3. AFM images of LuPc2 nanowires formed at 40, 60, and 180 s (a,b,c) before and (d,e,f) after annealing at 150 �C for 1 h.

Table 1. Size of the Nanowires and Structural Data of Films Obtained at Different Deposition Timesa

40 60 180

deposition time (s) a b a b a b

diameter (nm) 30-60 80-100 95-100 90-130 100-120 200-400
length (nm) 200-400 250-300 300-450 350-500 600-800 900-1100
roughness (nm) 4.518 7.364 11.525 10.810 49.015 87.787
Rmax (nm) 46.627 31.339 67.688 49.721 44.002 43.941
Rz (nm) 20.937 20.289 51.568 33.473 27.336 31.679
a a, before annealing; b, after annealing.
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structures within the film that has been observed in the XRD
experiments. The existence of two classes of environments can give
rise to the oxidation of Pc molecules at two different (although
very close) electrochemical potentials. This shoulder increases in
intensity when the deposition time is increased. For this reason, in
films deposited at 40 s, only a certain asymmetry of the peak is
noticed, whereas in films deposited for 180 s, the shoulder is
clearly observed. In contrast, for the LB films, the intensity of
peak I increased with the number of monolayers, but the shape of
the curve did not change due to the homogeneity of films obtained
by the deposition of successive monolayers.

Kinetic studies were carried out by recording the cyclic
voltammograms of the EPD electrodes at different scan rates

(from 0.025 to 1.2 V.s-1). In all cases, the intensity of the redox
peaks incresed linearly with the square root of the scan rate
(Figure 7) indicating the dominance of the diffusion controlled
processes according to the Randles-Sevcik equation

I ¼ 2:687�105n3=2v1=2D1=2AC ð1Þ
where I is the peak current,A is the electrode surface area,D is the
diffusion coefficient, and C is the bulk concentration. The
diffusion coefficient (D) can be calculated from the I versus v1/2

plot (Table 2). TheDiffusion coefficients calculated are consistent
with the results found in Langmuir-Blodgett films.14

In order to evaluate the stability of the EPD films, consecutive
cycles were recorded in 0.1 M KCl solution.The nonannealed
filmswere quite unstable and reproducible voltammograms could
not be obtained. Nevertheless, the stability was significantly
improved by using annealed films. The first scan of the thermally
treated films was, expectedly, slightly different from the second
cycle; subsequent scans were highly reproducible and the only
noticeable change was a gradual decrease of the intensity of the
peaks. The decrease of the intensity was more significant in the
EPD films than in the LB films. In the EPD films, the intensity
decreased by 50% after 75 scans, whereas in the LB films, the
intensity decreased by 50% after 500 scans. When the cyclic
voltammetry treatment was stopped, the EPD films were with-
drawn from the solution andwashedwithmilli-Qwater to remove
any adsorbed particle on the surface of the electrode. The films

Figure 4. (a)Molecular structure of LuPc2 and its dimensions. (b) Possible structure of the nanowires electrodeposited on the ITO substrate.
(c) X-ray diffractogram of the film deposited at 180 s. (d) X-ray diffractogram of the annealed film deposited at 180 s.

Figure 5. Cyclic voltammetry of LuPc2 electrodeposited films at (a) 40 s, (b) 60 s, and (c) 180 s immersed in 0.1 M KCl.

Figure 6. Electrochemical response of LB films of increasing thick-
nesses (5-35 monolayers) recorded at 0.050 V.s-1 in a 0.1 M KCl
solution.
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were dipped again in a KCl solution and produced voltammo-
grams similar to those previously obtained, except at lower inten-
sities. In contrast, when the LB films were removed and again
immersed in the test solution, considerable changes occurred and
the films could not be reused.

Inorder to study the reproducibility of theEPD technique, nine
identical electrodes were prepared and tested in a 0.1MKCl solu-
tion. The values of the peak potentials were highly reproducible
with standard deviations of 2.94%, 8.70%, 4.54%, and 1.64% for
peaks I anodic (Ia), I cathodic (Ic), II anodic (IIa), and II cathodic
(IIc), respectively (Figure 8a). These values were similar to those
obtained in the LB films where the standard deviations were
1.14%, 0.89%, 1.58%, and 0.84% for peaks Ia, Ic, IIa, and IIc
respectively.

The influence of the nature of the electrolytic solution on the
electrochemical response of the EPD LuPc2 films was tested by
immersing the electrodes in solutions containing KCl, MgCl2,
KClO4, HCl, andNaOH (all the concentrations were 0.1M). The
studies were carried out using the EPD electrodes deposited at
180 s. The results are depicted in Figure 8.

UsingMgCl2 as an electrolyte (Figure 8b), the voltammograms
obtained were similar to those recorded in the KCl solution
(Figure 8a). In this case (when MgCl2 is used as an electrolyte),
the peaks appear atE1/2=0.57V for peak I andE1/2=-0.34V for
peak II. The similarities in the responses in KCl and in MgCl2
indicate that, during oxidation and reduction, anions (and not
cations) are incorporated into the film to compensate the gene
rated positive charges. Similarly, during reduction, anions are
expelled from the film to maintain the electroneutrality of the
electrode.

In the presence ofKClO4 (Figure 8c), the oxidizing character of
the ClO4

- anion incorporated into the film facilitates the oxida-
tion of the phthalocyanine molecules. The values obtained for
peak I and peak II were E1/2 = 0.44 V and E1/2 = -0.45 V,
respectively. In acid media (HCl) (Figure 8d), the response of the
electrode differed significantly from those observed in neutral
solutions. It iswell-known that acidic solutionsmayprotonate the
reduced form of LuPc2 and then induce a disproportionation
reaction causing the production of two oxidation processes: the
expected peak at 0.75 V and of a new peak at 0.28 V associated
with the oxidation of the protonated form.41 In basic media
(NaOH) (Figure 8e), the redox activity of the bisphthalocyanine

was not observed. This result is in accordance with previously
published results, where carbonous electrodes chemically mod-
ified with lanthanide bisphthalocyanines have been exposed to
biogenic amines.43 In strongly basic pHs, the oxidation and
reduction of the phthalocyanine ring occur at potentials out of
the working range.

In summary, depending on the nature of the electrolytic
solution, the electrode covered with LuPc2 nanowires showed
characteristic electrochemical responses. This variety of responses
makes these electrodes appropriate to use as a sensing unit of an
electronic tongue (an array of sensing units with cross-selectivity,
coupled with pattern recognition techniques).44 In these systems,
the electrochemical signals produced by the array immersed in
different solutions (training set) are used to train a pattern re-
cognition software.Using predictive chemometric techniques, it is
possible to recognize unknown solutions by comparing the
responses of the analyte with the signals of the training set.45

3.3. Detection of Caffeic Acid. One of the main challenges
in the field of multisensor systems (e-tongues) is the development
of new sensors able to detect non-ionic analytes. In order to eval-
uate the possible application of the LuPc2 films as sensor of non-
ionic solutions, the electrochemical response toward caffeic acid
was tested.

Figure 9 shows the electrochemical response of the EPD-film
and a bare ITO film immersed in a solution of 5�10-4 M caffeic

Figure 7. Plot of the intensity of the anodic wave of peak I vs the
square root of the scan rate at the various annealing times (40, 60,
and 180 s).

Table 2. Diffusion Coefficient of the Films Deposited at Differents

Deposition Times

deposition time (s) diffusion coefficient (cm2/s)

40 2.11� 10-8

60 3.46� 10-8

180 6.84� 10-7

Figure 8. CV curves of LuPc2 film electrode (180 s) inmmersed in
0.1 M aqueous solutions: (a) KCl; (b) MgCl2; (c) HCl; (d) KClO4;
and (e) NaOH.

Figure 9. Cyclic voltammogram of (a) EPD electrode modified
with LuPc2 and (b) a bare ITO electrode, immersed in a caffeic acid
solution (5�10-4M).The inset shows the formulaof the caffeic acid.

(43) Rodrı́guez-M�endez, M. L.; Apetrei, C.; Gay, M.; De Saja, J. A. Electro-
chim. Acta 2009, 54, 7033–7041.

(44) Gutierrez, J. M.; Moreno-Baron, L.; Pividori, M. I.; Alegret, S.; Del Valle,
M. Microchim. Acta 2010, 169, 261–268.

(45) Escuder-Gilabert, L.; Peris, M. Anal. Chim. Acta 2010, 665, 15–25.
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acid (pH=3.6). The voltammogram obtained (Figure 9a) differs
significantly from the voltammograms recorded in the ionic solu-
tions shown in Figure 8. The curve is characterized by (i) a peak at
E1/2=0.47 V associated with the two-electron reversible oxidation
of caffeic acid;46 (ii) the characteristic peaks associated with the
oxidation and reduction of the lutetium bisphthalocyanine in acidic
media at E1/2=-0.11 V, E1/2=0.27 V, and E1/2=0.70 V.

It is important to remark that the interactions between the
caffeic acid and the bisphthalocyanine cause changes in the
intensities and positions of the peaks expected for both compo-
nents analyzed separately. For example, the antioxidant character
of the caffeic acid shifts the oxidation of the phthalocyanine to
higher potentials (from 0.71 V to 0.84 V). In turn, the electro-
catalytic effect of the phthalocyanine favors the oxidation of
the caffeic acid that shows the anodic peak at 0.54 V instead of at
1.2 V observed when using a bare ITO electrode.

All these effects and interactions responsible for the distinct
response of this electrode to caffeic acid. In fact, the response is
different from the responses previously published using carbon
paste or LB lutetium bisphthalocyanine electrodes immersed
in model solutions of basic tastes14 and bitterness,47 biogenic
amines,43 other antioxidants,32 and complex solutions containing
a mixture of ions and antioxidants such as wines.48,49

Kinetic studies have been carried out (Figure 10a) by recording
the cyclic voltammograms of the EPD-LuPc2 electrode immersed
in 5� 10-4 M caffeic acid at different scan rates (from 0.05 to
0.5 V.s-1). The intensity of the redox peaks associated with the
caffeic acid (atE1/2=0.47 V) increased linearly with the scan rate,
indicating the dominance of the surface confined processes. The
surface coverage (Γ) can be calculated using the Laviron equation

I ¼ nF2vAΓ=4RT ð2Þ

where n is the number of electrons, F the Faraday constant, v the
rate, A the area of the sensor, Γ the surface coverage, R the gas
constant, and T the temperature. The surface coverage of the
EPD-LuPc2 filmcalculatedusing eq2 for theanodicwave (at 0.54V)
was 2.45�10-10mol.cm-2. This value is higher than that obtained
using a bare ITO electrode (2.37�10-11 mol.cm-2) indicating that,
when the nanostructured sensor was employed as the electrode, the
oxidation of the caffeic acid was favored.

As shown in Figure 10b,c, the intensity of the peak at 0.54 V was
linearly dependent with the concentration of caffeic acid in the range
from6�10-5Mto5�10-4Mwithadetection limitof 3.12�10-5M.

These results demonstrate that the LuPc2 film provides a
distinct and reproducible response to caffeic acid, and that the
sensor can be used to quantify the presence of the antioxidant in
the range usually present in foods.

4. Conclusions

LuPc2 nanowires have been successfully deposited onto ITO
substrates by the EPD technique. The structure of the nanowires
has been analyzed by means of spectroscopic and microscopic
techniques confirming the stacking of the molecules perpendicu-
lar to the substrate and the coexistence of a herringbone structure.
The size of the nanowires and the roughness of the films can be
controlled by the deposition time.

Highly stable and reproducible cyclic voltammograms can be
obtained by annealing the films, because the thermal process
increases the adhesion of the films to the substrate. The electro-
chemical behavior is similar to that previously observed in LB
films with some differences in the position, intensity, and shape of
the peaks. Such differences are associated with the different orga-
nization of the molecules in EPD films. The electrochemical
responses depend on the nature the electrolytic solution. As ex-
pected for diffusion-controlled processes, the intensities of the
peaks are linearly dependent with the square root of the scan rate.

The electrodes have been successfully used as sensors for the
detection of caffeic acid. The interactions between the antioxidant
and the electrodicmaterial are responsible of the specific response
for the electrodes to caffeic acid and the voltammograms can be
considered as a fingerprint of this compound. A detection limit of

Figure 10. (a) Plot of the intensity of the peaks associatedwith caffeic acid vs the scan rate. (b) Linear relationshipof the intensity of the peaks
associated to caffeic acid vs the concentration. (c) Cyclic voltammograms of the EPD film immersed in caffeic acid from 6� 10-5 M to 5�
10-4 M.
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3.12� 10-5 M has been attained, which is in the range of the
concentration of caffeic acid found in several foods.

In comparison with LuPc2 LB films, the EPD LuPc2 films allow
the development of nanostructured sensors at lower costs and in a
shorter time. Also, the EPD technique is reliably reproducible.
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